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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 FJ 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
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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
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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.
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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.

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.

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.

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 façade 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].

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 (FJ) 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 technical view and the advanced applica-
tions of these MDT techniques are discussed.

A flat jack consists of two thin steel sheets welded together along the edges; two
small tubes are also welded with the sheets in order to allow a liquid to flow inside
the flat jack. The flat jack is positioned in a slot obtained in the masonry. After the
connection with the hydraulic system is performed, a liquid flows into the FJ blowing
it. This MDT technique offers the possibility to determine some mechanical properties
of existing structures for subsequent evaluations [138]. Some authors classify these
techniques as a NDT method [25, 40, 78, 130, 138]. However, in the opinion of the
author and also the one of Dalla Benetta [57], non destructive tests do not cause any
damage or alteration to the masonry. For this reason, the flat jack tests do not belong to
this category even if their destructiveness is very low.

At almost four decades from the first application in the structural field, the FJs
are still some of the most employed MDT methods. This method was applied for the
first time in the rock mechanics field (e.g. [21, 61, 70]). In the early 1980s the Italian
researchers L. Jurina, P. Bonaldi and P. P. Rossi were the first to adopt this technique in
the structural field. These researchers evaluated the stress state and the deformability of
a masonry structure by means of flat jacks [91, 158, 157].

In a very short time, the flat jack method raised attention due to both its possible
applications and its adaptability. For example, interest was given to the possibility of
varying the geometry of the FJ. In fact, in 1983, Abdurn tested very small circular flat
jacks [1, 78]. For a better understanding of the behavior of the flat jack and of the
tested masonry, first non-linear FEM analyses were carried out [162]. Other important
contributions came from Atkinson-Noland & Associates [130]. They evaluated the
applicability of the FJ test in structures in the USA. Modifications on the technique
were also performed. For example, thicker flat jacks were developed by W. Qinglin
and W. Xiuyi. This special equipment was designed with the scope of applying larger
displacements in order to test soft masonry in China [147].

This technique offers different possible applications in existing structures. Its best
characteristic is that it is probably the only MDT technique (at the moment) that can
give reliable information about the following parameters [26]:

• compression stress status of masonry structures;

• Young’s modulus in compression;

• compressive strength.
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The importance of this technique is that it can give reliable information about the
masonry by directly testing it and at the same time avoiding its destruction. These
FJ tests have two principal standards, one that was born in the United States and the
other one in Europe. The European one is the RILEM. The first recommendations for
the flat jack testing were released in 1990. Nowadays, these recommendations are the
MDT.D.4 for the in situ stress test [154] and the MDT.D.5 for the in situ evaluation
of deformability test [155]. The other standards organization that developed standards
for the flat jack testing is the ASTM. This organization also released two standards that
are the C1196-14a regarding the stress in situ [11] and the C1197-14a that treats the
deformability test [12]. These standards are quite similar one to the other one. The
principal limits and recommendations for both ASTM and RILEM are presented in the
following Section where the tests are exposed. It has also to be said that there are some
recommendations given by the Italian consortium named ReLUIS [150, 151].

Flat jack tests are considered by the Italian codes as tests for measuring the mechan-
ical properties of masonry [74] and these codes consider the double flat jack test one of
the tests adoptable to obtain extensive in situ investigations [86]. This means that FJ
tests have an important impact on the characterization of masonry structures. In fact,
the possibility of having extensive in situ investigations guarantees the possibility of us-
ing reduced safety coefficients for the mechanical characteristics. This fact highlights
the reliability of these tests.

2.3.1 Stress test (single FJ test)
The evaluation of the vertical stress of a structure, also called stress test, is per-

formed using a single flat jack. The knowledge of the stress state of a structure is
important because it can help calibrating a numerical/analytic model, determining the
applied load and identifying the stress gradient across the wall section [138, 167].

The first step to perform this test is the individuation of the location where it is pos-
sible to obtain a slot (perpendicular to the masonry surface) for the FJ. If the masonry
texture is regular, it is preferable to create the slot in a bed joint (Fig. 2.5). In this case,
the reparation after the test will be easy to perform and less visible in comparison to
a slot made directly in bricks or stones. On the contrary, if the mortar bed joints are
more than 2 cm thick, the best choice is to create the slot through the bricks. How-
ever, this solution is not applicable in structures that have historical heritage and on
valuable buildings [27]. Before creating the slot it is necessary to apply gauge points
across the zone in which the slot will be created. The distances between the gauge
points are recorded. Afterward, a circular saw blade or a drill is used for creating the
cut that represents the slot. The choice between these two pieces equipment is made
considering the type of flat jack that will be used. In fact, if the flat jack is circular or
semi-rectangular it is better to use the circular saw because the created slot has a shape
that fits better this type of flat jacks [78]. On the contrary, if the flat jack is rectangular
it is better to use a drill. Water is usually used to cool down the blade and to eliminate
the dust produced by the circular saw blade during the cut.

The creation of the slot produces a stress release of the masonry and a consequential
closure of the cut [27, 91]. The test consists in the identification of the pressure neces-
sary for the flat jack to restore the closure of the slot. Some assumptions are inevitable,
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Figure 2.5: The image presents a slot created with a circular saw for the single FJ test.
The picture shows also the three couples of measuring points and a thin remaining layer
of water used to cool the saw.

for example, there is a compressive stress, the masonry is assumed to be homogeneous,
the deformation of the masonry to be symmetrical around the slot, the stress that the flat
jack acts on the masonry is supposed to be uniform and the value of the present stress
is small compared to the compressive strength. This last assumption is made because
in this way the masonry will be tested in the elastic regime [78].

A hydraulic system is then connected to the FJ. This equipment has a pump that
is used for the pressurization of the liquid inside of the flat jack. The liquid pressure
is then gradually increased until the distance between the measured points is equal to
the initial one meaning that the closure that took place after the realization of the cut
is restored. At this point, the pressure of the oil p is proportional to the masonry stress
status. As said before, the principle of the test is to restore the deformations caused
by the stress release created by the slot but it is important to take into account that
creep deformations can be present. For this purpose, it is recommended that the time
needed for the pressurization should be the same time used to prepare the cut and the
test itself [154]. It is assumed that this time symmetry eliminates the creep deformations
in the measurements.

The pressure p inside of the FJ is not perfectly equal to the stress σ that applies
to the masonry. This because the FJ has its own rigidity and the area of the slot is not
coincident with the flat jack area. Two constants km and ka are used to take into account
these factors.

km is a dimensionless constant (< 1) that takes into account the stiffness of the flat
jack [11, 12]. This constant gives the proportionality between the oil pressure p and the
stress applied to the masonry σ [154, 155]. The km is obtained by putting the FJ in a
compression machine. This calibration is performed raising the liquid pressure inside
of the FJ, by keeping a constant thickness of it and by monitoring the equivalent force
that the flat jack applies to the compression machine. More details about this procedure
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can be found in [11, 12, 132]. The km is given by the flat jack producer and sometimes
a curve of the km is given in function of the hydraulic pressure.

The other dimensionless constant is ka (< 1). This is a ratio between the area of the
flat jack AFJ and the area of the obtained slot Aslot :

ka =
AFJ

Aslot
(2.1)

AFJ is given by the producer of the FJ. The area of the slot is directly measured in situ.
The length of the visible part of the cut is measured and is then divided into segments
of 10− 20 mm. For each segment, the depth of the cut is measured and the total area
Aslot is obtained by summing the area of all the strips [154, 155]. In the FJ tests, the
stress applied by the FJ to the media is considered uniform and applied to the whole
slots. This is the reason why the geometrical constant ka is adopted.

The compressive stress σ transferred by the FJ to the sample is then evaluated using
the equation:

σ =−pkakm (2.2)

where compressive stress is considered negative.
There are some characteristics concerning the equipment that have to be known in

order to perform reliable tests. The hydraulic system consists in a manual or electrical
pump connected to the flat jack and to a pressure gauge. Following the ASTM and
RILEM recommendations, this system must have an accuracy of 1% of the full scale [11,
12, 154, 155] and it must be capable of maintaining a constant pressure (within the 1%
of the full scale) for at least 5 min [11, 12]. This last recommendation is given because
if the measurement of the gauge points is performed manually the operator spends at
least a few minutes to take the measures.

Figure 2.6: The image provides the RILEM specifications for the position of the four
gauge points in the single FJ test are indicated [154].

The recommendations give also some limits in the number, distances and positions
of the gauges. For example, RILEM [154] recommends four pairs of points that have
to respect geometrical conditions represented in Figure 2.6. Another advice given by
RILEM. is that the sensitivity and the precision of the mechanical strain gauge (or elec-
trical like LVDT) must be the highest possible and that a sensitivity of approximately
0.0025 mm is normally sufficient [154]. The ASTM [11] recommends the same geo-
metrical conditions of RILEM and also the same number of gauge points but gives more
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specifications about the measuring device. This must have the capability of measuring
deformations up to 5 mm and the accuracy should be at least of ±0.005% [11]. Some
additional test specifications (in Italian) are given by the ReLUIS [151].

2.3.2 Compression deformability test (double FJ test)
This test allows a direct measure of the Young’s modulus in compression [130].

This is a key property that has to be known for a large number of further analyses (for
example FEM analyses, analytic models). In this short Sub-section the main features
and the principal suggestions to perform an optimal test are exposed.

A large number of the recommendations used for the single FJ test are also valid for
this test [11, 154]. These are referred to the compression deformability test [12, 155].
As for the single flat jack test, the ReLUIS adds some specifications [150].

Figure 2.7: The picture shows a double flat jack test. This photo was taken at the end
of the test. In the picture, the measure points are highlighted in blue and the cracks in
green. Position 1 "ex Teatro dei Nobili".

The double flat jack test consists in the partial isolation of a prism of the wall. This
isolation is obtained by creating two cuts parallel to each other and perpendicular to
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the wall surface. In this test, the FJs placed in the slots are used to apply a load to the
masonry included between them. The masonry between the two cuts is assumed to be
unstressed before pressuring the oil [78]. The two flat jacks are mutually connected in
order to allow the liquid to flow from one to the other one and to guarantee equal pres-
sure for both FJs. Following the ASTM [12] recommendation, the reciprocal distance
between the flat jacks must be larger than the masonry unit but not less than 200 mm
and, at the same time, the distance must be lower than 1.5 times the length of the flat
jack. RILEM recommendations [155] suggest that the distance between the two FJs
should be at least five courses of masonry (in the case of a unit height equal or less than
100 mm) or three courses of masonry in the case of a unit larger than 100 mm. The
distance between the FJs must be inferior to 1.5 times the length of the flat jack but
also not less than 2.5 times the FJ width.

The ASTM recommends the use of only three equally spaced pairs of gauge points
(or LVDTs) [12]. On the other hand, the RILEM recommends four pairs of gauge points
that have to cover the 75− 90% of the distance between the flat jacks [155]. Usually,
an additional pair of gauge points (or an additional LVDT) is used for monitoring the
displacement along the transverse direction of the load (e.g. [24, 25, 27, 47, 158, 157]).

The stress acting on the masonry is evaluated by using the same equation of the
single flat jack test (Eq. 2.2). However, in this test the geometrical ratio ka is different
because the slots are two. In fact, in the double flat jack test ka is the ratio between the
area of the flat jack AFJ and the mean area of the obtained slots Aav [12, 155]:

ka =
AFJ

Aav
=

AFJ

(A1 +A2)/2
(2.3)

where A1 and A2 are the areas of the two slots. For what regards the mechanical coeffi-
cient km, if the used FJs have two different values the average of them can be adopted.

Similarly to the single FJ test, after a first measure of the distances of the gauge
points, the pressure is slowly increased. In the case of mechanical measurements, at ev-
ery incremental step the pressure must be held for at least a few minutes before measur-
ing the displacements. This operation is performed because the record of the displace-
ments takes some minutes as the pressure and the deformations must be steady [12,
150, 155]. During the experiment, several steps of pressure are tested both loading
and unloading the sample. Usually, for every cycle, the maximum pressure reached is
increased with respect to the previous one. The first steps have to be performed at a
low pressure in order to have information regarding the elastic parameters [27]. The
average of the vertical strains εv and the horizontal strain εh are usually plotted versus
the applied stress σ . In the case of low rise buildings, it may happen that the flat jacks
do not have sufficient reaction from the upper part of the structure [26, 27]. For these
buildings, it is impossible to explore the behavior of the masonry for high stress levels
and probably only the elastic range can be characterized [26].

From the test, it results possible to obtain the Poisson’s ratio ν , the tangent Young’s
modulus Et and the secant modulus of elasticity Es.

The tangent modulus of elasticity is evaluated at different levels of stress and is
given by:

Et =
δσi

δεvi
(2.4)

18



2.3 – Flat jack tests

where δσi is the increment of stress and δεvi is the corresponding increment of vertical
strain [12, 155].

In a similar way it is possible to obtain the secant modulus of elasticity [12, 155]:

Es =
σi

εvi
(2.5)

where in this case σi is the cumulative stress at the general load step i and εvi is the
cumulative vertical averaged strain at the load step i.

The Young’s modulus E is usually evaluated as the linear interpolation of measures
taken in the elastic range of the sample. Usually, some cycles of loading are performed
in this range and then the Young’s modulus of the media is calculated as an average of
linear interpolations determined in these cycles.

The Poisson’s ratio can be evaluated thanks to both the vertical and horizontal mea-
surements [139]. In fact:

ν =−εh

εv
(2.6)

where εh is the horizontal strain and εv is the averaged vertical strain.
At the end of the test, FJs should be removed and the cuts repaired. However, in

this test and in the evaluation of the compressive strength, this operation can be not
very easy to be accomplished. These difficulties are related to the extraction of the FJs
because the high pressures could deform and block them inside of the slot.

One of the important characteristics of this test is the reliability of the results com-
pared to other tests. It is important to make another confrontation with other possible
adoptable techniques. If it is necessary to carry out a laboratory compression test, the
sample has to be extracted directly from the wall. During the extraction and transporta-
tion it is very probable that some damages occur [27, 157]. There is a possible solution
to this problem that consists in the construction of an equivalent masonry sample to test
in laboratory. However, this technique is not very convenient because it is very difficult
to reproduce a specimen without knowing the mechanical characteristics, the state of
degradation and the (usually unknown) load history of the structure. Another possible
solution is the application of the in situ compression test but the disadvantages of this
DT technique were presented in Section 2.2.

The double flat jack test seems to be the best strategy to assess the mechanical
characteristics of existing structures because it guarantees reliable results and a reduced
destructiveness.

2.3.3 Evaluation of the compressive strength
The estimation of the compressive strength is performed using the same configura-

tion of the double flat jack test [27, 39, 103, 130] and it is usually evaluated after this
test. In fact, after the identification of the Young’s modulus, the pressure inside of the
FJs can be raised to higher values allowing the evaluation of the compressive strength.

Some researches focused the attention on the compressive strength evaluation. For
example, Gregorczyk et al. [78] state that the compressive strength can be measured
if an acceptable extended damage is obtained in the specimen. Similarly, Nobile et
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al. [129] consider that the compressive strength can be evaluated through double FJ
testing by increasing the applied load until the appearance of cracks in bricks.

Other authors tried to understand the discrepancy between the real compressive
strength of the material and the measured one. Binda et al. [27] consider that this
test can estimate only roughly the compressive strength. Jurina [90] states that the com-
pressive strength evaluated using the FJ method overestimates the real strength of about
the 10− 15%. Lombillo [100] quantifies the ratio between the expected compressive
strength fc,exp and the theoretical fc,teo for different types of masonry (Tab. 2.1).

These discrepancies are due to two main facts. One of these is that in the flat jack
method the stress acting on the masonry is idealized as homogeneous on the surface. A
second possible issue is that in the in FJ tests the masonry surrounding the specimen
confines the specimen itself [90].

Table 2.1: The table gives the ratios between the expected fc,exp and the theoretical
fc,teo compressive strength for different masonry typologies [100].

Type of masonry fc,exp/ fc,teo

Brick 1.00±0.19
Ashlar 0.90±0.23
Rubble stone 1.16±0.64

In the present work, the estimation of the compressive strengths by means of FJ
testing was performed following [95, 179]. This method relies on a logarithmic regres-
sion curve that fits the envelope curve in the plastic regime of the sample and the stress
associated with a deformation of the 3❤ in the fitting curve is considered the compres-
sive strength of the material. This methodology is often adopted (e.g. [102, 103, 141,
173]).

As for the single FJ test, in the case of structures that are no very high, the reaction
of the upper part of the building can be insufficient to allow a high level of applied stress.
For this reason, it is possible that the test must be stopped at a stress inferior to the
compressive strength (reasoning as absolute values) leaving unknown this mechanical
characteristic.

2.4 DT methods for shear characterization
This section gives a focus on the two DT methods that are usually performed for the

evaluation of the shear characteristic of masonry. The main advantages and disadvan-
tages of DT techniques are already presented in Section 2.2. It has to be highlighted that
the destructiveness of these tests usually yields to their unsuitability for investigations
in historical and architectural heritage.

The two DT methods are the shear-compression and the diagonal tests. The results
obtained with these two tests highlight a significant problem. In fact, the ratio between
the shear resistance evaluated using the shear-compression test τs and the one evaluated
with the diagonal test τd , is always different from the unit and can range between 1.23
and 1.89 in numerical simulations and between 2.44 and 3.67 for masonry panels tested
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in laboratory [29]. This high difference between the results could lead to the problem
of deciding which test adopt and to the problematic of the reliability of the results.

2.4.1 Shear-compression test
The shear-compression test (Fig. 2.8) is usually carried out after the compression

test in order to have also information about the Young’s modulus and the Poisson’s
ratio [56]. During the test, a vertical load V is guaranteed by the same equipment
of the compression test. The difference between these two tests is that in the shear-
compression test another hydraulic jack is used to create shear stress in the panel. In
fact, this jack creates a horizontal force Ps at half of the height of the sample [28, 55,
57] which usually has dimensions of 1.8× 0.9 m. In this test, a horizontal reaction is
also needed in the upper part of the sample in order to concentrate the shear stress in
two squared panels, one under the horizontal jack and the other above it.

Figure 2.8: The image displays an Illustration of the set-up of the shear-compression
test. The flag with the "F" is the point where the horizontal jack acts the horizontal force
Ps. At the top of the sample is also represented the applied vertical stress σ0.

The evaluation of the tensile strength is performed using the formulation proposed
by Turnšek and Čačovič [183]. This formulation is also adopted by the Italian code
(C8.7.1.1 [86, 87]). By reversing this formulation it is possible to obtain the tensile
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strength referred to the bottom panel [28, 56] :

ft,s = σ0

⎡⎣−1
2
+

√︄(︃
bPsu

Asσ0

)︃2

+
1
4

⎤⎦ (2.7)

where: Psu is the maximum horizontal force, As is the cross area of the specimen calcu-
lated as As = lt in which t is the specimen thickness and l is its width, b is a shape factor
that takes into account the stress distribution and σ0 is the vertical stress calculated as:

σ0 =
V
As

(2.8)

Usually b is assumed as the ratio between l and the height h of the sample and is
limited to the values 1 and 1.5.

Figure 2.9: The graph plots the behavior of the horizontal force and the displacement at
half of the height of the panel in the shear-compression test. In Figure it is also indicated
how to evaluate δE .

The shear-compression test also allows the determination of the shear modulus of
the sample. Sometimes for this scope, only the results coming from the lower half panel
are used because this is the most stressed. Considering this panel in elastic regime and
fully restrained at the top and at the bottom it is possible to evaluate its deformability
by taking into consideration the combination of vertical and horizontal forces [170]:

δE

0.9Psu
=

1.2h
2GA

[︄
1+

G
1.2E

(︃
h
2t

)︃2
]︄

(2.9)

where δE is the relative displacement between the base and the middle point of the
panel assuming a linear and elastic behavior at 0.9Psu as shown in Figure 2.9. The shear
modulus G results as the only unknown of Equation 2.9.
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2.4.2 Diagonal test
The diagonal test (or diagonal compression test) derives directly from the labora-

tory test [15, 156]. This method aims at determining the shear (or tensile) strength of
masonry. The squared panel has edges of 120 cm and depth equal to the masonry depth
(Fig. 2.10). The sample has to be partially isolated from the structure and it remains
connected to it with a limited part of its base. At two opposite vertexes of the sample,
a couple of forces are applied by means of a hydraulic jack [28, 55, 57]. This test has
not a clear and unique interpretation of the results yet [55] and, for this reason, some
of these interpretations are presented in the following paragraphs (and in a summary in
Tab. 2.2).

Figure 2.10: The image reports an illustration of the in situ configuration of the diagonal
compression test.

The standards ASTM [15] and RILEM [156] assume a state of uniform shear stress
(τd,std) in the specimen (Fig. 2.11a). If this assumption is taken into account the shear
stress is evaluated as:

τd,std = ft,d,std =
1√
2

Pd

Ad
(2.10)

where: Pd is the applied load and Ad is the net area of the specimen calculated using:

Ad =
l +h

2
tn (2.11)

in which: l is the width of the specimen, h the height, t is the thickness of the specimen
and n is the percent of the gross area of the unit that is solid and it is expressed as a
decimal [15]. The shear strength τdu,std is then evaluated for the maximum diagonal
force Pdu. Considering the assumption made by these standards, the shear stress is
coincident with the tensile stress ft,std of the specimen. Equation 2.11 is used by all the
authors, on the contrary Equation 2.10 is the object of different interpretations.
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(a) (b)

Figure 2.11: The image represents the Mohr’s cycles of the diagonal compression test:
in 2.11a hypothesis of pure shear stress (ASTM and RILEM); in 2.11a hypothesis of not
uniform stress.

In 1931, Frotch [69] evaluated the stress state of the panel in this load configuration.
In this case, the hypotheses of an elastic, homogeneous, isotropic and continuum mate-
rial were assumed leading to a not uniform stress field in the panel [31] (Fig. 2.11b). If
these hypotheses are taken into account, the shear and the tensile stress are calculated
as:

τd,F = 1.10
Pd

Ad
(2.12)

ft,d,F = 0.58
Pd

Ad
(2.13)

Brignola et al. [31] have analyzed the stress field in the sample by FEM linear
analyses. The results show a shear stress field which is not uniform confirming Frotch’s
results (with a maximum error of 3%). Another finding of these linear analyses is the
influence of the orthotropy on the diagonal compression test results. The last important
contribution of the work of Brignola et al. [31] is a new formulation meant to define the
tensile strength of masonry:

ft,d,B = α f
Pdu

Ad
(2.14)

where the coefficient α f depends on the masonry typology and varies from 0.35 for
rubble stone to 0.56 for solid brick and lime mortar masonry. This formula is obtained
by means of non-linear analyses. This coefficient α can also be used for the comparison
of the different formulations because it is the value of the normalized stress (shear or
tensile) by the diagonal force Pd and the area Ad of the specimen.

ατ = τd
Ad

Pd
(2.15)

α f = ft,d
Ad

Pd
(2.16)
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In the Italian code (C8.7.1.5 [86]) the diagonal compression test is also used for the
assessment of the tensile strength and the given formulation is:

ft,d =
1
2

Pdu

Ad
(2.17)

Table 2.2: The table summarizes of the interpretations of: ASTM [15] and RILEM [156],
Frocht M. [69], Brignola et al. [31] and the Italian code [86] of the shear and the tensile
strength obtained from the diagonal compression test. The formulation is presented
using the coefficients α .

Author ατ α f

ASTM & RILEM 0.707 0.707

Frocth 1.100 0.580

Brignola et al. - 0.350-0.560

NTC08 0.333 0.500

The shear modulus is also an important characteristic to be evaluated in a structure.
The following steps for the evaluation of the shear modulus G are valid for all of the
interpretations of the test discussed before. In order to evaluate the shear modulus, it is
necessary to monitor the shear strain γ . For this purpose, two measure bases are applied
to the diagonals of the specimen. Sometimes the measure bases are four, two for each
side of the sample. The shear strain is evaluated (following [15, 31]) as:

γ =
∆y −∆x

g
= εy − εx (2.18)

where: ∆x is the shortening in the direction parallel to the load, ∆y is the extension in
the perpendicular direction and g is the length of the measure bases (if four measure
bases are used, ∆x and ∆y are the mean values of the two sides measurements). εx and
εy are the strains in the directions just explained. The evaluation of the shear strain is
necessary when the identification of the shear modulus G is requested because:

G =
τd

γ
(2.19)

Sometimes also the secant shear modulus at 1/3 of the peak load is calculated. This is
evaluated as:

G1/3 =
τd,1/3

γ1/3
(2.20)

where: τd,1/3 is the shear stress at 1/3 of the peak load and γ1/3 is the corresponding
shear deformation [56].

It results now clearer that the two destructive tests for the evaluation of the shear
properties on existing masonry structures have a huge impact on structures due to large
dimensions of the samples. Moreover, discrepancies among the results are present. Fur-
thermore, there are also different interpretations of the stress field inside of the speci-
men.
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2.5 MDT methods for shear characterization
Many efforts done to employ the FJ technique for other objectives are described in

literature. These works are justified by the high flexibility of the FJ technique. This
characteristic is quite visible in a lot of works. Some of these studies and applications
were focused on the development of new equipment or procedures [166]. For example,
the creation of flexible flat jacks for irregular slots and to have an easier removal [82,
192]. The tube-jack test is another example of the development of this technique. In
this case, the authors want to mitigate the destructiveness of the FJ by using a series
of tube-jacks [116, 117, 118, 148, 149]. In other works, the goals are totally different.
In these cases, the geometry of the flat jack test is changed in order to obtain different
mechanical parameters. An example is the study, in presence of orthotropy, of Young’s
modulus, shear modulus, existing of normal and shear stress, tensile and compressive
strengths and fracture energy. These evaluations are performed using two FJs. The first
is horizontal and the second, symmetrically positioned under the first, is vertical [73].

This Sub-section presents some studies, applications and variations of the FJ tech-
nique in which this method was used in order to obtain the shear characteristics of ma-
sonry. The particular attention focused on just one field of these advanced techniques is
justified considering the main subject of the thesis work.

The first applications of FJ for the assessment of the shear parameters are already
dated. In fact, three decades ago both ASTM and RILEM defined the standards for
the in situ testing of the masonry bed joint shear strength method [14, 152]. This test
considers the utilization of a jack (or a small flat jack) positioned in a slot obtained by
removing a brick (or a head joint) in order to put a horizontal force to the brick after. A
third brick positioned at the opposite side of the jack is also removed in order to allow
displacements (it is possible to remove only the head joint instead of the brick). Two FJs
positioned at a certain distance under and above the tested brick can control the vertical
load during the test. This procedure aims only at evaluating the shear characteristic of
the bed joint (in [83] a relationship between the bed joint shear strength and the wall
shear strength is presented) but it is mentioned because some of the following tests have
a similar concept.

The other crucial applications/researches of the use of FJs for evaluating shear char-
acteristics are more recent and they were developed in the last fifteen years. These are
more focused on evaluating the shear characteristics of the masonry as a homogeneous
media and not just analyzing the shear properties of the single component of the mate-
rial (for example the mortar in [14, 152]).

In 2007 Jurina [90] made the first experiments (to the author’s the knowledge) with
the objective of evaluating the shear characteristics of a masonry panel using flat jacks
(Fig. 2.12). In order to achieve this scope, a partial isolation of a masonry prism was
utilized to create the sample having dimensions of 800× 400 mm. Four vertical and
two horizontal flat jacks were employed. The test was performed in cycles and for every
cycle the vertical stress was maintained constant and the horizontal stress was varied. In
fact, the pressure was raised in one couple of the vertical FJs (3-4 or 5-6) meanwhile in
the other couple the pressure was set to zero. This test allows to determine the variation
of the shear strength by varying the vertical stress with this alternated pressurization of
couples of vertical FJs [90].
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Figure 2.12: In the image the geometrical configuration of cuts, flat jacks and measuring
points proposed by Jurina [90] for the evaluation of the shear strength is reported.

Caliò [34] presented other two methodologies. The first test consisted of two vertical
cuts having length and depth close to the flat jack dimension. One of the cuts was used to
insert the flat jack and the other cut was created to permit the horizontal displacements
caused by the expansion of the FJ. A series of gauge points was used to monitor the
displacements on the masonry sample. In this test, the vertical load acting on the sample
was constant and consisted of the in situ vertical stress. The second methodology is
more interesting because it is very similar to the in situ shear-compression test. In fact,
a prism of masonry was partially isolated by means of two vertical cuts of 200 cm length
positioned at a distance of 100 cm one from the other one. A flat jack was placed in
the center of one cut and the other cut was made in order to allow displacements of
the prism. In this case, the set-up allows to monitor and test two samples one above
the FJ and the other under it. In fact, the horizontal stress created by the flat jack was
balanced by two masonry panels that were partially loaded in diagonal by the FJ force
and partially load by the vertical stress. The difference, between these tests and the in
situ shear-compression test, is that, in this last one, the vertical stress is hydraulically
controlled. On the contrary, in the test proposed by Caliò, the vertical load is fixed
because it corresponds to the vertical load present in the wall.

Similar to the set-up designed by Jurina [90] is the one proposed in 2016 by Gam-
birasio et al. [71]. In this work, a numerical study of two different configurations for
the evaluation of the shear characteristic was presented. This study was performed also
considering different vertical load distributions. These configurations were similar be-
tween them and they considered the creation of two parallel vertical cuts in which two
FJs were placed (Fig. 2.13). The adopted approach is interesting because numerical
FEM models were employed to optimize the geometry of the test before the in situ
experimentation.

In 2016 also Simões et al. [173] worked with the configuration proposed by Caliò [34]
in a masonry building in Lisbon.
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Figure 2.13: The image reports the two geometrical configurations of cuts and FJs
proposed by Gambirasio et al. [71]. The flat jacks are in green, the bricks in red and the
mortar in gray. Inderscience retains copyright of figures.

Figure 2.14: The image shows the layout of the shear characterization through flat jacks
designed by Foppoli et al. [68].
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The last effort (to the author’s knowledge) for the assessment of the shear charac-
teristics using FJ is the one proposed by Foppoli et al. [66, 67, 68] in 2016 and named
FJ-SCT Method (Fig. 2.14). The geometrical configuration is similar to the one pro-
posed by Gambirasio et al. [71]. In this case, only one flat jack was used. It was placed
in the center of a vertical cut and the other cut was created in order to allow displace-
ments of the sample. These vertical cuts were 160− 200 cm long, had a depth equal
to the wall thickness and the distance between them was of 60−80 cm. This geomet-
rical configuration was adopted with the intention of testing two panels one above the
flat jack and the other under it (similarly to the shear-compression test). The authors
performed both laboratory and in situ tests. In the laboratory tests, real scale samples
were used. These samples were tested in a specific frame which guaranteed the vertical
and the horizontal reaction. The vertical load was provided by a large flat jack placed
between the frame and the top of the specimen. In the in situ test the vertical load con-
sisted in the actual vertical stress that was determined by means of a single flat jack test
carried out next to the shear test. In addition, the authors performed a calibration with
an in-scale diagonal compression test [66, 67]. These shear FJ tests showed a good
agreement with the standard tests and with the Mohr-Coulomb criterion proposed by
the Italian code [88]. This FJ-SCT method showed a disadvantage that consisted in the
isolation of the sample. This isolation was inferior to the one of the DT methods but
the dimensions of the specimen and of the cuts were relevant. In addition, these vertical
cuts, where the FJs are placed, pass through the whole thickness of the wall.

These works performed in the last 15 years highlighted the remarkable efforts done
with the aim of obtaining shear characteristics of masonry. This fact underlines the
dramatic necessity of obtaining a reliable MDT technique for the shear characterization.
Furthermore, these efforts focus the attention on the possible utilization of the FJs for
this scope.

2.6 Acoustic emission
Acoustic Emission (also known as AE) is a passive NDT technique named after

the homonym phenomena which consists in the propagation of elastic waves in solids.
These waves are caused by the release of energy occurring during nucleation, propaga-
tion and coalescence of micro-cracks [79, 163, 171]. The first studies were performed
in Germany by Kaiser in the ’50s [92]. This method is applied to many fields such as
monitoring and fatigue assessment and for a large number of different materials. In
the present work, the AE technique was used to evaluate the damage evolution during
the flat jack tests (not for the single FJ tests). In fact, this method can also give a
quantitative non-destructive evaluation of the damage progression [43].

In the AE technique there are two methods used to record and to analyze signals.
There are the parameter-based approach and the signal-based approach [19, 163]. In the
signal-based approach, the waveform is recorded giving the opportunity of a deeper but
more complicated and time consuming analysis. On the contrary, only some parameters
of every single wave are recorded in the parameter analysis. This approach records a
few data of each single waveform allowing also a real time monitoring [19]. In the
present work the first approach was used and then through the analysis of the waves
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parameters like the ones obtained in the parameter-based approach were evaluated.

Figure 2.15: The image reports the schematization of the parametric
analysis of an electric signal after its amplification and filtration [19].
http://www.sciencedirect.com/science/article/pii/S0950061814004292.

The AE measurement system is composed basically of three elements: transducers,
amplifier and storage. Piezoelectric transducers are used in order to transform the me-
chanical waves into electric waves. These are applied to the surface of the sample by
gluing them. The electric signal is then amplified and recorded. In both approaches, the
recorded signal is passed through a filter that eliminates unwanted frequencies [38].

