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SUMMARY

The use of composite materials for the confinement of masonry columns
having weak mechanical characteristics has become a widespread practice during
the last decades. This technique, usually realized through the application of Fibre
Reinforced Polymer (FRP) externally bonded jackets, has shown good
capabilities, being able to significantly improve the load carrying capacity and
the ductility of masonry members, thanks to a passive confinement action.
However, FRP composites, when applied on masonry substrates, have shown
some shortcomings due to the organic nature of the matrix. For this reason,
during the last years growing attention has been paid to Fibre Reinforced
Cementitious Matrix (FRCM) composites, in which the polymeric matrix is
replaced by an inorganic matrix. Moreover, due to the increasing demand for new
materials produced with low energy consumption that offer sustainability and
good mechanical properties, composites reinforced with basalt fibres have lately
attracted interest as material for strengthening masonry structures.

The target of the present thesis is the evaluation of the effectiveness, in terms
of strength and deformation capacity, of the confinement action provided by both
basalt FRP and FRCM jackets, when the latter are applied on masonry members.
In this framework, a detailed experimental investigation is performed by testing
FRP and FRCM-confined clay brick masonry cylinders in compression.

A preliminary investigation is carried out on the mechanical properties of
constituent materials of masonry, namely bricks and mortar. Moreover, the
strengthening systems are deeply analyzed through tests on the mortar matrix of
the FRCM and an extensive study on the tensile behaviour of the basalt textile
grid used as reinforcement. The mechanical behaviour of the FRCM composite is
characterized under tension and the results are discussed in terms of stress-strain
curves, evolution of cracks and failure modes. Then, the cylinders reinforced
with FRP/FRCM jackets are subjected to uniaxial compressive loads, showing
the influence of the key parameters involved in the problem, such as the number
of vertical mortar joints in the masonry and the number of wrapping layers. The
results in terms of compressive strength increases and corresponding strains



allow drawing some conclusions on the effectiveness of the investigated
strengthening systems.

The whole experimental study is carried out employing the Digital Image
Correlation (DIC), which is the only monitoring system in some cases and serves
as support to traditional systems in other tests, giving information about the
displacement fields and the development of cracks during the performed tests.

Finally, analytical formulations useful for the prediction of the compressive
behaviour of FRP/FRCM-confined masonry are proposed and compared to the
experimental results, allowing some conclusions to be drawn on their reliability
for practical design/verification purposes.
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SOMMARIO

L’impiego di materiali compositi per il rinforzo di colonne in muratura ¢
diventato una pratica ampiamente diffusa nel corso degli ultimi decenni. Questa
tecnica, che consiste generalmente nell’applicazione di materiali polimerici
fibrorinforzati (Fibre Reinforced Polymer-FRP), ha mostrato buone potenzialita,
essendo in grado di garantire notevoli incrementi di resistenza e duttilita
dell’elemento rinforzato, grazie ad un’azione di confinamento passivo. Tuttavia,
I’impiego di compositi a matrice polimerica presenta alcuni limiti legati
soprattutto alle prestazioni delle resine epossidiche, che a causa della loro natura
sintetica danno luogo a problemi di compatibilita con il supporto murario. Per
questo motivo, recenti lavori di ricerca hanno avuto 1’obiettivo di sviluppare dei
materiali di rinforzo non affetti dai problemi connessi all’adozione delle resine
epossidiche, portando allo sviluppo dei compositi FRCM (Fibre Reinforced
Cementitious Matrix), in cui la matrice polimerica viene sostituita da una matrice
di natura inorganica, come una malta cementizia. Inoltre, la crescente domanda di
nuovi materiali prodotti con un dispendio minimo di energia in grado di garantire
adeguati livelli di sostenibilitd, senza perd rinunciare a buone prestazioni
meccaniche, ha posto I’attenzione sui materiali compositi facenti uso di fibre di
basalto per il rinforzo di strutture in muratura.

L’obiettivo della presente tesi ¢ quello di valutare 1’efficacia, in termini
incrementi di resistenza e duttilita, dell’azione di confinamento fornita da
avvolgimenti in FRP o FRCM con fibre di basalto, quando questi sono applicati
per il rinforzo di elementi in muratura. Lo studio viene condotto prevalentemente
da un punto di vista sperimentale, attraverso la progettazione e realizzazione di
una campagna di prove di compressione su cilindri in muratura di mattoni fasciati
con FRP o FRCM.

Preliminarmente si presentano i dettagli ed i risultati di un’ampia fase di
caratterizzazione dei materiali, finalizzata ad indagare le proprieta meccaniche
della malta e dei mattoni che costituiscono la muratura, a caratterizzare la malta
impiegata nel rinforzo FRCM e a definire il comportamento in trazione della
fibra di basalto impiegata nei sistemi di rinforzo studiati. In una fase successiva si
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analizza il comportamento meccanico del rinforzo in FRCM attraverso prove di
trazione su strisce di composito, discutendo i risultati in termini di curve
tensione-deformazione ed analizzando I’evoluzione del quadro fessurativo e le
modalita di rottura. Viene quindi studiato sperimentalmente il comportamento in
compressione dei cilindri in muratura confinati con FRP o FRCM, mostrando
I’influenza delle principali variabili coinvolte nel problema, come il numero di
giunti verticali di malta nella muratura o la percentuale di tessuto presente nel
composito. I risultati ottenuti in termini di incrementi di resistenza a
compressione e deformazione ultima permettono di formulare alcune
considerazioni sull’efficacia dei sistemi di rinforzo studiati.

Tutte le prove condotte sono supportate dalla tecnica della Digital Image
Correlation (DIC), che viene impiegata come sistema di misura, integrato talvolta
a dispositivi tradizionali, in grado di fornire informazioni sui campi di
spostamento e sulla formazione e propagazione delle fessure durante le prove
condotte.

Infine, sono proposte alcune formulazioni analitiche per la previsione del
comportamento in compressione dei cilindri in muratura rinforzarti con FRP o
FRCM. Le espressioni adottate si basano su alcune proposte esistenti in
letteratura e vengono confrontate con i risultati sperimentali ottenuti, al fine di
trarre alcune conclusioni sulla loro applicabilita nelle pratiche applicazioni.
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Chapter 1 — Introduction

1. INTRODUCTION

1.1 Background

Recent earthquakes occurred in the Mediterranean area pointed out the high
vulnerability of the masonry building heritage, especially when structural details
and quality of materials are not adequate. Masonry constitutes the main
construction material of a wide part of the world building historical heritage and
several of these structures need to be preserved for their cultural, historical and
architectural value.

Particularly vulnerable structural members are columns or piers, which
usually sustain mainly axial loads. When a structure is subjected to lateral loads,
great variations of the compressive force can occur in these members and,
consequently, brittle crushing failure can arise if the member was not designed
for seismic actions. As a consequence, the need to repair and upgrade masonry
columns constitutes an ongoing demand.

In this context, the use of external wraps made by composite materials
represents one of the most popular techniques proven to be effective in upgrading
the performance of weak masonry. The goal of this method is to increase the
axial capacity and the local ductility of the material, producing a passive
confinement action. The effectiveness of the technique is related to the great
tensile strength achievable by the composite, which ensures high values of
confinement pressure.

The most common types of composite materials are Fibre Reinforced
Polymers (FRPs), which are made by the combination of organic matrixes — i.e.
resin - and fibres. During the last decades, a huge amount of research work was
carried out on the application of FRPs for repairing masonry structures, mainly
concerning composites made by synthetic materials such as carbon or glass
fibres, while limited work was performed on the application of natural materials
such as basalt fibres. Several studies pointed out that considerable enhancements
in terms of axial bearing capacity and ductility can be achieved by FRP
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wrapping, ensuring adequate safety levels and structural performances. Despite
these important results, some limitations on the use of FRPs on masonry
structures arise due to the synthetic nature of the composite. In fact, these
systems present some drawbacks due to the low compatibility of epoxy resins or
synthetic materials in general when applied to the masonry substrate. As an
example, frequently natural masonry blocks are subjected to moisture entrapment
from the ground, released through the external surface during their service life.
For this reason, it is not always recommendable to apply continuous epoxy-
bonded jacketing, which inhibits the material transpiration. Moreover, the FRP
strengthening has further limitations, such as: - poor behaviour of epoxy resins at
temperatures above the glass transition temperature; - inability to apply FRP on
wet surfaces or at low temperatures; - poor fire resistance; - no reversibility.

In the effort to alleviate these drawbacks due to the organic nature of
polymer-based composites, in the last years growing attention has been paid to
Textile Reinforced Mortar (TRM) composites, which constitute a new generation
of high strength composite materials, where the epoxy matrix is replaced by an
inorganic matrix, e.g. mortar. The inorganic matrix makes the composite more
compatible to the masonry substrate, ensuring durability also in aggressive
environmental conditions, vapour permeability and good resistance to high
temperatures. Inorganic-matrix fibre reinforced composite materials account for a
multitude of systems depending on the type of grid and matrix used, resulting in
the derivation of many different acronyms: Textile Reinforced Concrete (TRC),
Fabric Reinforced Cementitious Matrix (FRCM), Cementitious Matrix Grid
(CMQ), Inorganic Matrix Grid (IMG), Mineral Based Composite (MBC), Steel
Reinforced Grout (SRG).

Fewer studies were carried out in the literature on the use of FRCMs for
masonry confinement in comparison to similar works on FRPs, but the existing
results pointed out that the efficiency of these systems can be affected by the
limited tensile strength of the mortar and the consequent formation of cracks. In
fact, the compatibility between mortar and fibres is lost after cracking and
relative sliding between fibre and matrix can occur, with a consequent non-
uniform distribution of stresses in the composite.

Despite some efforts were made on the development of mortar-based
materials compatible with the masonry substrate, few studies were carried out on
the application of natural fibres in composites for structural retrofit. In this field,
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basalt fibres proved to be a promising alternative to the most common synthetic
fabrics. The simplicity of the manufacturing process of basalt fibres reduces the
costs and requires a lower amount of energy, with several benefits in terms of
environmental impact. Moreover, the nature of basalt and its production process
make it particularly suitable for applications on masonry structures, allowing the
achievement of a sustainable and reversible intervention.

1.2 Research significance

Despite several works were developed on the application of composites for
the confinement of masonry members, a few of studies addressed the use of
basalt to be employed as fibre for composites. The adoption of this material could
allow overcoming the main drawbacks arising with the use of synthetic fibres,
such as carbon or glass fibres, and therefore its development can be useful for the
optimization of a retrofit intervention, allowing a reduction of costs with a
sustainable and reversible solution.

Additionally, the literature review reveals that a small number of studies are
currently available on the use of FRCMs for the confinement of masonry
members and they are limited to state general conclusions on the efficiency of
this system in enhancing the mechanical properties of the strengthened members.
In fact, few indications are available on the modelling of the compressive
behaviour of FRCM-confined masonry and only few expressions are provided for
the strength prediction.

Finally, a reasonable comparison between the performance of Basalt Fibre
Reinforced Polymer (BFRP) and Basalt Fibre Reinforced Cementitious Matrix
(BFRCM) systems is still missing in the literature, which could allow evaluating
the reliability of composites with inorganic matrix in enhancing the compressive
strength of masonry.

1.3 Thesis objectives and methodology

The aim of this study is the comparative evaluation of the effectiveness of
BFRP and BFRCM systems in increasing the load carrying capacity and the
ductility of confined masonry columns. This target concerns two matters: one is
the evaluation of performance of basalt textile as new material for strengthening
applications; the other issue is to understand if cement-based composites,
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involving the use of basalt fibres, can be considered a valid alternative to FRP
systems for strengthening columns, with several advantages when applied on
masonry substrates.

With this aim, clay brick masonry cylinders are reinforced with continuous
BFRP or BFRCM wraps and subjected to uniaxial compressive tests. In
particular, the masonry specimens are manufactured considering two different
assembling schemes and reinforced by using either one or two layers of basalt
FRP/FRCM. The results of these experimental tests are analyzed and compared
to each other and to those obtained by testing reference specimens in order to
evaluate the retrofitting potential of the used strengthening systems.

The study is supported by a preliminary investigation on the mechanical
properties of constituent materials of the masonry and the composites and by a
detailed experimental characterization of the tensile behaviour of the BFRCM.

The whole experimental investigation is supported by the use of Digital Image
Correlation (DIC), with several advantages respect to traditional monitoring
techniques.

Finally, the experimental data obtained from compressive tests on masonry
cylinders are employed to evaluate the reliability of theoretical formulations
available in literature.

1.4 Thesis organization

The issues introduced above will be accurately addressed hereafter.

Including the present chapter, the thesis is composed of six chapters, briefly
described in the following:

Chapter 2 starts with a brief description on the behaviour of masonry when
the latter is subjected to axial loads. Then, the chapter introduces the main
physical and mechanical characteristics of composite materials and provides a
description on basalt fibres, pointing out the suitability of this material to be used
for retrofit applications.

In a second part, the chapter contains an overview of the most relevant studies
available in the literature with regard to FRP and FRCM-confined masonry
columns. Firstly, the state of the art is discussed by addressing the main existing
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experimental investigations, with particular attention to the studies involving the
use of basalt fibres. In a second step, the attention focuses on the main theoretical
formulations available in the literature for the definition of the compressive
stress-strain law of confined masonry and the evaluation of the strength
enhancement due to FRP and FRCM confinement.

Finally, a deep discussion on the tensile characterization of FRCM composites
is presented, with reference to the main studies available in the literature.

Chapter 3 presents the experimental campaign carried out at Queen’s
University of Belfast (UK). The study focuses on the compressive behaviour of
clay brick masonry cylinders manufactured using two different assembling
schemes, in order to investigate on the influence of vertical mortar joints, and
wrapped through either BFRP or BFRCM jackets, using one or two basalt textile
layers.

A preliminary investigation is carried out on the mechanical properties of
constituent materials of the masonry and the external wrap. In particular, an
extensive study is performed on the basalt textile used for wrapping the
cylinders, taking into account different gripping systems, test rates and
geometries.

Moreover, an in-depth analysis on the behaviour of the BFRCM composite
under tensile load is carried out. Three series of composite specimens are
reinforced respectively with one, two or three basalt textile plies, with the aim of
evaluating the influence of the volume fraction of fibres on the tensile response
of the composite.

Used materials, manufacturing procedure and test setups are widely described
and discussed. Particular attention is given to the use of the DIC technique,
which is employed during all the performed tests. The basic principles and
advantages of the technique are presented and its utility is underlined relating to
the performed experimental tests.

Chapter 4 is dedicated to the discussion of the experimental outcomes. First,
the results of the mechanical characterization of constituent materials of the
masonry and the external wrap are presented. Particular attention is paid to the
results obtained from the tensile characterization of the basalt grid, which are
discussed with reference to the used clamping systems, the dimensions of the
specimens and the test rate.
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The outcomes of tensile tests on the BFRCM composite specimens are
presented and discussed in terms of load-elongation or stress-elongation curves,
allowing the study of the effect of the reinforcing fabric ratio on the overall
tensile response of the composite system. The use of the DIC allows analyzing
the strain/displacement full-field, giving significant information about the strain
distributions on the surface of the specimens and about the crack development
during tests.

The results from compressive tests on unconfined and basalt FRP/FRCM-
confined cylinders are finally presented in terms of stress-strain curves and
failure modes of the cylinders tested up to failure. It is shown that the
strengthening by BFRP and BFRCM significantly increases the performance of
the brick masonry cylinders, with different gains in terms of strength and
ductility depending on the number of vertical mortar joints and on the number of
layers used for wrapping the specimens. The readings obtained by traditional
measuring instruments are integrated with those obtained by the DIC technique,
which allows exploring the hoop strain of the cylinders.

Chapter 5 is focused on the validation of the available theoretical
formulations on FRP and FCRM-confined masonry columns and on the proposal
of possible approaches for the evaluation of the stress-strain curve in
compression of these members.