In the parameter-based method, the electrical signal is filtered and analyzed using a
threshold level (Fig. 2.15) and just after the analysis is completed only the parameters
are recorded. Many parameters can be analyzed and the same parameters can also be
evaluated in the signal-based method. For example, for each event (signal) a parame-
ter called oscillations counter (or counts) Nc increments every time that the electrical
wave exceeds the threshold level. Each event is then characterized by the number of
counts Nc that in a first approximation is correlated to the energy released during the
event [38]. The number of events (NAE) is also sometimes evaluated as well as the num-
ber of counts, the amplitude of the signal AdB (the maximum value of the waveform) is
correlated to the released energy. Other more sophisticated analyses record also addi-
tional parameters such as the rise time, the rise angle, the counts to peak, frequencies
of the signal, the energy of the event and the duration between the first and the last part
of the signal that exceeds the threshold [19].

One of the advantages of this technique is the possibility of localizing the AE
sources. It results then possible to identify where the damage process takes place. The
localization requires the knowledge of the sensors position, the speed propagation of
waves through the medium and the time difference between the arrival of the signal to
each sensor [41]. These parameters allow the triangulation of the signal sources. The
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main problem in the source location in masonry is the speed of the waves. The path
of the elastic waves and their attenuation depends on the heterogeneity of the medium.
Consequently, the position of voids, cracks, bricks and joints may interfere in the local-
ization [186].

As anticipated, the AE technique can be used to evaluate the damage evolution in the
sample. One method to assess the damage is called the b-value analysis. This analysis
is directly related to the Gutenberg and Richter empirical formula (Eq. 2.21) that is used
in earthquake seismology [80]. This formula defines a logarithmic relationship between
the magnitudes of events end their frequencies of occurrence:

log10[N(≥ m)] = a−bm (2.21)

where: m is the events magnitude, N(≥ m) is the cumulative number of earthquakes
having magnitude ≥ m, a and b are positive empirical constant (varying from region to
region [42] for what concerns earthquakes). The same formula (Eq. 2.22) is applied to
the AE method to study cracking processes in structures or in samples:

log10[N(≥ AdB)] = a−bAdB (2.22)

where: AdB that is the amplitude of AE events in decibels. This possibility of using the
same formula for different fields can be better understood considering that the magni-
tude m of a seismic event is a measure of the energy released and, similarly, also the
amplitude AdB is a measure of the same characteristic. During the damage process the
b-value changes [42, 44, 52]. Maximum levels of b-value (around 1.5) are correlated
to micro-cracks growth (critical condition) and minimum levels of b-value (around 1.0)
highlight the imminent final failure (macro-cracks have formed) [42, 52].

Figure 2.16: The graph displays in red different load cycles of a reinforced
concrete beam and the cumulative AE counts line is plotted in black [164].
http://www.sciencedirect.com/science/article/pii/S1644966514000831.
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There are other interesting characteristics of AE applications that can be used for
damage control and evaluation. One of these is the Kaiser-effect [92] which consists in a
reduction of the AE during a reload phase until the previous maximum load is achieved.
This effect can be interpreted as a memory that "stores" the maximum previous load
at which the sample/structure has been subjected [53]. An example of Kaiser-effect is
present in Fig. 2.16 at point B. In fact, only at this point of the second cycle the AE
activity starts highlighting that this load was already achieved in a previous cycle.

The Kaiser-effect is not always valid but for these cases the Felicity-ratio (named
FR) can be used. This is the ratio between the load in which emissions restart and
the previous maximum load. In Fig. 2.16, for example, AE restarts in point B and
the corresponding load is the same as the one at point A. In this case the felicity-ratio
is FR = (loadB)/(loadA) ≃ 1.0 indicating a perfect Kaiser-effect. On the contrary,
in the third cycle, the AE activity starts in point D for a load of 4 kN. In this case
in the previous cycle the load was stopped at 5 kN. The resulting Felicity ratio is
FR ≃ 4/5 = 0.8.

Both the Felicity ratio and the Kaiser-effect are mutually connected. In fact, for
very low levels of stress with respect to the material strength (up to the 70/85% of the
strength in concrete [128]) results easier to notice the Kaiser-effect (FR = 1.0). On the
contrary, it is possible to observe a decrease in the Felicity-ratio for larger loads. Sum-
marizing, both Kaiser-effect and felicity-ratio are tools used for the damage evaluation
of structures and specimens.

It results now clearer that the AE method gives a tool to monitor and assess the
damage. The fact that AE is a passive, non-invasive and non-destructive technique
justifies the rising attention that, in the last fifteen years, has been paid to the application
of this method also in masonry structures.

2.7 Numerical modeling
The numerical modeling of masonry is one of the important tools necessary to un-

derstand the behavior of this material and of the structure made using this media. As
mentioned in previous Sections, this material is characterized by a pronounced non-
linearity which is caused by the mechanical behavior of the joints (if they are present),
the mechanical behavior of the resisting elements, the behavior dependence on the ge-
ometry of the resisting element, the presence of voids/defects/cracks, the anisotropy
caused by the horizontal and vertical joints, etc. These non-linear behaviors lead to
high computational efforts. This fact underlines why the study of masonry structures
is usually performed numerically and inevitability results that, in some cases, simpli-
fied analytic model/handmade-evaluations could be hardly performed or might not be
representative.

The studies of the last decades developed different numerical strategies for masonry
modeling. These strategies can be divided into two different approaches which are the
Finite Element Method (FEM) and the macro-elements approach (Fig. 2.17). The first
is based on the use of bi or three-dimensional finite elements [36]. These can be used to
model a structure from a detail of it to the whole of it, detail of a test, bricks, mortars,
interfaces, etc. The macro-element is a simplified approach that aims at reducing the
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computational efforts. Both approaches are described in the following Sub-sections
where also a few brief notions of some numerical strategies are introduced.

Figure 2.17: The chart summarizes the different numerical approaches used in masonry
models.

2.7.1 FEM
As for the classification of the different masonry typologies, a univocal and univer-

sally accepted classification of the different types of FEM strategies existing for this
material is not present yet [146]. However, following [106, 137, 161], it is possible to
divide the FEM strategies into micro and macro-modeling (Fig. 2.17). The names of
these two categories underline the potential applications of each technique. In fact, a
micro-model can give a better comprehension of a local behavior of a structure but it
fails if used to represent the whole structure and vice versa for the macro-model. The
following paragraphs give some basic information and highlight the principal differ-
ences between these approaches.

Despite the FEM modeling approach is presented as a simple and unique technique,
this is not true. In general FEM analyses could be performed by using a large number
of methods like, for example, the generalized finite element method or the mixed finite
element method. In masonry modeling, the most used techniques are the standard-FEM
and eXtended Finite Element Method (XFEM) but they are not the only ones.

Micro-modeling

In the micro-modeling approach, particular attention is given to both the resisting
elements (bricks/stones) and the joints. In this technique, these elements are modeled
separately and considering dedicated constitutive laws. The first attempts of model-
ing independently joints and bricks (have almost five decades) and started with linear
modeling (e.g. [174, 176]). These attempts were soon followed by non-linear model-
ing (e.g. [7, 72]). The use of this strategy must be adopted to only some parts of the
structure because larger models lead to huge numerical efforts. Using this approach to
model an entire structure can create problems considering that every single brick and
joint has to be meshed. In addition, this technique can be utilized only when the exact
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geometry of the element exists [108, 126]. On the other hand, these disadvantages be-
come advantages when a more refined and detailed knowledge is necessary. In fact, it
can be applied to model a small test, for example, the ones executed on masonry panels.

(a) (b)

(c) (d)

Figure 2.18: In the image different FEM modeling strategies are pre-
sented [168]. In particular, it is represented the masonry sample in Fig-
ure 2.18a, Figure 2.18b represents the detailed micro-modeling, in figure 2.18c
the simplified micro-modeling is shown and in Figure 2.18d the macro-
modeling is represented where the masonry is considered as a composite media.
http://www.sciencedirect.com/science/article/pii/S0141029609000753.

This strategy can be divided into two distinct subcategories that are the detailed
micro-modeling and the simplified micro-modeling [10, 168]. These categories are
briefly presented.

The detailed micro-modeling (Fig. 2.18b) is the most accurate numerical approach
used to model masonry. This strategy consists in modeling the masonry as a three-
phases material [10]. These three phases are the resisting elements (bricks or stones),
the mortar joints and the interfaces between the resisting elements and the joints. In this
modeling typology, resisting elements and joints are modeled considering specific linear
or non-linear constitutive laws and the interfaces are considered using special joint,
contact or interface elements [126, 168]. The joint-brick interfaces are an important
part of the masonry because they represent a plane of weakness in which cracks are
often located [5]. The micro-modeling is rarely used in field applications [20] but it
is applied when a high quality of the results is requested. For example, this strategy is
used when specimens are modeled. The main difficulties of this numerical technique are
the correct modeling of the geometry, the knowledge of the mechanical characteristics
of the three different materials and of the knowledge/model of the three constitutive
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laws. Sometimes the interfaces are not modeled and this results in a simplification in
the creation of the model.

The simplified micro-model (Fig. 2.18c) considers masonry as a two-phase mate-
rial [10]. The mortar joints are represented by discontinuous elements [168] which
have zero thickness. For the sake of geometry, the bricks have a dimension expanded
in comparison to the reality in order to compensate the zero thickness of the joints. The
joint elements must represent the behavior of the mortar considering both the normal
and shear stiffness properties [98] and they also have to represent the properties of the
joint interface. These properties are lumped together in a unique element that allows
a reduction of the computational efforts. Thanks to this technique the possibility of
modeling part of structures or small structures is enabled [10, 126].

Macro-modeling

The macro-modeling (Fig. 2.18d) assumes that masonry can be represented as a
unique phase material and for this scope the properties of bricks, joints and interfaces
are smeared together in a homogeneous continuum. This continuum can be considered
isotropic, orthotropic or anisotropic [168]. An advantage of this approach is the pos-
sibility of modeling entire structures and complicated geometries by using automatic
or user-friendly mesh generators [106]. The macro-models are widely adopted for the
global assessment of structures but are also used for more detailed analyses.

The material properties for the macro-model are obtained with three main approaches.
The first consists in collecting experimental data directly from masonry specimens with-
out considering the characteristics of each material [5, 108]. The second approach
considers masonry as a composite material and evaluates its characteristics through
homogenization techniques. These techniques consist in a mathematical process that
examines the geometry, some materials parameters and the behavior of an elementary
volume in order to obtain averaged parameters for the composite material [108, 125,
194]. The last approach to obtain these parameters is the search in codes and literature.
This search has to be performed carefully and paying attention to the typology, texture,
types of mortar and bricks, etc.

2.7.2 Macro-elements
The macro-element approach is a simplified methodology. The nomenclature of

this method is not well defined and different names are used for example structural
component models [107], macroblock approaches [108], or just simplified approaches.
It is clear that the main characteristic of these numerical approaches is the simplification
of the model which leads to a drastic reduction of the computational efforts. This is the
most important feature of this approach because it speeds up the global assessment of
structures.

In the macro-element models, the computational times are reduced in comparison
to the FEM models because a lower number of unknowns is present. In the finite
element models each wall of the structures is discretized into a large number of bi-
and/or three-dimensional finite elements [93, 107]. In the macro-element approach, a
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masonry panel is modeled using a few (or only one) elements. In fact, single struc-
tural components such as piers, spandrels, arches and vaults are modeled using beams,
trusses, panels, shells and rigid elements [107]. As a result, the structure is modeled
as a bi- tri-dimensional frame or is discretized into mono- and bi-dimensional discrete
elements [33, 120]. This numerical method allows to speed up the computational times
but leads to a disadvantage which consists in the loss of accuracy of the model [106].

The macro-elements approach groups a large number of different strategies. Con-
sidering the type of macro-element used, these strategies can be divided into mono- and
bi-dimensional methods. A focus on all the different strategies is not presented in this
work.

As their name state, in the bi-dimensional methods the structure is modeled using
bi-dimensional elements. An example of this strategy is the one proposed by Caliò
et al. [35]. In this method, the elementary element is represented by an articulated
quadrilateral constituted by four rigid edges connected by four hinges and two diagonal
non-linear springs [32, 35].

In literature a large number of different mono-dimensional macro-elements ap-
proaches are present but the most important of these is the equivalent frame method.
The name of this method derives directly from the strategy used to model the structure.
In fact, every wall with or without openings is properly simplified (Fig. 2.19), the result
is a frame consisting of spandrels and piers connected together by rigid links [4, 115].

Figure 2.19: The image represents a wall and its representation using the equivalent
frame method.

As mentioned, there are many methods and software operating with the approach
of the equivalent frame model. It is important to cite the POR method [182] born in
the ’70s for its impact and for historical reasons. Another important contribution to this
numerical technique was given by the SAM method [112, 114].

The differences between the FEM and the macro-elements approaches were ana-
lyzed by different authors (e.g. [33, 93, 115, 136]). Calderoli et al. [33] considered the
results obtained by an equivalent frame model quite reliable compared to others ob-
tained using FEM analyses. However, in the case of complex geometries, the quality of
the results is influenced by the modeler capacity. Also Mallardo et al. [115] highlighted
the fact that attention has to be paid by the modeler in order to obtain reliable results
from equivalent frame models.
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2.8 Building codes
This section gives an overview of recommendations and codes referred to the ma-

sonry constructions. In particular, attention is paid to the Italian building codes [88, 85]
(known as NTC08 and NTC18) and to the circulars of these codes [86, 87]. In parallel
to these codes, another Italian code focused on the evaluation and reduction of the seis-
mic risk for the cultural heritage [143] has to be cited. Other codes are also important
because they are helpful and can help finding solutions in some situations and/or for
specific problems. At the European level it can be cited the Eurocode 6 [46] and for the
USA in the FEMA [62].

The topics reported in this Section are two and are both related to the existing URM
structures. The first is dedicated to the type of analyses more frequently used to assess
structures under seismic action. The second topic is related to the material properties
for models. For the sake of simplicity and brevity, only some aspects are presented
notwithstanding the possibility for the reader to investigate these, other codes and liter-
ature.

2.8.1 Analysis of masonry structures
In literature a large number of possible strategies proposed to analyze masonry

structures are present. In this Sub-section a brief overview of the Italian recommen-
dations regarding the methods of analysis of these structures under seismic actions is
introduced. The analyses regarding self-weight, variable loads, snow, wind, etc., are not
treated. This choice was made considering that these vertical loads (excluding wind)
lead mainly to a compressive stress. The wind was not considered in this dissertation as-
suming that the level of stress caused by this action is very low compared to the strength
of the material. This assumption is not totally wrong because normally masonry con-
structions (residential buildings) are not very tall and at the same time are very massive
(if chimneys, some church façades and bell towers are excluded). The main horizontal
action that can interfere with the global behavior of URM structures is the seismic one.

The possible failures in civil structures under seismic actions are of two types, the
local and the global mechanisms. The local mechanisms affect only a part of the struc-
ture. On the contrary, global mechanisms involve the whole construction (e.g. [86,
87]). In global mechanisms, it is almost always assumed that the masonry panels work
in their own plane. In contrast, in local mechanisms the out-of-plane behavior is more
often studied. This dissertation is focused on the global behavior of structures and for
this reason local mechanisms are not studied and evaluated.

The NTC08 and the NTC18 [85, 88] define four different analyses for structures
under seismic action. Considering the type of analyses, these are divided into linear
and non-linear. In this last one, the materials and non-linearities (and not always also
the geometrical non-linearities) are taken into account. There is also another level of
classification. This divides the methods of analyses considering the two possible ways
to treat the equilibrium which can be static or dynamic. Therefore, the analyses are: the
linear and dynamic analysis, the linear and static analysis, the non-linear and dynamic
analysis and the last one is the non-linear static analysis. Of these four types of analyses,
the last one is the one more used to assess URM structures.
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The non-linear static analysis (push-over) consists in the application of the gravity
loads and later of a system of horizontal forces. The horizontal actions are increased in
order to have a monotonic growth of the displacement dc of a controlling point (some-
times coincident with the center of the mass of the upper level of the construction).
The horizontal forces have an equivalent lateral force (or base shear) named Fb and the
graph Fb-dc represents the capacity curve of the structure. The structure is then associ-
ated with an equivalent system having one degree of freedom from which the structural
behavior is evaluated.

It is another time underlined the noticeable importance of the assessment of struc-
tures under horizontal actions. This puts in evidence how important is the characteriza-
tion of the shear modulus and of the tensile strength.

2.8.2 Mechanical properties
In this small Sub-section some code recommendations [86, 87] about mechanical

properties required for the numerical-analytic models of masonry structures are intro-
duced. At the same time, also some works present in literature are cited. It is important
to highlight that these properties are referred to the historical URM (unreinforced ma-
sonry).

First of all, it has to be known that this media has a behavior that is characterized
by a strain softening. This feature is in common with other ceramic materials (e.g.
rocks, concrete, bricks, etc.) [108]. This softening behavior can be described, in a
sample or a structure, as a decrease of the mechanical resistance associated with the
increase of deformations [108]. This decrease of resistance is due to the growth and
development of cracks. For this reason, the softening is described with the fracture
energy of the media (Fig. 2.20). If the heterogeneity of masonry is taken into account
it is understandable that the mensuration of the fracture energy results not easy to be
performed. Lourenço [108] suggested to use the ductility index duc in order to evaluate
the fracture energy under compression [111]. Adopting this index, the evaluation of the
fracture energy in compression G f c is performed with the following equation:

G f c = duc fc (2.23)

where fc is the compressive strength of the material. The usually adopted ductility
index is duc = 1.600 mm [108, 111] that is taken from the Model Code 90 [51] and it is
valid for fc < 12 MPa.

The masonry fracture energy in tension G f t is more controversial and the values
of this characteristic vary sometimes of an order of magnitude among authors. As an
example, it is possible to find in literature values of G f t ∼ 100 N/m (e.g. [6]) or, more
frequently, of G f t ∼ 10 N/m (e.g. [105, 133, 134]). In the opinion of the author it is
better to utilize the ductility index given by Lourenço [108]:

G f t = dut ft (2.24)

In which dut = 0.028 mm.
Following the codes, the mechanical parameters necessary to model structures are

treated in two different ways in dependence on the type of analysis performed. In the
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(a) (b)

Figure 2.20: In the graphs the representation of the softening behavior is reproduced.
Figure 2.20a shows the tension softening and Figure 2.20b shows the compression soft-
ening behavior.

case of elastic analyses, these parameters are calculated dividing the average strengths
by the confidential factor (FC fattore di confidenza) and then divided by the partial
material safety coefficients. For non-linear analyses, the properties used for model-
ing are calculated dividing the average strengths by only the confidential factor FC
(C8.7.1.5 [86]).

The confidential factors are safety coefficients related to the level of knowledge LC
of the structure under examination. For masonry structures three different levels of
knowledge from, LC1 to LC3, are present. For each level the mechanical parameters
are defined in the following way:

• LC1. This is the lowest level of knowledge and the corresponding confidential
factor is FC = 1.35. This level is associated with a limited investigation of the
construction details and of the mechanical characteristics. For this level, the aver-
age strengths and the elastic moduli (assumed from Tab. 2.3) are then elaborated
as here reported:

– elastic moduli: the average values;

– strengths: the minimum values.

• LC2. A confidential factor of FC = 1.20 is assigned to this level. This level im-
plies an exhaustive and extended knowledge of construction details and extended
investigations of the mechanical properties. For this level, the average strengths
and the elastic moduli (assumed from Tab. 2.3) as:

– elastic moduli: the average values;

– strengths: the average values.

• LC3. This level is assigned to the best investigations on the structure. A confiden-
tial factor of FC = 1.00 corresponds to this level. This level implies exhaustive
and extended knowledge of construction details and exhaustive investigations of
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the mechanical properties. For this level of knowledge, the average strengths and
the elastic moduli are assumed with another method that also takes into account
the experimental values.

– elastic moduli: the average experimental values or the average values of
Tab. 2.3;

– strengths:

* Case a (Three or more experimental strength values): the averages of
the experimental values;

* Case b (Two experimental strength values):
· if the averages of the experimental values are larger than the maxi-

mum values of Tab. 2.3 these maximum values are then used;
· if the averages of the experimental values are between the values

of Tab. 2.3, the averages of these values are then used;
· if the averages of the experimental values are inferior to the mini-

mum values on Tab. 2.3, the averaged experimental values are then
used.

* Case c (Only one experimental values are present):
· if the averages of the experimental values are larger or in between

the values of Tab. 2.3, the mean table values are used;
· if the averages of the experimental values are inferior respect to the

minimum values of Tab. 2.3, the averaged experimental values are
used.

(For the definitions of the terms limited, extended and exhaustive please refer to
the Italian code C8A.1.A.3 [86])

Two tables of mechanical properties of masonry are presented. The first one is re-
ferred to the circular of the Italian code 2008 [86] (Tab. 2.3) and the other one refers to
the newest circular [87] (Tab. 2.4). In these tables, the properties are referred to values
(min and max) of the mechanical parameters for historical masonry that have poor mor-
tar characteristics, absence of courses, leaves not connected, absence of consolidation
and texture (in case of regular resisting elements) executed in accordance with the best
practice. (For the translation of the masonry types Brignola et al. [31] was followed).

Tables 2.3 and 2.4 refer only to some specific characteristics of masonry. How-
ever, it is possible to consider constructions with other features and in these cases it
is possible to correct the mechanical properties according to these characteristics (Tab.
C8A.2.2 [86] for NTC08 and Tab. C8.5.II [87] for the NTC18). The coefficients indi-
cated in these tables can increase or decrease the values of the mechanical parameters.
These coefficients change also in function of the type of masonry and they take into
account the presence of joints of small thickness, courses, connections between leaves,
consolidation and the presence of joints that have good mechanical characteristics.

It is important to know how these properties are then used in the evaluation of the
behavior of the masonry structure. In particular, due to the main topic of the thesis, a
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Table 2.3: Table of the values of mechanical parameters for historical masonry (part of
the Tab. C8A.2.1 [86]). fc,m is the mean compressive strength, τ0 is the mean shear
strength, E is the mean Young’s modulus, G is the mean shear modulus and w is the
specific weight.

Masonry type
fc,m τ0 E G w

MPa MPa MPa MPa kN/m3

Rubble stone
1.0 0.020 690 230

19
1.8 0.032 1050 350

Multiple-leaf
hewn stone

2.0 0.035 1020 340
20

3.0 0.051 1440 480

Stone masonry
with good texture

2.6 0.056 1500 500
21

3.8 0.074 1980 660

Soft stone (tuff)
1.4 0.028 900 300

16
2.4 0.042 1260 420

Solid stone
blocks

6.0 0.090 2400 780
22

8.0 0.120 3200 940

Solid brick and
lime mortar

2.4 0.060 1200 400
18

4.0 0.092 1800 600

focus is given to the shear resistance of masonry panels. The author refers to the latest
version of the Italian code (NTC18 and circular [86, 88]) to do this.

Following the Italian code, the shear failure of a masonry panel can be achieved in
two ways:

• Masonry with irregular texture. In this case, the failure is reached with a diagonal
tensile failure and the resistance of the panel is dependent on the shear strength τ0.
The strength of the masonry element is evaluated with the formulation proposed
by Turnšek and Čačovič [183]:

Vt,d = As
1.5τ0d

b

√︃
1+

σ0

1.5τ0d
= As

ftd
b

√︃
1+

σ0

ftd
(2.25)

where (as in Eq. 2.7): As is the cross area of the specimen calculated as As = lt
in which t is the specimen thickness and l its width, b is a shape factor that takes
into account the stress distribution, σ0 is the mean vertical stress and ftd is the
tensile strength.

• Masonry with regular texture. The previous failure typology can be considered
because it is precautionary. However, the equation that is more suitable for these
panels is:

Vt,d =
As

b

(︂˜︁fv0d + ˜︁µσ0

)︂
=

As

b

(︃
fv0d

1+µφ
+

µσ0

1+µφ

)︃
⩽Vt,lim (2.26)
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Table 2.4: Table of mechanical parameters for historical masonry (part of Tab.
C8.5.I [87]). fc,m is the mean compressive strength, τ0 is the mean shear strength with
no perpendicular stress (case 1), fv0 is the mean shear strength with no perpendicular
stress (case 2), E is the mean Young’s modulus, G is the mean shear modulus and w is
the specific weight.

Masonry type
fc,m τ0 fv0 E G w

MPa MPa MPa MPa MPa kN/m3

Rubble stone
1.0 0.018 - 690 230

19
2.0 0.032 - 1050 350

Multiple-leaf
hewn stone

2.0
0.035 - 1020 340

20
0.051 - 1440 480

Stone masonry
with good texture

2.6 0.056 - 1500 500
21

3.8 0.074 - 1980 660

Soft stone
irregular (tuff)

1.4 0.028 - 900 300
13-16

2.2 0.042 - 1260 420

Soft stone regular
(tuff)

2.0 0.040 0.10 1200 400
13-16

3.2 0.080 0.19 1620 500

Solid squared
stone blocks

5.8 0.090 0.18 2400 800
22

8.2 0.120 0.28 3300 1100

Solid brick and
lime mortar

2.6 0.050 0.13 1200 400
18

4.3 0.130 0.27 1800 600

where: fv0d is the shear strength of the masonry with no vertical stress acting on
it, µ is the friction factor, φ is the internal grip of the masonry. The limit of this
shear resistance is dependent on the block tensile strength fbtd and is evaluated
by:

Vt,lim =
As

b
fbtd

2

√︃
1+

σ0

fbtd
(2.27)

The tensile strength of the resisting element can be estimated considering the 10%
of the compressive strength of the same element.

As can be noticed in the two Tables 2.3 and 2.4, in the NTC08 the shear failure of a
masonry panel was evaluated only with the formulation of Equation 2.25. In the newest
code (Tab. 2.4), a column of fv0 is present. This strength considers the shear failure in
mortar joints, is present.

2.9 Summary
The present Chapter provided an overview of the materials, structures and codes re-

quired for the comprehension of this dissertation. The inherent topics that are closer and
more related to the objective of the thesis were deeply explored. On the contrary, other
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subjects were treated more superficially. This choice was made considering the main
topic of the thesis in order to provide a functional state of the art of URM. The main
effort of this Chapter was oriented to define and explain the methods and tests adopted
for the characterization of this material. This focus is required considering the main
topic of the thesis. At the same time, some bases on material properties and numeri-
cal methods were also presented. In some cases, this Chapter provides references and
examples in order to give the opportunity to the reader to better understand problems
and/or methods that are only treated superficially for reasons of time and brevity.
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Chapter 3

Shear FJ test

As said in the previous Chapters, some efforts were already performed in order to
obtain shear mechanical properties through a MDT method [66, 67, 68, 71, 90, 173]. A
definitive MDT technique for the evaluation of these characteristics is still not present.

The present Chapter aims to explain the steps performed to obtain the proposed
MDT method, the "shear FJ test method". To be more precise, the Chapter explores the
design procedure, the analysis of the chosen test set-up and the creation of models that
represents the stress-strain status of the sample under test.

Some of the results obtained in the present Chapter were published in [188].

3.1 Test design
In this Sub-section the design procedure adopted to create the new shear FJ test is

introduced. This design was developed through two main phases. In the first phase dif-
ferent geometrical configurations were defined considering literature and the objectives
sought, and then numerically modeled and in the second phase considerations about the
results were used to choose the final set-up.

As introduced, the first part of the design consisted in FEM analyses. These were
performed on six different flat jack configurations by taking into consideration different
geometries of cuts and FJs positions. The main purpose of these numerical simulations
was the evaluation of the direction of the principal stress in order to obtain a 45° in-
clination with respect to the horizontal. It was taken into consideration not only the
principal stress inclination but also the values of the stresses.

The second part of the design had as purpose the choice of the final test configu-
ration. This choice was affected by the stress orientation and magnitude but also by
parameters like costs and destructiveness. These technical considerations were an im-
portant part of the design because they guarantee the cost convenience and, even more
important, the low impact on the building integrity and aesthetic.

3.1.1 Numerical models
The FEM models were created using two software: LUSAS [109, 110] and DI-

ANA [65]. In this first part of test design, a single simple geometrical element that
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represents a generic wall was used to evaluate the six configurations of cuts and FJs.
This wall was defined as a rectangular cuboid of 2 m height, 2 m length and 0.5 m
thickness (Fig. 3.1) and was analyzed using LUSAS.

Figure 3.1: The image displays the wall dimensions used for FEM investigations.

The modeled wall was considered elastic, isotropic and homogeneous. These are
strong assumptions for a material like masonry but the aim of this modeling part was
only to find the best configuration for the test. Still, these assumptions are often taken.
The micro-modeling would lead to more correct results. Still, it wouldn’t be worthwhile
considering the time needed for creating this model and also the fact that it is just a first
part of the design process. The investigations of the walls were performed using simple
linear analysis. It was then supposed that the wall was composed of bricks with lime
mortar. These hypotheses were taken into consideration in order to find the elastic
characteristics in the Italian Code (Tab. C8A.2.1 [86]). The mechanical characteristics
used for the models were E = 2000 MPa and ν = 0.25.

The base of the wall was fully restrained. On the other hand, in a first phase of the
analysis, the translations along the vertical axis of the top of the model were released.
However, all the other degrees of freedom of this face were restrained. This choice was
taken because a vertical stress of σ0 =−0.20 MPa was put on the top of the wall which
represents the vertical stress coming from the superstructure.

Six different configurations (named a, b, c, d, e and f ) were considered. These
configurations were made using distinct geometries of slots, flat jack dimensions and
different flat jack positions. The slots were obtained by subtracting thin cuboids from
the wall. These subtractions, that represent the cuts made in situ, were supposed to
have different lengths and depths. The width of these cuts was the only dimension that
was fixed at 10 mm for all the configurations. Rectangular loads were then assumed to
represent the flat jack stress in the slots. A brief description of the six configurations is
here presented.

Configuration a (Fig. 3.2). This set-up, that uses four flat jacks, is very similar
to the one presented by Jurina [90] and to the one proposed by Simões et al. [173].
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The configuration presented shows two main advantages. The first is the possibility
of performing the shear test after a double flat jack test. This double FJ test should
be performed just in the elastic range in order to not damage the sample. The second
advantage is the possibility of performing the shear test by varying the vertical stress
that acts on the tested part of the masonry. The horizontal cuts had lengths of 400 mm
and of depths 200 mm that were chosen in order to allow the access to two FJs that have
the same dimensions of the cuts. The distance between these two cuts was imposed at
600 mm following the recommendations for the double FJ test [12, 155]. This distance
corresponds to 1.5 times the flat jack length. The vertical cuts, with a depth equal to
120 mm, were positioned at the vertex of the horizontal ones. In these slots two flat
jacks (240×120 mm) were positioned. These jacks create the inclined stress inside of
the sample. In this set-up the possibility of varying the load in the horizontal FJs was
considered. This means that there is the necessity of two different hydraulic systems.

Figure 3.2: The image shows the cuts and flat jacks configuration a.

Configuration b (Fig. 3.3). Only two FJs were considered for this geometry in
which the cuts (of 400 mm length and 200 mm depth) were inclined of 45° with respect
to the vertical axis. As for configuration a, the distance between the two slots was taken
as 1.5 times the length of the flat jack length. The proposed configuration perfectly
corresponds to the standard double FJ test [12, 155], with the only difference being the
45° inclination. Flat jacks having length of 400 mm and depth of 200 mm were used in
the model. No others cuts were present in this configuration.

Configuration c (Fig. 3.4). This configuration is very similar to the previous one.
The two shortest cuts (of 400 mm length and 200 mm depth) were considered inclined
of 45° with respect to the vertical axis. The difference between b and c is that other two
cuts were modeled in the latter one. These were placed perpendicularly at the external
edges of the other two cuts already described. The two longer slots, of 600 mm length
and 200 mm depth, were conceived in order to partially isolate a cuboid in which the
test was performed. This separation was conceived in order to have a sample that is not
(or not completely) subjected to the vertical stress.

Configuration d (Fig. 3.5). It is possible to notice that the d set-up was modeled
starting from the diagonal compression test [15, 156]. The differences between the two
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Figure 3.3: In the image are displayed cuts and flat jacks configuration b.

Figure 3.4: The image shows the cuts and flat jacks configuration c.

tests are the dimensions of the sample and the fact that in the proposed configuration
the sample is not completely isolated. In the proposed layout the four cuts had lengths
of 800 mm. This dimension was decided in order to slightly decrease the size of the
specimen with respect to the standard diagonal test. A 120 mm depth of the slots was
imposed. This measure was chosen in order to accommodate the 240× 120 mm flat
jacks. As in configuration c, also in this case the choice of creating long cuts was taken
in order to provide a partial insulation from the rest of the wall.

Configuration e (Fig. 3.6). This set-up took in consideration only two cuts and
two flat jacks. The slots were vertically oriented and they have a depth of 120 mm, a
length 880 mm and a relative distance of 400 mm. The two FJs were assumed to be
240×120 mm. The principal aim of this configuration was to obtain a squared sample
where the stresses are concentrated. To this purpose, the total length of the cuts is equal
to the sum of the two lengths of the flat jacks (240 mm) plus the space between the
cuts (400 mm). Placing one FJ on the bottom of the first cut and the other flat jack in
the top of the other slot, the squared sample in which the stresses are concentrated was
obtained.
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Figure 3.5: In the image cuts and flat jacks configuration d are displayed.

Figure 3.6: The image shows cuts and flat jacks configuration e.

Configuration f (Fig. 3.7). This last configuration is very similar to the method
proposed by Foppoli et al. [68]. The present configuration was developed in a similar
way to the previous one (conf. e). In fact, the purpose was to create two squared samples
where the stresses are concentrated. In order to achieve this goal, two cuts spaced
400 mm were modeled. Their length (1040 mm) is equal to two times the space between
the cuts plus the length of the FJs used (240 mm). This configuration seems to be the
most effective because it can test two specimens at the same time (one in the zone above
the flat jack and the other one in the zone under it) and use only one FJ (dimension of
240×120 mm). The stress states of these two specimens are not perfectly identical due
to the self-weight of material. In fact, the lower sample has additional stress coming
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from the dead load of the upper specimen. It can be stated that this difference is very
small and that can be neglected considering the magnitude of the acting vertical stress
modeled (or present) in the wall.

Figure 3.7: In the image cuts and flat jacks configuration f are displayed.

As mentioned before, for all configurations a vertical stress of σ0 =−0.20 MPa was
considered. As already said, the FJs were simulated using rectangular loads that repre-
sent the pressure exchanged between the actuator and the masonry. The load was sup-
posed to be perpendicular to the cuts surface. Each configuration was studied through
three different load steps (FJ stress of 0.10, 0.20 and 0.50 MPa).

It was impossible to obtain a perfect regular mesh due to the presence of cuts. Linear
tetrahedral elements named TH4 [109, 110] were used for the models. Considering that
the zones included between the slots were the ones where more attention was paid, the
wall was divided into two different meshed zones. The zones outside the slots were
meshed using elements of moderate dimensions (element size 0.10 m). In the slots
zones, a refined mesh was used (element size 0.05 m) in order to better understand the
behavior of the zone where the stresses are concentrated (Fig. 3.8). The number of
elements utilized for each model was approximately 14000.

3.1.2 FEM results
In this Section the results obtained from the six different analyses are presented

(Fig. 3.9 and 3.10). The results are also compared in order to obtain a first idea of the
best configuration. The confrontations were performed looking at the principal stresses
and their orientations.

Some results are presented using the images taken directly from LUSAS. For each
configuration, four images were obtained. The first three are the contour plots of the
shear stress in the three load cases and the fourth images are the vectors indicating
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Figure 3.8: The image reports the FEM mesh of the configuration d.

the orientation of the principal stresses. All of these images were taken looking at the
surface of the wall.

The main goals of the present work are the measurements of the shear modulus and
of the tensile strength on a 45° inclined plane. This is the reason why particular attention
was given to the orientation of the principal stresses. These stresses were evaluated on
the surface of the sample and in the plane of the wall.

The contour plots of the six layouts were scaled starting from the maximum and
minimum values of the shear stress obtained in all of the FEM analyses. This choice
was taken in order to compare all the combinations in an easy and efficient way. The
maximum and minimum values (−0.251 MPa and 0.306 MPa) were obtained in con-
figuration c.

From the orientations of the principal stresses (Fig. 3.9 and 3.10), it can be easily
noticed that configurations b, c and d present an inclination of approximately 45° of the
principal stresses. Set-ups a and f yield to lower inclinations of the stresses and, on the
contrary, configuration e presents a higher inclination.

From both the contour plots and the directions of the principal stresses, it is possible
to notice some other peculiarities. Configurations a, d, e and f present directions of the
principal stresses that are almost parallel to the direction of the dead load. The only part
in which the direction is different is near to the location of the flat jacks. Encouraging
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(a) Configuration a

(b) Configuration b

(c) Configuration c

Component: SZX (N/m2)

Figure 3.9: In the images are plotted the contour plots of configurations a, b and c.
Starting from the left, the three load cases (FJ stress σ =−0.10, −0.20 and −0.50 MPa)
are shown. In the last column on the right the vectors of the principal stress are plotted.

results were obtained in c. Due to the high isolation of the sample, performed with long
cuts, the orientation of the principal stresses is more consistent with the main purpose of
this work. In addition, this configuration shows also the highest stresses. Configuration
b shows similar results. Both configurations b and c seem to be the best configurations
despite the inclination of the principal stress not being perfectly equal to 45°.
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(a) Configuration d

(b) Configuration e

(c) Configuration f

Component: SZX ( N/m2)

Figure 3.10: The images reports the contour plots of configurations d, e and f. Starting
from the left, the three load cases (FJ stress σ = −0.10, −0.20 and −0.50 MPa) are
shown. In the last column on the right the vectors of the principal stress are plotted.
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3.1.3 Criteria used to choose the set-up
In the following paragraphs the characteristics taken into account to choose the best

configuration are presented.
Costs and simplicity of execution of the flat jack configurations were evaluated tak-

ing into account different possibilities that are as follows:

• Time needed to create the slots. The time needed to create the slot is not very
relevant if compared to the whole time of the test but it was nevertheless con-
sidered because no other action can be performed at the same time. In addition,
subsequently to the creation of the cuts these have to be cleaned and measured.

• Number of flat jacks used. The FJs have a cost that has to be taken into account.
Despite these devices are commonly used, they have a limited life that could be
correlated to the times of utilization. The use of an "elevated" number of flat jacks
raises a lot the costs of the whole test. Moreover, after the test the FJs have to be
extracted from the wall in order to restore it. In the case that high pressures are
reached, it is possible that the FJs extraction results not easy to perform because
it is possible that it can get stuck in the slot due to its plastic deformations. This
time has to be taken into account for this possible phase.

• In a configuration it was also considered to have two separate hydraulic systems.
In this case the cost of the additional equipment, the time needed to connect and
maneuver it has to be taken into account.

• Reparation of the cuts. This is usually required after the test is performed. A high
number of cuts and/or their great length raises the time as well as the costs needed
for the reparation.

The time consuming operations mentioned above do not take into account the placement
of the measure bases (or LVDT sensors). This operation can be problematic and time
consuming due to the heterogeneity of the material and to the fact that the samples
usually do not show a perfect plane surface. This phase was not evaluated because the
positions and number of measure bases have to be designed in order to estimate it. It
has to be said that, especially for manual readings, the time dedicated to position the
measuring points and the time needed to acquire the measurement can be noticeable.

The standard flat jack tests are considered as MDT method. This characteristic is
probably one of the most important features that has contributed to their wide use (e.g.
their use for historical constructions). The importance of limiting the destructiveness of
the test results clear. To evaluate the destructiveness, the following characteristics were
monitored:

• Size of the sample. One of the principal aims of the test is to investigate the ten-
sile strength of masonry. To accomplish this, the specimen must be submitted to
intense stress and therefore the appearance of some cracks is very likely to oc-
cur. Considering this, it is understandable that larger specimens will ruin a larger
part of the tested wall. In historical heritage buildings this problem is empathized
because the preservation of both the aesthetic and the structural behavior is re-
quired. The possibility of reducing the specimen dimensions has to be examined
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considering also that specimens too small will not be representative of the wall
properties. This because the sample cannot be considered homogeneous.

• Integrity of the wall. The use of circular saws is very common in order to ob-
tain the slots. Sometimes these saws use water to eliminate the dust, to cool
themselves and to remove the debris in the slot. The water can compromise or
even ruin the wall. For these reasons, decreasing the number and length of cuts
decreases the destructiveness of the test. Another fact to consider is that the wa-
ter could also disturb the mechanical behavior of the specimen because it could
interact with the joints and the resisting elements.

• Aesthetic of the wall. The number and length of the cuts are one of the princi-
pal problems. A large number of cuts raises the possibility of compromising the
aesthetic of the wall. Moreover, also the orientation of the cuts is important. Con-
sidering a brick wall, it is possible that there are some bed joints that are perfectly
horizontal. In these joints the creation of cuts can be easily performed as well
as the restoration. For vertical or inclined slots it is more complicated because
the cuts interest both joints and resisting elements. In this case, the restoration is
more complicated.

The most important criterion used to choose the best configuration is the stress-
strain status of the sample. This feature is significant because the goal of the test is to
investigate the mechanical properties of the sample. As mentioned before, it is impor-
tant to have the principal stresses inclined of 45° in order to achieve a diagonal cracking
or, at least, the concentration of the plastic deformations on an inclined plane.

3.1.4 Summary of the test design
The principal aim of the whole section was to investigate different flat jacks con-

figurations. This investigation was performed in order to obtain the layout of the MDT
method for assessing the shear modulus and the tensile strength on a 45° inclined plane
of the media. In order to reach this purpose, FEM analyses of the configurations were
performed. The results of these numerical models and the criteria defined were guide-
lines adopted to choose the final geometrical configuration.

As reported in Fig. 3.9 and 3.10, the FEM analyses highlighted the effectiveness
of some configurations from the point of view of the stresses. The results of b, c and
d pointed out an optimal orientation of the stresses. At the same time, plots of the
directions of the principal stresses of configurations a, d, e and f, exclude these config-
urations for other insights. In fact, none of these four configurations shows principal
stresses inclined of 45°.

At this point, the criteria of costs and destructiveness helped to take the final choice.
Configuration d shows a good inclination of the principal stresses. In addition, its

similarity to the standard diagonal compression stress could lead to simpler compar-
isons with the diagonal compression test. The disadvantages of this configuration are
more related to the destructiveness and to the costs. The sample has the biggest dimen-
sions and two of the cuts are vertically oriented. The utilization of four FJs can also
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raise the costs. Moreover, the vertical cuts would require a lot of time to be repaired
because both joint and resisting elements are interested.

Configurations b and c show very similar results for what concerns the stresses
and their orientation. Configuration c could be considered the best solution because it
shows a uniform orientation of the stresses. However, due to the additional cuts this
configuration results more invasive and the realization of these cuts can also interact
more with the sample and might compromise it.

For these reasons configuration b was chosen as the optimal configuration. In addi-
tion to this choice, it has to be said that instead of using rectangular FJs the semicircular
ones represent the best solution. In fact, these are more widespread as well it is the
equipment to use them. Moreover, slots for these FJs can be easier created with a circu-
lar saw. These FJs have dimensions of 350×260 mm and an area of AFJ = 77506 mm2.
The adoption of this more diffuse type of FJ could also help to have other researches
on the proposed test. Actually, it would be more probable to have other possibilities to
perform the test if the equipment was more diffuse.

3.2 Analysis of the shear FJ test configuration
After the definition of the best configuration, deeper numerical analyses were per-

formed. The main aims of these analyses were two. The first aim is to understand if the
chosen set-up (configuration b) is adoptable to measure the shear characteristics (tensile
strength and shear modulus). The second aim is the creation of piecewise linear laws
(and other tools) which should give the sample stress status knowing the applied stress.

For these scopes a parametric analysis was performed using FEM models. This
analysis was conducted considering a homogeneous, isotropic, linear and elastic mate-
rial. This analysis and its results are reported in the following.

3.2.1 Model strategies
Not every numerical model is suitable to represent the behavior of the masonry

sample. In addition, the numerical model should also be able to give results that are
directly comparable with the in situ measurements. That is why attention was paid in
order to identify the more suitable FEM model.

In the large part of the analyses usually performed to assess the behavior of ma-
sonry buildings, the mechanical behavior of the material is simplified. Usually, ma-
sonry is modeled as a homogeneous, elastic and isotropic material. The material can be
better modeled with more complicated constitutive laws and considering its non-linear
behavior. However, in these analyses, the material was considered isotropic and homo-
geneous because in this way it should be easier to comprehend how the sample behaves.
In addition, not too many mechanical properties have to be guessed and a more efficient
way of reading the results can be used. In addition, it is not infrequent to consider ma-
sonry as a homogeneous, elastic and isotropic material in the models created to study
test set-ups.

As already introduced it was decided to use semicircular FJs. For this reason, in
these more detailed models it was decided to use this semicircular shape for both cuts
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and FJ loads. This choice was taken in order to create more representative numerical
models.

Figure 3.11: The image displays the mesh of the numerical model used for the analysis
of shear FJ configuration. In this case the wall has dimension of 4.0× 3.0× 0.5 m. It
is possible to notice the cuts in red and the central prism in yellow (which has a base of
250×250 mm).

As far as possible, recommendations given for standard FJ tests were used [11,
12, 154, 155]. The distance between the two FJs was set at 500 mm. The standard
equipment for a FJ test is also composed of a manual strain gauge having a base length
of 250 mm. For this reason it was decided to create a prism that crosses at the center
the whole thickness of the wall which has a squared base of 250 mm (Fig. 3.11). The
position and the orientation of the prism were decided trying to imitate the sensor set
up of the diagonal compression test [15]. In this way, the nodes on the numerical wall
surface that have a relative distance of 250 mm can be tracked as well as the points
in real samples (Fig. 3.12). The model had approximately 34000 elements that were
quadratic bricks named CHX60 [65]. DIANA software was used in this case, given the
subsequent extension to nonlinear analysis and support available for the work.

The numerical models had a precise sequence of steps that was applied before the
application of the FJ loads. At first, the entire model was subjected to a vertical stress.
Secondly, lateral constraints were applied to the wall. Then, the two cuts were realized
creating the one that is above the sample before the other one. At this point, the FJ
loads were finally applied to the slots surfaces. As already introduced they consist in
semicircular stresses coincident with the slots surfaces which are perpendicular to these
surfaces.

This sequence of steps is realized in order to better reproduce what happens in the
sample during the test. In fact, in an in situ test, the above part of the structure applies a
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Figure 3.12: The image represents the mesh used to analyze the shear FJ configuration.
In this image it is possible to notice the cuts in red, the central prism in yellow, the
nodes monitored to evaluate the strains (in blue the perpendicular nodes and in red the
parallel nodes) and finally the nodes monitored to evaluate the stress of the sample in
green.

vertical stress on the sample. This load acts on the sample before and after the creation
of the cuts.

Stress analysis

In order to understand the stresses inside of the sample the nodes in the center
of the sample were analyzed, in particular the stresses of five nodes belonging to the
center (100 mm side, highlighted in green in Figure 3.12) were studied (Fig. 3.13). The
stresses on these nodes were evaluated by extrapolating the stresses from the Gaussian
nodes of the nearby elements.

In these models, the vertical stress was always considered. It represents the vertical
stress coming from the upper part of the structure. It was decided to consider the stress
created by the vertical load as uniform. For this reason, at the moment of the vertical
stress application, supports were applied at the base of the wall. Specifically, an edge
was fixed for the horizontal displacements in the main direction of the wall and another
edge for the horizontal displacement in the direction perpendicular to the wall plane.

The analysis of these nodes was performed looking at the principal stresses. Stresses
in the direction of the referring system were taken from the softwares (DIANA and
LUSAS). They were then processed in order to obtain the principal stresses and their
orientation. Since the nodes studied belong to the wall surface, they are under a bi-axial
stress status. This is due to the fact that there is no stress in the direction perpendicular
to the wall plane (x′ = 0). For this reason, the present stresses are three: the stress in
the horizontal direction σx, the stress in the vertical direction σy and the shear stress τxy.
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Figure 3.13: The image shows the center and the slots of the numerical model. The
nodes analyzed to understand the stress distribution are highlighted: the center in green,
the node above in blue, the node above in light blue, the node on the left in red and the
node on the right in orange. It is also presented the referring system (x′) used for the
analysis of the distribution of the stresses inside of the wall.

From these three stresses it is possible to evaluate the two principal stresses:
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The angle that the largest principal stress has with respect to the vertical is:
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)︃
(3.2)

The analysis of the principal stresses of five nodes was performed (Fig. 3.13) and then
compared to the average of the nodes belonging to the center of the central prism of the
sample (Fig. 3.12). For this analysis, the model was taking into consideration a 4.0×
3.0×0.5 m wall with a vertical stress σ0 =−0.35 MPa. The elastic properties used do
not change the stress status of the sample but only the strain of it. Since displacements
were not taken into account, it is not important to know these properties.

The results of this analysis are presented in Figure 3.14. Here, σ is the stress applied
by the FJs to the masonry sample. It is possible to notice that the nodes belonging to the
sample axis of symmetry have stresses that are similar among each other for both the
largest principal stress σ1 and the smallest σ2. The other two nodes show, as absolute
values, smaller principal stresses. The averaged values of the principal stresses of the
nodes belonging to the center of the prism are, as expected, in between the results of
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the five nodes. Since these mean values show an identical trend and that the difference
among them is not too large, it was decided to use them as the stress status of the sample.

This choice was made considering that the principal stresses of a single node (e.g.
the node in the sample center) is not representative of the sample stress state as well as
the average of the principal stresses of all the nodes belonging to the sample surface.
The failure of the material starts from in the zone where the principal stresses are larger.
Nevertheless, when the principal stresses reach the material strength in a single node it is
impossible to consider the sample failed. In contrast, the sample cannot be considered
intact when the mean principal stresses of all the nodes of the samples are slightly
inferior to the material strengths because in many zones the strengths would have been
reached much before. Thus, it was decided to monitor a central part of the sample that
has a dimension comparable to the dimensions of the resisting elements and, at the same
time, to the dimensions of the sample.

(a) (b)

Figure 3.14: In the two plots the analyses of the principal stresses of the nodes (high-
lighted in Figure 3.12) are presented. In Figure 3.14a the largest principal stresses and
in Figure 3.14b the smallest one are plotted.

Strain analysis

The strain field of the sample, together with the applied stress, is important to eval-
uate the shear modulus of the material under test. Indeed, the knowledge of this strain
status is essential in both numerical and real walls. This is why, as explained at the
beginning of this Sub-section, the numerical models have to imitate the real experiment
as much as possible.

Some considerations have to be performed in order to understand the strain field
of the sample. It is possible to consider a 2D wall with a generic vertical stress σ0,
with the cuts already realized and crossing the whole thickness t of the wall, with zero
pressure in the FJs. The media of this wall is considered homogeneous, linear, elastic
and isotropic. With these premises it is possible to analyze the wall as a plane stress
problem.

The present stress-strain statuses of the wall are considered as the initial ones. It
is applicable the superposition principle due to the hypotheses of a linear and elastic
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3.2 – Analysis of the shear FJ test configuration

material. For this reason, the generic final status of the sample (with σ /= 0) can be
obtained summing the initial status (with σ = 0) to the one created only by the FJs
stress. In particular, this partial strain status of the sample is the one that is measured
during the in situ experiments. In order to be coherent, this strain status was taken into
account in the numerical models.

The strain-stress status of the sample created only by means of FJs is the one that is
taken into consideration starting from now. It results definable a local coordinate system
(distinguished by the subscripts ⊥ and ∥) placed in the center of the sample. This local
system has directions that are parallel (∥) and perpendicular (⊥) to the FJs planes. The
stress status of the sample can be written with this tensor:

[σ⊥,∥] =

[︃
σ 0
0 0

]︃
(3.3)

where σ is the stress applied by means of FJs. In the global coordinates this tensor
(Eq.3.3) corresponds to:

[σ ] = [R][σ⊥,∥][R]
′ =

[︃
σ/2 −σ/2
−σ/2 σ/2

]︃
(3.4)

where [R] is the rotation matrix that considers an angle of 45°. The tensor [σ ] (Eq. 3.4)
shows that the FJs apply a shear stress τ (members of the matrix in position 1,2 and
2,1) in the sample that is equal to σ/2.

In the local system the strain status results to be:

ε⃗⊥,∥ =

⎡⎣ ε⊥
ε∥

γ⊥,∥

⎤⎦=
1
E

⎡⎣ 1 −ν 0
−ν 1 0
0 0 2(1+ν)

⎤⎦ σ⃗⊥,∥ =
1
E

⎡⎣ σ

−νσ

0

⎤⎦ (3.5)

in which (σ⃗⊥,∥)
T = [σ ,0,0].

Similarly to what was done for the stress tensor, it is possible to write the strains in
a tensor and then to rotate it in the global system. From this rotated tensor it is possible
to write the strain vector in the global system (v = vertical, h = horizontal):

ε⃗ =

⎡⎣εv
εh
γ

⎤⎦=
1

2E

⎡⎣σ −νσ

σ −νσ

σ +νσ

⎤⎦ (3.6)

The shear modulus of a linear elastic isotropic solid is evaluated in the same way
how it is evaluated in a plane stress problem:

G =
τ

γ
(3.7)

As highlighted previously, the shear stress applied by means of FJs to the sample is
τ = −σ/2 (Eq. 3.4). For what concerns the shear strain, some other considerations
have to be taken. It has to be proved that it is possible to evaluate this strain with the
mensuration of the displacement of the monitored points (Fig. 3.12).
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A general strain of the sample (both numerical and experimental) is evaluated as:

εi, j =
di, j −di,0

li
(3.8)

where: i =⊥ refers to the direction perpendicular to the FJs planes and i =∥ refers to
the direction is parallel to the same plane; j refers to the general load step when the
displacement and the applied stress is recorded ( j = 0 refers to the moment after the
creation of the slots when σ = 0); di, j is the distance between the measured points of
the basis having direction i and at the step j; li is the length of the measure basis at the
moment j = 0.

Let’s consider the shear strain evaluated following [15, 31] (maintaining the consis-
tency in the load steps):

γ = ε∥− ε⊥ (3.9)

it is possible to prove that this evaluation is legit. In fact, from Equation 3.4, 3.5 and
3.6, Equation 3.9 is confirmed:

γ = ε∥− ε⊥ =−σ
1+ν

E
=

1+ν

E
2τ =

τ

G
(3.10)

which is equal to Equation 3.7.
Since the characteristics measured during a test are evaluated without taking in to

account the initial status before the cuts creation, the shear modulus should be evaluated
with the three monitored characteristics as:

G =
τ

γ
=

σ/2
ε⊥− ε∥

(3.11)

However, this shear modulus (evaluated numerically) has to be compared to the usual
evaluation of the shear modulus:

G =
E

2(1+ν)
(3.12)

in order to prove that the hypotheses taken are valid.
The error between the numerical evaluation of the shear modulus (Eq. 3.11) per-

formed using all the 3D models analyzed in this Chapter and the shear modulus calcu-
lated using Equation 3.12, is less than the 4%. This level of error in in situ masonry
testing can be completely accepted. For this reason, it is possible to affirm that Equa-
tion 3.12 can be used also for the in situ test to evaluate the shear modulus of the media.

Models analysis

The models analyzed until now were 3D. Since it is very likely that the slots would
not cross the whole thickness of the wall, the choice of using 3D model seemed to be
the best solution. Nevertheless, two 2D models were analyzed (Fig. 3.15). The choice
of examining this option is related to the possibility of having results similar to the one
obtained with the 3D models with a smaller mesh size and, at the same time, speeding
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3.2 – Analysis of the shear FJ test configuration

Figure 3.15: In the image the mesh used for the 2D FEM models is represented. In
this FEM model a plane stress is considered and the wall has dimensions of 4.0×3.0×
0.50 m.

up the time of the analyses. This fact would be helpful considering that the parameters
of the test set-up have to be analyzed and also non-linear analyses have to be performed.

The analyzed wall had dimensions of 4.0× 3.0× 0.5 m. The material was con-
sidered homogeneous, isotropic, linear and elastic with a Young’s modulus of E =
2000 MPa, Poisson’s ratio of ν = 0.20 and a vertical stress of σ0 = −0.35 MPa. The
sequence of phases used in the analyses performed before was kept.

The same model created for the previous stress analyses was used for the 3D analy-
ses.

The two 2D models were created considering a plane stress status of the wall and
using linear triangular elements (T3MEM [65]).

In the first model the cuts were realized erasing completely the material. This is
equivalent to create cuts that perfectly cross the thickness of the wall.

The second model (called 2D modified) was created afterward and looking at the
numerical results (Fig. 3.16a). Actually, it is possible to notice a big difference, that
is present in the strains of the sample between the 2D and the 3D model. For this
reason, instead of completely erasing the material from the cuts, it was decided to insert
a synthetic material that simulates the media that in the real wall is present behind the
cuts. This synthetic material was designed in order to have displacements close to the
3D model and also to have an initial largest principal stress close to the one obtained
in the 3D model. In order to fulfill these two goals, the synthetic material having a
Young’s modulus E = 984 MPa (0.492 times in comparison to the Young’s modulus of
the rest of the wall) was inserted in the cuts at their realization.

From the results of these analyses (Fig.3.16) it is understandable that the 2D model
is not suitable to model the physical problem. For what concerns the 2D modified
model, it is possible to notice that strains and the initial tensile stress represent quite
well the stress status obtain with the 3D model (Fig. 3.16). The main reason for which
the 2D modified model was not used is the behavior of the principal stresses associated
with the large absolute values of FJs stresses. It results clear that also this 2D model is

63



Shear FJ test

not suitable to replicate the behavior of the sample.

(a) (b)

(c)

Figure 3.16: The graphs show the study performed in order to evaluate the possibility
of using a simplified model. In Fig. 3.16a the absolute applied stress vs. the measured
shear strain is plotted, in Fig. 3.16b and 3.16c the principal stresses are plotted vs. the
absolute applied stress.

For this reason, it was decided that the best option was the utilization of 3D models.
This kind of model, associated with the mentioned sequence of phases, were the ones
used from this point to evaluate the behavior of the sample and to create the piecewise
linear laws.

3.2.2 Parametric analysis
In order to fully understand the behavior of the sample under test, a parametric

analysis was carried out. Before starting this parametric analysis, a study meant to
understand the most suitable numerical model was performed. In this study the influ-
ences of different combinations of bearings and different dimensions of the wall were
examined.

This analysis was carried out examining the elastic properties, the thickness and
dimension of the wall, bearings and the vertical stress.
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3.2 – Analysis of the shear FJ test configuration

Bearings/Dimensions

As introduced, a study of the influence of the wall dimensions and of different com-
binations of constrains was performed before starting the parametric analysis. The goal
is to study which combination of bearings changes the stress status of the sample and
which one is more represen tative of a real wall.

For this study, it was taken into consideration a wall having: height of 3.0 m, thick-
ness of 0.5 m, Young’s modulus of E = 2000 MPa, Poisson’s ratio ν = 0.20 and a acting
vertical stress σ0 =−0.30 MPa. These were the characteristics that were in common to
all the models.

The phases sequence of the analyses was in common for all the models. However,
after the application of the vertical stress and before creating the cuts, different bearings
were applied. It was nevertheless considered that the vertical load leads to a uniform
stress inside of the wall.

For two models, a length of 6.0 m was taken in consideration. For the other four
models the length of the wall was fixed at 4.0 m.

With regard to the bearings, four different combinations were considered. They
always had in common the constrains at the base. In order to better understand the
results, the models have a codification that is here explained:

• Combination b. Only constraints at the base were modeled.

• Combination bl. Bearings were applied to the base and to the lateral faces of the
wall.

• Combination bt. The constraints were supposed to be applied to the base and to
the opposite face (top face) of the wall.

• Combination blt. In this case all the sides of the wall were constrained.

The number before the code identifies the length of the wall.
The graphs presented in Figure 3.17 show the results obtained from the analyses

and the study of these results is then presented in the following paragraphs.
Figure 3.17a shows that the presence of bearings situated only at the base (combi-

nations 4b and 6b) leads to larger strains. These strains are quite different from the ones
obtained with other combinations of bearings. In a real wall belonging to a structure
it is really difficult to have this combination of bearings. This is because in this test a
contrast to the FJs forces has to be provided. It is difficult to imagine testing a wall that
is either on the last floor or that does not have a reaction (for example walls at the sided
of the tested wall). For these reasons, it is possible to exclude combinations 4b and 6b
as possible models to analyze the sample behavior.

Looking at the smallest principal stress σ2 (Fig. 3.17c) and at the orientation of the
principal stresses ψ (Fig. 3.17d), it is possible to affirm that changes of bearings and of
dimensions do not play almost any role.

With respect to the principal stress σ1 (Fig. 3.17b), the differences between the
models are really small.

Therefore, the strain and stress fields of the real sample can be modeled by one of
these four remaining models.
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(a) (b)

(c) (d)

Figure 3.17: The plots display the results of the six linear analyses performed to in-
vestigate the influence of bearings and the wall dimensions. In Fig. 3.17a the absolute
applied stresses vs. the measured shear strains are plotted, in Fig. 3.17b and 3.17c
the principal stresses are plotted vs. the absolute applied stress and in Fig. 3.17d the
orientations of the principal stresses are plotted.

For all of these reasons, it was decided to use combination 4bl as a base model
because the differences among the other suitable models are small.

The elements sizes of all the models were kept constant. In particular, the smallest
elements, that were used for the cuts, had a dimension of 15 mm. This measure was
chosen to avoid high aspect ratio considering that the thickness of the cut was modeled
of 10 mm. This dimension was increased moving from the sample center (dimension of
25 mm) to the to sides and to the top of the modeled wall (where the seeding dimension
was 250 mm). This seeding method leads to about 34000 elements for the model 4bl
having a thickness of 0.50 mm. The elements adopted were quadratic bricks named
CHX60 [65].

These analyses were also useful to have a complete idea of the stress status of the
sample. Moreover, it was possible to have a more important confirmation of the ca-
pability of the model to measure the tensile strength of the material. In fact, from the
result presented in Figure 3.17 it is possible to have a comprehension of the stress trend
during the tests.

The smallest principal stress σ2 (Fig. 3.17c) results to be always a compressive
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3.2 – Analysis of the shear FJ test configuration

stress and it decreases monotonically. In a real test, attention should be paid to this
stress during the test in order to avoid the compression failure of the media before that
the tensile failure is reached.

The smallest principal stress σ1 (Fig. 3.17b) has a behavior that is completely differ-
ent. At the creation of the slots a tensile stress is present inside of the sample. Attention
should be paid to this initial stress in order to avoid the failure of the material in the
initial phases of the test. By increasing the pressure applied to the FJs, σ1 decreases
until it reaches the lowest point of the curve where a bi-axial compression is acting on
the sample. After this minimum, the stress starts to increase monotonically and a tensile
stress takes place in the sample. This second tensile branch is where the tensile strength
should be measured.

It has to be recalled that one of the main purposes of the proposed test consists in
measuring the tensile strength of the material on a 45° inclined plane. For this reason,
attention has to be paid also to the inclination of the principal stresses. As stated, the
tensile strength has to be measured in the second positive branch of the largest principal
stress curve. It is possible to notice that this branch starts for a FJ stress of about
σ =−1.0 MPa. For this value of applied stress it is possible to observe in Figure 3.17d
that the inclination of the principal stress is already around 35°. If a tensile strength of
the masonry larger than zero is taken in consideration, it is possible to assert that the
test can give the measure of this characteristic on a plane that has an angle close to 45°
(that anyway is an asymptote).

After the parametric analysis, these considerations have to be examined another
time in order to understand if the possibility of testing the tensile strength is limited by
some parameters.

Elastic properties

The investigation of the elastic properties was carried out in order to understand
how deformations on the sample are related to these characteristics. In addition, along
with the results obtained with an isotropic, homogeneous, linear and elastic material, it
should be also possible to understand if in the real sample there is anisotropy and the
role played by it in the deformations.

It is important to highlight that the elastic properties do not change the stress status
of the sample during the test. In fact, variations of the elastic properties change the
strains field but not the stress of the sample. As said in the previous section, the shear
strain γ is calculated starting from the displacement measured after the creation of the
slots. It results now clear that there is no relationship between the shear strain γ and the
vertical stress σ0.

Before starting this analysis it is important to take into account the field strain of the
sample. The strain ε⊥ (in the direction perpendicular to the FJs planes) results clearly
dependent on the Young’s modulus of the media during the application of the FJ load.
It is possible to define the inclined Young’s modulus E∗ in this way:

E∗ =
σ

ε⊥
(3.13)

This characteristic should be close to the Young’s modulus of the media excluding the
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fact that a confinement of the sample is present and that in a real sample anisotropy
could be present.

The investigated Young’s moduli were two E = 1000 and 2000 MPa, using a Pois-
son’s ratio ν = 0.20 and the optimal model found in the previous Sub-section (4bl).
Using the properties of a homogeneous isotropic elastic media, it is possible to evaluate
the shear modulus of the sample with Equation 3.11. They result to be G = 416 and
833 MPa.

(a) (b)

Figure 3.18: The image gives the results of the analysis of the elastic properties.

In order to study the influence of the Poisson’s ratio, the usual model was adopted
using a Young’s modulus E = 2000 MPa and exploring three values of Poisson’s ratio
ν = 0.200, 0.225 and 0.250. Using the well known equation G = E/[2(1+ ν)] it is
possible to calculate the corresponding shear moduli G = 833, 816 and 800 MPa.

The results of the numerical analyses (Fig. 3.18) give the relationships between the
moduli modeled and the ones measured. To the two Young’s modulus investigated cor-
responds give as results E∗ = 1062 and 2124 MPa and G = 408, 816 MPa. In parallel,
to the three Poisson’s ratio investigated correspond to E∗ = 2124, 2106 and 2086 MPa
and two shear moduli G∗ = 816, 799 and 787 MPa.