First, a comprehensive comparative study of the available analytical models
on FRP-confined masonry is presented in order to evaluate their reliability in
reproducing, in terms of strength increase, experimental results of a large
database borrowed from the literature. Moreover, the combination of the
expressions from different models is adopted for predicting the overall
constitutive law in compression of FRP-confined masonry columns and
quantitative comparisons are made with a wide range of experimental data.

Then, the analytical formulas presented and discussed in Chapter 2 are applied
for the evaluation of the strength increase due to confinement by BFRP and
BFRCM, and comparisons are made with the experimental data obtained in the
framework of this thesis. A revised version of the CNR-DT 200/2013 is also
proposed, which seems to give reliable results. The evaluation of the strain at
peak stress is addressed, evaluating the reliability of available formulas. Finally,
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the compressive law of BFRP and BFRCM-confined cylinders is defined by
proposing new possible approaches.

The comparison between theoretical predictions and experimental curves
points out a good correlation in terms of average compressive response, peak
stress, corresponding strain and slope of ascending and softening branches.

Finally, Chapter 6 presents the most relevant conclusions regarding the use
of basalt-fibre strengthening systems for confining masonry elements, by
summarizing the main results obtained experimentally and their predictions
discussed by proposed theoretical expressions. The chapter also recommends
further researches which need to be followed as extension of the present research
work.
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2. CONFINEMENT OF MASONRY MEMBERS
BY COMPOSITE MATERIALS: STATE OF
THE ART

2.1 Introduction

The use of composite materials for structural upgrading has become common
in practical applications to retrofit existing columns with poor structural features.
The target of this method is to improve the axial capacity and local ductility of
the material by inducing a passive confinement action. This retrofit method has
shown noticeable capabilities since its origin, due to the great tensile strength of
composites and the high values of confinement pressure achievable.
Additionally, the increase of weight due to the intervention can be considered
negligible and therefore the confinement using FRP or FRCM systems can be a
suitable solution to retrofit masonry columns in buildings vulnerable to seismic
actions.

In this chapter a brief description on the behaviour of masonry when subjected
to axial loads is presented.

Then, composite materials are introduced with reference to their main
characteristics and a description on basalt fibre is provided.

An overview of the most important research studies on the confinement of
masonry by composite materials is presented, with reference to FRP and FRCM
wrapping. After a review of the main experimental studies, with particular
interest in works involving the use of basalt fibres, the analytical formulations
available in the literature are analyzed by presenting the existing predictive
models for calculating the strength or the stress-strain law of confined masonry in
compression.

Finally, the main aspects regarding the tensile characterization of FRCM
composites are discussed on the base of the available literature studies.
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2.2 Basics of masonry behaviour under axial loads

Several authors investigated on the behaviour of masonry under axial loads,
stating that different parameters are involved on its structural behaviour. Among
these last, the physical and mechanical properties of brick units and mortar, the
arrangement of units and the geometrical features of the units represent some of
the most important key variables.

Independently from the different characteristics of masonry, the experimental
evidence proved the masonry columns show an intermediate compressive
behaviour, in terms of elastic modulus and strength, between that of its
components, namely brick and mortar.

In fact, the collapse of axially-loaded masonry members in compression is
characterized by the progressive formation of subvertical cracks in the bricks
(Figure 2.1a), which propagate along the column widening their opening. This
mechanism is due to the different deformability of the two components. In
particular, the mortar in the joints is usually more deformable and it tends to a
greater expansion than the units. In the case of compression, the mortar
experiences a triaxial stress state between the units (Figure 2.1b). By contrast, the
contact surface of brick units is subjected to a biaxial state of tensile stress and
consequently, bricks are subjected to progressive cracking, which lead to the
failure of the column.
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Figure 2.1 Masonry under compression: a) crack pattern of masonry columns in
compression; b) stress state in the components (Francis et al., 1971)
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Masonry in compression typically exhibits nonlinear stress-strain relations.
Most of the nonlinear deformation occurs in the mortar joints with the brick often
exhibiting linear stress-strain characteristics. Because of the influence of the bed
joints and the possible anisotropic properties of the bricks, the deformation
characteristics of the masonry will not necessarily be isotropic and can vary
markedly with loading direction. For this reason several researches focused on
the interaction between bricks and mortar, proposing expressions for the biaxial
strength of the bricks (Hilsdorf 1969, Khoo and Hendry 1973, Atkinson et al.
1985), not here resumed for the sake of conciseness. The effect of joint thickness
on the compressive strength of brick masonry was also studied by Hendry
(1998), Francis et al. (1971), Shrive and Jessop (1982) and others.

From a theoretical point of view, it is not straightforward to define a unique
constitutive law for the “homogenized” masonry material due to the great
number of parameters which characterize masonry members. Nevertheless, some
past studies tried to propose some formulation for its prediction.

Among the numerous expressions presented in the literature, as an example,
Hendry (1998) proposed a non-linear stress-strain law, defined in the following

non-dimensional form:
2
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where f,. is the uniaxial compressive strength of masonry and e, =2.5 + 3.5%o is
the ultimate strain.

Concerning the value of the elastic modulus in compression, experimental
data deduced by Hendry et al. (1998) allowed correlating this parameter to the
compressive strength, finding linear relationships between the two parameters in
the form E=kf;, being fi the characteristic value of the compressive strength and £
a coefficient which depends on the nature of the bricks (k=1000/400).

It should be considered that the trend of the softening branch depends
substantially by the size of the member and by the loading rate, and it is also
affected by the kind of masonry, but in all the cases it is characterized by a
marked brittle behaviour. This fact highlights the need of retrofit interventions
and for this reason over the years several works were dedicated to study possible

31



Jennifer D’Anna Experimental investigation on the effectiveness of
basalt-fibre strengthening systems for confining
masonry elements

confinement methods for improving the compressive behaviour of masonry
members.

In this context, during the last decades ever growing attention has been paid to
the use of composite materials, which have shown to constitute a valid alternative
to tradition systems thanks to the many advantages they can offer. In the
following, the main characteristics of composite materials are addressed.
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Figure 2.2 Dimensionless stress-strain curve of masonry under axial loads
(Hendry 1998)

2.3 Composite materials

In the field of civil engineering, the advancement of alternative materials and
methods for structural rehabilitation is of critical importance to the safety and
preservation of the world habitable heritage. Over the last decades, there has been
a growing awareness among structural engineers of the importance to investigate
and develop new composite materials.

In this section a brief discussion is presented with regard to the general
characteristics of composite materials. The strengthening systems involved in the
experimental study presented herein are introduced and their main aspects are
discussed. Finally the attention focuses on basalt fibres as new material for
strengthening applications.
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2.3.1 General aspects

Composite materials are heterogeneous materials made from two or more
different phases combined and working together, whose mechanical
performances and properties are designed to be superior to those of the
constituent materials (Arboleda 2014). Modern well designed and manufactured
composites, compared to traditional materials such as metals, offer high mass-
specific stiffness and strength, as well as better resistance to fatigue and
environmental degradation.

One of the phases of composite materials is continuous and constitutes the
matrix. The matrix performs several functions, including maintaining the
inclusions in proper orientation providing form and rigidity. Additionally, the
matrix guarantees the distribution of the applied load within the composite and
protects the dispersed phase from environmental factors causing its degradation
(Talreja 2005).

The other phase is the reinforcement, which is embedded in the matrix and it
is usually stronger, providing the strength and stiffness of the composite. The
type and form of reinforcement is chosen on the base of the design requirements
of the composite. However, there are some desirable qualities the materials must
have in order to be employed as reinforcement, such as high strength, high
modulus, low weight, environmental resistance and ease of manufacture
(Koutsomitopoulou 2013).

The mechanical behaviour of fibre reinforced composites is governed by a
complex relationship between the properties of the constituent materials, their
volume fraction, the bond interface between them and their orientation with
respect to the applied load.

Classification of composites is at two levels: by matrix type and by
reinforcement type. The main composite categories with fibrous reinforcement
include Metal Matrix Composites (MMC), Polymer Matrix Composites (PMC)
and Brittle Matrix Composites (BMC) (Montesi 2015). The following overview
is limited to polymer and brittle matrix composites, in particular FRPs and
FRCMs respectively, being these materials included in the present thesis.
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2.3.2 Fibre Reinforced Polymer (FRP) composites

Fibre Reinforced Polymer (FRP) materials are strengthening materials
comprised of fibres embedded into a polymeric resin matrix. During the last
decades, FRPs have been proven to be a suitable alternative to traditional repair
methods for reinforced concrete and masonry structures.

FRP composites exhibit excellent tensile strength in the longitudinal direction
of the fibres and relatively low strength in the transversal direction, which
underlines an isotropic behaviour of the system. These systems have a very
strong interfacial bond, with a fibre reinforcement strain limit generally lower
than that of the epoxy matrix (&a<€mi).

The composite shows a pure brittle linear elastic behaviour up to failure.
Initially, matrix and fibres deform elastically; eventually, the matrix yields and
deforms plastically but the fibres continue to stretch elastically (Callister and
Rethwisch 2012). This relationship gives raise to the nearly elastic characteristic
stress-strain curve shown in Figure 2.3.
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Figure 2.3 Typical stress-strain curves for FRP composites (Montesi 2015)

Despite numerous advantages associated with the use of FRP for
strengthening concrete and masonry structures, there are some possible
shortcomings attributed to the organic nature of the resin used to bind and
impregnate the fibre reinforcement, such as:
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- poor performance above the glass transition temperature of the polymer
resin;

- low resistance to high temperature and no resistance to fire;

- impossibility to apply FRP on wet surfaces or at low temperatures;
- lack of vapor permeability;

- toxic health hazards for installers;

- relevance for application on historical buildings;

- incompatibility with some substrate materials.

2.3.3 Fibre Reinforced Cementitious Matrix (FRCM) composites

Fibre Reinforced Cementitious Matrix (FRCM) composites are currently
receiving great attention as alternative strengthening materials to FRPs,
especially for masonry elements and when specific preservation criteria need to
be fulfilled. In FRCM composites the organic matrix is replaced with an
inorganic one, which makes the composite more compatible to masonry substrate
and highly resistant to high temperature.

This system consist of a “dry” fabric in a cementitious matrix. The definition
“dry” fabric is generally used in literature in order to differentiate from fabrics
impregnated by resin (Pino and Nanni 2015). Indeed, the cementitious matrix in
FRCM does not fully impregnate the fibres and this is a significant factor
affecting the mechanical behaviour and performance of these composites.

The cement based matrix of FRCMs exhibits high compressive strength but
low tensile strength. The mechanical behaviour of these systems is very different
from FRPs because the interfacial bond between fibre and matrix is weaker and
more complex and the strain limit of the matrix is much lower than that of the
fibres (em<esb). When subjected to tensile stresses, the matrix starts to crack at its
strain limit; on the other hand, fibre debonding and slipping are the mechanisms
that mitigate crack localization. This behaviour leads to a kind of pseudo-
ductility for these composites, which is a benefit in structural applications.

The mechanical effectiveness of FRCM system is strongly affected by the
ability of the cementitious matrix to saturate dry fibre rovings, the bond between
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the matrix and the fibres and the bond between the matrix and the substrate.
Typically, FRCM composite mechanical behaviour is characterized by a linear-
elastic trend up to the tensile strength of the matrix (Nanni 2012). Then, as the
load increase, multiple cracks develop in the matrix and the stress is redistributed
through the fibres, which allow the composite to endure additional strains. At this
point, a strain-hardening behaviour develops, which depends on the amount of
fibres and the quality of the fibres-matrix interfacial bond (Arboleda 2014).

2.3.4 The use of basalt fibres

Recently researchers have turned their attention towards the development of
materials able to guarantee a certain degree of sustainability, without renouncing
to adequate mechanical properties. In this context, basalt appears to be a material
which could offer interesting opportunities in the future, in particular as
alternative to glass fibres. Recent studies have included basalt as reinforcement in
FRP composites, even if it was in the FRCM field where its structural application
started.

In the following, the main characteristics of basalt fibres are briefly presented,
with reference to the chemical composition, the manufacturing process and the
properties of the material.

Chemical composition

Basalt is a natural volcanic rock originating at a depth of hundreds of
kilometres beneath the earth and reaching the surface as molten magma.
Analyzing the chemical composition of the material, it is evident that SiO, and
AlyOj3 are the main constituents (Fiore et al. 2015).

In Table 2.1 a comparison of the chemical composition of basalt fibres and E-
glass fibres is reported.

Table 2.1: Chemical composition of basalt and E-glass fibres (Branston 2015)

Fibre Weight % of compound
TYpe Si02 A1203 CaO MgO B203 Nazo KQO F6203
Basalt  52-58 17-18 5-8 1-4 - 3-6 1-5 4-10

E-glass 52-56 12-16 16-25 0-5 5-10 0.8 0.2-0.8 >0.3
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Manufacturing process

Basalt fibres are produced with a manufacturing process which is similar to
that adopted for the production of glass fibres. As first step, the basalt rock is
crushed, positioned into a furnace and melted at 1450-1500 °C. Then, basalt
filaments are created by using a platinum-rhodium bushing. This technology is
named continuous spinning and it can offer the reinforcement material in the
form of chopped fibres or continuous fibres (Figure 2.4), which can be employed
in the textile manufacturing process and have great potential application in
composite materials. Short fibres are produced by blowing melt technologies,
while continuous fibres are made by spinneret method (Figure 2.5), similarly to
glass fibres (Fiore et al. 2015).

(a) Rebar (c) Chopped fibre
Figure 2.4 Basalt fibre product (Branston 2015)
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Figure 2.5 Scheme of basalt fibreization processing line: 1) crushed stone
silo; 2) loading station; 3) transport system; 4) batch charging station; 5) initial melt
zone; 6) secondary heat zone with precise temperature control; 7) filament forming
bushings; 8) sizing applicator; 9) strand formation station; 10) fibre tensioning
station; 11) automated winding station (Fiore et al. 2015)
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Advantages and properties of basalt fibre

Basalt fibres show several advantages, which make them a good alternative to
glass fibres as reinforcing material in composites used in several fields. Basalt
fibres are produced directly from the raw material, by melting basalt rock with no
other additives, differently from glass fibres that are made from a complex batch
of materials. The simplicity of the manufacturing process reduces the production
costs (Sim and Park 2005) and the fabrication process requires a lower amount of
energy, with several benefits in terms of environmental impact. Moreover, basalt
is a natural material, which makes it particularly suitable for applications on
masonry structures and guarantees no toxic reaction with air or water.

From another hand, the quality and the chemical composition of the raw
material have a major effect on cost and properties of basalt fibres and it can lead
to a broad range of fibres with different mechanical properties (Fiore et al. 2015).
As a result, elastic modulus and strength of basalt composites should be
evaluated carefully.

Basalt is known for its excellent mechanical and physical properties such as
high elastic modulus and high strength. In Table 2.2 some physical and
mechanical characteristics of basalt and E-glass are compared.

Table 2.2: Comparison of basalt and E-glass fibres (Branston 2015)

pibts  Density Elastic Tensile Elongation
iy (glem’) Modulus Strength at Break
(GPa) (GPa) (%)
Basalt 2.8 89 2.8 3.15
E-glass 2.56 76 1.4-2.5 1.8-3.2

Moreover, basalt fibres are not combustible, they have a high chemical
stability and a good resistance to weather, alkaline and acid exposure.
Additionally, these fibres can be used from very low temperatures (i.e. about -
200 °C) up to the comparative high temperature (i.e. in the range 600-800 °C)
(Deak and Czigany 2009).
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2.4 Confinement with composite materials: overview

In general, the compressive strength and the deformation capacity of confined
masonry can be evaluated depending on the mechanical properties of the
unconfined material, the type of strengthening system and the shape of the
transverse cross-section.