The results of the inclined Young’s moduli are interesting. The mean ratio E∗/E
results to be 1.06. So, in a real test, if in parallel to the proposed test the Young’s
modulus of the media is measured (e.g. with a compression test), it is possible to have
the ratio E∗/E and eventually have a measure of the anisotropy of the material (if the
value is different from 1.06). It has also to be said that errors of magnitude 6% can be
expected on field testing and it can be even more justified considering the characteristics
of masonry.

For what regards the shear moduli, the differences between the shear moduli cal-
culated with the equation G = E/[2(1+ν)] and the ones evaluated with the numerical
results are of the order of the 2%. These results highlight, as said in the previous section,
that the test set-up is valid for evaluating of the shear test with the hypotheses taken.
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Vertical stress

The chosen configuration for the proposed test presents inclined cuts. In a hypo-
thetical wall that has to be tested a vertical stress is present or, even more important, a
vertical stress has to be present in order to guarantee a reaction to the FJs forces. If a
wall has a present uniform vertical stress it is understandable that at the creation of cuts
there is a redistribution of stresses. In fact, the faces of the slots become free, without
stresses, and the vertical stress has to bend inside of the sample in order to guarantee the
equilibrium. It results then clear that different vertical stresses lead to different stress
statuses after the creation of the cuts and during the test.

(a) (b)

(c)

Figure 3.19: In the plots the results of the principal stresses (Fig. 3.19a and 3.19b) and
in their orientation (Fig. 3.19c) are reported in function of different the vertical stresses
σ0 =−0.15, −0.30, −0.50 −0,75 and −1.00 MPa.

Due to the hypotheses taken, it is possible to affirm that the elastic properties of the
sample do not influence its stress status.

In the present Sub-section a wall having E = 2000 MPa and ν = 0.20 was modeled.
As highlighted before, for the model it was always considered the precise sequence of
steps in which the first step is the application of the vertical stress. The uniform vertical
stresses investigated were five σ0 =−0.15, −0.30, −0.50, −0.75 and −1.00 MPa.

The results obtained are reported in Figure 3.19. These results show a strong depen-
dence on the stress status of the sample with respect to the vertical stress. For example,
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larger vertical stress yield, after the creation of the cuts (σ = 0.00 MPa), to higher initial
tensile stresses inside of the sample (Fig. 3.20a). Moreover, the second positive branch
of σ1 results to be shifted. In other words, by increasing the vertical stress, in order to
obtain the same tensile status (in the second branch of largest principal stress) a higher
stress has to be applied by means of FJs.

In parallel, the behavior of the smallest principal stresses is monotonic and is always
deceasing (Fig. 3.20b). Moreover, for high levels of FJs stress, the smallest principal
stresses seem to have a common asymptote.

To understand better this is interesting to use an example. Let’s consider two walls
with the same mechanical characteristics and subjected to two different vertical stresses
σ0 =−0.30 and 1.00 MPa. If the result obtained with σ0 =−0.30 MPa is considered,
it is possible to notice that the second branch of the tensile stress starts for a FJs stress
σ ≃ −1.00 MPa. For this stress, the principal stresses are already oriented of 37° and
this is almost optimal. The smallest principal stress results to be σ2 ≃ −0.70 MPa.
For the second wall (subjected to σ0 = −1.00 MPa), it is possible to observe that the
beginning of the second tensile branch is obtained for a FJs stress of σ ≃−3.00 MPa.
To this level of stress it corresponds ψ = 32° and a compressive stress σ2 ≃−2.50 MPa.
Therefore, too high vertical stresses can be associated with larger risks of the sample
compressive failure. In fact, high stresses have to be applied in order to achieve the
branch where the tensile strength has to be measured.

(a) (b)

Figure 3.20: The image shows the normalized results obtained in the analyses of the
vertical stress influence. In particular the characteristics normalized (with respect to the
vertical stress σ0) are the stress applied σ and the two principal stresses σ1 and σ2.

The results highlight two main facts, the sample dependence on the vertical stress
and the necessity of avoiding high vertical stresses in order to measure the tensile
strength of the material.

Furthermore, it was also made a normalization of the results obtained with respect
to the vertical stress. More in specific, the FJs stress σ and the two principal stresses
σ1 and σ2 were divided by the corresponding vertical stress σ0. The results (Fig. 3.20)
show that the stress status of the sample is linearly dependent on the vertical stress. A
deeper analysis of this relationship is presented in the Sub-section where the piecewise
linear laws are developed.
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Thickness of the wall

The thickness of the wall t was the last parameter examined. This geometrical
characteristic plays an important role. In opposition to the elastic properties and to the
vertical stress, the thickness of the masonry panel influences both the strain and the
stress statuses of the sample.

As an example, two walls that have the same mechanical properties and vertical
stress can be taken into consideration. In the first, the thickness of the panel is smaller
than the slot depth. The thickness of the second wall is much larger than the depth of the
cuts. In the thin wall, at the cut realization, a large part of the vertical stress has to pass
through the sample in order to guarantee the equilibrium. On the contrary, in the thick
wall a large part of the vertical stress is carried by the part of the panel that is behind
the cuts and the sample. Moreover, when the FJs load is applied, the eccentricity of this
stress, with respect to the thickness of the wall, plays a role in the status of the sample.
Furthermore, it is possible to understand by this example that a larger thickness of the
wall constraints more the sample and for this reason smaller displacements and strains
should be expected.

In order to study deeper this geometrical influence, walls having E = 2000 MPa and
ν = 0.20 were modeled. The length and the height of the walls were kept constant (4.0×
3.0 m) as well as the sequence of phases of the analysis and the vertical stress σ0 =
−0.30 MPa. The thicknesses of the walls examined were t = 0.40, 0.50, 0.75, 1.00
and 1.50 m.

The results of this part of the parametric analysis are presented in Figure 3.21. The
measured shear strains (Fig. 3.21a) show a small dependence on the wall thickness.
However, taking as a reference the wall of thickness t = 0.50 m, it is possible to demon-
strate that the difference of the inclined Young’s moduli range between −1.7 and 2.5%.
It results possible to affirm that the analyzed parameter does not influence the strains
of the sample. This affirmation can be considered true if all the approximations and
uncertainties that are present in in situ tests are taken into account. In fact, it is legit to
consider that approximations and uncertainties bring errors of the same magnitude of
the differences numerically evaluated in the model.

The smallest principal stresses and the inclinations of the principal stress seem to be
slightly affected by the thickness of the wall.

The thickness influences more the largest principal stresses σ1 (Fig. 3.21b). It is
possible to notice that these stresses at the cut realization (for σ = 0.00 MPa) are not
influenced. On the other hand, the lowest points of these curves and the second tensile
branches are quite dependent on this geometrical characteristic. Taking these branches
as reference, it is possible to observe that for a fixed applied FJ stress, smaller tensile
stresses are obtained with a larger thickness.

Summary of analyses

The linear elastic analyses performed were useful from many points of view. It was
possible to find the most suitable model to be used in the analyses. In addition, it was
demonstrated that the proposed test set-up is able to measure the tensile strength, the
shear modulus and to give an estimation of an eventual anisotropy of the material.
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(a) (b)

(c) (d)

Figure 3.21: The image reports the results of the analyses of the wall thickness in-
fluence. In particular the plots of the shear strains (Fig. 3.21a), the principal stresses
(Fig. 3.21b and 3.21c) and the inclination of the principal stresses (Fig. 3.21d) are pre-
sented.

As mentioned ahead, at the beginning of the parametric analysis, peculiar attention
has to be paid to the second branch of the largest principal stresses. In particular, it
has to be assured that the tensile strength is reached with an inclination of the principal
stresses close to 45°. From the numerical results (Fig. 3.17d, 3.19c and 3.21d), it is
possible to observe that the inclination of the principal stresses is already larger than 35°
when the second branch of the principal stress starts to be positive. For this reason, it is
proved that the evaluation of the tensile strength can be executed when the orientation
of the principal stress is already close to the optimal value of 45°.

The parametric analysis leads to a deeper understanding of the strains and stress
status dependence on the parameters analyzed. In particular, the independence of the
sample stress status on the elastic characteristic was highlighted. On the other hand, the
stress status dependence on the acting vertical stress and on the thickness of the wall
was demonstrated.

72



3.2 – Analysis of the shear FJ test configuration

3.2.3 Sample stress evaluation
The results obtained in the parametric analysis were used to create a piecewise linear

regression model that aims at describing the stress status of the sample during the test
and to evaluate the tensile strength of the media. In particular, the objectives of the
piecewise linear laws are the knowledge of the initial stresses, the reproduction of the
second branch of the largest principal stress and a good approximation of the smallest
principal stress. It has to be underlined that the relation required to measure the shear
modulus of the sample was already found (Eq. 3.12).

Starting from some random numerical results, it is possible to have a first idea of
the suitable piecewise linear laws (Fig. 3.22). It was decided to simplify the largest
principal stress with two lines of equation:

σ1 =

{︄
σ1,1

σ1,2
=

{︄
−(Aσ0 +Bσ) if σ > Aσ0

B
−(Cσ0 +Dσ) if σ ≤ Aσ0

B
(3.14)

where the stresses will be considered in MPa.
Thanks to this model it is possible to know the initial tensile stress inside of the

sample and to have a good approximation of the second tensile branch of the curve.
The good match of these second branches is important because it is where the tensile
strength has to be measured. The part of the model that has the worst approximation is
the one in between the initial tensile stress (for σ = 0.00 MPa) and the second zero of
the curve. This large approximation should not be a problem because this part of the
test is not interesting from the point of view of the largest principal stress. Actually,
if the loss of linearity of the material occurs in this branch, it means that the failure
occurred either in a bi-axial compression, for orientations of the principal stresses that
are not optimal or for compressive failure.

(a) (b)

Figure 3.22: The image shows two plots of the principal stresses of a numerical model
and the proposition for the interpolations given by the supposed piecewise linear laws
are presented.

The parametric analysis showed that the normalized (with respect to the vertical
stress) intercept of the first line is a constant A = 0.266. The inclination of this first line
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(B) was calculated afterwards, knowing the point where the second line has a value of
zero.

The normalized (with respect to the vertical stress) intercept of the second line C
is almost independent of the analyzed parameters and its value is C = −0.516. The
inclination D of this second line is dependent on the thickness t of the wall. More
precisely, the relation is inversely proportional and can be described with the following
equation:

D = m+n
1
t

(3.15)

where: t is the thickness of the wall in meters, the slope is n = 0.0284 m−1 and the
intercept is m = 0.102.

Similarly to the largest principal stresses, also the smallest principal stress is mod-
eled with two lines of equation:

σ2 =

{︄
σ2,1

σ2,2
=

{︄
−Eσ0 if σ > (E−F)σ0

G

−(Fσ0 +Gσ) if σ ≤ (E−F)σ0
G

(3.16)

where again the stresses are considered in MPa. Also in this case it is important to
know the stress after the creation of the slots (σ = 0.00 MPa) which is obtained with
the constant E = −0.944. The knowledge of this stress is necessary because if there
is a compression that is too elevated it is possible to immediately have a compression
failure. The second line has the normalized intercept (with respect to the vertical stress)
F that is linearly dependent on the vertical stress:

F = r+ sσ0 (3.17)

where: r =−0.083 and s =−0.145 MPa−1. The slope of the line is independent of the
parameters and its value is G =−0.826. This proposed well line reproduces the second
branch of the smallest principal stress where attention has to be paid in order to be sure
that the failure of the media is not reached in compression.

To summarize, it is possible to present the proposed piecewise linear laws:

σ1 =

{︄
−0.266σ0 +

(︁
0.0525+0.0144t−1)︁σ if σ > σ0

0.198+0.055t−1

0.516σ0 −
(︁
0.102+0.0284t−1)︁σ if σ ≤ σ0

0.198+0.055t−1

(3.18)

σ2 =

{︄
0.944σ0 if σ > (1.04+0.175σ0)σ0

(0.083−0.145σ0)σ0 +0.826σ if σ ≤ (1.04+0.175σ0)σ0
(3.19)

Before the application of these piecewise linear laws it was decided to test it. For this
purpose, two numerical analyses were carried out. The common characteristics of these
two FEM models are: E = 2000 MPa, ν = 0.20 and two measures of the wall 4.0×
3.0 m. In the first model a thickness t = 0.5 m and a vertical stress σ0 = −0.75 MPa
were taken into consideration. In the second model the thickness was supposed to be
larger (t = 1.0 m) and, on the contrary, the vertical stress was supposed to be smaller
(σ0 = −0.30 MPa). The numerical results were then compared to the results obtained
with the piecewise linear laws (Eq. 3.18 and 3.19). These comparisons (Fig. 3.23) show
that, excluding small errors, the objectives of the model were fulfilled.
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From the piecewise linear laws it also results possible to extrapolate some consid-
erations of the test. As anticipated, it is important to avoid high levels of initial stress
inside of the sample especially for what concerns the tensile stress. Secondly, particular
attention should be paid to avoid high levels of compressive stress. In this way it is
more probable to measure the tensile strength of the material.

(a) (b)

Figure 3.23: In the graphs two tests on the piecewise linear laws are presented. These
are performed comparing results of the piecewise linear laws and numerical results. In
Fig. 3.23a is the largest principal stresses are plotted and in Fig. 3.23b the smallest.

It results then obvious that the knowledge of the thickness of the wall is important
as well as the acting vertical stress. In order to optimize the test, thinner walls have
to be preferred but it results also important to have a small vertical stress. This low
stress helps to have higher values of tensile stress in the second branch of the curve
and, contemporaneously, to have low initial stresses (for σ = 0.00 MPa). In addition, a
small level of vertical stress reduces the compressive stress inside of the sample which
is important in order to avoid the compressive failure of the sample. Resuming, the best
conditions to test are a thin wall with a small vertical stress that ensures enough reaction
to the FJs force.

Since the vertical stress plays an important role in the evaluation of the stress status
of the sample, it is important to have a correct measurement of it. This can be easily
carried out with the single FJ test.

The piecewise linear laws can also give some limits to be used in situ. It is possible
to consider the stress status of the sample (Eq. 3.18 and 3.19) after the creation of the
cuts (σ = 0.00 MPa): {︄

σ1 =−0.266σ0

σ2 = 0.944σ0
(3.20)

The vertical stress in a masonry structure is almost always (excluding peculiar cases) a
compression so σ0 < 0. Considering the compressive strength fc and the tensile strength
ft as absolute values, to avoid the failure of the sample at the cuts creation the following
inequalities have to be respected: {︄

ft > 0.266|σ0|
fc > 0.944|σ0|

(3.21)
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Working on these inequalities it is possible to define two limits of the vertical stress:

|σ0|<

{︄
3.8 ft
1.1 fc

(3.22)

These limits were created considering an isotropic failure criteria.
With an estimation of these strengths, for example taking them from building codes

(e.g. [86, 87]), it is possible to understand if the vertical stress is too high in order to per-
form the shear FJ test. For what regards the compressive strength, instead of estimating
the strength it is possible to perform a double FJ test that would give valuable informa-
tion also for what regards the Young’s modulus. However, for the tensile strength, an
estimation from the codes is needed.

For a best estimation of the sample stress status, other two tools are given. These
are meant to be used after the test execution in order to have a better evaluation of
the sample stress status. These tools utilize the fact that for a fixed wall thickness the
normalized principal stresses of the sample (normalized with the vertical stress) plotted
versus the normalized applied stress collapse in single curves (see Fig. 3.20).

The first tool consists in two graphs of Figure 3.24. In these graphs the normalized
principal stresses of walls with five different thicknesses are plotted and they can be
used to evaluate the sample stress status.

The second tool is equivalent to the first one but it is probably more convenient
while using datasheet. It consist in a Table (Tab. A.2) reporting the normalized applied
stress and the normalized principal stresses for five different thicknesses of walls. For
sake of space Table A.2 is reported in the Appendix A.

In conclusion, with the measure of the vertical stress, compressive strength, the
thickness of the wall and with the estimation of the tensile strength, it is possible to
decide if a test location is suitable or not for the application of the shear FJ test for the
tensile strength evaluation.

3.3 Summary
In this Chapter a key phase of the creation of the new experimental test is presented.
At the beginning, the analysis of six different geometrical configurations was carried

out by means of numerical models with the aim of finding the optimal configuration.
The choice of the most suitable configuration was performed defining some criteria.
These took into account costs, destructiveness and the stress status of the sample.

After the choice of the best configuration set-up, a deeper analysis of the stress-
strain status was performed. This analysis is meant to control the ability of the shear
FJ test to measure the shear modulus and the tensile strength of the material. This
analysis was carried out after the optimal model was found. The possibility of using
simplified 2D models was also explored. However, the performed analyses showed the
impossibility of adopting this simplified model.

Once the most suitable model was found, a deep parametric analysis was carried
out. This study gave a relationship between the measurable characteristics in situ and
the shear modulus of the media (Eq. 3.11).
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(a)

(b)

Figure 3.24: The image provides the two normalized principal stresses plotted versus
the applied stress for different wall thicknesses. In Fig. 3.24a the normalized largest
principal stress is plotted and in Fig. 3.24b the smallest principal stress.

It was also possible with the same parametric analysis to create piecewise linear
laws. The purpose is to have the stress status of the specimen during the test without the
necessity of running numerical analyses. This model approximates the stresses in some
regions of the graphs. However, it ensures the knowledge of the initial principal stresses
(after the cuts creation, σ = 0.00 MPa), the possibility of measuring the tensile strength
and the opportunity of controlling the compression in order to know if a compressive
failure takes place. These piecewise linear laws work thanks to the knowledge of the
thickness of the wall and of the vertical stress. Moreover, two limits of the vertical stress
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are also given (Eq. 3.22). These are meant to be used in order to optimize the position
of the test. Other two tools were given in order to have a more precise evaluation of the
sample principal stresses. The first one consists in two graphs having the normalized
principal stresses (σ1/|σ0| and σ2/|σ0|) plotted versus the normalized applied stress
(σ/σ0) for different wall thicknesses. The second tool is a table that summarizes the
graphs just described.

All of these findings were successively used for creating the test method and in then
they were used in five tests.
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Chapter 4

Experimentation

The present Chapter is divided into two main parts. In the first, the test methodology
created and used for performing the shear FJ test is presented and in the second part the
results of the tests carried out are reported.

In particular, five shear FJ tests were performed as well as eight standard FJ tests
(four single and four double FJ tests). These tests were executed in three different
experimental campaigns in the "ex Teatro dei Nobili" (Vercelli, Italy), in the "Caserma
Giovanni Cerutti" (Boves, Italy) and in the "Caserma Valfrè di Bronzo" (Alessandria,
Italy).

In addition, the AE method was applied in two standard tests and in four shear FJ
tests. However, in three tests the AE technique did not give acceptable results. This
issue was due to the presence of a large noise that required to set a large threshold level
that filtered out a large part of the AE signals. For what regards the other tests in which
the AE data were acceptable, these data were processed using a self-made software.
The results were compared with the ones obtained using another software [189]. Since
the results were similar it can be concluded that the homemade software gives reliable
results.

Some of the results were already presented by the author. The experimental results
of the tests performed in the "ex Teatro dei Nobili" were presented in [187]. Some of
the results obtained in the "Caserma Valfrè di Bronzo" and in the "Caserma Giovanni
Cerutti" were published in [188] as well as a summary of the test methodology.

4.1 Test Method
In this section, the experimental set-up is presented giving a frame that aims at

guiding eventual other shear FJ tests. Some recommendations for this set-up were
already exposed in a previous part of the thesis. These recommendations are presented
again here to provide clarity. For sake of completeness some data of the used equipment
are given.

The chosen equipment was the one that is the most common in standard FJ testing.
It consists of a manual pump and a manual extensometer. The oil pump, that can impose
a pressure p = 6.00 MPa, has two gauges (the poorest sensitivity is 0.05 MPa). The
recommendations for the sensitivity of the pressure gauges state that it has to be the 1%
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of the hydraulic scale (that results to be 0.06 MPa) [11, 12, 154, 155]. The readings
of the displacements are made with a mechanical extensometer that has a base length
of 250 mm. Couples of gauge points have to be glued on the sample with a relative
distance close to the base length and it is recommended to have at least two measure
bases for each of the main directions of the sample (parallel and perpendicular to the
FJs planes Fig. 4.1). The recommendations for the sensitivity of the extensometer state
that it has to be the 0.005% of the base length (in the present case it results to be
12.5 µm) following the ASTM [11, 12] and 2.5 µm following the RILEM [154, 155].
The sensitivity of the extensometer adopted is 1 µm.

In order to optimize the results, the position of the test has to be chosen properly.
It is preferable to test a thin wall where the vertical stress σ0 is small but sufficient
to guarantee the reaction to the FJs lifting force. Since the vertical stress plays an
important role in the test results, it is recommended to perform a single FJ test in a wall
with a similar vertical stress. This test is meant to give (or to allow the calculation of)
the vertical stress. Moreover, a double FJ test should be performed in order to measure
the Young’s modulus and the compressive strength of the media. These two mechanical
properties are useful in the second phase of the test when the analysis of the stresses is
performed.

Figure 4.1: The image shows the layout of the proposed shear FJ test.

Once the wall that has been tested is defined, the location of the test on the wall has
to be defined paying attention to avoid heterogeneities of the material (such as holes,
voids, lack of vertical joints, etc.). The dimensions of the sample on a 45° plane are
0.50 m length, 0.35 m width and 0.25 m depth. These last two measures coincide
with the chosen semicircular FJs. The location of the test has to be chosen considering
also the possible positions of the measure bases. In fact, the standard equipment for
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FJ testing has a base length of the extensometer of 250 mm. As introduced before,
two measure bases for each direction are recommended. These should be applied on
different bricks and symmetrically with respect to the center of the sample. In some
cases, it can be not so simple to respect these two simple recommendations. This is
why attention has to be paid to find the location of the test.

When the final location is found it is useful to draw the FJs position. This operation
helps to find the positions of the measuring points. These points have to be glued before
performing the cuts. The relative distances of couples of measuring points should be
measured before and after the realization of each cut (Fig. 4.2a). These measurements
are important to understand if the sample undergoes plastic deformations in these pre-
liminary phases. To understand if the plastic regime is already attained, the strains of
these initial phases have to be compared to the one obtained at the beginning of the
FJ load that should be in the linear range of the material. Usually this linear range
is present for small applied stresses. For this reason, if the initial strains are small in
comparison to the one obtained in the elastic range, it is possible to confirm that no
plasticization of the media was obtained during the cuts realization. Moreover, if the
sample would be already damaged in the initial phases (in the realization of the cuts)
the behavior of the sample would be non-linear even for small FJ loads.

After the application of the measure bases it is possible to realize the cuts. Due to
the chosen equipment, a circular saw has to be used. The fact that the cuts are realized
in both bricks and mortar joints does not help to create them. For this reason it is
recommended to use a wood frame that has to be solidly placed on the wall (Fig. 4.2b).
This frame helps to create perfect parallel cuts that have the correct relative distance.
Due to the thickness of the frame, the cuts realized with it are not sufficiently deep to
accommodate the FJs. For this reason, the frame has to be removed and the saw has to
be used again to complete the slots. In order to reduce the stress acting on the sample,
it is better to create the upper slots before the other ones. This sequence should isolate
a bit more the sample from the vertical stress before the second cut creation.

After creating and cleaning the slots, their areas have to be measured. Following the
recommendations for FJ testing, the length of the cuts should be divided every 20 mm.
For each division, the depth of the cut has to be recorded and the area of the slot is then
evaluated as the sum of triangles and trapezoids areas. The two areas of the slots are
then averaged (Aav) in order to evaluate the geometric coefficient ka as it is evaluated in
standard FJ tests [11, 12]:

ka =
AFJ

Aav
(4.1)

The mechanical coefficient of the FJ (km) is given by the FJ factory and, if the two FJs
employed have different values of this coefficient, the mean value can be used. The
level of stress applied by the FJs to the sample is then evaluated using the well known
formula:

σ =−pkakm (4.2)

where p is the pressure of the liquid inside of the FJs.
Once the FJs are placed and the hydraulic circuit is created, it is possible to do a last

operation before starting testing. The upper plug of the upper FJ should be kept open
meanwhile the pump is used to fill the FJs. The plug has to be placed back in its place
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(a) (b)

(c) (d)

Figure 4.2: The pictures illustrate the preliminary phases and the equipment of the shear
FJ test. The picture 4.2a shows the phase when the measuring points are glued on the
sample. The picture 4.2b displays the positioning of the frame that helps during the
cuts realization. The automatic acquisition system and the positions of the sensors are
presented in pictures 4.2c and 4.2d.

at the first spill of liquid.
The general strain of the sample is evaluated using the following equation:

εi, j =
di, j −di,0

li
(4.3)

where: i =⊥ refers to the direction perpendicular to the planes of the FJs and i =∥
refers to the direction that is parallel to the same planes; j refers to the general load step
when the displacement and the applied stress are recorded ( j = 0 refers to the moment
after the creation of the slots when σ = 0.00 MPa); di, j is the distance between the
measured points of the basis having direction i and at the step j; li is the base length of
the measure basis at the moment j = 0. It is now possible to evaluate the shear strain as

γ = ε∥− ε⊥ (4.4)

where the subscripts have been omitted.
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It results now possible to start the test. The pressure has to be raised slowly in
order to let the sample recover the creep deformations. For the same reason, at each
load step, the liquid flow has to be stopped for a few moments before measuring the
displacements. To evaluate the shear modulus and the inclined Young’s modulus, it is
recommended to do some cycles (two or three) at low pressure levels. The maximum
pressure level of these cycles should be evaluated (maybe using the proposed piecewise
linear laws) in order to avoid the plasticization and any damages of the media. For
this reason, the principal stresses inside of the sample should be much inferior to the
strengths. Once the linear regime of the sample is characterized it results possible to
raise the pressure to higher values. These operations have to be performed paying atten-
tion to two main things, which are to characterize the transition between the elastic and
plastic regime and to avoid large damages of both the sample and of the wall/structure.
The number of readings of the deformations should be adequate in order to have a good
reconstruction of the curve that represents the sample behavior under test.

The shear modulus has to be evaluated in the linear elastic range of the material
under test using the following equation:

G =
τ

γ
=

−σ/2
γ

(4.5)

Similarly, the inclined Young’s modulus has to be evaluated in the same range using
this equation:

E∗ =
σ

ε⊥
(4.6)

The knowledge of the sample stress status is a key fact. During the test it is possible
to have a fast evaluation of this stress status using the piecewise linear laws of Equa-
tions 3.18 and 3.19. It results possible to have a better evaluation of the sample stress
status. To this purpose it is possible to use two other tools, those are the normalized
principal stresses of Table A.2 in the Appendix A and the graphs of Figure 3.24.

After the determination of the sample stress status, it is possible to estimate the
tensile strength of the material. The identification of the transition between the elastic
and plastic regimes it is not straightforward. In fact, the same problem is present in the
evaluation of the compressive strength using the double FJ test where many solutions
exist. In the present case, it was decided to use a graphical method in order to define this
transition. In particular, the proposed method is similar to the one proposed by Vicente
et al. [191]. In the proposed method, the intersection between the linear regression
of the plastic regime at high strain level and the initial linear regression performed to
identify the shear modulus in the elastic regime of the material is adopted in order to
identify the shear strain at the linear/non-linear transition (Fig. 4.3). The stress of the
experimental curve corresponding to this shear strain is then assumed as the point of
transition between the two regimes.

Once the transition point is defined it is possible to evaluate the sample stress status
associated to it. Subsequently, it is important to compare the smallest principal stress
of the sample with the compressive strength of the media. This is done by assuming
an isotropic failure criterion and controlling that the compressive stress does not reach
compressive strength. In this case the sample should have had a tensile failure. In order
to confirm this fact, the largest principal stress of the sample at the transition point has to
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be examined. As highlighted in the previous Chapter, this strength has to be measured in
the second tensile branch of the largest principal stress in order to guarantee an optimal
inclination of the principal stresses.

Figure 4.3: The plot illustrates an application of proposed graphical method meant to
identify the sample failure.

At the end of the test, the FJs should be extracted from the slots and an appropriate
material should be employed to repair the slots.

It has to be remarked that it is possible to use LVDTs instead of the manual ex-
tensometer. In this case, it can be important to measure the displacements due to the
creation of the cuts. This can be only performed with the manual equipment because
LVDTs cannot stay on the sample during the slots creation. In parallel to the LVDTs, it
is really helpful to use a pressure transducer. In this way, automatic readings can be ob-
tained and it is possible to speed up the test. Peculiar attention has always to be paid to
the creep deformations and for this reason the loading of the sample has to be done not
too fast. The acquisition system and the sensor positioning are presented in Figures 4.2c
and 4.2d. The holes for the LVDTs supports should be created before creating the slots
in order to avoid eventual displacements of the bricks. Moreover, after the creation of
the slots and the measuring of their areas, the FJs should be placed as soon as possible.
This operation should be performed before starting to fix the supports for the LVDTs
in order to avoid that creep deformations close the cuts. If the closure of the cuts takes
place before placing the actuators, the circular saw has to be re-used to enlarge the slot
and every subsequent operations (cleaning, measuring and placing the FJs) have to be
repeated. Once the FJs are in position, it is possible to fix the LVDTs on their supports,
close the hydraulic system and subsequently start the test.

The characteristics of the sensors used in the executed tests are reported in the Ap-
pendix A.

As anticipated, in four of the tests carried out, the AE technique was also used with a
homemade software (it is possible to observe the sensors in Figure 4.2d). This technique
was used in parallel with the automatic acquisition system in order to have more reliable
results especially from the synchronization point of view.
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4.2 Tests in the "ex Teatro dei Nobili"
The first shear FJ test was performed in spring 2017. This test was executed in col-

laboration with the Cismondi SRL and the ARCOS Engineering SRL. Cismondi SRL is
a laboratory authorized by the Italian Ministry of the of Infrastructures and Transporta-
tion for the execution and the certification of tests on construction material. ARCOS
Engineering SRL is a company specialized in consulting and engineering activities. In
addition to the shear FJ test, four standard FJ tests were carried out.

(a) South side prospect of the structure

(b) Picture of the south side of the building

Figure 4.4: The image gives a picture and prospect of the south side of the "ex Teatro
dei Nobili".

The tests were executed in a dismissed theater named "ex Teatro dei Nobili" located
in Vercelli (Italy) during a mechanical characterization of the building executed by Cis-
mondi and commissioned by ARCOS. This theater has a long and troubled history that
started with its construction in 1787. In 1798 there was a structural collapse and the
roof fell on 150 people causing 16 deaths and several injuries. The structure was then
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rebuilt creating civil houses but after a few years was abandoned. In 1815 the munici-
pality restored the theater and it became the "Teatro Civico". Unfortunately, in 1923 a
fire burned the structure. Some years later the municipality reconstructed the building
another time but after a few years of activity it was abandoned for the last time.

This structure (Fig. 4.4) is made of bricks and lime mortar. The building has a
rectangular shape and has three main floors. On the ground floor a transverse section
of a wall was examined pointing out the good transverse connection. In fact, the whole
section is made of bricks and the texture guarantee a single leaf behavior.

The manual equipment was used for these tests.

4.2.1 Standard FJ tests
Five tests were performed in this experimental campaign, two couples of single and

double flat jack tests and the shear FJ test. The first couple of standard FJ tests was
performed on the ground floor on a perimeter wall (Position 1 in Fig. 4.5b). The other
couple of single and double flat jack tests were carried out on the basement (Position 2)
near to the location where then the shear FJ test was performed (Fig. 4.5a). These two
standard FJ tests were performed near the shear FJ test in order to obtain information
about the vertical stress, the Young’s modulus and the compressive strength of the wall.

For all these tests, semi-circular FJs having a length of 350 mm and a depth of
250 mm were used. The stiffness of the FJs (km) was evaluated using the data given
by the producer. More precisely it was decided to use two constants evaluated with
two linear regressions from the data of the FJs producer. The first constant is valid for
pressures up to 0.6 MPa and the other one from this pressure up to 6.0 MPa (Tab 4.1).
This choice was taken considering that a variation of the value of km with the increase
of the pressure was present.

Recommendations of RILEM and ASTM [11, 12, 154, 155] were followed. All of
the five tests were performed using the same equipment, in particular, the manual one.
The cuts were realized with a circular saw. Water was adopted to cool the saw, to reduce
the dust and to clean the slots from the debris.

Table 4.1: The table gives characteristics of the flat jacks used in the mechanical char-
acterization of the "ex Teatro dei Nobili".

Charactheristic Value Unit

Length 350 mm
Depth 250 mm
AFJ 77506 mm2

km (0.0−0.6 MPa) 0.873 −
km (0.6−6.0 MPa) 0.902 −

Standard FJ tests Position 1

The first test performed was the evaluation of the present stress in Position 1 (Fig.
4.5b). Three measure bases were applied on the sample and after the slot realization a
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(a) Position of the tests executed on the basement (Position 2)

(b) Position of the test executed on the ground floor (Position 1)

Figure 4.5: In the image two layouts of the "ex Teatro dei Nobili" where the tests were
executed are reported. In red are marked the position of the standard FJ tests and in
green the position of the shear FJ test.

geometrical ratio of ka = 0.950 was calculated. The pressure was then increased until
the three measures of the bases were slightly larger than the first measures taken before
the cut creation. The vertical stress evaluated was σ0 = −0.28 MPa. This stress led to
the recovering of the mean deformation.