The mechanical behaviour of the masonry subjected to confining pressure
provided by composite materials depends on the failure conditions of the jacket,
the latter not always easy to be predicted accurately. The different tensile
behaviour of FRP and FRCM composites has an unavoidable effect on the
compressive behaviour of columns confined by using these systems. In the case
of FRP, the high performance of the polymeric matrix and the perfect fibres-
matrix bond ensure that the confining action strongly depends on the quality of
the fibres (Cascardi et al. 2017a). On the other hand, the mechanical behaviour of
FRCM systems proved to be affected by the brittle behaviour of the inorganic
matrix, since the cracking development within the mortar may significantly
reduce the stress transfer from the column substrate to the fibre of the jacket,
with a consequent reduction of the confining pressure and the final compressive
strength (Bournas et al. 2007). Anyway, when a high bond level between fibres
and matrix is ensured, the FRCM confining behaviour tends to be close to that of
FRP, because the effective stress transfer from the column to the grid is
guaranteed (Valdés et al. 2014).

An important aspect for the characterization of the compressive behaviour of
confined columns is the evaluation of the lateral confinement pressure f; provided
by the composite jacket, generally expressed through the forces equilibrium of
the masonry core subjected to axial and, consequently, lateral expansion and the
reaction of the composite confining device.

Considering the general case of circular section (Figure 2.6), the stress in the
fibres can be assumed to be uniform along the perimeter of the circumference
and the forces equilibrium in the ultimate conditions can be obtained as follows:

_ 2-E &
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Figure 2.6 Confinement action on circular masonry section

In Eq. (2.2) Er and ¢ represent the elastic modulus and the thickness of the
confining device respectively, ¢z is the ultimate tensile strain of the composite
and D is the diameter of the circumference.

Failure of the column is due to the rupture of the fibres subjected to tensile
stresses in the circumferential direction.

In the case of square/rectangular section (Figure 2.7), the confinement lateral
pressure f; can be obtained from the following balance forces:

_f,,b+f,’d_(b+d)‘ '
Ji= T £t (2.3)

where b and d are the lengths of sectional sides, while the terms f;, and f; s refer to
confining stresses along the two cross-section sides. The term f, indicates the
effective stress in the wrap at failure. In a square cross-section the stress is not
uniform along the perimeter because of stress concentration near the corners of
the section. In an approximate way, this can be taken into account by considering
a constant reduced uniform stress along the perimeter equal to f;, as shown in the
following.

Py —~ }
S =~ fia f
1y i
frlf fr[f

Figure 2.7 Confinement action on rectangular masonry section
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The effective confinement pressure f7 is calculated by considering the in-plane
efficiency coefficient k.:

fi =k, (2.4)
L 0% +d?)
ko=l-"m—— i (2.5)

where b'=b-2+r. and d'=d-2-r. are the straight sides of the section, . is the corner
radius (Figure 2.8a), while 4,,=b-d is the gross area.

Eq. (2.5) derives from the ratio between the area of effectively confined
masonry and the gross area. In the case of circular section . is equal to 1, while
for a polygonal section with rounded corners it can be calculated assuming that
the effectively confined masonry is enclosed between parabolic curves starting
from the end of the corner radius with slope equal to 45° (Figure 2.8b).

In general, besides the in-plane efficiency coefficient, the -effective
confinement pressure f’; is dependent from another parameter, namely the vertical
efficiency coefficient. However, for the analyses carried out in the context of this
thesis, this factor is always assumed equal to 1, since only continuously wrapped
columns are analyzed here.

! b ]

b'=b-2rc

Confined region Ae

Unconfined region

a) b)

Figure 2.8 Cross-section: a) indication of symbols of the cross-section; b) effectively
confined area

2.5 Compressive behaviour of FRP-confined masonry columns

The use of FRPs for structural upgrading of weak piers and columns has been
widely studied and adopted in reinforced concrete members for about twenty
years, while its suitability to masonry elements has been investigated during the
last decade.
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Despite the large number of advantages derived from the use of FRP
materials, several critical issues are involved in this technique, such as stress
concentration in sharp-cornered sections, brittle behaviour of FRP and evaluation
of in-plane and in-elevation efficiency coefficients. Furthermore, the wide
variability of kinds of masonry and the different mechanics of the latter
compared to concrete lead to difficulties in expressing the strength and ductility
increase as a function of the amount of reinforcing FRP wraps.

For these reasons, several researches have been carried out in the recent past
with the aim of investigating the compressive behaviour of FRP-confined
masonry columns. In the following, the most relevant experimental and
theoretical studies are presented and discussed.

2.5.1 Experimental investigations

Several experimental studies were addressed in the past to study the effect of
FRP confinement on the compressive behaviour of masonry members and the
majority of the works involves the use of carbon and glass fibres. Among the
most important scientific contributions there are those of Micelli et al. (2004),
Krevaikas and Triantafillou (2005), Corradi et al. (2007), Aiello et al. (2007), Di
Ludovico et al. (2008), Aiello et al, (2009), Alecci et a. (2009), Faella et al.
(2011a), Borri et al. (2011), Galal et al. (2012), Micelli et al. (2014a), Witzany et
al. (2014), Witzany et Zigler (2016), Rao and Pavan (2014), Fossetti et al.
(2016), Incerti et al. (2015), Fossetti and Minafo (2017), Alotaibi and Galal
(2017), Sandoli et al. (2019).

As general findings, most of the experimental studies have pointed out that: -
the strength increase is generally higher in the case of weak masonry columns
and for stiffer wrapping layers, confirming the influence of the basic parameters
on the behaviour of confined members; - stress concentration at the corners
induces brittle failure, and does not make it possible to reach the maximum
confining stress; - the bond between masonry and FRP depends on the kind of
resin and tissue adopted.

More recently, Basalt Fibre Reinforced Polymer (BFRP) materials have
gained increasing attention as system for strengthening applications, especially as
alternative to glass fibres. However, despite of numerous studies on columns
wrapped with carbon and glass FRP, there are very limited experimental data on
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columns wrapped by BFRP and the most of studies investigate on concrete
members (Campione et al. 2015, Ouyang et al. 2017, Sadeghian and Fillmore
2018).

Among the available studies on BFRP-confined masonry members, Di
Ludovico et al. (2010) presented the results of an experimental investigation on
the compressive behaviour of square cross-section tuff and clay-brick masonry
columns confined with carbon, glass and basalt FRP, in order to evaluate and
compare the effectiveness of these strengthening systems. The main experimental
results were presented in terms of axial stress-axial strain relationships and
effective strains at failure on the composite system. With reference to clay brick
masonry columns, researchers found that GFRP and BFRP confining systems led
to similar compressive strength gain (about 57%), but BFRP wrapping was more
effective in terms of ultimate axial strain gain (413% for BFRP confinement
against 259% for GFRP one) even if its mechanical external reinforcement ratio
was lower than GRFP. Indeed, by comparing the transverse strain registered at
failure on the external wrap of the columns with the ultimate FRP axial strain
provided by flat coupon tests, higher values were recorded on BFRP laminates
compared to GFRP.

Micelli et al (2014b) investigated on the mechanical behaviour of circular
masonry columns confined by using glass and basalt FRP systems and subjected
to axial compressive tests. Moreover, active confinement was studied by using a
new technique that utilizes Shape Memory Alloys (SMA). Experimental
outcomes highlighted the effectiveness of the FRP confinement. In particular, the
presence of full wrapping with unidirectional glass and basalt sheets produced
the highest values of strength, with gains of 224% and 132% respectively
compared to unconfined columns. The use of discontinuous wraps allowed also a
considerable enhancements of the mechanical characteristics of confined
columns, with an increment of 82% and 33% for glass and basalt wrapping
respectively. Significant increments of the ductility were observed for both the
strengthening systems. The model of the Italian CNR-DT 200/2013 Guidelines
was adopted by the authors for obtaining a prediction of the compressive strength
and for comparing experimental results and design approach, also for new types
of fibre like basalt which were not included in the technical codes.

In relation to the number of parameters governing the failure mechanism such
as kind of brick element and mortar layer, dimension of columns and so on, the
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experimental studies carried out on strengthening masonry columns by using
BFRP wraps are not enough to formulate more general conclusions about the use
of BFRP confinement as alternative strengthening method to the application of
carbon or glass fibres. Therefore, further investigations are needed in order to
widen the knowledge of this new material and to assess his ability of enhancing
the carrying capacity of masonry columns.

2.5.2 Analytical models

The evaluation of the lateral confinement pressure and the ultimate
compressive strength and corresponding strain, along with the definition of the
overall trend of the stress-strain curve, represent a key aspect to the definition of
the compressive behaviour of FRP-confined masonry. For this reason, many
research works are aimed at defining design expressions for the evaluation of
these parameters.

One of the first studies on the effect of external FRP wrapping on masonry
columns was carried out by Krevaikas and Triantafillou (2005), who tested forty-
two clay brick masonry columns and formulated some expressions for calculating
the strength and ultimate strain increase. Similarly, Corradi et al. (2007)
performed compressive tests on FRP-confined clay brick columns and provided a
model for the calculation of confinement pressure, efficiency coefficients and
strength increase. They also adapted the stress-strain law proposed by Campione
and Miraglia (2003) to model the compressive behaviour of FRP-confined
masonry.

On the base of the experimental investigation presented in the previous
section, Di Ludovico et al. (2010) proposed new expressions for evaluating the
strength enhancement in masonry columns strengthened by FRP systems.

Faella et al. (2011b) presented an analytical formulation for obtaining the
strength of FRP-confined concrete members, analyzing their effectiveness when
applied to confined masonry elements. Furthermore, the researchers
demonstrated that analogous models available for masonry members provided
inaccurate estimations, due to the fact that often they were calibrated on
experimental results carried out on specific types of masonry. Finally, the authors
proposed a general expression for a design formula with reference to the
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experimental database obtained by blending the test results presented by the same
authors with other data available in the literature.

More recently, Lignola et al. (2014) summarized previous literature studies
and proposed a theoretical approach based on the Mohr-Coulomb strength
criterion for determining the strength increase due to FRP confinement.

Additionally, it worth to cite the CNR-DT 200/2013 Guidelines, which
represents the Italian reference document for the design and implementation of
upgrading interventions on concrete and masonry structure through the use of
FRP composite materials.

It is evident from the literature review that a unified approach for the
definition of the stress-strain law of FRP-confined masonry in compression is
still missing. In fact, most of the works have focused on the evaluation of
strength enhancement and confinement efficiency (Krevaikas and Triantafillou
2005, Corradi et al. 2007, Aiello et al. 2009, Di Ludovico et al 2010, Lignola et
al. 2014) by relating the increase of axial capacity with the confinement pressure,
while a few studies have particularized the calculation of ultimate strain and the
definition of an analytical stress-strain relationship (Krevaikas and Triantafillou
2005, Corradi et al. 2007).

In the following, the formulations of some mentioned analytical studies are
presented in detail, focusing the attention on the models that will be considered
for the theoretical investigations carried out in Chapter 5.

Campione and Miraglia (2003)

Despite it was originally defined for concrete members, the model of
Campione and Miraglia (2005) is here presented since it is used for the analytical
investigations involved in this thesis, being the only model able to consider a
reduced stress in the external wrap by means of an analytical expression.

The analytical compressive behaviour of concrete members reinforced by
FRP was investigated by the authors, with particular attention to the variation of
the shape of the transverse cross-section.

According to this model, the compressive strength of FRP-confined concrete,
here indicated as f,. for consistency, is defined as:
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fmc = fmo + kl fz (2.6)

being .0 the compressive strength of unconfined concrete, /7 the effective lateral
confinement pressure and k; an experimental coefficient assumed equal to 2.

The effective confinement pressure is evaluated through Egs. (2.2)-(2.5), on
the base of the shape of the transverse cross-section.

In the case of square or rectangular columns, the effective stress in the wrap is

calculated as:
V2 2r V2
= l—-—k |- —+k - — 2.7
](r ffu [[ 2 i b i 2 ( )

where r. is the corner radius of the cross-section, &; = 0.2121 is a coefficient
defined by the authors by means of regression analysis on the experimental data
and fj, is the tensile strength of the FRP defined as:

Ju=E; -8 (2.8)

Being Erand g respectively the elastic modulus and the ultimate tensile strain of
the FRP laminates.

The ultimate strain g, is assumed as:
& 1
_=1_|_pf._._.—. (29)

where €, is the ultimate strain of unconfined masonry, f; is the confinement
lateral pressure, k. is the in-plane efficiency factor and py is the geometrical ratio
of the external wrap, defined as:

~ 2-[2-(b—2rc)+7rrc]-t/
1= b =42 (22 14)]

For the analytical modelling of the complete compressive stress-strain
response of FRP-confined members the following relationship is provided:

(2.10)
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RVR
6(3):/}8{(1—@-5}/{1{(1 ] 2.11)
oo Eo E o Emo

Eq. (2.11) represents a curved transition from a straight-line asymptote with
slope Ey, Ey being the initial modulus of the FRP-confined masonry, to another

asymptote with slope equal to the hardening modulus Ej, the latter being equal
to:

Eh — f;nv _-me (212)
gmc - ng
The P parameter is the strain hardening ratio defined as:
Eh
p= E (2.13)

The term R is a shape parameter, proposed equal to 3. The hardening part is
governed by the strength and by the maximum strain characteristics of the
confined and unconfined masonry. The stress-strain curve stops when the
maximum stress f,,. and maximum strain &, are reached and FRP fails in tension
because its ultimate strain is achieved.

Krevaikas and Triantafillou (2005)

According to the model proposed by Krevaikas and Triantafillou (2005), the
strength of FRP-confined masonry columns under axial load is evaluated
considering the experimental evidence, which shows that for very low values of
the confining stress the confined compressive strength does not exceed the
unconfined value. Then, the following formulation is proposed:

foe=Too ifLS 0.24
m0

: , (2.14)
fow =S -[0.6+ 1.65 /{_ZJ ifiz 0.24

md m0

where the terms f.c, fno and £’ have the meaning introduced above.
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The effective confinement pressure is calculated with Egs. (2.2)-(2.5), by
assuming f,=fj.

In this model the ultimate strain .. is deduced by the following expression:

izl_’_k_z.i
&

(2.15)
m0 ng me

where &, is the ultimate strain of unconfined masonry and £ is a coefficient
equal to 0.034.

Corradi et al. (2007)

In the model of Corradi et al. (2007) the compressive strength of masonry
confined by FRP is calculated through Eq. (2.6), where the coefficient k; is
evaluated as:

h=z4PijA (2.16)

m0

The effective confinement pressure is evaluated using Egs. (2.2)-(2.5). In
particular, the evaluation of the effective stress in the external wrap is made
through the following expression:

Sy =Sk, (2.17)

where f; is the tensile strength of the FRP and £, is a reduction coefficient,
defined by authors as the ratio between the actual confinement pressure f; and
that on a circular section having a diameter equal to the significant dimension for
which f; is calculated. This coefficient depends on the shape ratio of the section
(b/d) and on the corner radius adopted. It is equal to 0.82 for square sections and
between 0.38 and 0.43 for rectangular sections.

Di Ludovico et al. (2010)

On the base of the main existing models in literature and considering a wide
database of experimental data, Di Ludovico et al. (2010) proposed a refined
equation for the evaluation of the strength of FRP-confined masonry. The
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formulation assumes the form of Eq. (2.6), where the coefficient 4; is evaluated
as:

k, :1.53-(L/j | (2.18)

m0

The effective confinement pressure is calculated through Egs. (2.2)-(2.5). The
model considers the effective confinement pressure calculated by assuming the
external wrap at maximum tensile stress, which means f = ;.