After the execution of the single flat jack test, the deformability test was performed
in the same position maintaining the cut and the flat jack used in the previous test. For
the sake of simplicity, the measuring points for the double FJ test were glued at the
same time with the ones of the single FJ test. For this characterization, three pairs of
vertical measure points and one horizontal (positioned, approximately, at the half height
of the vertical ones) were used.

A first series of measures was taken before starting the single FJ test. The area
created was 85600 mm2. This measure, in combination with the first area, gives a
geometrical ratio of ka = 0.927.

The second flat jack was then inserted and connected in series to the first FJ. For
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Figure 4.6: The image illustrates the results of the double FJ test performed in "ex
Teatro dei Nobili" Position 1.

this test, two cycles of load were executed. In the first one, the hydraulic pressure was
risen up to 0.50 MPa with increments of 0.10 MPa. After this peak, the sample was
unloaded to zero using the same pressure steps. In the second cycle, the pressure was
risen up to 1.95 MPa. For this value a detachment of a superficial part of some bricks
occurred. In these bricks there were some of the gauge points. For this reason it was not
possible to continue the test. However, the non-linear range of the media was already
reached giving the possibility of identifying the compressive strength of the wall.

The determination of the Young’s modulus was performed using linear regressions
in the linear elastic regions of the two cycles (Fig. 4.6). In the second cycle the max-
imum stress that was chosen as the boundary of the linear elastic branch was σ =
−0.64 MPa. The mean Young’s modulus evaluated was E = 1905 MPa.

In order to evaluate the compressive strength, what described in Sub-section 2.3.3
was followed. The resulting compressive strength is fc = 1.45 MPa. The method
used considers a regression curve that fits the envelope curve in the plastic regime and
then the stress associated with a deformation of the 3❤ is considered the compressive
strength of the media. In this case, the maximum value of deformation measured in
the test was slightly larger than the 3❤ and for this reason, the value of compressive
strength is probably a rough estimation.

Standard FJ tests Position 2

For this couple of tests, the equipment and the procedure used were the same as
the previous one. This characterization was performed on the basement of the build-
ing in Position 2 (Fig. 4.5a). For the single flat jack test, the slot area measured was
88275 mm2 which led to a geometrical ratio ka = 0.878. The present stress measured
was σ0 =−0.25 MPa and the thickness of the wall was t = 0.70 m.

The double flat jack test performed in Position 2 resulted more reliable than the
previous one because no detachments occurred. For this test, two cycles of load were
performed. In the first, a pressure of 0.39 MPa was reached, in the second cycle it
was possible to raise the hydraulic pressure up to 2.30 MPa corresponding to a stress
σ =−1.81 MPa on the sample.

For this test, the determination of the Young’s modulus was again performed by
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Figure 4.7: The image displays the results of the double FJ test performed in "ex Teatro
dei Nobili" Position 2.

averaging two linear regressions performed in the linear regions of two load cycles.
The mean Young’s modulus resulted to be E = 905 MPa.

The evaluation of the compressive strength was performed following the method-
ology described in Sub-section 2.3.3 giving as a result a compressive strength of fc =
1.40 MPa.

Conclusions

The standard test campaign, consisting of two single and two double FJ tests, high-
lighted a discrepancy between the two tested walls. In fact, the Young’s modulus ob-
tained on the ground floor is two times greater than the one measured in the basement.
This noticeable difference could be correlated to the different exposures to environ-
mental agents. The wall on the basement is in a very high humidity environment and
the proximity to the soil could have exposed it to the attack of salts transported by the
capillary rise of water. These exposures could have activated a decay of the mechanical
properties. Another important thing that has to be remarked is that the Young’s modulus
of the first test is very similar to the one given by the Italian code (Tab. 2.3). The fact
that in the first test there was a detachment can also imply that the strain measured are
not correct. It is possible, that the part that detached was not subjected to the FJ stress
because the detachment started before it was noticed.

The compressive strengths measured in these two tests were more coherent. In fact,
the discrepancy between these two values is really small. However, in the Position 1
the value of compressive strength was considered more like as a rough estimation.

The differences between the code and the experimental values highlight the fact that
this structure has low mechanical characteristics. Moreover, these results underline the
importance of a site campaign for evaluating the mechanical properties of a structure.
The suggested values of the Italian code could be used to analyze this structure but in
this particular case, they would lead to an overestimation of the compressive strength. In
addition, this test campaign highlights the variability of the mechanical characteristics
in a single structure. This is an important fact that has to be taken into account in
eventual deeper analyses meant to evaluate the safety of the structure.
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4.2.2 Shear FJ test
As introduced in the previous Sub-section, the shear FJ test was performed in the

basement of the structure near the location of the second couple of standard FJ tests
(Position 2 Fig. 4.5a). The position of these two tests was also chosen looking for a
wall that had a sufficient vertical load. However, the main features that were taken into
account to find the position were the good texture of the masonry and the safe position.
In fact, many walls presented a lack of vertical joints and the risk of detachments (as
happened in Position 1). In addition, not all of the rooms of the structure were safe
because the structure was abandoned for a long time.

The location on the wall of this test was chosen looking principally at the presence
of vertical joints in order to avoid interference between the standard FJ tests and to
have a practical and handy position to perform the test. This last criterion was mostly
influenced by the maneuverability of the saw but paying also attention to the possible
position of the measure bases. The thickness of this single-leaf wall was about 70 cm.

Methodology

After the position of the test was decided, the locations of the flat jacks were marked
on the wall considering a reciprocal distance of 500 mm. This operation was carefully
performed in order to obtain the inclination of 45° of the two FJs and, at the same time,
to have them aligned. Before the realization of the cuts, the positions of the gauge points
(and of the measure bases) were chosen. In this test, seven measures bases were used,
three perpendicular and four parallel to the FJs planes (Fig. 4.8). Measures of the bases
were taken before and after the realization of the first cut and then after the realization
of the second cut.

The FJs employed for the test had the same characteristic of the ones used in the
previous tests (Tab. 4.1) as well as the extensometer and the pressure gauges. The area
of the lower cut was Alow = 106080 mm2 and the other one was Atop = 82275 mm2

resulting in a geometrical ratio of ka = 0.823.
When the FJs were placed in the corresponding slots the hydraulic system was

connected to them as showed in Figure 4.8. Before starting the test, the solvent was
pumped inside of the hydraulic system and keeping opened the upper plug of the upper
FJ in order to take out all the air from the circuit.

The test was performed in four load cycles. It has to be highlighted that the mechan-
ical coefficient km for this and the successive tests was not a function of the hydraulic
pressure (like the previous tests of the campaign) but a simple value independent of the
pressure and taken from the certification of the flat jacks (km = 0.894). The maximum
applied stresses on the masonry in the four cycles were σ =−0.11, −0.15, −0.29 and
−1.91 MPa.

For each pressure step, seven measures of displacements were taken. Every step
was decided considering the deformations trend of the previous steps and it was then
slowly reached and kept for a few moments with the manual pump before starting the
mensuration. This choice was taken in order to recover possible creep deformations.
The measures were executed when the pressure was not changing for a time similar to
the one required to read the measures (about two minutes).
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Figure 4.8: The image provides the set-up of the shear FJ test performed in "ex Teatro
dei Nobili" Position 2. In the picture the measures bases are drawn. In red are high-
lighted the three measure bases perpendicular to the FJs planes and in green the four
parallel to the same plane.

Results

It has to be underlined that part of the results of this test were presented in [187].
In Figure 4.9 the results of this shear FJ test are reported. In Figure 4.9a the strains

perpendicular ε⊥ and the parallel ε∥ to the FJs planes are plotted. The inclined Young’s
modulus was evaluated from the elastic linear range of the perpendicular strains with a
linear regression. The inclined Young’s modulus found is E∗= 949 MPa with a standard
deviation of 108 MPa (the lowest correlation evaluated is 0.964).

In Figure 4.9b the shear strain and the applied stress are presented as well as the
interpolation of the linear elastic range of the material. From a linear regression of the
elastic linear range of the shear strain (Fig. 4.9b) it was possible to evaluate the shear
modulus. This has a mean value G = 418 MPa and a standard deviation of 30 MPa (the
lowest correlation is 0.920).

In Figures 4.9c and 4.9d the principal stresses of the sample evaluated with the
piecewise linear laws (Eq. 3.18 and 3.19) are reported and in Figures 4.9e and 4.9f
the principal stresses evaluated using the normalized principal stresses of Table A.2
(Appendix A) are plotted.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.9: The image reveals the results obtained in the shear FJ test performed in "ex
Teatro dei Nobili", Position 2.

Discussion

This first experimentation highlighted the potential of the test and at the same time
pointed out improvements that could be used to better perform the test. In fact, this
test was executed as a trial test in order to understand the feasibility of the set-up, to
evaluate the possibility of using the standard equipment, to face eventual problematics
and to find eventual optimizations.
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First of all, this test demonstrated the possibility of the utilization of the same equip-
ment of the standard FJ tests. This fact is important in the perspective of further appli-
cation of the test. In fact, the possibility of using the same equipment of the standard
FJ tests leads to a marked reduction of costs because the purchasing of specialized
equipment is not necessary.

The realization of the cuts was not a simple operation. The lowest cut was the first
one to be created. This slot was not matching perfectly the mark due to the non-smooth
operation of the saw. As a result, an imperfect inclination of the slot was obtained. In
addition, this cut was significantly longer than the mark leading to a bigger slot area.
Despite this problem, the difference between the ideal orientation and the one obtained
was not too marked. This is verified by the similarity between ε2 and ε3 that underlines a
homogeneous strain field (Figure A.2 in the Appendix A). The realization of the second
cut was performed with a higher precision because the operators were then more able
to handle the saw in this unusual position. Another important fact, that had as a result,
a better realization of the cut, was that at first the operator carefully cut a line (of about
0.5 cm depth) coincident with the mark on the wall. This incision worked as a guide for
the saw during the creation of the slot.

As it can be noticed in the picture (Fig. 4.8), the orientation and the positions of
the measure bases were not perfect. The intention was to have these bases perfectly
perpendicular and parallel to the cuts. However, this was impossible to obtain due to
the thickness of the joints, the position of the bricks, the length of the extensometer and
the dimension of the gauge points (diameter φ = 1.5 cm). The positioning phase (of the
measure bases) had also a purpose: to cross as close as possible the center of the sample
in order to obtain a configuration similar to the numerical models carried out.

Another small issue was underlined at pressures higher than 1.50 MPa. For these
cases, it was not possible to keep a constant stress for all the time required to acquire the
measures. It was also tried to reach the load step and then to keep the pressure constant
(acting on the pump) for a longer time (about 5 min). However, it was not possible to
ensure a constant pressure for all the measurements. This change in the pressure level
could be correlated to the damaging process to which the sample was subjected and to
a not perfect closure of the hydraulic circuit.

A deeper analysis of the results is important. The Young’s modulus obtained with
the standard FJ test is 905 MPa. The Modified Young’s modulus measured in the shear
FJ test is E∗ = 949 MPa. As numerically evaluated, the ratio E∗/E should be equal to
= 1.06, in the test this ratio is E∗/E = 1.05. It results possible to say that the media
shows a good isotropic behavior.

From the measured Young’s modulus, it is possible to evaluate the shear modulus
by estimating the Poisson’s ratio. Supposing ν = 0.25 and using the measured Young’s
modulus it is possible to evaluate the shear modulus of the sample G= 362 MPa. This is
calculated supposing an isotropic homogeneous and elastic material and using the well
known constitutive equation G = E/[2(1+ν)]. The mean shear modulus measured is
G = 418 MPa. These two values are close one to the other one which should highlight
the ability of the proposed test to measure the shear modulus of the media.

The analysis of the stress status of the sample was performed in two main ways using
the piecewise linear laws (Fig. 4.9c and 4.9d) and using Table A.2 of the normalized
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principal stresses (Fig. 4.9e and 4.9f). Utilizing the graphical method proposed in the
test methodology (Sec. 4.1) and the plot of the shear strain (Fig. 4.9b) it is possible
to detect the elastic plastic transition. To this point it correspond a the stress σ =
−0.65 MPa. For this stress, the sample undergoes a strain γ = 1.30❤ (see the blue
square in Fig. 4.9b).

It is now possible to evaluate the sample stress status using the piecewise linear
laws by entering with γ = 1.30❤ in the graphs of Figures 4.9c and 4.9d. The principal
stresses associated with this strain are σ1 = 0.02 MPa and σ2 = −0.57 MPa. For γ =
1.30❤ the largest principal stress is interpolated with the first branch of the piecewise
linear law. As highlighted in the presentation of the piecewise linear laws (Section 3.2),
this first branch of the curve does not interpolate perfectly the largest principal stress.

To summarize, the sample is under a bi-axial compressive stress when the plastic
regime of the material starts.

Conclusion

This first experimentation gave some encouraging results and at the same time un-
derlined some improvements that were useful to enhance the test and to understand
better the behavior of the masonry sample under test. These facts are developed in the
following paragraphs.

The position of the shear FJ test was forced by the characteristic of both the struc-
ture and the masonry. Indeed, it was not simple to find a position where it was pos-
sible to perform the shear FJ test and the two standard FJ tests. The double FJ tests
underlined the poor quality of the masonry. In fact, both the Young’s modulus and the
compressive strength are smaller than the values recommended by the Italian codes [86,
87].

From the results obtained with the piecewise linear laws (Fig. 4.9c and 4.9d) the
sample seems to fail in a tension-compression status. As underlined previously, for
the strain to which corresponds the beginning of the sample plastic range the largest
principal stress is interpolated with the first branch of the piecewise linear laws. This
does not interpolate perfectly the largest principal stress. This fact is remarked by the
results (Fig. 4.9e and 4.9f) of the interpolation obtained with the normalized principal
stresses. In these results, it can be noticed that the plastic regime of the sample starts
when the sample is in a bi-axial compression status. For this reason, it can be affirmed
that the sample fails under a bi-axial compression status.

Nevertheless, it has to be underlined that this experiment was the first shear FJ test.
When this test was performed the full methodology, proposed in the previous section,
was not completely developed yet as well as the full knowledge of the behavior of
the sample under test. These modifications/improvements were decided/designed and
successively applied in the other tests.

First of all, it was decided to use LVDTs in parallel with the classic measuring system
as introduced in the test methodology (Sec. 4.1). This choice was made considering two
main aspects. The first is the possibility for these transducers of shortening/extending
their length of some millimeters. On the contrary, the manual extensometer used in the
shear FJ test had a fixed length of 250 mm. LVDTs can avoid problems on the align-
ment of the measure bases because the measuring points can easier avoid the joints. The
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second advantage that this equipment can guarantee is the possibility of having a con-
tinuous monitoring of the displacements during the test. The manual reading requires
more time to be performed and, as it has been said before, for high levels of hydraulic
pressures it was impossible to keep a constant load so the deformations were chang-
ing during the whole time as well as the pressure. The measurements started with the
reading of the pressure and then of the displacements but at the end of the recordings,
the pressure could have changed. LVDTs could also be used to measure creep deforma-
tions. One possible disadvantage of the use of these transducers is that, given their own
dimensions and that they have to stay mounted on the sample, they have to be placed at
different distances (with respect to the sample surface) in order to avoid interferences.
To do this, LVDTs steel supports were designed (Fig. 4.10). This unavoidable posi-
tion of the LVDTs could be a disadvantage because the measures could be corrupted by
eventual small rotations of the sample that are accentuated in the LVDTs placed farther
from the wall surface. As already said, this measuring system was used in parallel to
the classic one because these transducers are delicate and cannot be maintained on the
sample during the creation of slots.

Figure 4.10: The picture shows the steel template designed for the shear FJ test. As can
be seen the supports for the LVDTs are also in the picture.

In parallel to the LVDTs, it is necessary to keep a continuous monitoring of the hy-
draulic pressure. In this way, it is possible to obtain a perfect synchronization of the
strains of the sample and the stress applied to it. This is possible using an electronic
pressure gauge. The combination of these two types of transducer (LVDTs and an elec-
tronic pressure gauge) leads to a continuous evaluation of the displacements and the
pressure. This fact could be very interesting considering that the usual results of the FJ
tests are presented only for few pressure steps.

In the preliminary phases of the shear FJ test, the location of the FJs and of the
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measure bases were marked on the sample. This operation was difficult to perform due
to the position of the bricks, the thickness of the joints and to the fixed length of the
strain gauge. To simplify this task it was decided to design a steel frame to apply on
the masonry (Fig. 4.10). In this template, two steel plates were adopted (one crossing
the other one) to help the bases positioning. This frame is designed also to help the
individuation of the position for the test. In fact, once the template is placed, it is easy
to identify a not optimal position for the measure bases and it could be decided to move
the steel mask in order to optimize the test location. Moreover, it was also decided to
use a wood frame to help the cuts realization.

Another technical decision, regarding the measurements of the deformations and or
displacements was explored. This consisted in the possibility of employing the DIC
technique. This technique has many advantages, for example, it does not interfere with
the sample, it allows the evaluation of the absolute displacement, it extends the measures
to an area and not only to specific points of the sample, etc. This technique can help
in the detection of the shear strain of the sample that is not directly measured and it
can also be used to identify the cracks propagation before they are visible at naked
eyes. Even the synchronization with the LVDTs and with the pressure transducer can
be performed very easily. Unfortunately, as it can be noticed in the pictures of the other
tests (Fig. 4.14, 4.16, 4.22 and 4.26), this technique cannot be used because the large
part of the sample is covered by sensors, cables and tubes.

4.3 Tests in the "Caserma Giovanni Cerutti"
This experimental campaign was conducted in autumn 2018. The tests were per-

formed again with the collaboration of Cosmondi SRL and thanks to the city hall of
Boves. In particular, the building under study is owned by the city hall that kindly
allowed to perform the tests.

The structure under study is part of a barrack that is named "Caserma Giovanni Cer-
rutti". This is situated in the city of Boves (Cuneo, Italy). The structures of this barrack
were realized just before the second world war, precisely in 1938 and 1939. During the
war, the barrack was also used by the 1st SS Panzer Division "Leibstandarte SS Adolf
Hitler". The structures present in this barrack show different building techniques. In
fact, structures in both reinforced concrete and URM are present. The building under
test is obviously made of URM and it was probably used for the accommodation of the
troops and for the commands. Unfortunately, drafts of the barrack were not available.

The tests performed in this barrack were four, a single and a double FJ test and two
shear FJ tests. The two standard FJ tests and one shear FJ test were executed in the
same room on the second last floor of the structure (named Position 1). The other shear
FJ test was performed in another room but on the same floor of the same structure
(Position 2). The choice of performing the test on the same floor was related to the
necessity of having a good evaluation of the vertical stress and the specific floor was
chosen as the optimal one to perform the test. It has to be said that all of the tested walls
have a thickness of 46 cm and that the area of the FJs used is reported in Table 4.1.

Moreover, it has to be underlined that the AE technique was adopted for the two
shear FJ tests and for the double flat jack test. Unfortunately, due to a high noise
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Figure 4.11: In the image a picture of the "Caserma Giovanni Cerutti" is shown.

present in the structure, a high threshold had to be set. Due to this fact, the acquired
data were few and not enough to give acceptable and meaningful results.

4.3.1 Standard FJ tests
As introduced also for the test performed before and in the parametric analysis, the

knowledge of the vertical stress, the Young’s modulus and the compressive strength are
important characteristics that can be necessary to understand the behavior of the sample.
For this reason, as anticipated, the two standard FJ tests were performed in Position 1
next to one of the shear FJ test.

After that the plasterwork was removed, it was possible to notice a good quality of
the texture and of the masonry. In fact, bricks laid in the direction perpendicular to the
wall surface help to have a single-leaf behavior and both vertical and horizontal joints
seem to be homogeneous and to have a fine quality. As done for the standard FJ tests
in Vercelli, the two tests were performed in the same location, using for the double FJ
test the flat jack used in the single FJ test.

Single flat jack test

This standard FJ test was performed in the same way as the one executed in Vercelli.
The manual equipment was used to measure the displacement. After the creation of the
slot its area was measured (88050 mm2) and a geometrical coefficient ka = 0.880 was
evaluated. The mechanical coefficient of the FJ used was km = 0.902. All of the FJs
utilized in the four tests executed in this building had the same value of the mechanical
coefficient because they all came from the same batch of production.
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Figure 4.12: The picture displays the positions of sensors and measure bases in the
standard FJ test. In green are indicated the three measure bases used in the single FJ
test, in pink the four measures bases (three vertical and one horizontal) used in the
first steps of the deformability test, in light blue are highlighted the three LVDTs (two
vertical and one horizontal) utilized during the second phase of the double FJ test and
with yellow circles are marked the four AE sensors. "Caserma Giovanni Cerutti".

The test was conducted with the same precautions and recommendations discussed
previously. The result of this test is a vertical stress σ0 = −0.55 MPa. It has to be
underlined the position of this test. In fact, the two standard FJ tests were performed in
a wall that has the main direction parallel to the main direction of the building. It was
possible to notice that the floors above the test position are supported by the tested wall.
Due to the problem of finding the optimal positions for the shear FJ tests, they were
performed in two walls that are perpendicular to the one where the standard tests were
performed. In fact, in the walls parallel to the one where the standard FJ tests were
carried out, opening of doors were present. For this reason, these walls seemed to not
be able to guarantee sufficient lateral confinement and it was decided to use two walls
perpendicular to the main direction of the building where openings are absent.

Considering the disposition of the slabs, of the resisting elements, the above part of
the structure and the loads paths it was possible to calculate the vertical stress present
in both the positions of the shear FJ tests that resulted to be σ0 =−0.36 MPa.

Double FJ test

As anticipated the double flat jack test was performed in the same position of the
single FJ test (Fig. 4.12). In this case, the automatic acquisition system was used. After
the acquisition, the data were filtered with a Butterworth filter in MATLAB.
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Figure 4.13: The plot summarizes the results of the double FJ test performed in
"Caserma Giovanni Cerutti" Position 1.

After the creation of the second slot, its area was measured (85338 mm2). The
resulting geometrical coefficient was ka = 0.894.

Subsequently, all the sensors were placed on the sample and the hydraulic system
was closed. It was then possible to start the test. The sample was subjected to three
cycles of load. The maximum pressures applied in these cycles correspond to stresses
σ =−0.72, −1.07 and −3.80 MPa (Fig. 4.13).

The Young’s modulus was evaluated using linear regressions in the first three cycles
and for an absolute stress inferior to |σ |= 1.13 MPa of the third cycle. The mean value
of this elastic characteristic is E = 1739 MPa, it has a standard deviation of 144 MPa and
the lowest correlation measured is 0.994. The value of the Young’s modulus underlines
a masonry with a good quality and, for this reason, it confirms the visual observations.

The methodology proposed in Sub-section 2.3.3 was followed in order to evaluate
the compressive strength of the media. The value of compressive strength found was
fc = 2.20 MPa.

Conclusions

The standard tests performed in the "Caserma Giovanni Cerutti" showed a good
quality of the masonry. In fact, at the removal of the plasterwork the bricks and the
mortar seemed to have an accurate texture and to be made of good materials. This
fact was proved by the value of the Young’s modulus of the media and its compressive
strength.

The position of the single FJ test does not give a direct measure of the vertical stress
present in the locations where the two shear FJ tests were carried out. Nevertheless,
with the analysis of the loads and of their paths, it was possible to have an accurate
evaluation of the vertical stress.

The characteristics measured and noted until this point of the experimental cam-
paign were promising for what regards the shear FJ tests. In fact, the masonry showed
a good quality of both the materials and the texture. Moreover, the calculated vertical
stress was not too large as well as the thickness of the wall. These two last characteris-
tics are the ones more promising because, as underlined in the numerical analyses of the
test configuration, they play an important role in the evaluation of the tensile strength
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of the media.

4.3.2 Shear FJ test - Position 1
The first shear FJ test executed in the "Caserma Giovanni Cerutti" was performed in

the same room where the two standard FJ tests were carried out. In particular, as men-
tioned before, this test had to be performed in a wall that has a perpendicular direction
with respect to the wall already tested.

At a first view after the plasterwork removal, the masonry showed similar character-
istics of the ones observed in the location where the standard FJ tests were performed.
A good quality of the bricks and of the mortar and a good texture of them were found.

Methodology

The proposed test method with its recommendations was adopted in this experiment.
Moreover, the automatic acquisition system. was utilized.

The position of the test was chosen in order to glue the four couples of measuring
points for the manual acquisition and to fix the LVDTs as much as possible close to
the center of the sample. After that the optimal position was found, the FJs positions
were drawn on the wall in order to help the slots realization. Four LVDTs and four
manual measure bases were used. Two measure bases and two LVDTs were positioned
perpendicularly to the FJs planes and the other sensors and bases were positioned in the
orthogonal direction.

After the creation of the slots their areas were measured resulting Alow = 84733 mm2

and Atop = 80600 mm2. The obtained geometrical coefficient is ka = 0.938 that means
also a really good realization of the cuts. As introduced in the standard FJ test, the
mechanical coefficient is km = 0.902.

Subsequently, the sensors were fixed on the sample. In Figure 4.14 it is possible
to notice that the positions of the LVDTs were slightly not central to the sample. This
was considered a negligible issue since this eccentricity was not excessive. In the same
image, it is also possible to observe the bases points for the preliminary manual mea-
surements.

The data acquired were then filtered with a Butterworth filter in MATLAB.
The test was performed with four load cycles of increasing magnitude. More specif-

ically the maximum applied pressures correspond to stresses σ =−0.49, −0.79, −1.20
and −4.42 MPa.

Results

The results of the first shear FJ test performed in "Caserma Giovanni Cerutti" are
presented in Figure 4.15.

The evaluation of the elastic characteristics was performed with linear regressions
of the first three load cycles The mean inclined Young’s modulus evaluated in the linear
elastic regime of the material is E∗ = 3777 MPa, it has a standard deviation of 255 MPa
and the lowest calculated correlation is 0.978 (Fig. 4.15a).
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Figure 4.14: The picture shows the test set-up of the shear FJ test performed "Caserma
Giovanni Cerutti" Position 1.

From the results of the shear strain (Fig. 4.15b) it was possible to evaluate the shear
modulus of the sample that results to be G = 1217 MPa (standard deviation of 67 MPa,
lowest correlation measured 0.985).

The analysis of the sample stress status was performed with both the piecewise
linear laws (Eq. 3.18 and 3.19) and the normalized principal stresses (Tab. A.2). The
results of this analysis are presented in Figures 4.15c, 4.15d, 4.15e and 4.15f.

Discussion-Conclusion

The test performed in Position 1 of the "Caserma Giovanni Cerutti" was encouraging
even before starting it. In fact, the small acting vertical stress, the compressive strength
and the limited thickness of the wall were really auspicious.

First of all, in the results obtained (Fig. 4.15) it is possible to notice a large number
of acquired points in comparison to the shear FJ test performed in the "ex Teatro dei
Nobili". This is due to the utilization of the automatic acquisition system that has a
sample rate of 1 Hz. This method helps to have a good number of data and in contin-
uous. Attention was paid in order to not load the sample too rapidly giving time to the
media for recovering the creep deformations.

The elastic characteristics measured show some discrepancies from the expected
ones. Hypothesizing an elastic isotropic homogeneous material, a Poisson’s ratio ν =
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(a) (b)

(c) (d)

(e) (f)

Figure 4.15: The image gives the results obtained in "Caserma Giovanni Cerutti" Posi-
tion 1.

0.25 and using the measured Young’s modulus of E = 1739 MPa, the shear modulus
results to be G = 696 MPa. The shear modulus evaluated with the proposed test is
G = 1217 MPa.

With regards to the Young’s modulus and the inclined Young’s modulus, a similar
discrepancy was found. The ratio evaluated with the numerical model should be close
to the unit (E∗/E = 1.06). However, the measured one is E∗/E = 2.17.

These two discrepancies can be partially related to the position of the sensors. In
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fact, it was not possible to place them perfectly in the center of the sample. However,
even this fact cannot be the cause of these discrepancies. A deeper analysis of this issue
is presented in the following Chapter.

The proposed piecewise linear laws were then used to evaluate the stress status of
the sample. The results obtained are plotted in Figures 4.15c and 4.15d.

For what regards the identification of the transition between the elastic and plastic
regimes, the method proposed in Section 4.1 was followed. It results that the transition
point is defined by an applied stress σ = −2.00 MPa and the shear strain associated
to this level of stress is γ = 1.50❤. The two principal stresses associated with this
shear strain (Fig. 4.15c and 4.15d) are σ1 = 0.13 MPa and σ2 = −1.67 MPa. It is
important to notice that for this shear strain the largest principal stress is interpolated
with the second branch of the piecewise linear laws. This is important because this is
the branch where the tensile strength of the media has to be measured. If an isotopic
failure criterion of the media is considered, reminding that the evaluated compressive
strength is fc = 2.20 MPa and taking into account the stress status of the sample, it
is possible to affirm that the failure of the sample was reached in tension. In fact,
the smallest principal stress results to be much inferior to the compressive strength
(1.67 < 2.20 MPa, |σ2| < fc). Identical results are obtained by using the principal
stresses evaluated with the normalized principal stresses (Fig. 4.15e and 4.15f).

In addition, the analysis of the sample stress status at the slots realization (σ =
0.00 MPa) has to be performed. This phase of the test can be problematic. In fact, the
failure of the media can be reached because the vertical stress rises high initial stresses
inside of the sample. If at the cuts realization one of the principal stresses reaches
one of the material strengths at the first pressurization of the FJs the sample should
immediately show a plastic regime. In the present case it is possible to notice a linear
elastic behavior for an absolute stress |σ | < 1.20 MPa (Fig. 4.15b). Since the linear
range of the sample exists it is possible to affirm that the sample did not fail at the slots
realization.

To summarize, it is possible to affirm that the evaluated tensile strength is ft =
0.13 MPa and that the measured shear modulus is G = 1217 MPa.

4.3.3 Shear FJ test - Position 2
The second shear FJ test performed in the "Caserma Giovanni Cerutti" was carried

out in a room near to the one where the previous three tests were performed. The choice
of working in a near room and on the same floor was taken in order to consider more
reliable the information given by the standard FJ tests. It has to be pointed out that
the estimated vertical stress of the point under test is the same as the one evaluated for
Position 1 (σ0 =−0.36 MPa).

After the removal of the plasterwork in the chosen location, it was possible to notice
that the masonry is very similar to the one saw in Position 1 from many points of
view (quality of both materials and the texture of them). Since the double FJ test was
performed in the same building where this shear FJ test was carried out and that both
materials showed the same visual quality, the Young’s modulus and the compressive
strength of Position 2 were assumed to be the same of the ones measured in Position 1.
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Methodology

The test method used for the shear FJ test performed in Position 1 is the one that
is proposed at the beginning of this Chapter. Moreover, it was decided to use again
the automatic acquisition system (Fig. 4.16) and for this reason, the preliminary phases
were identical to the one used in the shear FJ test of Position 1.

Figure 4.16: The picture shows the shear FJ test performed in "Caserma Giovanni
Cerutti" Position 2. In the image it is possible to observe the disposition of the LVDT
and of two AE sensors.

Once the location of the test was decided and the other preliminary phases were
performed, the cuts were realized. The slots areas were respectively 90615 mm2 for the
lower slot and 86363 mm2 for the upper slot resulting in a geometrical coefficient of
ka = 0.876. The mechanical coefficient of the FJs is km = 0.902.

After these measurements, all of the sensors were placed on the sample surface
as well as the FJs in the cuts and subsequently the hydraulic circuit was closed. The
test was then started. Four cycles of load were applied to the sample. The data acquired
were then filtered with a Butterworth filter in MATLAB. The maximum absolute stresses
applied to each cycle were |σ |= 0.47, 0.78, 1.23 and 4.02 MPa.
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Results

The results of the second shear FJ test performed in "Caserma Giovanni Cerutti"
are presented in Figure 4.17.

The evaluation of the linear elastic properties of the sample was performed with
linear regressions in the linear elastic range of the four cycles performed (in the fourth
cycle the max absolute stress considered was |σ |= 1.12 MPa). The mean shear modulus
is G = 971 MPa, it has a standard deviation of 153 MPa and the lowest correlation
measured is 0.989 (Fig. 4.17b). For what regards the inclined Young’s modulus, the
mean measured value is E∗ = 2312 MPa, it has a standard deviation of 230 MPa and
the lowest calculated correlation is 0.994 (Fig. 4.17a).

The analysis of the stress status is also presented in Figure 4.17. More precisely,
Figures 4.17c and 4.17d display the evaluation of the principal stresses using the piece-
wise linear laws (Eq. 3.18 and 3.19) and Figures 4.17e and 4.17f the results obtained
with the normalized principal stress of Table A.2.

Discussion-Conclusion

As highlighted for the shear FJ test carried out in Position 1, the premises for this
test were encouraging. In fact, low vertical stress, good quality of the masonry and the
mechanical characteristics measured were auspicious for the test.