CNR-DT 200 (2013)

The Italian CNR-DT 200/2013 code provides an expression for the definition
of the strength of FRP-confined masonry columns. The axial strength f,. is
defined depending on the compressive strength of unconfined masonry f,.0 and
the effective confinement pressure f';:

Jue = Fo + ki (;—IJ | (2.19)

m0

being k; a dimensionless coefficient and a; an exponent assumed equal to 0.5.
The value of k; depends on the mass density g. (expressed in kg/m?®) of
unconfined masonry:

3

g Y
kl =a, (mj (220)

where o, and o3 are coefficients that can be assumed equal to 1 when
experimental data are not available.

The effective confinement pressure is determined on the base of Egs. (2.2)-
(2.5), assuming the stress in the external FRP wrap equal to:

Jr = Ey (2.21)

where Ey is the elastic modulus of the FRP and ¢;i0 is the reduced maximum
strain in the wrap, expressed as:
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&g =min{n, -, [y, 0.004} (2.22)

n. being the environmental conversion factor, equal to 0.75 and 0.65 for an
external or internal exposure condition, ¢4 the characteristic value of the ultimate
tensile strain of the FRP and yrthe partial safety factor equal to 1.1.

The Italian CNR-DT 200/2013 Guidelines proposes a constitutive law of
FRP-confined concrete members, here presented since it will be employed in
Chapter 5 for the evaluation of the compressive behaviour of FRP-confined
masonry. The compressive stress-strain response is defined by means of the
following expressions

a(2)

2

0 —a-c-¢ forOSESl
"0 (2.23)
o(e) - - &
——==1+b-¢ forl<e< =<
ﬁnO ng

where &nc and eno are the ultimate strain of FRP-confined and unconfined
masonry respectively, gze/emo is the normalized strain, while the other

parameters setting the shape of the curve are defined as follows:

a=l+y (2.24)

b=y-1 (2.25)
J(mO +El 'ng

Y= 2.26

. (2.26)

E, _Sue =S (2.27)

2.6 Compressive behaviour of FRCM-confined masonry columns

Fibre Reinforced Cementitious Matrix (FRCM) composite materials are
currently receiving great attention as alternative strengthening technique to FRP
materials, especially for masonry elements and when specific preservation
criteria need to be fulfilled.
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In the recent years, several experimental studies confirmed the effectiveness
of the confinement by FRCM for masonry columns. The use of such technique
increases the compressive strength of the members and lead to a more ductile
failure, with a softer descending behaviour in the post-peak range with respect to
unreinforced members. However, the number of studies on this subject is not
sufficient to understand the behaviour of the masonry strengthened by FRCM or
to derive general results, due to the variety of masonry materials and differences
in loading states.

Here, the experimental studies carried out on FRCM-confined masonry
columns are addressed, with particular attention to those involving the use of
basalt fibres. Moreover, the available theoretical formulations to predict the
strength increase due strengthening by means FRCM are presented and
discussed.

2.6.1 Experimental investigations

A quite number of experimental campaigns have been carried out with the aim
of investigating on different parameters involved in the compressive behaviour of
masonry columns confined by FRCM systems. The state of the art points out as
the compressive performance of elements strengthened by FRCMs depends on
different parameters, the latter related to the adopted fibres, but also to the type of
matrix employed to apply the textile to the column.

The experimental evidence regarding FRCM confinement of masonry
columns is dated back to 2008, when Di Ludovico et al. tested square cross-
section tuff masonry columns strengthened by glass-grid bonded with a cement
based mortar and subjected to uniaxial compression.

Actually, the number of experimental tests on masonry columns confined by
using FRCM systems is very limited, even if during the last years the
experimental investigations have been increased. Significant contributions derive
from research of Yilmaz et al. (2013), Micelli et al. (2014b), Carloni et al.
(2014), Incerti et al. (2015), Ombres (2015), Krevaikas (2015), Mazrea et al.
(2016), Witzany and Zigler (2016), Fossetti and Minafo (2017), Maddaloni et al.
(2017), Santandrea et al. (2017), Sneed et al. (2017), Cascardi et al. (2018),
Minafo and La Mendola (2018), Ombres and Verre (2018a), Murgo and Mazzotti
(2019). Different types of textile have been employed, among these it can be
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found glass, PBO, carbon, steel, basalt. In the same way, different type of mortar
have been investigated. Here, the experimental studies involving the use of basalt
fibres are discussed.

Yilmaz et al. (2013) investigated on the efficiency of historical masonry
columns externally confined by using open-grid basalt fibre reinforced mortar.
With this aim, square cross-section masonry columns were produced employing
solid bricks collected from historical buildings and local mortar with
characteristics able to simulate those of existing historical mortar. Reference and
FRCM-confined columns were tested under concentric compressive load. The
basalt reinforced specimens showed quite small compressive strength
enhancement (25%) compared to unconfined ones; on the other hand, a
significant energy dissipation improvement was attained (86%). The rupture of
the basalt fibres at the corners of the columns was observed.

As part of the experimental study discussed in the section about FRP, Micelli
et al. (2014b) tested circular masonry columns confined by using continuous and
discontinuous basalt FRCM wraps. The outcomes pointed out a considerable
enhancement of the BFRCM strengthened columns compared to unconfined
specimens. When columns were confined with discontinuous basalt grid,
unexpected results were found, namely the strength increase, equal to 73%, was
higher than that obtained in the case of full-wrapped columns (47%). The authors
related this outcome to the double layer of the FRCM jacket and to the scattering
typical of masonry material. The failure mode was by tensile rupture of the
fibres, accompanied by a diffusive cracking along the height of the column. The
buckling of the cement-based composite jacket was observed.

More recently, Mazrea et al. (2016) presented an experimental investigation
on BFRCM-confined brick masonry piers. Eighteen specimens with
square/rectangular cross-section were assembled and tested under compressive
loads. The use of FRCM jacketing guaranteed significant increments in terms of
axial strain, while the compressive strength gains were not so pronounced.
Moreover, the confinement system showed more effective behaviour on the
square masonry piers than on rectangular ones. The traditional monitoring
systems were supported by the use of a digital image correlation system, which
made possible to obtain information about the progression of cracks subjected to
increasing incremental loading. In particular, the digital system is suggested for
monitoring of the confinement layer behaviour of the FRCM-confined columns,
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while the LVDTs system can be used to describe the overall behaviour of
specimens.

The results of an experimental study on the compressive behaviour of clay
brick masonry columns strengthened with basalt FRCM wraps was presented by
Fossetti and Minafd (2017). Two masonry strength were considered by varying
the mortar grade in order to investigate on the effects of a different binding
mortar composition. The outcomes, discussed in terms of axial stress-strain
curves and failure mode of tested columns, pointed out the capability of this
system in increasing the structural efficiency of strengthened members. It was
found that the efficiency of the strengthening system depends on the mortar grade
of the masonry. In particular, BFRCM jacketing proved to be effective in terms
of strength gain for low-grade mortar masonry, with an average increments of
about 75%, while negligible effects were observed in the case of normal strength
masonry columns.

Santandrea et al. (2017) presented the results of an experimental study on
square cross-section masonry columns, confined by using basalt FRCM jackets
and subjected to monotonic concentric compressive load. The effectiveness of
the confinement was investigated in terms of load-bearing capacity, comparing
results from strengthened columns to those obtained from unconfined specimens.
Particular attention was addressed to the influence of corner radius. The basalt
FRCM jackets provided an average compressive strength enhancement of 14-
16% with respect to control specimens. The relatively low increase of the
average compressive strength was mainly caused by the brittle failure of basalt
fibres at the corners of the square cross-section columns. Specimens with sharp
and rounded corners showed the same failure mode.

An experimental study on real scale masonry columns was performed by
Maddaloni et al. (2017). The researchers investigated on the behaviour of full-
scale columns made of limestone masonry blocks and strengthened using
different FRCM systems, among them basalt FRCM jackets. The results pointed
out the effectiveness of the basalt FRCM confinement system, with
enhancements in terms of both load bearing capacity and ultimate axial strain. In
particular, the axial strength of reinforced columns increased of about 67% in
comparison to unconfined specimens. The post-peak branch of the stress-strain
curves showed a softening trend due to the cracking and expulsion of the mortar
layers and the axial displacement of confined specimens was three times the one
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of reference columns. The spalling of the jacket started at the corners of the
columns, with the formation of vertical cracks, followed by the buckling of
mortar reinforcement in different areas of the specimens.

The studies discussed above allow underlining some common conclusions
that were reached by different authors about BFRCM system. In general, the use
of basalt fibres embedded in mortar matrix for strengthening masonry columns
can guarantee a significant enhancement of the load-carrying capacity of the
confined element, ensuring also considerable improvements of ductility. The
efficiency of BFRCM jacketing changes in relation to the basic properties of
plain masonry, with higher strength gains in the case of weaker masonry. The
cross-section shape (square or rectangular) of the confined columns seems to
affect the performance of the strengthening system and stress concentrations at
the corners were always observed. The failure mode is characterized by the
propagation of longitudinal cracks, usually near the corners of polygonal cross-
section columns, and by the consequent rupture of fibres in correspondence of
the cracks. Sometimes, failure occurred at the overlap region.

For an overall view, the key aspects of the above-mentioned experimental
works are summarized in Table 2.3. Information related to specimens and
strengthening system are provided for each study. In particular, Table 2.3 reports:
the authors (Authors); the label of each specimen (Label); the number of tested
specimens with the same characteristics (n); the type of masonry (M); the cross-
section shape of the specimen (CS); the used corner radius (7.); the type of fibre
used as reinforcement (F); the number of layers of fibre textile (L); the type of
mortar used as matrix of the FRCM system (MT); the thickness used for applying
the FRCM jacket (7). Some other labels used in Table 2.3 are reported in the
explanation below the table.

Except from Micelli et al. (2014b), who tested two FRCM-reinforced circular
columns, the totality of the works focuses on square/rectangular cross-section
shaped columns. Moreover, among the discussed studies, only Krevaikas (2015)
and Ombres and Verre (2018a) investigates on the effect of the number of
reinforcing layers on the stress-strain response of FRCM-confined columns.
Other works consider only specimens reinforced with one or two grid plies.
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Table 2.3: Tested FRCM-confined specimens

Specimen Masonry Reinforcement
Auth ¢
urhors Label n M cs } F L MT !
(mm) (mm)
Di Ludovico
ctal. (2008) GRM 3 Tuff Sq 20 Glass 1 CM 8
Yilmaz et al. S-2B-L 2 Brick S 12 Basalt 2 CM 15
(2013) q
Micelli et al. C_BarinC_T 1 Calcareous .
(014) C BariC_D 1 stone Cire / Basalt 2 (M 10
wcC 3 Rect
Carloni et al. SQC 3 . Sq
(2014) RECT 1 C 3 Brick Rect 10 PBO oM 8
RECT2C 3 Rect
Incerti ef al CP_RC170 2 Carbon
015) ’ CP_RV320 2 Brick Sq 20 Glass 2 LM 10
CP_GV160 2 Carbon
Ombres .
2015) C-1-0 1 Brick Sq 20 Carbon 2 CM 6
Cl_1_R20 3 20 :
Krevaikas Cl1_1_RI10 3
L . %
2015) C2 1 RI0 3 Brick Sq 10 Carbon 2 CM
C3_1 _RI10 3 3
S-2B-L 2
Mazrea et al S-2B-F 2 Sq
2016) R2B-L 2 Brick . 12 Basalt 2 LM 18
R-2B-F 2 e
Witzany and CB_CFRCM_W 1 . 10
Zigler 2016)  CB_CFRCM_S 1 Brick Sq 20 Carbon 1 CM
F tti and M1 BF 2
OsSet an - Brick Sq 20 Basalt 1 CM 10
Minafo (2017) M3 BF 2
Santandrea et C-B-S 5 0 Basalt
al. C-S-S 5 Brick Sq Steel 1 LM 10
(2017) C-BR 5 20 Basalt
Maddaloni et S Ggrid 1 . Glass
- L t S 20 1 LM 15
al. (2017) S_Bgrid 1 1mestone 1 Basalt
C-1-6-0 4 1]
Sneed et al. C-1-6-9 3 . 9.5
2017) C-1-6.38 4 Brick Sq 181 Steel 1 LM 8
C-1-12-9 4 9.5
. FRCM_M4 3
Casz:;(l;clhg():t al. FRCM_M7 3 Limestone Sq 30 Glass 1 M 10
FRCM_M23 3 CM
Minafo and La CM8 3
Cal it LM
Mendola CcM13 3 a :;r:cm ¢ Sq 20 Glass 1 10
(2017) CC25 3 M
C-12-1-1-0 1 1
VO‘“br(‘;SOT;d) C-12-2-1-0 1 Brick Sq 20 Steel 2 LM o
erre{=0iea C-12-3-1-0 1 3
Murgo and CP_RC170 2 Carbon
Mazzotti Brick Sq 20 1 LM 7
(20 1 9) CPiRV320 2 Glass

* Data not available in the reference paper
CM: cement-based mortar; LM: lime-based mortar; Rect: rectangular; Sq: square; Cire: circular

55



Jennifer D’Anna Experimental investigation on the effectiveness of
basalt-fibre strengthening systems for confining
masonry elements

Because of the novelty of the strengthening technique and the wide spectrum
of FRCM materials (both grouts and grids) available on the market, further
studies are needed to better understand the compressive behaviour of columns
strengthened by FRCM.

2.6.2 Analytical models

The evaluation of the effectiveness of FRCM-materials in confining masonry
columns, through the use of validated theoretical formulations for the prediction
of the strength increase and the stress-strain law in compression constitutes a key
factor.

Relationships used for FRP-confined columns are not always adequate to
predict the compressive strength when the confinement is achieved by FRCM
systems. As a matter of fact, the confining action due to FRPs strongly depends
on the quality of the fibres, while the mechanical parameters of the polymer
matrix are not influential. On the other hand, the efficiency of FRCM systems
proved to be affected by the characteristics of the inorganic matrix, since the
cracking development within the matrix may significantly reduce the stress
transfer from the column substrate to the fibre of the jacket, with a consequent
reduction of the confining pressure. Then, the mechanical properties of the
adopted inorganic matrix significantly affect the effectiveness of the whole
FRCM system. For this reason, the analytical study of the FRCM confinement of
masonry column requires specific design equations, with attention to the
influence of both the type of fibre and matrix (Cascardi et al 2017b).

A review of the state of the art pointed out that no design indications are now
available for such strengthening technique, for both concrete and masonry
elements. However, some authors made the effort to define analytical
formulations in order to evaluate the strength increase due to confinement of
columns by FRCM systems and to characterize the behaviour in compression of
these elements.

Cascardi et al. (2017a)

Cascardi et al (2017a) proposed an Analysis-Oriented Model (AOM) for the
definition of the axial stress-strain law of axially loaded FRCM-confined
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columns made of concrete or masonry and having circular or square cross-
section. The model is based on a step-by-step iteration of the axial strain, with the
hypothesis that within the single step the column behaves elastically and the
FRCM jacket remains uncracked. The non-linear behaviour of the column is
taken into account by introducing a damage index able to consider the decay of
mechanical properties of the column. Moreover, a damage index is also adopted
for the FRCM jacketing to model the damage evolution of the strengthening
system with the increase of the axial load. The formulations adopted in the
proposed model are those commonly used for classical FRP modelling, but they
are applied following an iterative procedure.

The analysis begins with an input phase (k=0) including the definition of the
properties of unconfined column and FRCM system. Initial information about the
column includes the definition of the geometrical parameter Dy, the elastic
modulus E,, the Poisson coefficient vy and the values of the compressive
strength f,0 and corresponding strain &,9. Regarding the FRCM, the jacket
thickness #r as geometrical parameter is required; moreover, it is needed to define
the whole stress-strain response of FRCM under tension, in terms of tangent
modulus and ultimate strain relative to each stage of the constitutive law (£; and
er, Ei and gy for stage I and II respectively).

The calculation starts by imposing a longitudinal deformation &, to the FRCM
reinforced column, with a consequent lateral dilatation &.