As done for the test in Position 1, with the measured elastic modulus E = 1739 MPa
and supposing a Poisson’s ratio ν = 0.25 it is possible to evaluate the shear modulus
that results to be G = 696 MPa. The shear modulus measured with the proposed test is
G = 971 MPa. There is a discrepancy between these two moduli but it is not too large.

Similarly, the Young’s modulus measured with the double FJ test (E = 1739 MPa)
is similar to the inclined Young’s modulus measured with the shear FJ test (E∗ =
2312 MPa).

The method proposed in Section 4.1 was followed in order to identify the transition
between the elastic and plastic regimes. Therefore, the transition point is defined by
an applied stress σ = −1.70 MPa and the associated strain is γ = 1.50❤. It results
possible to enter with this strain in the results of the piecewise linear laws (Fig. 4.17c
and 4.17d) and evaluate the sample stress status for which the sample starts to show
plastic deformations. The principal stresses of the sample for γ = 1.50❤ are σ1 =
0.09 MPa and σ2 = −1.45 MPa. It is possible to notice that the smallest principal
stress is much inferior to the compressive strength measured with the double FJ test in
Position 1 (1.45 < 2.20 MPa, |σ2| < fc). Hypothesizing an isotropic failure criterion
and considering that, at the beginning of the sample non-linear regime, the compression
stress of the sample is inferior to the material compression strength, it is possible to
affirm that the failure of the sample took place in tension and that the tensile strength of
the material is ft = 0.09 MPa.

The sample stress status was also evaluated with the normalized principal stresses of
Table A.2 and the results are plotted in Figures 4.17e and 4.17f. For the strain related to
the beginning of the non-linear regime of the sample (γ = 1.50❤) the principal stresses
evaluated are almost identical to the one evaluated by using the piecewise linear laws.
Similarly to what said in the previous paragraph, it is possible to affirm that the sample
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(a) (b)

(c) (d)

(e) (f)

Figure 4.17: The image reports the results obtained in "Caserma Giovanni Cerutti"
Position 2.

failed in tension and that the tensile strength of the material is ft = 0.09 MPa.
It is also important to analyze the sample behavior at the slots realization (σ =

0.00 MPa). In fact, the media can fail at the cuts realization due to the initial stresses
caused by the vertical stress. The failure should be verifiable because at the first pres-
surization of the FJs the sample should show immediately a plastic regime if, at the
cuts realization, one of the principal stresses reached one of the material strengths. In
the test here described it is possible to notice a linear elastic behavior for an absolute
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stress |σ | < 1.12 MPa (Fig. 4.17b). Since the sample plastic regime is not attained for
an applied stress close to zero, it is possible to affirm that the sample did not fail at the
slots realization.

In conclusion, with the shear FJ test performed in Position 2 it was possible to
measure a shear modulus G = 971 MPa and a tensile strength ft = 0.09 MPa. The
measured shear modulus is a bit larger than the expected one. However, the difference
is not too high.

4.4 Tests in the "Caserma Valfrè di Bronzo"
This experimentation campaign was conducted in summer 2018. The tests were

executed with the collaboration of Cismondi SRL and thanks to the approvals of the
"Agenzia del Demanio" and of "Ministero dei Beni e delle Attività Culturali del tur-
ismo" (also called MiBAC). The "Agenzia del Demanio" is a public Italian agency that is
responsible for the management and enhancement of the real estate assets. The MiBAC
is an Italian ministry that protects and enhances culture, heritage and activities. The ap-
proval of these two Italian organisms was necessary because the tests were performed
in an ex military barrack under their management in the city of Alessandria.

The "Caserma Valfrè di Bronzo" was designed by Colonel Trincheri and it was
realized in six years, from 1885 to 1891. This barrack was built in order to receive the
horse artillery and they were used for military purposes until 2002 [193]. The three
principal facilities have a U-shaped layout (Fig. 4.18c). In the center the Command
building it is present and the two sides of the U are the West and East building for the
troops accommodation. In these barracks there were also other facilities that were used
as stables, stores, laboratories and to contain the artillery. The structures under test
are made of masonry bricks and lime mortar. During the realization of the facilities, a
furnace was made in situ in order to provide the bricks necessary for the construction.

The Command building has a rectangular layout with sides of 80.0 and 17.0 m. This
structure has three floors above the ground level and a basement. Its height is 17.4 m.
The ground floor, as well as the first and second floors, is made of brick masonry vault;
on the contrary, the last floor is made of steel beams brick jack-arches.

The two buildings for the troops accommodation have dimensions of 107.0×16.5 m.
The central part of these buildings is 17.0 m high and the two lateral parts have a height
of 11.0 m. These two structures have a portico that faces in the central courtyard. All
of these three buildings have a roof made of wood trusses [193].

Similarly to what was done in Boves, a single and a double FJ tests were performed
in the West building and in the same room a shear FJ test was performed. The area of
all the FJs used is reported in Table 4.1. A second shear FJ test was performed in the
Command building.

For what regards the shear FJ tests performed in this experimental campaign, it was
decided to perform them in positions where a higher vertical stress was present. This
choice was made with the purpose of confirming the importance of the role played by
the vertical stress in this test configuration.

107



Experimentation

(a) (b)

(c)

Figure 4.18: In the image two pictures (the fist of the Command building 4.18a and
the second one of the West barrack 4.18a) and the layout (Fig. 4.18c) of the whole
"Caserma Valfrè di Bronzo" are presented.

4.4.1 Standard FJ tests
In the West building, that was dedicated to the troops accommodation, a single and

a double FJ tests were performed. These tests were executed in order to measure the
Young’s modulus, the compressive strength and the vertical stress level. These tests
were carried out in the same position, more specifically in an interior wall on the first
floor of the West building (Fig. 4.19). This overlap was possible by using the cut of the
single FJ test for the subsequent double FJ test. In the same room, but on the opposite
wall, a shear FJ test was carried out. The two walls had a thickness of 50 cm.

The equipment used for the evaluation of the vertical stress was the same used for all
of the single FJ tests. This is the manual equipment. For the other tests, the automatic
acquisition system was utilized. This automatic system was employed in parallel with
the manual one as described in the test methodology.

Excluding the single flat jack test, four, sensors for the AE were mounted in the
portion of the wall surrounding the sample. It has to be highlighted that their positions
were well studied in order to optimize the results. For this reason, attention was paid
to avoid the reciprocal symmetry of the sample and of the sensors. In addition, it was
attempted to put the sensors in zones where the cuts did not interfere with the emissions
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Figure 4.19: The image provides the floor’s layouts of the West troop’s barrack. In the
first floor are marked the positions where one of the shear FJ test (in green) and the
single and double flat jack test (in red) were performed. "Caserma Valfrè di Bronzo".

paths and that were not too far from the center of the sample.

Single FJ test

The single FJ test was the first performed in the structure. As introduced, this test
and a double FJ test were performed in the same position (Fig. 4.20). The position
of the test was chosen paying attention to the sample. In fact, the cuts location was
decided considering the possibility of having a symmetrical sample for the double flat
jack test. The single FJ was executed in the location coincident with the lower cut of
the double FJ test. The operational phases and the recommendations followed were the
same that had been used in the other single FJ tests performed. During the removal of
the plasterwork, it was possible to appreciate the good quality of both bricks and mortar
joints.

Before the slot creation, small holes were created in order to fix the supports for
the LVDTs on the sample. These sensors were used only later in the double FJ test.
Anyway, in order to not spend too much time to create these holes when the cuts were
already realized, it was decided to perform them before the single FJ test. In addition,
the choice of creating these holes in advance was taken also considering the fact that
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when a cut is already created it can be more dangerous to drill because some displace-
ments that can occur. The LVDTs supports were placed trying to optimize the sensors.
To do this, the relative distance of the holes was decided in order to exploit the linear
range of the sensors and their sensibility (Fig. 4.21).

The area created by the circular saw was Aslot = 80800 mm2 and the geometrical
ratio resulted to be ka = 0.959. The flat jack constant was km = 0.897. This test was
executed using standard manual equipment, therefore the measure bases were glued on
the sample and the manual strain extensometer was used (Fig. 4.20). The stress found
in this point of the structure was σ0 =−0.89 MPa.

Double FJ test

A double FJ test was performed in order to evaluate the Young’s modulus and the
compressive strength. The second cut was realized with a distance of 50 cm from the
first one. In this point of the structure, the masonry showed a good texture. The same
precautions, operational phases and recommendations followed for the other double FJ
tests were adopted.

The automatic acquisition system was utilized for this test. Before creating of the
cuts, standards measure bases were glued on the sample. This choice was taken con-
sidering the importance of the information about the sample deformations that occur
immediately after the creation of the cuts. Moreover, it is impossible to realize the slots
with the electronic equipment mounted on the sample because there is the concrete
possibility that the sensors could be damaged in the process.

After the creation of the second slot, its area was measured. It results possible to
calculate the geometrical ratio (ka = 0.946) using the area of the second slot (Atop =
83050 mm2), the area of the slot created for the single flat jack test and the FJs area.
AE sensors were fixed on the masonry near to the sample and the positions of these
sensors were decided considering that the purpose was to monitor the zone in between
the two FJs. Taking into account the heterogeneity of the media, it was also decided
to avoid positions of the AE sensors in external zones with respect to the area included
between the FJs. In this way, it is possible to avoid another heterogeneity represented
by the cuts and by the FJs. Another important fact to keep in mind for attaching the
acoustic emission sensors is that any kind of symmetry between them has to be avoided.
Otherwise, if there is an acoustic emission source that is at a symmetrical distance from
the sensors, it results impossible to localize the position of the source. In fact, supposing
a symmetric sensors disposition and an emission source central to them, there are no
differences between the arrival times so it is impossible to evaluate the distance of the
sensor from the source and, for the same reason, to localize the source. Accordingly to
what explained, semi-random positions of the sensor have to be searched.

For the sake of space, only two LVDTs were placed vertically and, as recommended,
one was placed horizontally (Fig. 4.20). Distances between the holes (where the sup-
ports were fixed) were taken before mounting the supports and the LVDTs. These dis-
tances were then used as bases length for the determination of the strains.

It was possible to raise the number of acquisitions using this automatic system. In
fact, it was decided to save a set of measures every second of the acquisition. The data
obtained were then filtered with a Butterworth filter in MATLAB.
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Figure 4.20: The image shows the positions of sensors and of measure bases in the
double FJ test performed in the West building. In green are indicated the three measure
bases used in the single FJ test, in pink the four measures bases (three vertical and one
horizontal) used in the first steps of the deformability test, in light blue are highlighted
the three LVDTs (two vertical and one horizontal) used during the second phase of the
double FJ test and with yellow circles are marked the four AE sensors.

In this test, three load cycles were performed before rising the pressure and reaching
the plastic regime of the media. In the first cycle the minimum stress applied to the
masonry was σ =−1.70 MPa, in the second was −1.75 MPa and in the third cycle was
−5.66 MPa. For this third cycle, the minimum stress analyzed to evaluate the Young’s
modulus was −1.75 MPa. The mean Young’s modulus obtained was E = 1846 MPa
with a standard deviation of 30 MPa (Fig 4.21). Of the three Young’s moduli measured,
the lowest correlation found was 0.997.

The methodology proposed in Sub-section 2.3.3 was followed in order to evaluate
the compressive strength of the media. A value fc = 3.20 MPa of compressive strength
was found.
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Figure 4.21: The image displays the results of the double FJ test performed in the West
building.

Conclusions

The two standard tests were carried out in the West barrack. After the removal of
the plasterwork of the wall, it was already possible to appreciate the good quality of the
masonry. This quality was also confirmed by the double FJ test performed.

The single flat jack test pointed out the large vertical stress acting on this point of
the structure. In fact, the vertical stress found was σ0 =−0.89 MPa.

The double flat jack test proved the good quality of the material. The measured
Young’s modulus was E = 1846 MPa. Moreover, the measured compressive strength
of fc = 3.20 MPa is noticeably good.

The AE data were processed with a homemade software and the obtained results
were compared with the results obtained with another software (presented in [189]).
For the sake of brevity, the AE results of the double FJ test are not presented.

4.4.2 Shear FJ test - West building
One shear FJ test was conducted in the West building. As introduced, the test was

performed in the same room where the two standard tests were carried out. After the
removal of the plasterwork, it was possible to appreciate that the masonry was very
similar to the one found in the previous tests. In fact, the texture, the quality of the
resisting elements and of the joints were identical. The thickness of the wall was again
50 cm.

Methodology

As for the shear FJ tests performed in Boves, the test methodology followed was
the one that is proposed at the beginning of this Chapter and the automatic acquisition
system was used.

After the plasterwork removal, the first operation performed was to draw the posi-
tion of the flat jacks on the wall. This position was chosen in order to have the possibility
of gluing the four measuring points and to fix the four LVDTs as much as possible close
to the sample center.
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Figure 4.22: The picture shows the test set-up of the shear FJ test performed in the
West building. In the image it is possible to notice the disposition of the LVDTs and of
the AE sensors.

After this preliminary phase, it was possible to realize the cuts. The slots areas
were then measured as introduced in the test method. The geometrical ratio found was
ka = 0.919 (Atop = 84677 mm2 and Alow = 84088 mm2). The mechanical constant for
the flat jacks was taken from the certificates of the producer and it was km = 0.897.

At this point, the FJs were inserted into the cuts but were not yet connected to the
hydraulic system. The LVDTs were then fixed on the sample and the AE sensors were
glued on the wall following the same procedure used for the double flat jack test. Once
that all the preliminary phases were completed, it was possible to connect the hydraulic
system and to start the test.

Three loading cycles were performed in this test. The first two cycles were per-
formed at low levels of stress (σ = −0.42 and −0.62 MPa) in order to have a better
characterization of the elastic regime of the masonry. Then the pressure was risen up to
a corresponding stress σ = −5.78 MPa. It was not possible to rise more the pressure
because it was already higher than the full scale of the manual pressure gauge. Never-
theless, the plastic regime of the sample was already reached. After the reach of this
peak value, the pressure was slowly decreased to a zero value.

The data acquired were then filtered with a Butterworth filter in MATLAB.
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Results

The execution of the first shear FJ test of this experimental campaign allowed to
understand different peculiarities of the masonry. As already noticed with the double
flat jack test, it was possible to raise the pressure to high levels. In fact, the stress applied
to the sample was almost three times the one applied in the test performed in the "ex
Teatro dei Nobili" in Vercelli.

The results of the test are reported in Figure 4.24. As for the other tests described
before, in the test here presented it was possible to attain both the elastic and the plastic
regime of the sample (Fig. 4.23a and 4.23b). Both the inclined Young’s modulus and the
shear modulus were evaluated with linear regression of the linear elastic regime of the
sample that was present in the three load cycles. More precisely the linear regressions
were performed in the first two cycles and for an absolute stress inferior to 0.66 MPa of
the third cycle.

The mean inclined Young’s modulus found is E∗ = 3492 MPa with a standard de-
viation of 5 MPa (the smallest correlation was 0.990). The mean shear modulus is
G = 1562 MPa and it has a standard deviation of 60 MPa (the smallest correlation was
0.976).

The analysis of the sample stress status was performed with both the piecewise
linear laws (Eq. 3.18 and 3.19) and the normalized principal stresses (Tab. A.2). The
results of the piecewise linear laws are presented in Figures 4.23c and 4.23d. In Fig-
ures 4.23e and 4.23f the principal stresses evaluated with the normalized principal
stresses are reported.

The AE results are presented in Figure 4.24. These results were obtained with a
homemade software and they were compared with the results obtained using another
software (presented in [189]). In particular, the evolution over time of the cumulative
AE counts is plotted with the time evolution of the applied stress in Figure 4.24a and
with the time evolution of the shear strain Figure 4.24b.

Discussion-Conclusion

It has to be underlined that this test was performed in a room where a high vertical
stress was present (σ =−0.89 MPa). As discussed where the piecewise linear laws and
the test method were presented, the place where the shear FJ test has to be performed
should be decided in order to have a small vertical stress. In the present test and in
the one performed in the Command building it was decided to understand if the vertical
stress played the important role found in the parametric analysis of the previous Chapter.
For this reason, a higher vertical stress was sought.

The first things that have to be discussed are the elastic characteristics of the ma-
terials. The shear modulus and the inclined Young’s modulus are much larger than
the expected ones. In fact, the Young’s modulus found with the double FJ test is
E = 1849 MPa. The ratio between the inclined Young’s modulus and the Young’s mod-
ulus is E∗/E = 1.89. Hypothesizing an isotropic behavior of the sample, as shown in
the parametric analysis, the ratio should be close to one. Moreover, supposing a Pois-
son’s ratio ν = 0.25, taking the Young’s modulus measured with the double FJ tests
and using the constitutive equation G = E/[2(1+ ν)], the shear modulus obtained is
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(a) (b)

(c) (d)

(e) (f)

Figure 4.23: The image gives the results of the shear FJ test performed in the West
building.

G = 740 MPa. The shear modulus measured with the presented test is G = 1562 MPa.
Since the moduli measured are quite different from the expected ones, a deeper analysis
is necessary and it is proposed in the following Chapter.

Following the method proposed in Section 4.1 it was possible to identify the tran-
sition between the elastic and plastic regimes. This consists in of an absolute applied
stress |σ |= 2.00 MPa and a shear strain γ = 1.80❤.

It is possible to examine the principal stresses of the sample corresponding to the
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(a) (b)

Figure 4.24: The image contains the AE results of the shear FJ test performed in the
West building.

shear strain for which the sample starts to show its plastic regime. The piecewise linear
laws give the largest principal stress σ1 = 0.06 MPa and the smallest is σ2 =−1.80 MPa
(Fig. 4.23c and 4.23d). It is important to notice that the largest principal stress is in-
terpolated with the first branch of the piecewise linear law. As highlighted previously
this branch of the model does not reproduce perfectly the stresses numerically evalu-
ated. The sample stress status evaluated for γ = 1.80❤ with the normalized principal
stresses (Fig. 4.23e and 4.23f) is almost identical to the one evaluated with the numer-
ical results. With this method, the largest principal stress is σ1 = −0.04 MPa and the
smallest is equal to the one evaluated before (σ2 = −1.80 MPa). Therefore, it is pos-
sible to affirm that when the media plastic regime starts the sample is under a bi-axial
compression.

Since a large vertical stress is acting on the tested wall, the realization of the cuts
leads to high initial principal stresses inside of the sample (for σ = 0.00 MPa). In fact,
the largest principal stress is σ1 = 0.24 MPa and the smallest is σ2 =−0.84 MPa. The
tensile stress acting on the sample is noticeably high. In fact, a typical tensile strength
for reinforced historical masonry should range in between 0.03< ft < 0.20 MPa (Tab 2.3
and 2.4). In the present test, after the slots realization, it was possible to perform a few
load cycles in which a linear elastic behavior of the sample was noticed. If at the slots
realization one of the principal stresses reaches one of the media strengths, at the first
FJs pressurization the sample would show a linear elastic behavior. So, it is possible to
affirm that the cuts realization did not lead to the sample failure.

For what regards the AE results, it is interesting to notice that in the first ≃ 1500 s
only few counts were recorded even if the first two load cycles and the beginning of the
third one were already performed (Fig. 4.24a). These counts were recorded in the first
≃ 500 s. For this reason, these acoustic emissions were related to the FJs adjustment
inside of the cuts. Since in these first 1500 s there are two load cycles and that the
counts of the sample do not increase it is possible to affirm that there is a Kaiser-effect.
Moreover, as highlighted in the introduction Chapter, the AE counts are a measure of
the energy emitted during the events and, for this reason, they are a measure of the
damaging process of the sample. Since in the first 1500 s there are a few counts, it is
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possible to affirm that there is no damage of the sample. This fact underlines the linear
elastic behavior of the sample under these load cycles.

The cumulative AE counts curve starts to increase after the first 1500 s indicating
that the damaging process starts to take place. In Figure 4.24a it is possible to notice
that to this time it corresponds an applied stress |σ | ≃ 1.00 MPa. Moreover, this stress
corresponds to a first small deviation from the tangent fit of the experimental results
(Fig. 4.23b) which underline the firsts plastic deformations.

A second and more marked increase of the cumulative AE counts curve is noticeable
after the first 2200 s. This fact underlined the growth of the sample damaged zone. The
same consideration can be observed in the experimental data (Fig. 4.23b) where, for
stresses larger than 3.50 MPa (corresponding to t > 2200 s), the plastic deformations
are remarkable.

Another evidence that it is important to highlight is the presence of a Felicity-Ratio
FR < 1 that is noticeable between the stress peak at 3500 s (|σ | = 5.60 MPa) and the
subsequent same level of stress.

The last important fact that it is noticeable is the high number of counts that were
recorded in the last 200 s when the unloading phase started. This growth of the curve can
be associated with the fact that at the peak load the sample is damaged in compression
with an orientation of the principal stress. When the unloading phase takes place the
principal stresses rotate back and the sample keeps damaging due to this rotation.

In conclusion, with the shear FJ test performed in the West building it was possible
to measure a shear modulus G = 1562 MPa and it results possible to affirm that the
failure of the sample occurred when the sample was under a bi-axial compression. The
measured shear modulus is larger than the expected one and a detailed analysis of it is
presented in the following Chapter.

4.4.3 Shear FJ test - Command building
This shear FJ test was carried out in another building of the "Caserma Valfrè di

Bronzo", to be more specific in the Command building (Fig. 4.19). This building was
reserved for the troops with the highest rank and there were also present offices.

In the same manner as the West building, it was decided to verify the role played in
the test by a higher vertical stress. For this reason, the shear test was performed on the
first floor. This position was decided in order to have an easier evaluation of the vertical
stress starting from the one measured in the West building. In fact, it was not possible
to perform another set of standard FJ tests and for this reason the vertical stress had to
be evaluated starting from the one measured in the West building and considering that
the typology of roof and floors was the same and that the spans of them were similar.
The presented vertical stress calculated is σ =−0.74 MPa and the thickness of the wall
is again 50 cm.

For what regards the Young’s modulus and the compressive strength, these were
assumed to be the same as the ones measured in the West building. This assumption was
taken because the wall showed the same quality of both resisting elements and mortar
joints, the two buildings were made in the same construction fields and the bricks were
made using the same furnace.
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Figure 4.25: The image reports the floor’s layouts of the Command building. In green
is highlighted the position of the shear FJ test.

Methodology

The test was performed with the same methodology of the one carried out in the
West building and according to the proposed methodology. In Figure 4.26 it is possible
to notice that the automatic acquisition system and the AE technique were adopted.

After the removal of the plasterwork, the positions of the FJs were drawn on the
bricks, the manual gauge points were glued and the holes for the supports of the LVDTs
were created. After this first operation, the cuts were executed and their areas were
measured (Alow = 84990 mm2 Atop = 84275 mm2). The resulting geometrical ratio is
ka = 0.916 and the mechanical coefficient of the FJs is km = 0.896. It was then possible
to place the FJs inside of the slots, take the measure bases of the LVDTs, mount the
supports for these sensors, place both the LVDTs and the AE sensors and, finally, close
the hydraulic system.

Four cycles of load were carried out in this test. The maximum pressures applied to
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the FJs in these cycles correspond to σ =−0.20, −0.37, −0.70 and −4.01 MPa.
The data acquired were then filtered with a Butterworth filter in MATLAB.

Figure 4.26: The image displays the set-up of the shear FJ test performed in the Com-
mand building.

Results

The experimental results of this test are summarized in Figure 4.27. As obtained
for the tests described previously, in Figures 4.27a and 4.27b a linear and a non-linear
regime of the sample were attained.

For what concerns the elastic characteristics, these were evaluated in the linear elas-
tic regime of the media that coincided with the first three cycles and the initial part of
the fourth cycle for an absolute stress up to |σ | = 0.82 MPa. The evaluation of these
characteristics was performed with linear regressions of the obtained data in these four
cycles.

The calculated mean shear modulus is G = 715 MPa with a standard deviation of
82 MPa (the smallest correlation was 0.979). The mean inclined Young’s modulus is
E∗ = 1620 MPa and it has a standard deviation of 156 MPa (with the lowest correlation
of 0.987).

The analysis of the stress status of the sample was performed with both the piece-
wise linear laws (Eq. 3.18 and 3.19) and the normalized principal stresses (Tab. A.2).
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(a) (b)

(c) (d)

(e) (f)

Figure 4.27: The plots summarize the results of the shear FJ test performed in the
Command building.

More precisely, the results of the piecewise linear laws are reported in Figures 4.27c
and 4.27d and the results obtained with the normalized principal stresses are reported
in Figures 4.27e and 4.27f.

The AE data were processed with a homemade software and the results are plotted
in Figure 4.24. These results were compared with the results obtained using another
software (presented in [189]). In Figure 4.24a the evolution over time of the cumulative
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(a) (b)

Figure 4.28: The image displays the AE results of the shear FJ test performed in the
Command building.

AE counts is plotted with the time evolution of the applied stress. Similarly, the evolu-
tion over time of the cumulative AE counts with the time evolution of the shear strain
are presented in Figure 4.24b.

Discussion-Conclusion

The test performed in this building allowed to underline some differences and some
similarities with the test performed in the West building. First of all the disposition of
the bricks in the two walls is different. In the Command building, the bricks were laid
with their longer axes perpendicular to the wall plane (Fig. 4.26). In the West building,
two different layers are present. In the first one, the disposition of the bricks coincides
with the one of the Command building. In the other layer, the major axes of the bricks
are parallel to the wall plane.

The vertical stress is also not equal to the one measured in the West building. Any-
way, a high vertical stress (σ0 = −0.74 MPa) was sought. In fact, in shear FJ tests
performed in the "Caserma Valfrè di Bronzo" it was decided to verify the important
role of the vertical stress already highlighted in the parametric analysis.

In this test, the measured elastic characteristics are closer to the expected ones com-
pared to the test performed in the West building. The inclined Young’s modulus is
E∗ = 1620 MPa. Supposing a perfect isotropic behavior of the media the inclined
Young’s modulus should be equal to the Young’s modulus measured with the double
FJ test (E = 1846 MPa). The two values are quite close and this fact highlights a good
isotropic behavior of the media. Using the Young’s modulus measured with the double
FJ test, supposing a Poisson’s ratio ν = 0.25, hypothesizing a homogeneous linear elas-
tic isotropic material and using the equation G = E/[2(1+ν)] it is possible to evaluate
the shear modulus G = 738 MPa. The shear modulus measured with the proposed test
is G = 715 MPa. Therefore, also the shear moduli are noticeably similar and this fact
highlights an isotropic behavior of the media.

The transition point between the elastic and plastic regimes was defined as proposed
in the test methodology (Sec, 4.1). This point corresponds to an absolute applied stress
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|σ |= 1.50 MPa and a shear strain γ = 2.00❤.
It is possible to examine the sample stress status associated with the beginning of the

plastic regime of the material. Entering in the results obtained with the piecewise linear
laws (Fig. 4.27c and 4.27d) with γ = 2.00❤ it is possible to notice that the largest
principal stress is σ1 = 0.08 MPa and the smallest is σ2 = −1.35 MPa. It has to be
underlined that the largest principal stress is interpolated with the first branch of the
piecewise linear law which does not reproduce perfectly the numerical results. This fact
is noticeable comparing Figures 4.27c and 4.27e. By entering with γ = 2.00❤ in the
results obtained with the normalized principal stresses (Fig. 4.27e) the largest principal
stress results to be σ1 = −0.06 MPa and the smallest principal stress is almost equal
to the one evaluated with the piecewise linear laws (σ2 = −1.42 MPa). It is possible
to conclude that the beginning of the media plastic regime starts when the sample is
under a bi-axial compressive stress. Moreover, it was supposed that the masonry has
the compressive strength measured in the West building (σc = 3.20 MPa). With this,
hypothesis and considering an isotropic failure criterion, it is possible observe that both
the principal stresses at the beginning of the plastic regime are inferior to this strength.
For this reason, the failure of the material is not clear.

As introduced in the numerical analyses of the test configuration, a high vertical
stress induces high stresses in the sample at the cuts realization (σ = 0.00 MPa). In the
present case, at the cut realization, the largest principal stress inside of the sample is
σ1 = 0.20 MPa and the smallest is σ2 = −0.70 MPa. It is possible to observe that the
tensile stress is noticeably high since the usual tensile strengths are inferior to 0.20 MPa.
If one of the material strengths was reached at the cuts realization the sample would have
shown plastic deformations at the first FJs pressurization. However, the load cycles
performed at a low stress level highlighted a linear elastic range of the material which
confirms the fact that the sample principal stresses did not reach the material strengths
at the slots realization.

The AE technique gave some interesting results. In Figure 4.28a it is possible to
observe that in the first 1500 s three complete cycles of load were performed and the
fourth one was started. In these initial parts of the test the cumulative counts recorded
were just a few and almost no AE activity was present in the first 300 s. In these first
moments of the test, not even a single load cycle was performed but it was started to
pump the hydraulic liquid inside of the FJs. For these reasons the counts recorded in
these 300 s are associated with the adjustment of the FJs inside of the slots. Since in
the first 1500 s three cycles were performed but almost no counts were recorded it is
possible to affirm that a Kaiser effect is present.

After these first 1500 s the cumulative counts curve increases noticeably. In Fig-
ure 4.28a it is possible to notice that the applied absolute stress at 1500 s from the
beginning of the test is |σ | = 1.40 MPa. As underlined in a previous paragraph, the
plastic regime of the sample starts for an absolute applied stress |σ | = 1.50 MPa. It is
possible to notice that the AE activity highlights the beginning of the sample damaging
process for an applied stress that is almost the same as the one taken at the beginning
of the sample plastic behavior. This should highlight that the method given for the
identification of the elastic-plastic transition is correct.

After the first 2500 s the AE data show a second large increase of counts (Fig. 4.28).
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At this point of the test the stress applied to the sample is σ = −3.30 MPa. In Fig-
ure 4.27b it is possible to observe that the plastic deformations are noticeable which
confirms the progress of the damaging process.

Another interesting fact that is possible to observe from the AE results of Figure 4.28
is the last large increase of counts that is present in the last 400 s of the test. This
increase coincides with the unloading phase of the sample and can be associated with
the fact that at the maximum applied stress the sample is damaged in compression with
a specific orientation of the principal stresses. When the unloading phase starts the
principal stresses rotate back and they keep damaging the media.

In conclusion, the test performed in the Command building gave as results a shear
modulus (G = 715 MPa) and an inclined Young’s modulus (E∗ = 1620 MPa) that are
really close to the expected shear modulus and to the Young’s modulus measured in
the West building. This fact should highlight a good isotropic behavior of the sample.
The beginning of the sample plastic regime becomes clear for an applied stress of about
−1.50 MPa. The transition between the linear elastic regime and the plastic one is also
underlined by a first increase of the AE activity. At the beginning of the plastic regime
the sample is subjected to a bi-axial compression.

4.5 Summary
The experimental campaign carried out was not too extensive. This is due to the

fact that it is not so simple to find a structure where the owner(s) allows to perform
the test. Nevertheless, five shear FJ tests were performed. Moreover, in parallel to
these five tests, other six standard FJ tests were carried out in order to have a better
characterization of the materials mechanical behavior and of the vertical stresses acting
on the samples. All the experiments were executed in three different structures from
three different centuries: end of ’700 for the "ex Teatro dei Nobili", end of ’800 for the
"Caserma Valfrè di Bronzo" and of the middle of the ’900 for the "Caserma Giovanni
Cerutti".

When the first test was performed (the one of the "ex Teatro dei Nobili") the whole
methodology and the numerical parametric analysis were not yet completed. More-
over, in this test the manual acquisition system was used. Nevertheless, this test gave
encouraging results and it helped to improve the test methodology.

The proposed methodology was applied and the automatic acquisition system was
used for the other four shear FJ tests.

For what regards the evaluation of the tensile strength the best results were obtained
in the "Caserma Giovanni Cerutti". The positions of the tests carried out in this building
were chosen in order to have a low vertical stress acting on the samples. In these tests
it was possible to appreciate that the plastic regime of the samples starts when a tensile
principal stress is present and, at the same time, the compression stress is much smaller
than the media compressive strength. For this reason, it is possible to affirm that the
failure of the sample is due to the fact that the largest principal stress reaches the tensile
strength of the material.

In the two shear FJ tests performed in the "Caserma Valfrè di Bronzo" a larger
vertical stress acting on the samples was searched in order to verify its important role
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that was already found in the numerical models. This large vertical stress leads to high
initial principal stresses inside of the samples. However, the failure of the samples did
not occur at this first stage. In particular, the plastic regimes of the media were attained
for a bi-axial compression of the sample when both the principal stresses were inferior
to the compressive strength of the media. This fact is studied in the next Chapter.

For what regards the elastic characteristics, in three tests the inclined Young’s mod-
uli are close to the Young’s moduli measured with the double FJ tests as well as the
measured shear moduli are close to the shear moduli evaluated with the constitutive
equation G=E/[2(1+ν)], supposing a Poisson’s ration ν = 0.25 and using the Young’s
modulus measured with the double FJ tests. For the shear FJ tests performed in the
West building and in Position 1 of the "Caserma Giovanni Cerutti" the discrepancy be-
tween the measured characteristics and the expected ones is larger. This fact is further
investigated in the following Chapter by means of micro-models and linear analyses.