The evaluation of the Poisson’s ratio vy of the confined column depending on
the lateral pressure is defined through the expression:

Upe i 14 Euk (0'7194_1'914&] (2.28)
UmO E mO0

me,k

being v.o the Poisson’s coefficient of the unconfined column, &, the compressive
strain related to the compressive strength of the FRCM-confined column, f; the
confinement pressure provided by the FRCM system. At step k=0 the lateral
pressure is considered null and the value vy equal to 0.2 is adopted.

Once the Poisson’s ratio defined, the lateral strain and the confinement
pressure can be evaluated as:

(2.29)

|‘9h,k| = \Pnek " Eak

m
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£ = 2-Ef,k il
Lk D

k

(2.30)

being Er the longitudinal elastic modulus of the FRCM system and D the
diameter or the diagonal of the column for circular and square cross-section
respectively.

The compressive strength increase and the corresponding strain are calculated
using the expressions:

f;nc,k = ﬁnO +6.7- f;?[fw (23 1)

0.5
Epese = Emo| 1+ (%j (2.32)

m0

The constitutive law in compression of FRCM-confined column is defined by
adopting the Popovics’s curve:

Sk x-r

= 2.33
S T1+X (2.33)
& E
where x=—2%; r= m . E = Jees (2.34)
8mc,k EmO - Emcs,k , 800,/{

being fu. the compressive strength of the FRCM-confined column, E,o the
Young’s modulus of the unconfined column, E,. the secant modulus of the
confined column.

The calculation phase finishes with the check of the failure criterion, which
can stop the procedure or conduct to the upgrading phase and to a new iteration
(k+1). In particular, the failure criterion is defined as the attainment of the 85%
of the ultimate strain of FRCM system. The cross-section expansion is taken into
account by the following expression:

(2.35)
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Cascardi et al. (2017b)

A new Design-Oriented-Model (DOM) aimed at evaluating the strength
increase due to masonry confinement by using FRCM system was presented by
Cascardi et al. (2017b). The authors performed a multiple linear regression
analysis in order to evaluate the influence of the fibres-matrix properties
interaction on the effectiveness of the confining pressure. It was shown that the
properties of the matrix play a key role in the FRCM-confining of masonry
columns. Hence the need to take into account the characteristics of the mortar
besides those of the fibres in the definition analytical formulations.

The following expressions are proposed for the evaluation of the strength of
masonry columns reinforced with FRCM systems, through the definition of the
lateral confinement pressure:

0.5
Jue = o [l +k (fij ] (2.36)
m0
n-t,-E .gu f;mat 4'tmm
J(l :%’ kl =6pmatf’—; pmat :T (237)
m0

where f,. and f.o are respectively the strength of confined and unconfined
masonry, f; is the lateral pressure. The terms #; Erand &5 represent the thickness,
Young’s modulus and ultimate strain of the textile respectively, while 7 is the
number of reinforcing layers. The characteristics of the matrix are taken into
account through fi .« and t.., which represent respectively the compressive
strength and the thickness of the adopted mortar. The term D refers to the
diameter of the circular cross-section or the diagonal of the square/rectangular
cross-section of the column.

Balsamo et al. (2018)

An analytical study for calibrating design formulations about masonry
columns confined by FRCM was carried out by Balsamo et al. (2018), taking into
account experimental compressive tests available in the literature.

The proposed design-oriented-model (DOM) is based on the proposal of the
Italian CNR-DT 200/2013 code for the FRP confinement of masonry columns.
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The axial strength of the FRCM-confined column f,,. is defined depending on the
compressive strength of unconfined masonry f,¢ and the effective confinement
pressure f7:

Joe = oo | 1+ K (;—’j (2.38)

m0

The term k; is a dimensionless coefficient and a; is an exponent assumed
equal to 0.5. The value of k; depends on the mass density g. (expressed in kg/m®)
of unconfined masonry:

3

k =a, (éﬁj (2.39)

where o, and o3 are coefficients that can be assumed equal to 1 when
experimental data are not available.

The effective confinement pressure is determined on the base of the
geometrical and mechanical characteristics of the unconfined column and those
of the FRCM system, including fibres and mortar:

fi =k, ke f, (2.40)
2.-n-t,.-E.-
f=tt 2 e fD £ o (2.41)
2
kmat = a4 (pmat f;’”at ] (242)
mQ0
4-¢
P = —D'”‘” (2.43)

where kn. is the “matrix effectiveness coefficient”, a dimensionless coefficient
introduced in order to evaluate the effectiveness of the FRCM confinement based
on the performance of the mortar matrix, and k. is the “horizontal effectiveness
coefficient”’, namely the cross-section shape factor (CNR-DT 200/2013). The
other terms have the meaning introduced above, while the value of 1.81 can be
assigned to the parameter ay.
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The accuracy of the proposed equations in predicting the compressive axial
strength of FRCM-confined masonry columns was evaluated by experimental
results comparison. The study underlined the wvalidity of the proposed
formulations, confirming the importance of taking into account the matrix
contribute for the definition of proper design formula.

2.7 FRCM tensile characterization

Materials need to be tested in order to find parameters able to describe their
behaviour under different load conditions. Tensile tests on composite materials
have the aim to understand the response of these strengthening systems in tension
and to find the values necessary for design.

There are some structural applications in which the tensile behaviour of the
externally bonded strengthening systems plays a particularly important role and
the maximum attainable stress can be fully exploited. The identification of the
ultimate tensile strength may be decisive for those applications in which the
tensile failure of the textile may occur, such as the confinement of masonry
columns.

In FRPs, the matrix offers a more ductile behaviour than fibres and, due to
this reason, the organic composites follow the fibres behaviour with an elastic
trend up to the point of failure. The tensile behaviour of cement-based
composites is different from that of polymeric matrices due to the brittleness of
the inorganic matrix, which presents an ultimate strain in tension considerably
smaller than that of the fibres. Because of the more complex and variable
mechanical behaviour than the one observed for the FRP systems, FRCM
composites require appropriate tensile characterization. Here the main aspects
concerning the tensile characterization of FRCM composites are discussed.

The behaviour of FRCM strengthening systems depends on several
parameters and nowadays, with the only exception of the US documents AC434
(2013) and ACI 549.4R-13 (2013), there are no normalized testing methods and
design procedures regarding these systems. In Europe, international scientific
committees, such as the RILEM TC 250-CSM, and standardization boards have
been activated to achieve a better knowledge and develop guidelines (Ascione et
al. 2015, De Santis et al. 2017a).
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In order to characterize FRCMs, tensile tests play a key role and in the last
decades many experimental studies have been carried out with the aim of better
investigate on the tensile behaviour of this system (Bilotta et al. 2017a, Caggegi
et al. 2017b, D’ Antino and Papanicolaou 2017, Donnini and Corinaldesi 2017,
Lignola et al. 2017, De Santis et al. 2017b). Cement-reinforced composites show
a complex mechanical behaviour in tension, which is affected not only by the
properties of the fabric and the matrix but also by the bond strength at the
interface between these two components. The grid-matrix interaction has a
fundamental role in the performance of this strengthening technique and
represents the central issue of many investigations (Dalalbashi et al. 2018a,
Dalalbashi et al. 2018b, Donnini et al. 2018, Bellini et al. 2019). Furthermore, the
effectiveness of FRCM systems is strongly related to the bond developed at the
interface between the inorganic matrix and the substrate; for this reason recently
researchers have analyzed in deep the bond behaviour of different mortar-based
systems along the substrate (De Felice et al. 2014, Alecci et al. 2015, Roscini et
al. 2016, Olivito et al 2016, Carozzi et al. 2017, Ceroni and Salzano 2018, De
Felice et al. 2018, Ombres et al. 2018b).

The large number of available textiles and mortars result in a wide variability
in terms of mechanical behaviour, tensile strength capacity, bond performance
with the substrate and expected failure modes (Ascione et al. 2015). Composite
materials made with different types of fibres, especially glass fibres (Carozzi and
Poggi 2015, Codispoti et al. 2015, De Santis and De Felice 2015b, Bilotta et al.
2017a, Leone et al. 2017a, Leone et al. 2017b, Donnini et al. 2019), carbon fibres
(De Felice et al. 2014, Carozzi et al. 2017, Ombres et al. 2018b, Garbin et al.
2018) and aramid fibres (De Santis and De Felice 2015b, Caggegi et al. 2017b)
have been investigated. In order to reduce the cost of carbon and glass fibres, the
use of new types of fibres, such as high strength steel cords, has been explored
(Ghiassi et al. 2016b, De Santis et al. 2017b, Santandrea et al. 2019). Moreover,
the growing concern regarding the sustainability increased the interest towards
products based on materials with low environmental impact. In the field of civil
structures, some efforts have been done to replace the most common composites
by materials less harmful to the environment, as natural fibres (Cevallos and
Olivito 2015, Ghiassi et al. 2016a, Mercedes et al. 2018) or basalt fibres
(Larrinaga et al. 2014, De Felice et al. 2014, Bilotta et al. 2017b, D’ Antino and
Papanicolaou 2017, Caggegi et al. 2017a, Tekieli et al. 2017, D’Antino and
Papanicolaou 2018, Iorfida et al. 2017).
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Literature shows as the most common failure of FRCM system under loading
is by slippage of fibres inside the matrix (Carozzi and Poggi 2015). This failure
mode is different compared to the cohesive failure frequently recorded in FRP
strengthening systems. Since the inorganic matrix is not able to fully impregnate
the yarns, the adhesion between mortar and textile is not as strong as in FRPs.
The fibre yarns can be modeled as having a sleeve and a core and it is important
to investigate on both the adhesive bond between external fibres of the yarn and
mortar and the frictional bond among the internal fibres within the yarn
(Arboleda et al. 2015). Slippage at the matrix-fibre interface is due to incomplete
impregnation of texture, debonding or chemical incompatibility, while slippage
among fibres in the yarn is caused by the so called felescopic failure. The
external fibres in yarn are in direct contact with the matrix and are then closely
bonded, while the internal fibres in the core of the yarn can slip more easily
because of the low friction between the fibres (Larrinaga et al. 2014). During
debonding failure at the matrix-fibre interface, the external filaments fracture
while the internal ones, not in direct contact with the matrix, slip without any
apparent damage (Arboleda et al. 2015, Carozzi and Poggi 2015). The telescopic
failure mode is influenced by different factors, such us the cement penetrability,
the textile geometry, the friction level among the fibres in each yarn and the
presence of coating. Experimental studies pointed out as a polymer coating
treatment on the textile roving can improve the adhesion strength between textile
and mortar (D’Antino and Papanicolaou 2017, Mercedes et al 2018), with
resulting increase of ultimate strength of the FRCM system.

The mechanical properties derived from separate tests on fibres and matrix
cannot be directly employed to obtain the mechanical properties of the composite
material, due to the fundamental role played by the interaction between the two
materials. Nevertheless, usually tensile and bond tests on FRCM composites are
accompanied by tests carried out on composite components, i.e. mortar (Carozzi
and Poggi 2015, De Santis and De Felice 2015a, Codispoti et al. 2015) and
textiles (De Felice et al. 2014, Larrinaga et al. 2014, Carozzi and Poggi 2015,
Alecci et al. 2015, Roscini et al. 2016, Codispoti et al. 2015), in order to
investigate the contribution provided by the two components.

Different setups for tensile testing of composite materials comprising fibre
textiles and inorganic matrices have been proposed in the literature (De Santis
and de Felice 2015a, Carozzi and Poggi 2015, Arboleda et al. 2015, De Santis et
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al. 2018, D’Antino and Papanicolaou 2018). The tensile behaviour of FRCM
materials is influenced by several factors, including the specimen geometry and
fabrication, the strain measurement technique and the load transfer mechanism
(grip method). In particular, the clamping method plays a fundamental role in
achieving a uniform load distribution and may significantly influence the stress-
strain response of composite specimens (De Santis and De Felice 2015a, Carozzi
and Poggi 2015, D’Antino and Papanicolaou 2017, Arboleda et al. 2015). The
US standard (AC434, 2013) suggests to use the clevis-type gripping mechanism,
in which the load is transferred from the testing machine to the mortar by shear
adhesion, using two metal plates glued at each end of the specimen and
connected with a transversal pin outside of the length of the sample. This system
is connected with a clevis joint to the testing frame. This clamping solution
reduces parasitic bending moments and failure is expected to occur by textile
slipping within the matrix. An alternative type of gripping mechanism is the
clamping grip method, which uses friction for the load application realized by
applying a compressive force normal to the plane of the specimen at his ends.
This solution improves the stress-transfer mechanism between fibres and matrix,
preventing fibres slippage (Arboleda et al. 2015, D’Antino and Papanicolaou
2017).

Depending on the type of gripping mechanism adopted, but also on the
characteristics of the composite material, there are two constitutive laws that can
describe the idealized behaviour of FRCM composites in tension (Arboleda et al.
2015). If a good bond between fibres and matrix can be assumed, the material
behaves following a trilinear stress-strain response (Figure 2.9) characterized by
a first elastic uncracked branch, a second branch characterized by several jumps
associated to cracking of the cementitious matrix and a last linear branch up to
failure of the textile reinforcement (Figure 2.9a). This behaviour is typical of a
specimen tested employing the clamping grip method. On the other hand, the
presence of a certain grade of slippage between fabric and mortar makes it
impossible to reach the textile rupture and the stress-strain FRCM response can
be idealized by a bilinear behaviour (Figure 2.9b). This response is typical of
composite materials tested by using the clevis-type gripping mechanism. The two
models are not in contradiction, but are strictly related to the grip method adopted
to test the material.
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Figure 2.9 Tensile behaviour of FRCM composite (D’Antino and Papanicolaou
2017): a) trilinear stress-strain response; b) bilinear stress-strain response

The behaviour of such heterogeneous systems like FRCM material needs to
be investigated with adequate monitoring techniques. In most experimental tests
available in the literature, traditional systems, i.e. displacement transducers and
strain gauges, allowed acquiring experimental data in terms of displacement and
local strains. However, it is worth to note as the traditional monitoring systems
showed to be not always adequate for FRCM materials: the strain gauges are able
to measure only local values, while the reliability of displacement measures
obtained from the use of transducers is strongly related to the choice of their
position that depends on the cracking pattern, unknown before the test (De Santis
et al. 2017a). For these reasons, in some cases traditional acquirement systems
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were complemented or substituted by innovative monitoring techniques such as
Digital Image Correlation (DIC), useful to investigate the mechanical behaviour
of the FRCM systems, both in the case of tensile and bond tests (Bilotta et al.
2017a, Bilotta et al. 2017b Caggegi et al. 2017a, Tekieli et al. 2017, D’ Antino
and Papanicolaou 2018, Donnini et al. 2019).

The volume fraction of fibres represents a significant parameter and affects
the tensile behaviour of FRCM composite materials. The effect of reinforcement
ratio was analyzed in some studies (Larrinaga et al. 2014, Cevallos and Olivito
2015, Arboleda et al. 2015, Caggegi et al. 2017a). All the works showed that the
increase of the reinforcement ratio affects many factors, such as strength,
Young’s modulus, failure more and crack pattern of tested FRCM specimens. In
particular, it was shown that the number of cracks is larger for composite
specimens with more multiple layers and, in this case, the crack development
stage of the composite constitutive law is concentrated in a shorter interval of
strain.

On the base of the discussion presented above, it is clear that a large number
of parameters can affect the tensile behaviour of inorganic-matrix composites.
Despite the outcomes achieved so far allow a better understanding of the role of
different parameters on the tensile response of these systems, further
investigations are needed in order to define an appropriate qualification
procedure.
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3. EXPERIMENTAL PROGRAMME

3.1 Introduction

The literature review presented in the previous chapter highlights that few
research works were developed on the use of basalt fibres for confinement
applications on masonry members. Then, it is not possible to formulate general
conclusions about the employment of basalt fabric composites as an alternative to
the application of carbon or glass fibres for the confinement of masonry.
Additionally, literature studies reveal that the use of FRCM materials can be
considered a real alternative to the use of FRPs, but the experimental
comparative studies adopting the same fibre fabric are very limited in number
and a direct comparison between BFRP and BFRCM performance is still
missing.

In this context, this chapter presents an experimental programme, which aims
to compare the structural performance of composite materials based on basalt
fibre fabric for the confinement of masonry members. The same basalt textile is
adopted combined with organic (BFRP) or inorganic (BFRCM) matrix, in order
to evaluate the performance of both types of composite as confinement system of
clay brick masonry cylinders.

The details of the performed investigation in terms of employed materials,
manufacturing procedures and test methods are here discussed in deep, while the
experimental results will be presented in the next chapter. In particular, the
chapter addresses the mechanical characterization of constituent materials of the
masonry and the used strengthening systems, with great attention to the tensile
characterization of the basalt textile grid used as reinforcement. Given the more
complex mechanical response compared to that exhibited by FRPs, an in-depth
investigation on the tensile behaviour of BFRCM system is presented, involving
the analysis of the influence of different reinforcement ratios. The procedures
followed for making up and for testing the masonry cylinders are also discussed.
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Additionally, the chapter involves a wide discussion on the Digital Image
Correlation (DIC) technique that is here employed as innovative measuring
method.

All the tests were carried out at the Heavy Structure Laboratory of the
Queen’s University of Belfast (UK).

3.2 Experimental programme

Aiming to evaluate the efficiency of composite materials with basalt fabric for
confinement applications on masonry members, a total of twenty-six clay brick
masonry cylinders were assembled and tested under uniaxial monotonic
compression. The specimens included unconfined cylinders, adopted as control
samples, and cylinders confined by BFRP or by BFRCM.

The specimens were arranged considering two different assembly schemes
(Figure 3.1) in order to investigate on the effects of the number of vertical mortar
joints.
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Figure 3.1 Brick assembly schemes for preparing cylinders: a) Scheme I (wall);
b) Scheme II (column)
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Fifteen cylinders were assembled with one vertical mortar joint (Scheme I,
Figure 3.1a), including: - four unconfined specimens, - four BFRP-reinforced
cylinders, of which two wrapped using one BFRP layer and two confined with
two layers; - seven BFRCM-reinforced cylinders, of which four wrapped with
one layer and three with two layers. The other scheme (Scheme II, Figure 3.1b)
included eleven specimens with three vertical joints, subdivided in: - two
unconfined cylinders; - four FRP-confined cylinders, of which two wrapped
employing one basalt grid layer and two using two layers; - five BFRCM-
strengthened cylinders, three reinforced by using one layer of fabric, two using
two layers.

The identification of unreinforced and reinforced specimens is presented in
Table 3.1.

Specimens were named following the designation CNX_ YZL, where C means
“cylinder”, N is used to number specimens of the same typology, X indicates the
matrix used for wrapping the cylinders (R for resin, M for mortar), Y is used to
designate the assembly scheme (W for cylinders obtained from walls, Scheme I;
C for cylinders obtained from columns, Scheme II), Z indicates the number of
layers used for confining the cylinder (1 for one-layer wrapped cylinders, 2 for
two-layer wrapped cylinders), L means “layer”. In the case of unconfined
cylinders, the last two letters are replaced by the designation “Un” (unconfined).

3.3 Investigated variables and assumptions

It is reminded that several parameters can influence the compressive
behaviour of confined masonry. In the framework of the current investigation,
focus was made on the role of the following key variables: kind of matrix
adopted in the external wrap (i.e. organic or inorganic matrix), number of fibre
fabric layers, number of vertical mortar joints in the masonry (i.e. grade of
unconfined masonry). As a consequence, the number of performed tests was
calibrated to cover the investigated variables. In this context, it should be also
considered that six specimens were planned to be tested for each investigated
typology (Table 3.1), but some cylinders were damaged during the coring or the
preparation operations. For this reason, the number of tested specimens was
limited to twenty-six.
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Table 3.1: Test specimens

Specimen  Brick layup Number of Number of  Number of basalt
designation scheme vertical joints specimens grid layers

Cl WUn
C2 WUn
C3_WUn
C4 WUn
C1 _CUn
C2 CUn
CIR WIL
C2R_WIL
CIR W2L
C2R W2L
CIR CIL
C2R _CIL
CIR C2L
C2R C2L
CIM_WIL
C2M_WIL
C3M_WIL
C4aM_WIL Scheme 1 1
CIM_W2L
C2M_W2L 3 2
C3M_W2L
CIM_CIL
C2M _CIL 3 1
C3M_CIL Scheme I1 3
CIM_C2L
C2M_C2L

Scheme 1 1 4

None

Unconfined

Scheme 11 3 2

Scheme 1 1

FRP

Scheme 11 3

FRCM

In addition, some assumptions were made on the shape and on the scale of
tested samples, and their role on the obtained results need to be clarified.

In particular, it should be noted that the circular section of masonry specimens
was chosen in the current investigation in order to study the effect of pure
confinement. In fact, the absence of corners in the section allows avoiding stress
concentration in the external wrap and, consequently, the strengthening system

70



Chapter 3 — Experimental programme

can reach theoretically its maximum stress in a uniform manner. Additionally,
the confinement pressure in circular sections is not affected by the geometric
efficiency coefficient (see Chapter 2, Section 2.4). In this way, the obtained
experimental data can be compared with theoretical predictions avoiding to make
assumptions on the calculation of the effectively confined area of the transverse
cross-section. By contrast, the obtained strength increase can be considered as an
upper bound of the confinement effect for real case studies, and consequently,
further research works need to be addressed on the evaluation of BFRP and
BFRCM confinement on masonry columns with polygonal sections.

It is also reminded that the adoption of small scale specimens was due to the
fact that the coring of masonry was the more precise and practical way for
obtaining cylindrical specimens. Additionally, the reduced bearing capacity of
the testing machine did not allow making up bigger specimens and,
consequently, obtained results could be affected by scale effect. Future efforts
should be made for extending the current investigation to full-scale masonry
columns.

3.4 Materials

In this section, the materials adopted in the current investigation are
presented, making difference between the components of the assembled masonry
and those of the adopted composite materials. The main features are presented,
including the main physical and mechanical properties.

3.4.1 Masonry components
Brick units

Pressed bricks with nominal dimensions 50x100x210 mm were used for
assembling walls and columns from which the cylinders were cored.

Mortar for masonry

The mortar used for assembling walls and columns was composed of cement
and sand with a weight ratio of 1/5. Water was added until the minimum
workability was achieved.
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3.4.2 Components of composite materials
Basalt textile grid

The textile used as internal reinforcement of the composite consisted of a
primed alkali-resistant basalt fibre bidirectional grid. The longitudinal and
transversal rovings of the mesh were woven and fixed at their intersection with
nylon fibres. According to the technical sheet, the textile had a nominal cell size
of 6x6 mm (Figure 3.2), unit weight equal to 250 g/m? and the density of the
fibre was 2.75 g/cm’. The equivalent thickness was 0.039 mm and the nominal
values of tensile strength, ultimate strain and Young’s modulus provided by the
manufacturer were f; = 60 kN/m, &, = 1.8%, Er = 89 GPa respectively. The
mechanical properties of the grid provided by the manufacturer are summarized
in Table 3.2.

H
a) 1.5 mm b)

Figure 3.2 Basalt textile: a) representation of basalt grid; b) geometry of basalt grid

Table 3.2: Mechanical properties of basalt grid (manufacturer data)

Material Unit Mesh Densit Tensile Elastic Equivalent Elongation
weight  size y strength modulus thickness at failure

BFRP 250 6x6 275

. ) ; O0kN/m 89GPa  0.039mm 1.8%
grid g/m mm  g/cm
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Mortar for BFRCM jacket

A two-component premixed cement-based mortar, made of hydraulic natural
lime, sand, special additives, polymers and short glass fibres spread in the matrix,
was used as matrix for the BFRCM material. According to the mechanical
characteristics provided by the manufacturer, the mortar had flexural strength
equal to 8 MPa, compressive strength of 25 MPa and Young’s modulus equal to
10 GPa.

Epoxy resin for BFRP jacket

A two-component epoxy resin based product with selected fine graded
aggregates and special additives was employed as matrix for the BFRP system.
In accordance with the datasheet provided by the manufacturer, the product had a
tensile strength of 40 MPa and Young’s modulus equal to 2.6 GPa.

3.5 The Digital Image Correlation (DIC)

The Digital Image Correlation (DIC) is an innovative non-contact optical
technique that has become widely accepted and commonly used as a powerful
and flexible tool for the full-field surface deformation measurement of any type
of object. Due to its several advantages with respect to traditional measurement
systems, it was employed in the current experimental investigation.

In this section, the basic principles of DIC technique and advantages offered
by this method are presented. Moreover, the software employed for the
elaboration of the data acquired during tests is presented.

3.5.1 Basic principles of Digital Image Correlation (DIC)

Developed by a group of researchers at the University of South Carolina in
the 1980s, during the past few years the DIC method has been largely
investigated and improved in order to achieve high accuracy deformation
measurement and reduce the computational complexity (Yoneyama and
Murasawa 2009). Nowadays, many applications of this method to various fields
can be found, thanks to the ability of DIC to provide a “box-seat” to the events
that occur during deformation.
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The DIC technique is based on recording digital images of a specimen surface
before and after deformation caused by an applied load. The DIC estimates the
displacement of each image point by comparing the images of the object surface
in different states.

The DIC can be applied indifferently to classical 2D or volumetric (3D)
images, but in the context of the experimental study presented in this thesis, only
two-dimensional DIC (2D DIC) is used. Being an efficient method for
quantitative in-plane deformation measurement of a planar object surface, 2D-
DIC is widely accepted and commonly used within the field of experimental
mechanics (Pan et al. 2009).

In general, the application of the DIC method involves three main steps (Pan
et al. 2009): specimen preparation; recording a series of images of the specimen
surface before and after the load application; elaboration of the acquired images
in order to obtain displacement and strain information.

Specimen preparation consists in painting the specimen surface with a random
speckle pattern with the aim of guaranteeing a random grey intensity distribution
that deforms along with the surface of the sample. The presence of random
speckle pattern is a basic requirement for DIC analyses in order to obtain a
unique solution in the correlation process (Caporossi et al. 2018). This can be
achieved by spraying the object with white and black paints or using other
techniques; sometimes, the speckle pattern can be the natural texture of the
specimen surface.

In two-dimensional DIC, displacements are directly detected from digital
images of the surface of an object. Images can be obtained from a wide variety of
sources including conventional CCD or consumer digital cameras, high-speed
video, macroscopes and microscopes, including scanning electron and atomic
force microscopes (McCormick and Lord 2010). Figure 3.3 shows a typical
example of an experimental setup for two-dimensional DIC.

The images of the surface of the object, one before and others after
deformation, are recorded, digitized and stored in a computer as digital images.
Later, these images are compared to detect displacements by searching a matched
point from one image to another.

The input data of the analysis are positive integers, called grey levels, of the
image at the first configuration, called “reference image”, and those of the second
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configuration, named “deformed image”. These two images can be extracted
from a temporal sequence comprising a large number of images, of which any
image can be selected as the reference image or the deformed image (Grédiac
and Hild 2012).

Loading system

L)
Planar

Specimen | ——

White Light Soutce

AN

Computer

-

Figure 3.3 Setup for displacement measurement using DIC (Pan et al. 2009)

In the classic DIC method, the elaboration of the acquired images starts with
the detection of the Region Of Interest “ROI”. The ROI represents an area of the
picture selected by the operator and it covers only the part of the object to be
correlated. Therefore, the ROI constitutes the analysis area, on the surface of the
object, in which the correlation algorithm operates (Caparossi et al. 2018)

This domain is then divided into subsets (Zones Of Interest “ZOI”) and a
mathematical correlation is performed between a pair of images that were taken
before and after a given deformation of the object, to track the centre point of
each subset and estimate his displacement vector (Xavier et al. 2012). A
schematic illustration is given in Figure 3.4.

In order to evaluate the displacements of point P(xo, yo), a square reference
subset of (2M+1)-(2M+1) pixels centered at point P in the reference image is
identified and used to track its corresponding location in the deformed image
(Pan et al. 2009). M indicates the number of whole pixels from the center to edge
of the subset.
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Figure 3.4 Schematic illustration of subset matching: a) square reference subset;
b) deformed subset after deformation (Pan et al. 2009)

The position of point P in the deformed image, namely P'(xo, yo), is
impossible to determine by comparing single pixels, as many pixels of the
deformed image may have the same grey level pixel value. Therefore, the
consistency between the points P and P’ is accomplished by considering a pixel
and its neighbourhood in the reference image and searching for the same subset
in the deformed image (Figure 3.4b) (Caporossi et al. 2018). Selecting a square
subset instead of an individual pixel guarantees a wider variation in grey levels
and allows the subset to be distinguished from other subsets, resulting uniquely
identified in the deformed image. The identification of the subset comes from the
assumption that the grey levels distribution does not change during deformation
(Yoneyama and Murasawa 2009).

Therefore, the choice of the subset size is of fundamental importance. The
optimum subset size should not be too small and it is influenced by the
granularity of the speckle pattern. On the other hand, a too large subset is not
suitable to describe large heterogeneous deformations and could affect the DIC
accuracy (Lava et al. 2010). In general, the size of the subset should be at least
equal to the dimension of the largest spot of the speckle pattern.

Another important parameter that needs to be selected attentively is the step
size, which is defined as the shift of the subset during the correlation process
(Caporossi et al. 2018). Setting the step size, the measurement point density
within the surface is influenced. In particular, the smaller the step size the larger
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the measurement point density. For a higher spatial resolution, the subset shift
should be decreased (GOM Testing 2016).

The DIC algorithm looks for the deformed subset that best matches the
undeformed one. The equivalence degree between the reference subset
(undeformed image) and the deformed subset (deformed image) is evaluated
through a correlation criterion that, in general, can be a Cross-Correlation
criterion (CC) (Eq. 3.1) or a Sum-Squared Difference criterion (SSD) (Eq. 3.2)
(Pan et al. 2009):

Coc=Y PANCENLCEN] 3.1)
Cosp = i f FIESARICNS] (3.2)

where flx;, y;) and g(x;’, y;’) represent the grey levels within the subset of
undeformed and deformed images respectively, while (x;, y;) and (x;’, y;’) are the
coordinates of a subset point, before and after deformation. The symbol of the
summation indicates the sum of the values within the subset.

The calculation of the correlation between the undeformed subset and all
possible deformed subsets generates a discrete correlation surface (Figure 3.5):
the maximum point of the correlation surface gives the position of the center of
the deformed subset in the deformed image that best matches the undeformed
subset. The difference in the position between the reference subset center and the
target subset center defines the in-plane displacement vector at point P (Figure
3.4) (Chakinala 2013).

Because of the assumption of deformation continuity of a deformed solid
object, neighbouring points in a reference subset remain as neighbouring points
in the target subset (Chu et al. 1985, Pan et al. 2009). However, a square patch on
the surface of the reference image may no longer be square once the object is
deformed. Therefore, the neighbouring points in the reference subset can move
by a different amount than the subset center. The coordinates of point Q(xi, ¥;)
located around the subset center P(xyp, yy) in the reference image will be
represented by point Q'(x;’, 1) in the target subset (Figure 3.4) according to the
“shape function” or “displacement mapping function” (Lu and Cary 2000):
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x; =X +V/(xi’yj)
, (i,j==M:M) (3.3)
Y=V +¢(xi’yj)

In Eq. (3.3), w(x;, ¥) and @(x;, y;) refer to the displacement mapping functions
in the x and y directions respectively. The displacement mapping functions are
used to calculate the displacement of a neighbouring surface point, based on the
distance of the point from the center in the reference surface.