With the aim of analyzing the obtained data, non-linear numerical analyses were
performed using macro-models. These analyses are presented in the following Chapter.
More precisely, these analyses aim at understanding the failure mechanism.
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Chapter 5

FEM analyses

In this Chapter, the non-linear FEM numerical analyses of the shear FJ tests are
presented as well as the linear analyses performed with micro-models. All of these
analyses were performed using the commercial software DIANA [65] starting from the
results obtained during the experimental campaign.

The linear micro-models were created with the purpose of understanding the dis-
crepancies between the elastic characteristics measured with the shear FJ tests and the
ones expected from the results of the double FJ tests.

The FEM non-linear analyses were performed in order to understand the behavior
of the sample under the proposed experimental set-up. For this reason, the objective of
these analyses was the reproduction of the results obtained with the five experimental
shear FJ tests using non-linear models and the data obtained with the standard FJ tests.

These non-linear analyses were carried out using the approach adopted for the nu-
merical models of the parametric analysis (Sub-section 3.2.2). The media was con-
sidered isotropic and homogeneous. The thickness of the wall was the only geomet-
rical parameter that was adjusted for each model adapting it for each experiment per-
formed. The modeled walls had dimensions of 4.0× 3.0 m and the models used were
similar to the one adopted in the analyses of the test configuration of Chapter 3. For
these non-linear analyses, the elements utilized were linear tetrahedrons named TE12L
[65] (Fig. 5.1). The elements sizes were adapted for each geometrical part of the wall as
for the models used for the linear analyses. The smallest elements have a size of 15 mm
and they were used for the slots. This size was chosen in order to avoid high aspect
ratios. The seeding sizes were then increased from the center of the sample (30 mm) to
the edges of the wall (250 mm).

For these non-linear analyses the constitutive model used is called Total Strain Ro-
tating Crack Model [65]. In this constitutive model a single stress-strain relationship
is used to describe the material behavior both in compression and in tension [65], as-
suming isotropy. The definition of both tensile and compressive non-linear behaviors
can be performed using predefined functions or customized subroutines. In the analyses
performed the non-linear behavior in tension of the masonry was modeled as tension
softening with an exponential softening curve (Fig. 2.20a). The compression behavior
of the masonry was modeled with a parabolic function (Fig. 2.20b). For the models
created, the crack bandwidths were automatically evaluated as described by Rots [159].
With this method, the bandwidths were proportional to the volumes of the elements
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Figure 5.1: The image displays the mesh of a model used in a non-linear FEM analysis.

used (they would be proportional to the areas for 2D models).
In the performed analyses the unloading phases were not modeled because they

were not considered interesting for the purposes of the work.
These non-linear analyses were performed with the phases and the boundary con-

ditions described in Chapter 3. A Newton-Raphson iterative method with a maximum
number of iterations of 300 was used. It was established to use the arc-length control
and, for the convergence criterion, it was decided to monitor the energy norm ratio and
fix the tolerance to 0.001. The number of elements utilized was ranging between 56000
and 71000 depending on the thicknesses of the wall modeled.

Some of the results obtained in the present Chapter will be published in a manuscript
that is currently under preparation [190].

5.1 "ex Teatro dei Nobili"
The model used to analyze the results obtained in the "ex Teatro dei Nobili" had a

thickness t = 0.70 m. The mechanical characteristics measured with the standard tests
and the shear FJ test are summarized in Table 5.1.

The Young’s modulus and the vertical stress used in the analyses were the ones
measured with the standard FJ tests performed near to the position where the shear
FJ test was executed (Tab. 5.1). The Poisson’s ratio set was ν = 0.20. For the firsts
trial analyses, the compressive strength assumed was the one obtained in the double
FJ test performed nearby. The first trial tensile strength was estimated using the Ital-
ian code [86] ( ft = 0.15 MPa). Similarly, the first fracture energies were estimated
following what said in Sub-section 2.8.2.

The numerical result that fitted better the experimental results was obtained with the
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Table 5.1: The table summarizes the mechanical characteristics obtained in Position 2
in the "ex teatro dei Nobili".

Characteristic Symbol MPa

Vertical present stress σ0 −0.25
Young’s modulus E 905
Compressive strength fc 1.42
Inclined Young’s modulus E∗ 949
Shear modulus G 418

Table 5.2: The table shows the mechanical properties used in the FEM non-linear anal-
yses that fitted the experimental results of the shear FJ test performed in the "ex teatro
dei Nobili".

Characteristic Symbol Value Unit

Young’s modulus E 905 MPa
Tensile strength ft 0.15 MPa
Tensile fracture energy G f t 15 N/m
Compressive strength fc 0.60 MPa
Compressive fracture energy G f c 300 N/m

mechanical characteristics reported in Table 5.2.
A sensitivity analysis was performed to understand the influence of each single pa-

rameter that could affect the non-linear behavior of the media. For this reason, both
strengths (compressive and tensile) and both fracture energies (compression and ten-
sion) were varied. The results of this sensitivity analysis are reported in Figure 5.2.

From the numerical results, the mechanical characteristics adopted and the sensi-
tivity analysis it is possible to draw some first conclusions. The best fit obtained does
not cover the whole experimental curve. However, the part reproduced by the numer-
ical model properly replicates the results. This best fit was obtained with the Young’s
modulus that coincides with the one measured with the double FJ test (that was anyway
close to the inclined Young’s modulus). However, the compressive strength that leads
to this best fit is quite different from the measured one.

The sensitivity analysis underlines the fact that changes in the results are mainly
dominated by variations of the compressive strength and of the compressive fracture
energy (Fig. 5.2c and 5.2d). In opposition, changes of the ±30% of the tensile strength
lead to small and almost inappreciable variations of the numerical results (Fig. 5.2a) as
well as changes of the tensile fracture energy (Fig. 5.2b).
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(a) (b)

(c) (d)

(e) (f) (g)

Figure 5.2: The images 5.2a, 5.2b, 5.2c and 5.2d show the numerical results of the
sensitivity analysis carried out for the shear FJ test performed in the "ex teatro dei
Nobili". The best fit is reproduced with the blue continuous line. The images 5.2e and
5.2f show the crack widths in the horizontal direction parallel to the wall plane of the
best fit obtained for the shear FJ test performed in "ex teatro dei Nobili". In particular,
5.2e are the results obtained at the transition point (σ = 0.65 MPa), the results for the
last point of convergence are plotted in 5.2f and in 5.2g the legend is presented.
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Figures 5.2e and 5.2f show two contour plots of the crack widths as well as their
legend. These were obtained with the model that fitted better the experimental results.
Figure 5.2e refers to the transition point and Figure 5.2f to the last load step when
convergence was found. It is possible to observe in both images that it is present damage
at the corners of the slots. In fact, in these points an intensification of stresses is present.
In Figure 5.2f it is possible to notice that the center of the sample is also damaged.

5.2 "Caserma Giovanni Cerutti"
In this Section the non-linear FEM results of the analyses performed to study the

shear FJ tests carried out in the "Caserma Giovanni Cerutti" are presented. The tested
walls have in common the thickness (t = 46 cm) and the vertical stress (σ0 =−0.36 MPa).

5.2.1 Position 1
The mechanical characteristics measured with the standard and the shear FJ tests

are summarized in Table 5.3. These characteristics measured with the standard FJ tests
were obtained in a wall close to Position 1 where one shear FJ test was carried out.

Table 5.3: The table summarizes the mechanical characteristics measured in "Caserma
Giovanni Cerutti" Position 1.

Characteristic Symbol MPa

Vertical present stress σ0 −0.36
Young’s modulus E 1739
Compressive strength fc 2.20
Tensile strength ft 0.13
Inclined Young’s modulus E∗ 3777
Shear modulus G 1217

In the first analyses, the Young’s modulus used for the numerical models was the
one obtained in the double FJ test performed on a wall near to the position of the ex-
perimental test. Due to a not perfect matching with the experimental results, it was
decided to use the inclined Young’s modulus (E∗) measured with the shear FJ tests
(Tab. 5.3). The modeled vertical stress was evaluated starting from the one measured
with the single FJ test. The Poisson’s ratio adopted was ν = 0.20, the first trial com-
pressive strength was the one obtained in the double FJ test and the first trial tensile
strength was the one evaluated with the shear FJ test. The trial fracture energies were
also estimated as proposed in Sub-section 2.8.2.

The numerical curve that fitted better the experimental results was obtained with the
mechanical characteristics reported in Table 5.4.
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(a) (b)

(c) (d)

(e) (f) (g)

Figure 5.3: The images 5.3a, 5.3b, 5.3c and 5.3d report the numerical results of the
sensitivity analysis carried out for the shear FJ test performed in "Caserma Giovanni
Cerutti" Position 1. The best fit is reproduced with the blue continuous line. The im-
ages 5.3e and 5.3f show the crack widths in the horizontal direction parallel to the wall
plane of the best fit. In particular, in 5.3e are the results obtained at the transition point
(σ = 2.00 MPa), the results for the last point of convergence are plotted in 5.3f and in
5.3g the legend is presented.
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Table 5.4: The table summarizes the mechanical properties used in the FEM non-
linear analyses that best fitted the experimental results of the shear FJ test performed in
"Caserma Giovanni Cerutti" Position 1.

Characteristic Symbol Value Unit

Young’s modulus E 3780 MPa
Tensile strength ft 0.15 MPa
Tensile fracture energy G f t 20 N/m
Compressive strength fc 1.60 MPa
Compressive fracture energy G f c 625 N/m

The results obtained in the non-linear analyses lead to some conclusions. The best
fit obtained does not cover the whole experimental curve. However, where both curves
exist, the numerical curve fits really well the experimental one (Fig. 5.3). The curve
that best replicates the experimental results was obtained with the inclined Young’s
modulus (Tab. 5.6). For these tests, the two measured Young’s moduli were really
different one from the other. This discrepancy is analyzed in the following Section 5.4.
The compressive strength that leads to the best fit is different from the measured one
but this difference is less marked in comparison to what was found for other analyses.

The sensitivity analysis underlined that changes in the compressive strength are
the only ones that significantly influence the numerical results (Fig. 5.3c). The other
characteristic that modifies appreciably the results is the compressive fracture energy
(Fig. 5.3d). This influence is more appreciable only for high strain. For what regards
the tensile strength, variations of ±50% of this characteristic produces small differences
in the results (Fig. 5.3a). Moreover, variations of the tensile fracture energy do not lead
to significant changes in the numerical results (Fig. 5.3b). These results are in contrast
to what was expected.

Some other numerical results are presented in Figures 5.3e and 5.3f. This image
displays two contour plots of the crack widths (as well as their legend) obtained with
the model that fitted better the experimental results. Figure 5.3e refers to the transition
point and Figure 5.3f to the last load step when convergence was found. In accordance
with the results obtained in the "ex teatro dei Nobili", the corners of the cuts show high
damages. In Figure 5.3f it is possible to observe that the center of the sample is also
damaged. In particular, it is important to notice an opening of a crack in a line in the
center of the sample that crosses it in its longer axis of symmetry. This should highlight
the tensile failure of the sample that was sought.

5.2.2 Position 2
The mechanical characteristics measured with the standard and the shear FJ tests are

summarized in Table 5.5. The mechanical characteristics measured with the standard
FJ tests were the ones measured in Position 1.

The Young’s modulus adopted was the one obtained in the double FJ test performed
in Position 1. The modeled vertical stress was evaluated starting from the one measured
with the single FJ test carried out in Position 1. Similarly to what was done in the
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Table 5.5: The table summarizes the mechanical characteristics obtained in "Caserma
Giovanni Cerutti" Position 2. (1) measured in Position 1, (2) estimated from the value
measured in Position 1.

Characteristic Symbol MPa

Vertical present stress 2 σ0 −0.36
Young’s modulus 1 E 1739
Compressive strength 1 fc 2.20
Tensile strength ft 0.09
Inclined Young’s modulus E∗ 2312
Shear modulus G 971

previous analyses, the Poisson’s ratio adopted was ν = 0.20. For the first trial analyses,
the compressive strength assumed was the one obtained in the double FJ test and the
tensile strength was estimated with the shear FJ test. As already done before, the initial
fracture energies were estimated following what said in Sub-section 2.8.2.

The numerical result that better reproduces the experimental results was obtained
with the mechanical characteristics summarized in Table 5.6.

Table 5.6: The table summarizes the mechanical properties used in the FEM non-linear
analyses that gave the best fit of the experimental results of the shear FJ test performed
in "Caserma Giovanni Cerutti" Position 2.

Characteristic Symbol Value Unit

Young’s modulus E 1739 MPa
Tensile strength ft 0.15 MPa
Tensile fracture energy G f t 20 N/m
Compressive strength fc 1.85 MPa
Compressive fracture energy G f c 2000 N/m

Thanks to the analyses performed and to the data reported above, it results possible
to draw some conclusions. The numerical curve that best fitted the experimental curve
covers the whole experimental curve. As for the other models, the unloading phase was
not modeled. This numerical result reproduces quite well the experimental one. This
best fit was obtained with the Young’s modulus that is almost coincident with the one
measured with the double FJ test. It has to be underlined that the difference between
the Young’s modulus and the inclined Young’s modulus was not so large for this test.

The sensitivity analysis underlines that the compressive strength is the parameter
that influences more the results (Fig. 5.4c). It has to be noticed that the compressive
strength used in the best fit curve is quite close to the one measured with the double FJ
test. The sensitivity analysis (Fig. 5.4) highlights that the two fracture energies partially
vary the numerical curves (Fig. 5.4d and 5.4b). Similarly, tensile strength variations
of ±25% slightly change the numerical results (Fig. 5.4a). This outcome is again in
contrast to what was supposed.
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(a) (b)

(c) (d)

(e) (f) (g)

Figure 5.4: The Images 5.4a, 5.4b, 5.4c and 5.4d provide the sensitivity analysis carried
out for the shear FJ test performed in "Caserma Giovanni Cerutti" Position 2. The best
fit is reproduced with the blue continuous line. The images 5.4e and 5.4f show the crack
widths in the horizontal direction parallel to the wall plane of the best fit. In particular,
5.4e are the results obtained at the transition point (σ = 1.70 MPa), the results for the
last point of convergence are plotted in 5.4f and in 5.4g the legend is presented.
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Two plots, obtained from the numerical model that best fitted the experimental re-
sults, are presented in Figures 5.4e and 5.4f. In this image, two contour plots of the
crack widths, as well as their legend, are presented. Figure 5.4e refers to the transition
point and Figure 5.4f to the last load step when convergence was found. In agreement
with what it was already found, the corners of the cuts show high damages due to the
stress intensification. In Figure 5.4f it is possible to observe that the center of the sam-
ple is also damaged. It is very interesting to observe a crack in a line which crosses the
sample center in its longer axis of symmetry. This crack opening should underline the
tensile failure of the sample that was sought.

5.3 "Caserma Valfrè di Bronzo"
In this Section, the non-linear FEM results of the analyses performed to study the

two shear FJ tests carried out in the "Caserma Valfrè di Bronzo" are presented.

5.3.1 West building
The model used to analyze the results obtained in the West building had a thickness

t = 0.50 m. The mechanical characteristics measured with the standard tests and the
shear FJ test are summarized in Table 5.7.

Table 5.7: The table summarizes the mechanical characteristics obtained in the West
building.

Characteristic Symbol MPa

Vertical present stress σ0 −0.89
Young’s modulus E 1846
Compressive strength fc 3.20
Inclined Young’s modulus E∗ 3492
Shear modulus G 1562

In the first numerical analyses, the Young’s modulus utilized was the one obtained
in the double FJ test performed nearby the shear FJ test. Since in the linear range the
numerical results were not matching the experimental ones, it was decided to use a value
of the Young’s modulus close to the inclined Young’s modulus (E∗) measured with the
shear FJ test (Tab. 5.7). The modeled vertical stress was the one measured with the
single FJ test. The Poisson’s ratio utilized was ν = 0.20 and, in the first trial analysis,
the assumed compressive strength was the one obtained in the double FJ test. The firsts
trial tensile strength was estimated using the Italian code [86] ( ft = 0.15 MPa). As
for the other non-linear analyses the initial fracture energies were estimated following
Sub-section 2.8.2.

The numerical result that better fitted the experimental curve was obtained with the
mechanical characteristics reported in Table 5.8.
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(a) (b)

(c) (d)

(e) (f) (g)

Figure 5.5: The images 5.5a, 5.5b, 5.5c and 5.5d give the numerical results of the
sensitivity analysis carried out for the shear FJ test performed in the West building.
The best fit is reproduced with the blue continuous line. The images 5.5e and 5.5f show
the crack widths in the horizontal direction parallel to the wall plane of the best fit. In
particular, the results obtained at the transition point (σ = 2.00 MPa) are presented in
5.5e, the results for the last point of convergence are plotted in 5.5f and in 5.5g the
legend is presented.
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A sensitivity analysis was also carried out with the aim of understanding the in-
fluence of each parameter. To perform this analysis both strengths (compressive and
tensile) and both fracture energies (compressive and tensile) were varied. The result of
this sensitivity analysis are reported in Figure 5.5.

Some conclusions can be drawn from the results reported in Figure 5.5. The best
fit curve obtained covers the experimental curve. The numerical curve reproduces quite
well the experimental one. This best fit was obtained with the Young’s modulus that
almost coincides with the inclined Young’s modulus. This fact should highlight an
anisotropy of the media. Anyway, a deeper analysis to understand this issue is devel-
oped in Section 5.4. The Compressive strength that leads to the best fit is substantially
different from the measured one.

Table 5.8: The table reports the mechanical properties used in the FEM non-linear
analyses that gave the best fit of the experimental results of the shear FJ test performed
in West building.

Characteristic Symbol Value Unit

Young’s modulus E 3490 MPa
Tensile strength ft 0.20 MPa
Tensile fracture energy G f t 20 N/m
Compressive strength fc 1.65 MPa
Compressive fracture energy G f c 1200 N/m

The sensitivity analysis underlines that variations of the compressive strength do not
cause large changes (Fig. 5.5c) in the results as well as for the tensile fracture energy
(Fig. 5.5b). The compressive fracture energy (Fig. 5.5d) modifies the results only for
high strain. For what regards the tensile strength (Fig. 5.5a), it was varied of ±30%
but a large influence is not obtained in contrast to what was expected.

Two contour plots are presented in Figures 5.5e and 5.5f. These were obtained from
the numerical model that best fitted the experimental results. These plots display the
crack widths as well as their legend. In particular, Figure 5.5e refers to the transition
point and Figure 5.5f to the last load step when convergence was found. Accordingly
with the results shown before, damages are found in the slots corners were the stress
intensification is present. In both Figures 5.5e and 5.5f, it is possible to observe that the
center of the sample is damaged. It is possible to see that the damage is aligned and
almost coincided with the longer axis of the sample. This large crack widths should
underline the tensile failure of the sample.

5.3.2 Command building
The model used to analyze the results obtained in the Command building had a

thickness t = 0.50 m. The mechanical characteristics measured with the standard and
the shear FJ tests are summarized in Table 5.9.

As for the numerical analyses of the West building, the Young’s modulus used in
the first trial analyses was the one obtained in the double FJ test performed in the
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Table 5.9: The table summarizes the mechanical characteristics obtained in the Com-
mand building. (1) measured in the West building, (2) estimated from the value mea-
sured in the West building.

Characteristic Symbol MPa

Vertical present stress 2 σ0 −0.74
Young’s modulus 1 E 1846
Compressive strength 1 fc 3.20
Inclined Young’s modulus E∗ 1620
Shear modulus G 715

West building. Since the numerical results in the linear range were not matching the
experimental ones, it was decided to use the value of the inclined Young’s modulus (E∗)
measured with the shear FJ test (Tab. 5.9). The modeled vertical stress was evaluated
starting from the vertical stress measured in the West building (Tab. 5.9). As for the
other non-linear analyses, the adopted Poisson’s ratio was ν = 0.20. In the firsts trial
analyses the compressive strength assumed was the one obtained in the double FJ test
in the West building. In these analyses, the tensile strength was at first estimated using
the Italian code [86] ( ft = 0.15 MPa). The trial fracture energies were estimated as
already done for the previous analyses (following Lourenço [106, 108]).

The numerical result that best fitted the experimental results was obtained with the
mechanical characteristics reported in Table 5.10.

Table 5.10: The table gives the mechanical properties used in the FEM non-linear anal-
yses that best fitted the experimental results of the shear FJ test performed in the Com-
mand building.

Characteristic Symbol Value Unit

Young’s modulus E 1620 MPa
Tensile strength ft 0.20 MPa
Tensile fracture energy G f t 20 N/m
Compressive strength fc 1.60 MPa
Compressive fracture energy G f c 2000 N/m

The results obtained (Fig 5.6) help to give some first conclusions. The best fit ob-
tained covers the whole of the experimental curve obtained loading the sample. This
numerical curve reproduces appreciably well the experimental one. This best fit was
obtained with the Young’s modulus that almost coincides with the inclined Young’s
modulus. It has to be underlined that the difference between these two measured elastic
characteristic is not so large. The compressive strength that leads to the best fit is again
substantially different from the measured one.
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(a) (b)

(c) (d)

(e) (f) (g)

Figure 5.6: The images 5.6a, 5.6b, 5.6c and 5.6d provide the numerical results of the
sensitivity analysis carried out for the shear FJ test performed in the Command building.
The best fit is reproduced with the blue continuous line. The images 5.6e and 5.6f show
the crack widths in the horizontal direction parallel to the wall plane of the best fit. In
particular, the results obtained at the transition point (σ = 1.50 MPa) are presented 5.6e,
the results for the last point of convergence are plotted in 5.6f and in 5.6g the legend is
presented.
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The sensitivity analysis underlines that changes in the compressive strength lead
to large variations in the results (Fig. 5.6c). The fracture energies partially vary the
numerical curves but only for high strain (Fig. 5.6d and 5.6b). For what regards the
tensile strength, variations of its value of ±25% yielded to small differences in the
results (Fig. 5.6b) on the contrary of what was expected.

Figures 5.6e and 5.6f show two images that were exported from the numerical re-
sults that fitted better the experimental results. These plots displays the crack widths
as well as their legend. In particular, Figure 5.6e refers to the transition point and
Figure 5.6f to the last load step when convergence was found. These images are in
agreement with the ones that were found before. In fact, damages are found in the slots
corners were the stress intensification is present. In addition, it is possible to observe
that in Figure 5.6f the center of the sample is damaged. As noticed before, it is possible
to observe that the damage is in the center of the sample and aligned with the longer
axis of the sample. These large crack widths should underline the tensile failure of the
sample in agreement with the purpose sought.

5.4 Micro-models
Micro-models were used to study the differences between the expected and the

measured moduli. In specific, were studied differences between the Young’s modu-
lus and the inclined Young’s modulus and the shear modulus evaluated starting from
the Young’s modulus and the shear modulus measured with the shear FJ tests. Only
linear analyses were performed using these models.

These numerical models, the methods used and the results obtained are presented.
More specifically these models were used to analyze the result obtained in the West
building of "Caserma Valfrè di Bronzo".

Methodology

As anticipated in the literature review at the beginning of this thesis, in the micro-
modeling method both the resisting elements and the mortar joints are modeled sepa-
rately. In some micro-models even the interface between the two materials is modeled.
In the present case, the interfaces were not taken into account since they are usually the
planes were non-linearities take place and considering that the analyses performed are
meant to understand the linear behavior of the sample.

The knowledge of the mechanical characteristics of both materials is needed. Since
the problem that is under examination is the difference between linear elastic charac-
teristics, it was decided to work with linear elastic micro-models. The unknowns are
drastically reduced with this simplification.

The elastic properties of both bricks and joints have to be known in order to create
a micro-model. These properties were not evaluated in the experimental campaigns.
However, it is possible to estimate the Young’s moduli of both materials starting from
the Young’s modulus of the masonry (Fig. 5.7).

It is possible to suppose a masonry wall with a regular disposition of bricks (Fig. 5.7a)
that has a vertical Young’s modulus E (for example measured with a double FJ test). It
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(a) (b) (c)

Figure 5.7: The images display the scheme used to estimate the elastic properties of
bricks and mortar.

is assumed that the bricks have a Young’s modulus Eb, regular dimensions and height
tb. Similarly, the thickness of the bed joints tm is considered constant and the mortar
Young’s modulus is Em. If the vertical joints are not taken into account and a stress σ

is supposed to act on the wall (Fig. 5.7a), the homogenized vertical strain field of this
wall is almost equivalent to the homogenized vertical strain field of a single bed joint
laid on the top of a brick subjected to the same stress (Fig. 5.7b).

If this simplified model of Figure 5.7b is subjected to a stress σ a vertical displace-
ment u takes place:

u = ε(tb + tm) =
σ

E
(tb + tm) (5.1)

This displacement is the sum of the displacements that take place in the mortar um and in
the brick ub (Fig. 5.7c). For this reason, it is possible to write the following equivalence:

u = ub +um (5.2)

From the equations above (Eq. 5.1 and 5.2) it results possible to write the following
equivalence that is often adopted in literature (e.g. [3, 58, 99]):

σ

E
(tb + tm) =

σ

Eb
(tb)+

σ

Em
(tm) (5.3)

In historical walls, bricks and mortar joints do not have homogeneous dimensions.
From the analysis of measures taken in place, it was possible to create two uniform
textures (Fig. 5.8). For this reason, it was possible to obtain two thicknesses of the bed
joints (tm,1 = 16.4 mm and tm,2 = 15.0 mm) and one brick thickness (tb = 60.0 mm).
The number of unknowns of Equation 5.3 drops to two (Eb and Em) thanks to these two
geometrical characteristics and the Young’s modulus of the wall. If, for example, the
Young’s modulus of the brick is supposed (or measured) it is possible to evaluate the
Young’s modulus of the mortar:

Em =
tm

(tb + tm)/E − tb/Eb
(5.4)

This methodology was applied for the test performed in the West building of the
"Caserma Valfrè di Bronzo" in order to create a micro-model of the shear FJ test. The
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Young’s modulus measured in this building was E = 1846 MPa. However, both the
Young’s moduli of bricks and mortar were not measured.

Figure 5.8: The image shows the two texture utilized in the micro-models.

Many authors performed evaluations of historical bricks Young’s modulus [8, 18,
22, 64, 84, 121, 127, 160]. For what regards Italian historical bricks, usual Young’s
moduli range between 2000 and 6000 MPa. For the micro-models created it was
decided to use two bricks Young’s moduli belonging to this rage that were Eb,1 =
3000 MPa and Eb,2 = 5000 MPa. The intention was to eventually adapt these values if
the results of the micro-models were significant.

Thanks to these two values, to the two bed-joints thicknesses and to Equation 5.4 it
is possible to evaluate four mortar Young’s moduli. For this reason the models created
were four. For sake of simplicity a summary of the models is reported in Table 5.11.
The Poisson’s ratio utilized was ν = 0.20.

Table 5.11: The table summarizes the characteristics utilized for the micro-models.

Model Texture
tm Em Eb

mm MPa MPa

A 1 16.4 767 3000
B 1 16.4 558 5000
C 2 15.0 727 3000
D 2 15.0 524 5000
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The walls modeled had dimensions of 4.0×3.0×0.5 m and the phases of the anal-
ysis (imposition of the vertical stress, cuts realization, etc.) were exactly the ones used
for all the previous analyses. For each wall only a part of it was modeled using the
micro-modeling technique that coincides with the central part of the wall that had di-
mensions of 2.0× 2.0× 0.5 m (Fig. 5.9). The part surrounding this central prism was
modeled using the macro-model technique considering a homogeneous, isotropic linear
and elastic material having the Young’s modulus coincident with the one measured us-
ing the double FJ test. The choice of dividing the geometry was taken considering the
possibility of enlarging the elements in the surrounding part and for this reason to limit
the computational efforts. In fact, the models had 640000 elements therefore even for
simple linear elastic analyses the computational times were noticeable. The elements
adopted were quadratic tetrahedron (CTE30 [65]).

Figure 5.9: The image shows the mesh of one of the micro-models used.

Results

As introduced, the linear analyses performed using the micro models were four. The
differences between these models were the Young’s moduli of both bricks and mortars
and textures as summarized in Table 5.11.

The results of one model are displayed in Figure 5.10. In particular the image shows
the field of displacement due to a FJs stress σ = 6.00 MPa of the Model B.

Table 5.12: Summary of the results obtained with the micro-models, the expected re-
sults and the measured characteristics.

Theoretical Experimental Model A Model B Model C Model D
MPa MPa MPa MPa MPa MPa

G 771 1561 711 731 683 695
E∗ 1850 3492 1536 1593 1850 1598
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Figure 5.10: The image shows a detail of the Model B. In particular the is shows the
countour plot of the total displacements for an applied stress σ = 6.00 MPa.

The inclined Young’s moduli and the shear moduli of both models were evaluated
starting from the numerical results.

Figure 5.11: The images displays the results of the analyses performed using micro-
models.

From Figure 5.11 and Table 5.12 it is possible to notice that not a single shear
modulus evaluated using the micro-models were close to the measured one. In contrast,
both the mechanical properties and textures give shear moduli that are close to the
theoretical shear modulus calculated starting from the measured Young’s modulus, the
Poisson’s ratio and considering the material linear elastic and isotropic (G = E/[2(1+
ν)]). In fact, the maximum difference is about the 13%.

The comparison between the inclined Young’s moduli measured in the experimental
result and the ones measured in the numerical models shows that the discrepancies
are noticeable large. The inclined Young’s modulus measured using the micro-models
results close to the expected one that coincides with the Young’s modulus of the media
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(1850 MPa). In particular, the inclined Young’s modulus of Model C perfectly coincides
with this value. The other values are inferior to the expected one of about the 20%.

Therefore, it is possible to affirm that the textures and the mechanical properties
investigated do not lead to a large anisotropic behaviors as measured with the shear FJ
test.

Conclusion

Four numerical analyses carried out using micro-models were performed to study
the high values of the inclined Young’s modulus and of the shear modulus measured on
field tests.

The numerical results do not show correspondence with the experimental results.
Two possible causes can be related to the estimation of the material properties and to the
texture assumptions. Nevertheless, these hypotheses do not seem to be the causes since
four different models were explored. So, the question related to the discrepancies found
between the expected shear moduli and inclined Young’s moduli remains open. Small
discrepancies between the numerical results and the results obtained considering the
masonry as a homogeneous, isotropic linear and elastic material were found. Therefore,
it can be affirmed that the textures and the mechanical properties utilized to create the
micro-models do not lead to a pronounced anisotropic behavior of the wall.

Since there is a good match between the theoretical and numerical measured elastic
characteristics, it is expected to find the same good pairing for all the tests in which
a good match between the expected and measured elastic properties was found. The
author will try to verify this hypothesis in future works.

5.5 Summary and discussion
This Section gives a summary and the discussion of the results obtained in the

present Chapter. For this reason, the two main arguments treated are the non-linear
FEM analyses and the micro-models.

The non-linear FEM analyses, as well as the performed sensitivity analyses, gave
useful information about the proposed shear FJ test.

First of all, to have the best match of the linear range of the experimental results in
some analyses it was necessary to use the inclined Young’s modulus. The discrepancy
between the two measured Young’s moduli were analyzed in Section 5.4.

An interesting fact is that the best fits were almost always obtained for compres-
sion strengths different from the one measured with the double FJ tests. This fact can
underline that the hypothesis of an isotropic failure criterion for this media and in this
specific case could not valid.

The sensitivity analyses underline different facts:

• The fracture energies (both compressive and tensile) slightly influence the numer-
ical results and mainly for high levels of strains;

• The compressive strength is the mechanical characteristic that influences more
the numerical results;

144



5.5 – Summary and discussion

• The tensile strength does not significantly influence the numerical results.

This last point can be important. It seems to evidence that the numerical results are
not so in agreement with the thesis for which the proposed test method can be a tool
for evaluating the tensile strength of masonry. However, a cause of this mismatch can
be related to the material model. The problem under study is a mixed-mode fracture.
Moreover, the failure of the sample is dependent on the micro-structure of the mate-
rial. For these reasons, it seems interesting the possibility of studying the experimental
results with models that consider the micro-structure of the material. It could be of
noticeable importance the adoption of the discrete element method that is showing in-
creasing attention (e.g. [89, 144, 145]).

The micro-models were made with the purpose of studying the differences between
the estimated moduli and the moduli measured with the shear FJ tests. In particular, the
discrepancies measured in the West building of the "Caserma Valfrè di Bronzo" were
analyzed.

The results of these analyses show that in the case studied, the behavior of the tested
wall under the shear FJ test is not reproduced with the micro-model. The micro-models
gave as results a material behavior that is almost totally considerable as isotropic. For
this reason, it is expected that the micro-models would confirm the good results obtained
in the tests were a good match between the expected and measured elastic characteristics
was found.

The possible causes of the discrepancies measured can be related to the hypotheses
taken.

First of all, as assumed for the standard single and double FJ tests, in the proposed
test the stress transferred by contact to the masonry sample by the FJs is considered
uniform. However, due to their shape the FJs they cannot transfer a perfect uniform
stress.