The method through which the subset can deform during the correlation
process depends on different number of parameters (Caporossi et al. 2018). In the
case of a rigid translation of the reference subset, namely when each point of the
subset undergoes the same displacement and the relative displacement between
points in the target subset is zero (Figure 3.6), then a zero-order displacement
mapping function can be used:

l//(xisyj) =u
(3.4)
¢('x[7yj) =V

where # and v are the x- and y-directional displacement components of the
reference subset center P(xg, yo).

It is clear that these functions cannot be used if the subset is subjected to a
deformation. When not only translation, but rotation, shear, normal strain and
their combination (Pan et al. 2009) are involved in the displacement from the
reference subset to the target subset, then the first-order displacement mapping
function need to be used. In this case, the general form of an affine
transformation is obtained (Caporossi et al. 2018) (Figure 3.6):

ou ou
Ly ) =u+—Ar+—A
w(x,y;)=u ™ o Y
(3.5)
ov ov
X,y )=v+—Ax+—A
P(x.y;) . o Y

where Ax and Ay are the x- and y-directional components of the distance from the
center of the subset to the point (x;, y;) respectively, while ou/0Ox, ou/0y, ov/ox,
0v/0y are the first-order displacement gradients of the reference subset.
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Figure 3.5 Correlation surface (Zucchini 2011)

Higher order shape functions can be used to express more complicated
deformation states of the subset. Second-order terms can be included in the shape
function to take into account the effects of full bending of the subset (Caporossi
et al. 2018) (Figure 3.6).

A surface point that lies at the center of a pixel in the undeformed image may
not be exactly in the center of a pixel in the deformed image, but between pixels.
In a digital image, grey values exist on discrete pixel points. In order to calculate
the correlation on the position among pixel points, the values of grey level among
pixel points are required. In this case, before evaluating the match between
undeformed and deformed subset employing a correlation criterion (Egs. 3.1,
3.2), it is essential to know the intensity (value of grey level) of these points
having sub-pixel location. Therefore, a sub-pixel interpolation scheme should be
used. In literature many sub-pixel interpolation schemes are available, such as
bilinear interpolation, bicubic interpolation, bicubic B-spline interpolation (Pan et
al. 2009), to mention some of them.

To enhance the accuracy of the DIC method, improving the displacement
measurement precision, a more sophisticated algorithm able to compute
displacements with resolution better that a pixel is necessary: this is called
subpixel DIC algorithm. The sub-pixel algorithm allows overcoming drawbacks
related with the spatial resolution, namely the smallest distance between two
statically independent measuring points. This issue can be a problem in
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applications with discontinuous displacement fields or when high strain gradients
are present (Xavier et al. 2012).

In general, to achieve sub-pixel accuracy the implementation of DIC is based
on the so called “coarse-fine approach”, which involves two steps: pixel-level
(coarse) estimation and subpixel-level (fine) estimation of displacement fields
(Pan et al. 2009, Xavier et al. 2012). There are some techniques regarding the
initial guess of the deformation vector and also, in literature, it is possible to find
various sub-pixel registration algorithms.

RIGID AFFINE IRREGULAR Quadratic

ORIGINAL
SUBSET

<
. . . .

Figure 3.6 Subset transformation typologies (Caporossi et al. 2018)

3.5.2 Advantages of the DIC technique

The DIC technique is simple to use and cost effective compared to other full-
field optical techniques for displacement and strain measurements, leading to a
huge range of potential applications (Xavier et al. 2012). The main advantages
offered by the employing of DIC are reported in the following:

- simplicity of experimental setup: the application of the method only needs
the use of a digital camera able to record the images of the surface of the
specimen before and after deformation;

- ease of specimen preparation: in some cases the natural surface of the
component has sufficient image texture for DIC to work without the need
of any special surface preparation. When the surface of the specimen is
not adequate to guarantee a correct application of DIC, paint is applied
that results in a random speckle pattern;

- low requirements in measurement environment: the use of DIC requires
only a white light source to light up the object during testing. Sometimes,
the natural light is suitable and additional light sources are not needed;
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- full-field deformation analysis: the technique allows obtaining the full
displacement and strain field, as the full surface of interest covered by the
chromatic texture can be analyzed. This is of high importance in those
cases the zone of damage localization is not known a priori and the local
measurement devices (i.e. strain gauges, extensometers and so on) are
difficult to be poisoned;

- low cost: the application of DIC requires only the availability of a high-
resolution camera;

- use at different scales: DIC can be used at different scales of space and
time to the extent that it relies on principles applicable to pictures
obtained by very different imaging systems.

In the frame of this work, it is believed that the performances of DIC
technique are appropriate to analyze the two-dimensional displacement of
BFRCM and BFRP-wrapped cylinders subjected to uniaxial compressive tests
and the displacement/strain field of BFRCM composite specimens subjected to
tensile tests.

3.5.3 Employed software: GOM Correlate

The software GOM Correlate was employed to compute the displacement and
strain field upon the surface of the tested samples. GOM Correlate is a DIC
evaluation software program used for materials research and component testing.
The software works according to the principle of parametric inspection. Each
single element keeps its creation sequence within the software structure and the
dependency of the elements regarding each other is stored. Therefore, it is
possible modifying single elements and, due to the parametric inspection, tracing
them back to its creation (GOM Testing 2016).

In GOM Correlate, parameters need to be initialized. In the correlation
process, the digital photographs obtained by the camera are matched. The
software allows obtaining the displacement/strain field at each loading step by
defining square-shaped subzones, called “facets” (ZOIls defined in the previous
section), in the initial image and tracking these subzones in subsequent images.
The vertical and horizontal displacements related to each facet are evaluated by
the algorithm, assuming they are applied at the centre of each square subzone.
The definition of these facets is allowed by the presence of a random speckle
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pattern on the sample surface, which facilitates the definition of a grey level
distribution sufficient to differentiate the subzones. The benefit is the possibility
of choosing whatever position and size of the facet within the field of view of the
image; moreover, the facet can be tracked in any direction within the plane of the
image. This allows, by settling couples of facets, the evaluation of in plane
strains over any chosen gauge length and in any direction.

In their original state, facets are square areas in the image. It is possible to
adjust the size to each facet in the software. Depending on the measuring tasks
and the stochastic pattern, it is possible to increase the accuracy or reduce the
computational time by using a different size. It is suitable choosing the facet size
as small as possible, but large enough so that the computation of the facet is still
possible. A pattern structure with three to four contrast points in one facet has
proven to be ideal (GOM Testing 2016).

Besides the evaluation of strains over defined gauge lengths, the software
makes it possible to define a “surface component”, which is an area of the image
representing the specimen surface. The surface component is defined by the
operator and constitutes the part of the object to be correlate (ROI defined in the
previous section). The definition of the surface component allows the analysis of
the full displacement/strain fields of the surface of the specimen.

During the creation of the surface component, the software finds square-
shaped facets in the collected images. The software identifies the facets by the
stochastic pattern structure, in all the stages. From each valid computed facet, a
measurement point is obtained after the computation of the surface component.
The software combines all computed measurement points to a surface component
and can trace the surface component in every stage.

When a surface component is analyzed, besides the facet size, the distance
between the individual facets has to be properly set. The point distance describes
the distance between the center points of the adjacent square facets. This setting
influences the measurement point density within the surface component. In
particular, the measurement point density increases as the point distance
decreases (GOM Testing 2016).

In GOM Correlate, the DIC analyses are performed by using adaptive
approaches providing the image correlation through the iterative least squares
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algorithm (GOM Testing 2016). The main assumption is that a causal connection
exists between the original state and the deformed state:

f(xy)og(x.y) (3.6)

The correlation function provides a rate for the similarity of two signals f'and
g
(f(xy).g(x+u,y+v))

)= 3.7
() |/ (x.2)| e )| G

where u and v are the x- and y-directional components of the displacement. Then,
the software can determine the correspondence of two subsets of pixels at
different examined locations and with different displacements. Different subpixel
interpolations, such as bilinear interpolation, bicubic interpolation or spline
interpolation provide the corresponding maximum of similarity in the subpixel
area.

3.6 Test programme

In addition to tests on masonry cylinders, the experimental programme
included the mechanical characterization of the BFRCM system, as well as the
characterization of constituent materials of the masonry and the external wrap.
Overall, the test schedule was organized as it follows:

e Characterization tests on components
» Tests on masonry components
- Three point bending tests on mortar prisms;
- Compressive tests on clay bricks;
» Tests on the components of composite materials
- Tensile tests on basalt fabric strips;
- Three point bending tests on mortar matrix prisms;

e Tensile tests on BFRCM composite coupons

e Tests on masonry cylinders
» Compressive tests on unconfined cylinders;
» Compressive tests on BFRP-confined cylinders;
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» Compressive tests on BFRCM-confined cylinders.
3.7 Characterization tests on components: specimens and methods

In the following, the stages for making up the specimens, the test setups and
the instrumentations are presented and discussed for the characterization tests on
components of the masonry and components of the external strengthening
systems.

3.7.1 Compressive tests on brick units

With the aim of characterizing the mechanical behaviour of the clay brick
units, six cubes with side equal to 50 mm were cut from bricks and tested under
uniaxial compression (Figure 3.7) according to EN 772-1. Before testing, the
cubes were capped at both ends to ensure levelled top and bottom faces for
uniform load application.

1
Figure 3.7 Compressive tests on brick cubes

3.7.2 Three point bending tests on mortar prisms

In order to characterize the mechanical properties of the mortar of the
masonry, three-point bending tests were carried out on six standard 40x40x160
mm prisms (Figure 3.8a) and uniaxial compressive tests were performed on
twelve standard 40 mm cubes (Figure 3.8b), according to EN 1015-11.
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Figure 3.8 Tests on mortar samples: a) three-point bending test; b) compressive test

3.7.3 Tensile tests on basalt fabric strips

A series of monotonic tensile tests on basalt grid strips were carried out in
accordance with ISO 13934-1:2013, in order to define the mechanical
characteristics of the dry textile.

Among other advice, the code gives some suggestions concerning the
clamping device, which is one of the most important aspects for the success of
the test, since it influences substantially the results. For this reason, the tests on
the basalt fabric were divided into two parts:

- preliminary investigation on the effect of the clamping devices on the
tensile behaviour of basalt fabric;

- tensile characterization tests on basalt fabric strips.

Preliminary investigation on the effect of the clamping devices on the
tensile behaviour of basalt fabric

The target of the first test stage was to find the most suitable configuration for
the characterization tests, aiming to prevent slippage of the specimens at the
gripping area. The standard suggests the use of some auxiliary materials in order
to improve the gripping of the specimens inside the machine. According to that,
twenty-nine tests were performed on basalt fabric strips using different clamping
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methods, namely employing rough paper, leather or aluminium tabs in the
gripping area. Moreover, specimens were made with different geometry and
tested using different elongation rates, in order to find the most suitable
configuration among those provided by the standard.

Tests were carried out under displacement control using a 100 kN universal
testing machine, obtaining the displacements by the global displacement of the
machine cross-head.

Table 3.3 summarises the geometrical characteristics of the specimens, the
used auxiliary material and the test speed. Specimens were named following the
designation NML-WXSY, where N is used to number samples of the same type,
M refers to the used auxiliary material, L indicates the specimen gauge length, W
means “width”, X indicates the width measure (1, 3 and 4 are used for 13.5, 33.5
and 47.5 thick specimens), S means “speed”, Y is used to refer to the test speed
(1, 2, 3 or 4 mm/min).

Clamping by rough paper

First the specimens were tested using pieces of rough paper, cut with a length
of 50 mm and a width depending on the specimen width. Without any additional
glue, the paper pieces were positioned at the extremities of the basalt fabric strip
so to enclose the grid and the sample was positioned inside the machine jaws,
gripping the extremities over a length of 50 mm. High care was used in order to
ensure a good alignment between the longitudinal axis of the sample and the
centre of the front edge of each jaws.

Clamping by leather

In a second step, fabric strips were tested employing leather pieces, with the
same size used for the paper pieces. The leather was positioned at the strip
extremities, between the grid and the machine clamps over a length of 50 mm,
with the same aim to prevent possible slippage of the samples during the test.

Clamping by aluminum tabs

An alternative solution generally used in the literature, aimed at guaranteeing
a uniform load distribution during tensile tests, is to provide the textile strips with
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aluminium/steel tabs at the ends. Then, this solution was also explored,
employing aluminium tabs with dimensions 80x30x2 mm. Aluminium was
preferred to steel because of its higher deformability, allowing for better stress
transfer.

Three samples with free length of 100 mm and width of 13.5 mm were
prepared and equipped with two couples of aluminium tabs at the ends. The
preparation procedure was very accurate and involved the following steps:

- cutting and preparation of basalt grid strips: the strips were cut along the
principal direction, with dimension 13.5x260 mm, in order to have a 100 mm free
gauge length;

- cutting and deburring of aluminium tabs: the tabs were cut with dimension
80x30 mm and deburred to avoid any shape defect and to ensure an adequate
contact with the textile;

- preparation of glass plates: four glass plates were used as support to glue the
couples of aluminium tabs, in order to have a perfectly smooth surfaces that
could guarantee a very good distribution of the glue and parallelism between the
couples of tabs;

- marking of aluminium tabs: the tabs were marked with a central longitudinal
line in order to allow the alignment between their axis and the longitudinal axis
of the basalt grid to be positioned;

- positioning of aluminium tabs on the glass plates: two of the glass plates
were positioned at the right distance in accordance with the textile strip length
and fixed on the working base to avoid any movement during the preparation
process. Then, two aluminium tabs were fixed to the glass by using double-sided
tape;

- mixing and application of glue: a strong bi-component epoxy with fast
setting was used. The two components of the glue were mixed and quickly
applied on the tabs surface, guarantying a uniform distribution;

- positioning of the grid: masking tape was used to protect the zones of the
grid close to the tabs, in order to avoid possible glue impregnation during the
application of pressure. The basalt grid was then placed following the marks on
the two already in place tabs;
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Table 3.3: Preliminary tests on basalt fabric strips

Clamping
method

Length Width Test rate

Sample [mm] [mm] [mm/min]

1P200-W1S1

1P200-W1S2 13.5

1P200-W1S3

1P200-W3S1

1P200-W3S2 200 335

PAPER

1P200-W3S3

1P200-W4S1

1P200-W4S2 47.5

1P200-W4S3

1L200-W1S1

21.200-W1S1

L200-W1S1
3L200-W1S 135

1L200-W18S2
2L.200-W18S2
1L200-W1S4

1L200-W3S1 200

1L200-W38S2
2L.200-W38S2 335
3L200-W3S2
1L.200-W354

LEATHER

1L200-W5S1

1L200-W58S2 47.5
1L200-W5S54
1L150-W1S1
1L150-W18S2 150 13.5

2L150-W18S2

1A100-W1S1
1A100-W1S2 100 13.5
2A100-W1S2

NN =N =R (=R =R =W =W —=W|N|—

ALL.
TABS

- placing of the other two aluminium tabs: to end the process, the other two
tabs, already provided of a uniform glue layer on one face, were positioned on
the previous ones, ensuring a perfect correspondence between the couples of
tabs;

- placing of glass plates and curing of glue: prescriptions about glue suggested
to apply a pressure for about twenty minutes; two hours were needed to attain full
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strength before handling. Then, other two glass plates were applied on both the
ends of the sample and they were pressed applying a heavy and uniform weight.

Figure 3.9 shows one grid sample at the last step of the process, while Figure
3.10 reproduces some specimens already equipped with aluminium tabs.

Before to be positioned inside the machine clamps, all the external surfaces of
the aluminium tabs were marked with central longitudinal lines to ease a centred
positioning of the samples inside the machine jaws. Additional transversal marks
helped to grip the strips over a length of 50 mm, leaving 30 mm out of the
machine grips to avoid any possible stress concentration because of a localized
variation of the axial stiffness (Figure 3.11).