In the proposed test the cuts intersect both resisting elements and mortar joints. Due
to the difference between the stiffness of these materials the stress might be transferred
more to the elements that are most rigid. This fact should lead to a stress field that is
not completely uniform. However, the same issue should be also present testing rubble
stone masonry but it is not unusual to perform standard FJ tests in this media.

One of the recommendations of the standard FJ tests is to place shims in between
the FJ and the masonry. This operation is made with the intention of protecting the
actuator and, more important, distributing more uniformly the stresses. The circular
saw used for the shear FJ tests creates cuts that have a thickness slightly larger than
the FJs thickness. It was decided to avoid enlarging the slots to have space for the
shims. This choice was made considering the risks of enlarging the slot too much and
disturbing the specimen. This last risk can be due to cuts not perfectly perpendicular
to the surface of the wall, to the water used to cool down the saw and to the vibrations
that the saw can cause. The risk of enlarging too much the cuts can lead to not optimal
expansion of the FJs. This can cause a non-uniform distributions of the stresses and the
risk that FJs enlarge too much.

Another possible issue comes from the hypothesis that assumes a homogeneous
sample. This hypothesis might not be valid for the proposed tests. In this case, no-
ticeable discrepancies between the readings of the bases should be present. However,
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these large differences were not measured. Moreover, it is possible to appreciate that
the differences between the readings of the bases measured in the shear FJ tests and the
ones of the double FJ tests have the same magnitude. The hypothesis of a homogeneous
media is taken in both tests. Since the strains in both tests have a similar behavior, the
hypothesis of a homogeneous media must be valid (or not) for both the tests.
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Chapter 6

Conclusions

In this work the necessity of evaluating the shear modulus and the tensile strength of
unreinforced masonry (URM) was highlighted. These characteristics are at the moment
evaluated only using DT tests. This is why the main aim of the thesis is the creation,
design, test and analysis of a new MDT test (called shear flat jack test) meant to evaluate
the shear modulus and the tensile strength of URM. In order to create this test, it was
decided to use the Flat Jack (FJ) technique.

The design of the shear FJ test started with numerical analyses of six different
configurations of slots, FJs positions and dimensions. To understand which of the con-
figurations was the best one, a series of criteria were defined. In particular, the destruc-
tiveness, costs, and the effectiveness were examined in order to define the best layout.

Once that the best geometrical configuration was found, a deep and comprehensive
parametric analysis was carried out. The effects of constraints, elastic characteristics,
vertical stress and wall thickness on the sample strain/stress statuses were evaluated.
The first result of this parametric analysis is that the chosen configuration seems to be
able to evaluate both the shear modulus and the tensile strength. Some tools were cre-
ated in order to evaluate the principal stresses of the sample. In particular, a piecewise
law, two graphs and a table were produced.

At this point, since the theoretical validity of the test was proven, the test method
was designed. Attention was paid to all the aspects of the test. It has to be remarked that
the test was designed in order to be as much as possible accessible. For this reason, the
most diffuse equipment for FJ testing was adopted. The tests performed in situ proved
the good design of the test method.

The shear FJ test was applied in five experiments. These were carried out in four
different structures made of brick and lime mortar. One test was performed in the "ex
Teatro dei Nobili" (Vercelli), a structure of the 18th century. In this building two single
FJ tests and two double FJ tests were also performed. Two shear FJ tests, one single
FJ test and a double FJ test were carried out in two buildings of the barrack "Caserma
Valfrè di Bronzo". This barrack is situated in Alessandria and it was built in the 19th

century. Similarly to what done in "Caserma Valfrè di Bronzo", two shear FJ tests, one
single FJ test and a double FJ test were carried out in the barrack "Caserma Giovanni
Cerutti". This is the structure that is more recent and was built in the 20th century.
In the experimentation carried out, it was decided to analyze the effect of the vertical
stress in the results. For this reason, different levels of vertical stress were looked for.
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Moreover, for four tests the Acoustic Emission (AE) technique was adopted in order to
monitor the damage progress of the sample. In the tests, the inclined Young’s modulus
was measured in parallel to the shear modulus. This characteristic should be close to the
Young’s modulus of the material otherwise it should highlight an eventual anisotropy
of the media.

For two of the tests performed, it was possible to evaluate the tensile strength of
the material. In the other three cases the failure of the sample was not clear. For what
regards the elastic characteristics, it was expected to find values of inclined Young’s
moduli close to Young’s moduli measured with the double FJ tests and values of shear
moduli close to the ones calculated starting from the Young’s moduli (hypothesizing
a linear elastic isotropic material, ν = 0.25 and using G = E/[2(1 + ν)]). A good
correspondence between the expected and the found elastic characteristics was found in
three tests.

To analyze the failure of the samples, macro-models were created and non-linear
analyses were carried out. The best fits of the experimental curves were searched with
these analyses. Once the best fitting curves were found, sensitivity analyses were carried
out to understand the role played by the singular mechanical characteristic (compressive
strength, tensile strength, tensile fracture energy and compressive fracture energy).

These best fits were obtained for values of compressive strengths that in some cases
were not so close to the measured ones. This fact underlines that a non-isotropic failure
criterion should be taken into account. For the two tests in which it was possible to
measure the tensile strength, the best fits were obtained with values of this characteristic
close to the measured ones.

The sensitivity analyses evidenced a noticeable influence of the sample behavior in
the compressive strength. In contrast, the fracture energies seemed to influence only
marginally the results and mainly for high strains.

The main aspect that stems from the sensitivity analyses is that the results are not
so dependent on the values of the tensile strength. This fact is against one of the main
purposes of the work. However, the nature of the failure of the material is a mixed-
mode fracture and other material models should be explored in order to have a deeper
comprehension of the specimen failure.

Micro-models were adopted in order to study the discrepancies found in terms of
expected and evaluated elastic characteristics. For this reason, linear elastic analyses
were carried out with micro-models in order to study the experimental results of West
building of the "Caserma Valfrè di Bronzo". In particular, the targets of the analyses
were the inclined Young’s modulus and the shear modulus. In the micro-model tech-
nique both resisting elements and joints are modeled separately. Since the properties of
these materials were not measured they were estimated. For this reason, four different
micro-models having two textures, two brick Young’s moduli and four mortar Young’s
moduli were created.

The analyses highlighted that both textures and material properties cannot be the
cause of the discrepancies found. Possible explanations can be addressed to the hy-
potheses taken. For example, in FJ testing it is usual to consider uniform the stress
transferred by the actuators. Shims could be used in order to obtain a more uniform
stress. A second possible issue is related to the fact that the slots are made in both
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bricks and mortars. Since these materials have different stiffnesses, it is understandable
that the stiffer material is going to be subjected to a higher stress. A third reason can be
addressed to the hypothesis of a homogeneous material. Due to the sample dimensions,
this hypothesis could not be valid.

Some aspects of the shear FJ test have to be investigated better. In future works, the
author has the intention of studying uniform in-scale specimens in order to understand
fully the sample behavior. In parallel to the in scale specimens, a full characterization
of the material would be performed in order to understand and analyze better the ex-
perimental results. Moreover, a deeper analysis of the AE data will be performed to
characterize better the recorded signals and to localize the AE sources. Moreover, in
the contour plots were present regions, close to the cuts corners, where high stresses are
present. It is expected that the same high stresses are present in single and double FJ
testing. The author together with a supervisor is working in a method meant to reduce
these stresses in the double FJ tests and in the shear FJ tests.
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Appendix

A.1 Sensors characteristics
For sake of completeness the characteristics of the used sensors are here presented.

A.1.1 Manual instruments
• Pressure gauges.

The first pressure gauge has a range of 0 − 1.60 MPa and its sensitiveness is
0.01 MPa.
The second pressure gauge has a range of 0− 6.00 MPa with a sensitiveness of
0.05 MPa.

• Extensometer.
It has a base length of 250 mm and the sensitiveness is 1 µm.

A.1.2 Automatic instruments
It has to be highlighted that the characteristics of the LVDT and of the pressure trans-

ducer depend on the acquisition system. For the tests performed with this equipment,
it consists of a Beckoff PLC. The instrumentation has eight channels with a maximum
voltage entrance of 12 V and the readings are performed with 16 bit. The resolution
of the PLC results to be 366 µV. The frequency of acquisition was set at 1 Hz. In
the characteristics here by reported the sensitiveness already takes in to account the
acquisition.

• Pressure transducer.
The range of the instrument is 0−10 MPa, the linearity is 0.20% and the output
range is 0−10 V. Considering the PLC characteristics, the sensitivity results to
be 0.37 kPa.

• LVDT. The characteristics of the LVDTs are summarized in Table A.1.
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Table A.1: Characteristics of LVDT.

LVDT Serial n. Sensitivity
Linear

Linearity
Calibration

range uncertainty
mV/mm mm % µm

T1 152426 179.65 ±12.5 0.40 6.2
T2 152424 181.22 ±12.5 0.25 6.2
T3 152425 179.46 ±12.5 0.14 6.2
T4 152427 180.46 ±12.5 0.18 6.2

From these data and the characteristics of the PLC the sensitiveness of the instru-
ments results to be 2 µm.

A.2 "ex Teatro dei Nobili"
In the following some of the results of the shear FJ tests performed in "ex Teatro

dei Nobili". In particular, in Figure A.1 are displayed the results of the double FJ test
performed in Position 1, in Figure A.2 the one performed in Position 2 and in Figure A.3
the results of the shear FJ test.

Figure A.1: The image shows the measured strains in the double FJ test on Position 1
of the "ex Teatro dei Nobili".
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Figure A.2: The image shows the measured strains in the double FJ test on Position 2
of the "ex Teatro dei Nobili".

Figure A.3: The image shows the measured strains obtained in the shear FJ test in "ex
Teatro dei Nobili". In particular are plotted the three perpendicular strains ε⊥1,2,3 and
their average, the four parallel strains ε||1,2,3,4 and their average.

A.3 "Caserma Giovanni Cerutti"
In the following some of the results of the shear FJ tests performed in "Caserma

Giovanni Cerutti". In particular, in Figure A.6 are displayed the results of the double
FJ test performed in Position 1, in Figure A.5 the results of the shear FJ test performed
in Position 1 and in Figure A.6 the results of the shear FJ test carried out in Position 2.
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Figure A.4: The image shows the measured strains obtained in the double FJ test per-
formed in "Caserma Giovanni Cerutti" Position 1.

Figure A.5: The image shows the measured strains obtained in the shear FJ test exe-
cuted in "Caserma Giovanni Cerutti" Position 1. In particular are plotted one perpen-
dicular strain ε⊥1, the two parallel strains ε||1,2 and their average.

Figure A.6: The image shows the measured strains obtained in the shear FJ test exe-
cuted in "Caserma Giovanni Cerutti" Position 2. In particular are plotted the two per-
pendicular strains ε⊥1,2, their average, the two parallel strains ε||1,2 and their average.
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A.4 "Caserma Valfrè di Bronzo"
In the following some of the results of the shear FJ tests performed in "Caserma

Valfrè di Bronzo". In particular, in Figure A.7 are displayed the results of the double FJ
test, in Figure A.9 the results of the shear FJ test performed in the West Building and
in Figure A.9 the results of the shear FJ test performed in the Command building.

Figure A.7: The image shows the measured strains obtained in the double FJ test per-
formed in the West building of "Caserma Valfrè di Bronzo".

Figure A.8: The image shows the measured strains obtained in the shear FJ test exe-
cuted in the West. In particular are plotted the two perpendicular strains ε⊥1,2 and their
average, the two parallel strains ε||1,2 and their average.
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Figure A.9: The image shows the measured strains obtained in the shear FJ test exe-
cuted in the Command building. In particular are plotted the two perpendicular strains
ε⊥1,2 and their average, the two parallel strains ε||1,2 and their average.

A.5 Normalized stresses
In this Section is presented a tool which is useful for evaluating the sample principal

stresses. This evaluation can be crucial to understand the failure mechanism of the
sample. Table A.2 summarizes the normalized principal stresses σ1/|σ0| and σ2/|σ0|
in function of the normalized applied stress σ/σ0 and the wall thickness t.
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Table A.2: The table reports the normalized principal stresses as function of the normalized stress applied by FJs for different wall thickness.

σ/σ0
t = 0.40 m t = 0.50 m t = 0.75 m t = 1.00 m t = 1.50 m

σ1/|σ0| σ2/|σ0| σ1/|σ0| σ2/|σ0| σ1/|σ0| σ2/|σ0| σ1/|σ0| σ2/|σ0| σ1/|σ0| σ2/|σ0|
0.00E+00 2.72E-01 -9.54E-01 2.66E-01 -9.44E-01 2.66E-01 -9.26E-01 2.67E-01 -9.19E-01 2.68E-01 -9.15E-01
1.67E-01 1.86E-01 -9.79E-01 1.81E-01 -9.70E-01 1.79E-01 -9.55E-01 1.79E-01 -9.50E-01 1.79E-01 -9.47E-01
3.33E-01 1.12E-01 -1.01E+00 1.06E-01 -1.01E+00 1.02E-01 -9.96E-01 1.01E-01 -9.92E-01 1.01E-01 -9.89E-01
5.00E-01 4.98E-02 -1.06E+00 4.41E-02 -1.06E+00 3.76E-02 -1.05E+00 3.57E-02 -1.05E+00 3.47E-02 -1.04E+00
6.67E-01 2.57E-04 -1.12E+00 -5.77E-03 -1.12E+00 -1.48E-02 -1.11E+00 -1.78E-02 -1.11E+00 -1.95E-02 -1.11E+00
8.33E-01 -3.70E-02 -1.20E+00 -4.36E-02 -1.19E+00 -5.53E-02 -1.19E+00 -5.95E-02 -1.19E+00 -6.19E-02 -1.19E+00
1.00E+00 -6.30E-02 -1.28E+00 -7.05E-02 -1.28E+00 -8.50E-02 -1.28E+00 -9.05E-02 -1.28E+00 -9.36E-02 -1.28E+00
1.17E+00 -7.93E-02 -1.38E+00 -8.79E-02 -1.37E+00 -1.05E-01 -1.37E+00 -1.12E-01 -1.37E+00 -1.16E-01 -1.38E+00
1.33E+00 -8.76E-02 -1.48E+00 -9.73E-02 -1.47E+00 -1.18E-01 -1.48E+00 -1.26E-01 -1.48E+00 -1.31E-01 -1.48E+00
1.50E+00 -8.93E-02 -1.59E+00 -1.00E-01 -1.58E+00 -1.24E-01 -1.59E+00 -1.34E-01 -1.59E+00 -1.40E-01 -1.59E+00
1.67E+00 -8.58E-02 -1.70E+00 -9.82E-02 -1.69E+00 -1.25E-01 -1.70E+00 -1.37E-01 -1.71E+00 -1.43E-01 -1.71E+00
1.83E+00 -7.81E-02 -1.82E+00 -9.20E-02 -1.81E+00 -1.23E-01 -1.82E+00 -1.35E-01 -1.83E+00 -1.43E-01 -1.83E+00
2.00E+00 -6.71E-02 -1.94E+00 -8.25E-02 -1.93E+00 -1.17E-01 -1.95E+00 -1.31E-01 -1.95E+00 -1.39E-01 -1.96E+00
2.17E+00 -5.33E-02 -2.06E+00 -7.03E-02 -2.06E+00 -1.08E-01 -2.07E+00 -1.24E-01 -2.08E+00 -1.33E-01 -2.08E+00
2.33E+00 -3.74E-02 -2.19E+00 -5.60E-02 -2.18E+00 -9.73E-02 -2.20E+00 -1.15E-01 -2.21E+00 -1.25E-01 -2.21E+00
2.50E+00 -1.98E-02 -2.32E+00 -3.99E-02 -2.31E+00 -8.48E-02 -2.33E+00 -1.04E-01 -2.34E+00 -1.15E-01 -2.34E+00
2.67E+00 -6.66E-04 -2.45E+00 -2.24E-02 -2.44E+00 -7.10E-02 -2.46E+00 -9.14E-02 -2.47E+00 -1.04E-01 -2.48E+00
2.83E+00 1.96E-02 -2.58E+00 -3.76E-03 -2.57E+00 -5.60E-02 -2.59E+00 -7.80E-02 -2.60E+00 -9.11E-02 -2.61E+00
3.00E+00 4.10E-02 -2.71E+00 1.59E-02 -2.70E+00 -4.00E-02 -2.72E+00 -6.36E-02 -2.74E+00 -7.77E-02 -2.74E+00
3.17E+00 6.31E-02 -2.84E+00 3.64E-02 -2.83E+00 -2.32E-02 -2.86E+00 -4.84E-02 -2.87E+00 -6.35E-02 -2.88E+00
3.33E+00 8.60E-02 -2.98E+00 5.76E-02 -2.96E+00 -5.73E-03 -2.99E+00 -3.26E-02 -3.01E+00 -4.85E-02 -3.01E+00
3.50E+00 1.09E-01 -3.11E+00 7.94E-02 -3.10E+00 1.24E-02 -3.13E+00 -1.61E-02 -3.14E+00 -3.30E-02 -3.15E+00
3.67E+00 1.33E-01 -3.25E+00 1.02E-01 -3.23E+00 3.10E-02 -3.26E+00 9.09E-04 -3.28E+00 -1.70E-02 -3.29E+00
3.83E+00 1.58E-01 -3.38E+00 1.25E-01 -3.36E+00 5.00E-02 -3.40E+00 1.83E-02 -3.41E+00 -5.69E-04 -3.42E+00
4.00E+00 1.83E-01 -3.52E+00 1.48E-01 -3.50E+00 6.94E-02 -3.53E+00 3.61E-02 -3.55E+00 1.63E-02 -3.56E+00
4.17E+00 2.08E-01 -3.65E+00 1.71E-01 -3.63E+00 8.92E-02 -3.67E+00 5.43E-02 -3.69E+00 3.34E-02 -3.70E+00
4.33E+00 2.34E-01 -3.79E+00 1.95E-01 -3.77E+00 1.09E-01 -3.81E+00 7.27E-02 -3.83E+00 5.09E-02 -3.84E+00
4.50E+00 2.59E-01 -3.92E+00 2.19E-01 -3.90E+00 1.30E-01 -3.94E+00 9.14E-02 -3.96E+00 6.86E-02 -3.98E+00
4.67E+00 2.85E-01 -4.06E+00 2.43E-01 -4.04E+00 1.50E-01 -4.08E+00 1.10E-01 -4.10E+00 8.66E-02 -4.12E+00
4.83E+00 3.12E-01 -4.20E+00 2.68E-01 -4.18E+00 1.71E-01 -4.22E+00 1.30E-01 -4.24E+00 1.05E-01 -4.25E+00
5.00E+00 3.38E-01 -4.33E+00 2.93E-01 -4.31E+00 1.92E-01 -4.36E+00 1.49E-01 -4.38E+00 1.23E-01 -4.39E+00
5.33E+00 3.91E-01 -4.61E+00 3.43E-01 -4.58E+00 2.34E-01 -4.63E+00 1.88E-01 -4.66E+00 1.60E-01 -4.67E+00
5.67E+00 4.45E-01 -4.88E+00 3.93E-01 -4.86E+00 2.77E-01 -4.91E+00 2.28E-01 -4.94E+00 1.98E-01 -4.95E+00
6.00E+00 5.00E-01 -5.16E+00 4.44E-01 -5.13E+00 3.21E-01 -5.19E+00 2.68E-01 -5.22E+00 2.36E-01 -5.23E+00
6.33E+00 5.55E-01 -5.43E+00 4.95E-01 -5.40E+00 3.64E-01 -5.47E+00 3.08E-01 -5.49E+00 2.75E-01 -5.51E+00
6.67E+00 6.10E-01 -5.71E+00 5.47E-01 -5.68E+00 4.09E-01 -5.74E+00 3.49E-01 -5.77E+00 3.14E-01 -5.79E+00
7.00E+00 6.65E-01 -5.99E+00 5.99E-01 -5.95E+00 4.53E-01 -6.02E+00 3.90E-01 -6.05E+00 3.53E-01 -6.07E+00
7.33E+00 7.21E-01 -6.26E+00 6.51E-01 -6.23E+00 4.98E-01 -6.30E+00 4.32E-01 -6.33E+00 3.92E-01 -6.35E+00

Continued on next page
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Table A.2 – continued from previous page

σ/σ0
t = 0.40 m t = 0.50 m t = 0.75 m t = 1.00 m t = 1.50 m

σ1/|σ0| σ2/|σ0| σ1/|σ0| σ2/|σ0| σ1/|σ0| σ2/|σ0| σ1/|σ0| σ2/|σ0| σ1/|σ0| σ2/|σ0|
7.67E+00 7.76E-01 -6.54E+00 7.04E-01 -6.50E+00 5.42E-01 -6.58E+00 4.73E-01 -6.61E+00 4.32E-01 -6.63E+00
8.00E+00 8.32E-01 -6.82E+00 7.56E-01 -6.78E+00 5.87E-01 -6.86E+00 5.15E-01 -6.89E+00 4.72E-01 -6.92E+00
8.33E+00 8.89E-01 -7.09E+00 8.09E-01 -7.05E+00 6.32E-01 -7.14E+00 5.57E-01 -7.17E+00 5.11E-01 -7.20E+00
8.67E+00 9.45E-01 -7.37E+00 8.62E-01 -7.33E+00 6.78E-01 -7.41E+00 5.99E-01 -7.46E+00 5.51E-01 -7.48E+00
9.00E+00 1.00E+00 -7.65E+00 9.15E-01 -7.61E+00 7.23E-01 -7.69E+00 6.41E-01 -7.74E+00 5.92E-01 -7.76E+00
9.33E+00 1.06E+00 -7.93E+00 9.68E-01 -7.88E+00 7.69E-01 -7.97E+00 6.83E-01 -8.02E+00 6.32E-01 -8.04E+00
9.67E+00 1.11E+00 -8.20E+00 1.02E+00 -8.16E+00 8.14E-01 -8.25E+00 7.26E-01 -8.30E+00 6.72E-01 -8.32E+00
1.00E+01 1.17E+00 -8.48E+00 1.07E+00 -8.43E+00 8.60E-01 -8.53E+00 7.68E-01 -8.58E+00 7.13E-01 -8.61E+00
1.03E+01 1.23E+00 -8.76E+00 1.13E+00 -8.71E+00 9.06E-01 -8.81E+00 8.10E-01 -8.86E+00 7.53E-01 -8.89E+00
1.07E+01 1.28E+00 -9.04E+00 1.18E+00 -8.99E+00 9.51E-01 -9.09E+00 8.53E-01 -9.14E+00 7.94E-01 -9.17E+00
1.10E+01 1.34E+00 -9.32E+00 1.23E+00 -9.26E+00 9.97E-01 -9.37E+00 8.96E-01 -9.42E+00 8.34E-01 -9.45E+00
1.13E+01 1.40E+00 -9.59E+00 1.29E+00 -9.54E+00 1.04E+00 -9.65E+00 9.38E-01 -9.70E+00 8.75E-01 -9.73E+00
1.17E+01 1.46E+00 -9.87E+00 1.34E+00 -9.81E+00 1.09E+00 -9.93E+00 9.81E-01 -9.99E+00 9.16E-01 -1.00E+01
1.20E+01 1.51E+00 -1.01E+01 1.40E+00 -1.01E+01 1.14E+00 -1.02E+01 1.02E+00 -1.03E+01 9.57E-01 -1.03E+01
1.23E+01 1.57E+00 -1.04E+01 1.45E+00 -1.04E+01 1.18E+00 -1.05E+01 1.07E+00 -1.05E+01 9.98E-01 -1.06E+01
1.27E+01 1.63E+00 -1.07E+01 1.50E+00 -1.06E+01 1.23E+00 -1.08E+01 1.11E+00 -1.08E+01 1.04E+00 -1.09E+01
1.30E+01 1.68E+00 -1.10E+01 1.56E+00 -1.09E+01 1.27E+00 -1.10E+01 1.15E+00 -1.11E+01 1.08E+00 -1.11E+01
1.33E+01 1.74E+00 -1.13E+01 1.61E+00 -1.12E+01 1.32E+00 -1.13E+01 1.20E+00 -1.14E+01 1.12E+00 -1.14E+01
1.37E+01 1.80E+00 -1.15E+01 1.66E+00 -1.15E+01 1.37E+00 -1.16E+01 1.24E+00 -1.17E+01 1.16E+00 -1.17E+01
1.40E+01 1.86E+00 -1.18E+01 1.72E+00 -1.18E+01 1.41E+00 -1.19E+01 1.28E+00 -1.20E+01 1.20E+00 -1.20E+01
1.43E+01 1.91E+00 -1.21E+01 1.77E+00 -1.20E+01 1.46E+00 -1.22E+01 1.32E+00 -1.22E+01 1.24E+00 -1.23E+01
1.47E+01 1.97E+00 -1.24E+01 1.83E+00 -1.23E+01 1.50E+00 -1.24E+01 1.37E+00 -1.25E+01 1.28E+00 -1.26E+01
1.50E+01 2.03E+00 -1.27E+01 1.88E+00 -1.26E+01 1.55E+00 -1.27E+01 1.41E+00 -1.28E+01 1.33E+00 -1.28E+01
1.53E+01 2.09E+00 -1.29E+01 1.93E+00 -1.29E+01 1.60E+00 -1.30E+01 1.45E+00 -1.31E+01 1.37E+00 -1.31E+01
1.57E+01 2.14E+00 -1.32E+01 1.99E+00 -1.31E+01 1.64E+00 -1.33E+01 1.50E+00 -1.34E+01 1.41E+00 -1.34E+01
1.60E+01 2.20E+00 -1.35E+01 2.04E+00 -1.34E+01 1.69E+00 -1.36E+01 1.54E+00 -1.36E+01 1.45E+00 -1.37E+01
1.63E+01 2.26E+00 -1.38E+01 2.10E+00 -1.37E+01 1.74E+00 -1.38E+01 1.58E+00 -1.39E+01 1.49E+00 -1.40E+01
1.67E+01 2.32E+00 -1.40E+01 2.15E+00 -1.40E+01 1.78E+00 -1.41E+01 1.63E+00 -1.42E+01 1.53E+00 -1.43E+01
1.70E+01 2.37E+00 -1.43E+01 2.20E+00 -1.42E+01 1.83E+00 -1.44E+01 1.67E+00 -1.45E+01 1.57E+00 -1.45E+01
1.73E+01 2.43E+00 -1.46E+01 2.26E+00 -1.45E+01 1.88E+00 -1.47E+01 1.71E+00 -1.48E+01 1.61E+00 -1.48E+01
1.77E+01 2.49E+00 -1.49E+01 2.31E+00 -1.48E+01 1.92E+00 -1.50E+01 1.76E+00 -1.51E+01 1.66E+00 -1.51E+01
1.80E+01 2.55E+00 -1.52E+01 2.37E+00 -1.51E+01 1.97E+00 -1.53E+01 1.80E+00 -1.53E+01 1.70E+00 -1.54E+01
1.83E+01 2.60E+00 -1.54E+01 2.42E+00 -1.53E+01 2.02E+00 -1.55E+01 1.84E+00 -1.56E+01 1.74E+00 -1.57E+01
1.87E+01 2.66E+00 -1.57E+01 2.47E+00 -1.56E+01 2.06E+00 -1.58E+01 1.89E+00 -1.59E+01 1.78E+00 -1.60E+01
1.90E+01 2.72E+00 -1.60E+01 2.53E+00 -1.59E+01 2.11E+00 -1.61E+01 1.93E+00 -1.62E+01 1.82E+00 -1.62E+01
1.93E+01 2.78E+00 -1.63E+01 2.58E+00 -1.62E+01 2.16E+00 -1.64E+01 1.97E+00 -1.65E+01 1.86E+00 -1.65E+01
1.97E+01 2.83E+00 -1.66E+01 2.64E+00 -1.65E+01 2.20E+00 -1.67E+01 2.01E+00 -1.67E+01 1.90E+00 -1.68E+01
2.00E+01 2.89E+00 -1.68E+01 2.69E+00 -1.67E+01 2.25E+00 -1.69E+01 2.06E+00 -1.70E+01 1.94E+00 -1.71E+01

158



Nomenclature

Greek Symbols

ατ Coefficient for evaluation of the shear strength in diagonal compression tests

α f Coefficient for evaluation of the tensile strength in diagonal compression tests

δE Relative displacement of the middle point of the panel in shear compression test
considering it in a linear elastic regime

∆i Displacement in the i diagonal in diagonal testing

δu Relative displacement of the middle point of the panel in shear compression test
at the maximum horizontal force Psu

γ Shear strain

γ1/3 Shear strain at 1/3 of the peak load

ν Poisson’s ratio

φ Diameter

ψ Angle of principal stress orientation

σ Stress applied by the flat jacks to the masonry

σ0 Vertical stress in FJ testing/Imposed compression stress in the shear compres-
sion test

σ1 Largest principal stress

σ2 Smallest principal stress

σi Stress in the direction i (i=x,y,z)

τ Shear stress

τd,1/3 Shear stress evaluated at 1/3 of the peak load of the diagonal compression test

τd,F Shear strength measured using the diagonal compression test evaluated follow-
ing Frocht M.
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Nomenclature

τd,std Shear strength measured using the diagonal compression test evaluated follow-
ing the standards ASTM and RILEM

τi j Shear stress on the acting in the direction i,j (i,j=x,y,z)

τs Shear strength measured using the diagonal compression test evaluated follow-
ing the NTC08

ε∥ Strain parallel to the FJs planes

ε⊥ Strain perpendicular to the FJs planes

εh Horizontal strain

εv Vertical strain

Superscripts

Ad Net area of the specimen in the diagonal compression test

Ai Area of the slot i in double flat jack test

As Cross area of the specimen in the shear compression test

Aav Averaged area of the slots in flat jack testing

AdB Amplitude of AE event in decibel

AFJ Area of the flat jack

Aslot Area of the slot

di, j Distance between measuring points of the basis having direction i at the load
step j

duc Ductility index

E Young’s modulus

E∗ Inclined Young’s modulus

Eb Brick Young’s modulus

Em Mortar Young’s modulus

Es Secant modulus of elasticity

Et Tangent modulus of elasticity

fc,exp Experimental compression strength

fc,m Average compression strength

fc,teo Theoretical compression strength
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Nomenclature

fc Compression strength

ft,d,B Tensile strength evaluated with the diagonal compression test following Brignola
et al. [31]

ft,d,F Tensile strength evaluated with the diagonal compression test following Frocht
M.

ft,d,std Tensile strength evaluated with the diagonal compression test following the stan-
dards ASTM and RILEM

ft,d Tensile strength evaluated with the diagonal compression test following the NTC08

ft,s Tensile strength evaluated with the shear compression test following the NTC08

ft Tensile strength

G Shear Modulus

g Base length in diagonal testing

G1/3 Secant shear modulus for a 1/3 of the peak load

G f c Fracture energy in compression

G f t Fracture energy in tension

h Height of the specimen for the diagonal compression test

ka Ratio between the area of the flat jack and the area of the slot

km Flat jack constant, also named jack calibration constant

l Width of the specimen in the diagonal compression test and in the shear com-
pression test

li Length of the measure basis having direction i

m Magnitude of seismic events

N Cumulative number of oscillations

n Percent of the gross area of the unit that is solid, expressed as a decimal

N(≥ m) Cumulative number of seismic events having magnitude ≥ m

N(AdB) Cumulative number of AE events having amplitude AdB

Nc Oscillations counter

NAE Events counter

p Hydraulic pressure
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Nomenclature

Pd Force on the diagonal compression test

Ps Horizontal force on the shear compression test

Pdu Maximum force on the diagonal compression test

Psu Maximum horizontal force on the shear compression test

r Ratio between the shear strength evaluated using the shear compression test and
the diagonal test

t Thickness of the wall in shear FJ testing/ thickness of the specimen in the diag-
onal compression test and in the shear compression test

tb Brick thickness

tm Mortar thickness

u Total vertical displacement

ub Brick vertical displacement

um Mortar vertical displacement

w Specific weight

FC Felicity ratio

Acronyms / Abbreviations

AE Acoustic Emission

ASTM American Society for Testing Materials

DIC Digital Image Correlation

DT Destructive Testing

FC (From the name in Italian) Confidential factor

FEMA Federal Emergency Management Agency

FEM Finite Element Method

FJ Flat jack

GPR Ground Penetrating Radar

ISTAT National (Italy) institute of statistic

LC (From the name in Italian) Level of knowledge of the structure

LVDT Linear Variable Displacement Transducer
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Nomenclature

MDT Minor Destructive Testing

MiBAC Ministero dei beni e delle attività culturali del turismo

NDT Non Destructive Testing

NTC08 (From the name in Italian) Technical code for constructions of the 2008

NTC18 (From the name in Italian) Technical code for constructions of the 2018

ReLUIS Laboratories University Network of seismic engineering

RILEM (From the name in French) The International Union of Laboratories and Expert
in Construction Materials

URM Unreinforced Masonry

XFEM eXtended Finite Element Method
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[181] Miha Tomaževič. “Shear resistance of masonry walls and Eurocode 6: shear ver-
sus tensile strength of masonry”. In: Materials and Structures 42.7 (Aug. 2009),
pp. 889–907. ISSN: 1871-6873. DOI: 10.1617/s11527-008-9430-6.
URL: https://doi.org/10.1617/s11527-008-9430-6.
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