Tensile characterization tests on basalt fabric strips

For the characterization tests, twenty-one basalt fabric strips, twelve along the
warp and nine along the weft direction, were prepared following the procedure
described above. The samples had dimensions of 13.5x260 mm (100 mm free
length) and were provided of 80 mm long aluminium tabs.

Measuring instrumentation: the videoextensometer

Tensile characterization tests were performed using a videoextensometer,
taking advantage from the DIC technique. This system was adopted in order to
achieve a more reliable evaluation of the stress-strain response of the specimens,
avoiding to have measurements of strain affected by the rigidity of the testing
system.

The videoextensometer is a contact-free measurement system for high-resolution
tensile and bending strain test for nearly all different types of materials. This
device is able to measure strains or displacements by running the distance
measurement between two or more assigned markers. The apparatus works
linked to a computer for managing and storing data through a suitable software.
The images taken from the videoextensometer are processed directly during
testing, thanks to the processing software provided with the instrument.
However, it is also possible to collect the series of photos to be worked out by
using another software (GOM Correlate for example).
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Figure 3.9 Preparation of basalt fabric strips

Figure 3.10 Basalt samples equipped with aluminium tabs
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Figure 3.11 Basalt textile sample before testing

As opposed to conventional extensometers, which are extension measuring
devices about a set gauge length, the videoextensometer is inherently an absolute
measuring device and does not require scaling for determination of strain. At the
onset of a test, the distance between the targets is recorded as Lo (initial gauge

90



Chapter 3 — Experimental programme

length) and as the test progresses the distance between the targets is re-measured
and recorded. However, sometimes it is desirable to have a record of the actual
test extensions and, to achieve this, the displayed field of view must be scaled
(VideoXtens Manual, 2015). The easiest way to scale the field of view is to place
a specimen with targets at known distances, ensuring that the scaling device
surface is set at the same distance from the camera as the intended specimen
surface. Regarding the tests herein presented, the scaling procedure was always
applied before testing the basalt textile specimens, by using a scaling device
provided with the extensometer by the supplier.

The use of the videoextensometer must be supported by an illumination
source, which can be a front light or a backlight, and by markers to be placed on
the specimen surface.

Concerning the lighting, the specimen illumination through the use of a rear
light is preferred to the front light for transverse strain measurement, while both
methods are suitable for the axial strain recording.

Different methods for marking samples are possible: markers can be put on
the specimen with manual or automatic lines, dots or pattern or the specimen
material itself has textured surface for pattern recognition. The goal is to use
markers with intense light-dark-contrast to achieve highest possible accuracy and
less signal noise. In general, the greater the contrast the more consistent the
results obtained.

In the framework of this study, with reference to markers, some methods were
investigated in order to obtain the most suitable solution allowing the
achievement of the best results. Dots or linear targets supported by a front light
(Figure 3.12) or linear markers with support of a retro light (Figure 3.13) were
used.

In the case of linear markers, particular attention should be paid to the
positioning of the strips on the specimen: as suggested by the manual
(VideoXtens Manual, 2015), the best measurement results are obtained when the
targets are applied slightly inclined to the measured axis (approximately 2-5°)
(Figure 3.12b).

In the context of this work, the most reliable records were obtained by
adopting linear markers supported by rear illumination, as shown in Figure 3.13.
Then, a retro light was assembled behind the specimens (Figure 3.13a), mounted
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opposite the videoextensometer, to get a high-contrast transition at the sample
edge.

Figure 3.13 Test of basalt grid sample using backlight: a) specimen during testing;
b) software screen view during testing
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Target strips were placed on the specimen, providing overhanging projections,
which could be selected as axial targets through the use of the backlight. The
overlapping ends of the targets were visible together with backlight as black lines
and so the positon could be detected with the videoextensometer (Figure 3.13b).
This was made on the left and the right side of the specimen in order to achieve a
better signal quality. In order to obtain best results, attention was paid so that the
contrast between light and dark could be as great as possible, resulting in a grey
level diagram having very steep target edges (VideoXtens Manual, 2015).

Test setup of characterization tests on the basalt fabric

Tests were performed under displacement control by a 100 kN universal
testing machine, using a rate equal to 2 mm/min.

Before to be positioned inside the clamps, the specimens were equipped with
linear targets in order to allow the recording of displacements. During testing, the
samples were lighted up with a retrolight, as described above, and displacements
were recorded using the videoextensometer able to track the linear targets
attached to the fabric strips over a gauge length of 80 mm. The sequence of
images was acquired with a frequency of three photos per second. The overall
test setup is shown in Figure 3.14.

3.7.4 Three point bending tests on mortar matrix prisms

In order to characterize the mechanical properties of the mortar used as matrix
of the BFRCM composite, three-point bending tests were carried out on six
standard 40x40x160 mm prisms, according to EN 1015-11. Tests were conducted
in displacement control, using a rate of 0.2 mm/min, in order to explore the full
experimental curve, including the softening branch.

Before testing, the surface of the specimens was painted with a high-contrast
texturing effect, using white paint with black speckle pattern, in order to allow
the strain field analysis through the use of the DIC. The sequence of images was
acquired through the use of the videoextensometer (Figure 3.15) connected to the
testing machine, with a frequency of three photos per second. Figure 3.16 shows
a mortar specimen during testing.
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Figure 3.14 Test setup for tensile tests on basalt fabric
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Figure 3.16 Three point bending tests: specimen during testing

3.8 Tensile tests on BFRCM composite coupons: specimens and
methods

The experimental program involved tests on a total of fourteen BFRCM
composite specimens, manufactured using different reinforcement ratios. In
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particular, the first series comprised eight specimens reinforced with one grid
layer, the second series involved five specimens strengthened with two layers;
additionally, one specimen was prepared employing three basalt textile layers.
All the specimens were produced using the same mortar type.

The identification of the three series of specimens is presented in the first
column of Table 3.4. Specimens were named following the designation SPX_ YL,
where SP means “specimen”, X indicates the specimen number, Y is used to
designate the number of reinforcing layers (1, 2 or 3), L means “layer”.

Table 3.4: Tensile tests on BFRCM composite coupons

Number of reinforcing

Series designation Number of specimens layers
SP_1L 8 !
SP 2L 5 2
SP_3L 1 3

BFRCM specimens geometry and preparation

The dimensions of the specimens were selected based on published research
and existing regulations (AC434 2013, RILEM TC 232-TDT 2016, Lignola et al.
2017). All composite coupons had 40x8 mm cross sectional area and length of
400 mm. Samples were cut from a large 500x500 mm slabs prepared in wood
formworks (Figure 3.17a), in agreement with AC434 American Standard (2013).

The molds for the preparation of the slabs were made using a wood board and
installing wood edges (8 mm thick) in order to control the thickness of the panel
(Figure 3.17a). The BFRCM slabs were manufactured using the manual
impregnation technique. In particular, after wetting the mould with a special
product to minimize the adhesion of the mortar, a first layer of mortar was
applied on the base using a flat trowel (Figure 3.17b), while monitoring to have a
constant thickness using a marked instrumentation. The basalt textile layers, pre-
cut with the panel size, were placed uniformly over the panel thickness and
pressed, taking care to include a constant mortar thickness between grid layers in
the case of multilayer reinforced specimens (Figure 3.17c). A top layer of matrix
was then applied as flat as possible, using a finishing trowel (Figure 3.17d to
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Figure 3.17f). In order to ensure the flatness of the top surface, a steel bar was
run leaning on the wood edges of the mould (Figure 3.17g). Figure 3.17h shows
the slab at the end of the manufacturing process.

After casting, the large slabs were cured in a saturated atmosphere (20°C and
70% relative humidity) for more than one month. In order to avoid differential
shrinkage which could cause a curvature of the panel and bending problems
during testing, the slabs were covered with wet drenched gunny cloths and plastic
sheets.

After the curing period, the panels were demolded and the composite strips
were cut from the slabs using a circular wet saw with a rigid fixture to ensure
consistent specimen width (Figure 3.18). The specimens were then stored in
laboratory conditions till the test day.

In the case of one-layer reinforced specimens, one basalt ply was positioned
between two 4 mm thick mortar layers (Figure 3.19a). For the specimens
reinforced with two or three layers, the textile pieces were placed uniformly, e.g.
two layers placed every 2.7 mm in the case of two-layer reinforced samples and
three textile plies placed every 2 mm for the three-layer reinforced specimen
(Figure 3.19b and Figure 3.19¢).

Moreover, for specimens reinforced with one basalt grid layer, the ends of the
coupons were over-reinforced each one with two additional layers of 150x40 mm
textile, in order to promote the failure of the samples in their 100 mm middle
portion (Figure 3.20). The additional textile pieces were positioned during the
slab preparation and were involved inside the mortar thickness (Figure 3.17¢ and
Figure 3.17f). Additional reinforcements at the extremity were not used for
specimens reinforced with two and three layers because of the difficulty of
placing many layers inside such a small thickness.

Before testing, the BFRCM coupons were equipped with aluminum tabs at the
edges, in order to reduce local concentration of stresses near the clamping
wedges of the testing machine and to avoid the premature damage of the
specimens.
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Figure 3.17 Specimens manufacturing: a) wood framework; b) application of first
mortar layer; c) positioning of basalt textile layers; d) application of top mortar
layer; e) positioning of additional textile pieces; f) flattening of top mortar surface
using a finishing trowel; g) checking of flatness using a steel bar; h) slab at the end
of the manufacturing process

98



Chapter 3 — Experimental programme

Figure 3.18 Cutting of the BFRCM slab

The aluminum tabs were cut using a width equal to that of the composite
coupons and length of 80 mm and deburred in order to avoid shape defects and
guarantee a perfect adherence to the surface of the specimens. As mentioned
about the preparation of bare basalt strips, even in this case glass plates were
employed as support to glue the tabs to the composite coupons, in order to work
on a perfectly smooth surfaces. The same type of epoxy was used and the tabs
were kept in place during a curing period of 2 hours, fundamental to reach the
full strength of the epoxy.

In order to ensure an easier and centered placing of the specimens inside the
machine clamps, the external surfaces of the aluminium tabs were marked with
central longitudinal lines. Transversal lines were also highlighted in order to
identify the length to be gripped (70 mm) over the total tabs length (80 mm).

Finally, the front side and the thickness side of the specimens were painted
with a high-contrast texturing effect using white paint with black speckle pattern
in order to enable for contactless measurement readings during testing with the
use of the DIC (Figure 3.21), as discussed in the following section.
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Figure 3.19 Geometry of BFRCM composite specimens: a) one layer; b) two layers;
c) three layers
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Figure 3.20 Additional reinforcement in composite specimen strengthened with one
basalt grid layer

100



Chapter 3 — Experimental programme

400 mm

80 mm 240 mm 80 mm

—
40 mm

H
8 mm

b)

Figure 3.21 BFRCM sample equipped with aluminium tabs: a)
schematization of sample; b) painted sample, with marked aluminium tabs

Test setup of tensile tests on BFRCM coupons

The tensile monotonic tests were carried out using a 100 kN universal testing
machine (Figure 3.22), in displacement control mode with a loading rate of 0.2
mm/min. The test setup, as mentioned about the geometrical characteristics of the
specimens, was selected based on published studies and existing codes (AC434
2013, RILEM TC 232-TDT 2016, Lignola et al. 2017).

The applied tensile load was measured through a load cell and recorded by a
data acquisition system.

The strain field over the surface of the specimens was obtained using DIC
measurements. Figure 3.22 provides a view of the test setup. The instrumentation
for the data acquisition involved the use of a high-resolution camera placed in
front of the testing machine, with the lens directed towards the centre of the
composite coupon and in perpendicular position respect to the specimen surface
(Figure 3.22a). The camera was fixed at a distance from the specimen surface
able to allow the acquisition of photos involving the entire length of the coupon.
This choice allowed, afterwards, taking into account all the cracks developed
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along the specimen surface, also those developed close to the testing machine
grips, obtaining the measure of global displacements/strains.

The accuracy of DIC technique is influenced by many factors, one of the most
important is the uniformity of light distribution. The lightness should be constant
and homogeneous for the entire duration of the test and for this reason the
specimens were lighted up using a white light to provide uniform light intensity
across their surface.

In addition, a videoextensometer was used in order to monitor the thickness of
the specimens (Figure 3.22b). Many aspects can influence the results of tensile
tests and most of them relate with the fabrication of the samples that, as far as
accurate, can involve unavoidable imperfections. One problem could be the non-
symmetric distribution of reinforcement in the thickness causing, during tensile
test, a warping of the sample with consequent different opening of cracks on the
front and back surface. Another issue could be the non-perfect planarity of the
sample, producing a parasitic bending moment and a different crack development
on the convex and concave specimen surface. The will of investigating on these
possible issues led to include the use of the videoextensometer during tensile
tests. It was not possible to position the videoextensometer in front of the other
specimen surface because this required the use of an auxiliary light that would
have affected the results of the camera, being in front of his lens. Then, the
solution was to place the apparatus in front of the thickness of the sample,
following the same procedure already described about the camera.

The camera, monitored through a remote trigger during testing, captured
images of the specimens every two seconds, while the extensometer took images
with a frequency of one photo per second.

Regarding the choice of the gripping system, in general it depends on the final
objective of the experimental investigation and, for the current study, it was made
on the base of the suggestions provided from existing studies (Arboleda et al.
2015). In particular, if the goal is the characterization of the FRCM system and
the determination of the maximum strength of the composite, the clamping grips
can provide a full evaluation of the mechanical properties and allow the
determination of all the parameters that characterize the trilinear stress-strain
curves. On the other hand, if the objective is the investigation of the maximum
load-bearing capacity of the system for the reinforcing application, then the
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clevis-type grips are preferred (Arboleda et al. 2015). Nevertheless, as already
mentioned, there are some applications in which the load is applied to the textile
(confinement of columns and pillars) and the maximum strength of the composite
can be the design parameter. In this case, the complete behaviour of the
composite need to be captured, up to the textile failure. In other applications
where load is transferred from the substrate to the matrix by means of shear bond
stresses and then to the textile through mortar-to-textile bond, the use of the
clevis system allowing failure by slippage permits to capture the real composite
behaviour. For these reasons, the tensile tests here presented were carried out by
employing the clevis-type grips method (Figure 3.22).

Measuring instrumentation: the Digital Image Correlation (DIC)

The use of Digital Image Correlation (DIC) enabled the analysis of the strains
of the FRCM composite specimens. The DIC technique constitutes an adequate
monitoring system for investigating on such a heterogeneous system like FRCM
composite material. Indeed, it is clear as traditional monitoring systems (strain
gauges, transducers) are not always adequate for FRCM materials, because they
can offer only local information and the reliability of their readings is strongly
affected by the device position (De Santis and De Felice 2015a).

During tensile tests on BFRCM coupons, the DIC measurement system was
adopted for recording the strain values on the surface of the samples. After
testing, the recorded images of each specimen were post-processed using the
software GOM Correlation, which allowed carrying out different analyses by
measuring the strains along defined gauge lengths or in the form of continuous
field on the surface of the specimen.

In the first case, the evaluation of strain values along defined gauge lengths
required the assignment of couples of facets onto the surface of the composite
coupons, which defined the virtual extensometers. In the current study, the
analysis was performed with reference to six subsets chosen on the surface of
each coupon, i.e. facets 1 to 6 (F1-F6) in Figure 3.23, considering three virtual
extensometers: two positioned at the extremities of the specimen surface and one
placed at the middle axis of the sample. The choice to use three virtual
extensometers equally distributed on the specimen width allowed investigating
on the possible presence, during the test, of in plane bending effects caused from:
- dissymmetric reinforcement distribution in the width of the specimen; - not
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perfect alignment of the specimen inside the gripping area causing a non-uniform

load application; - non-uniform slipping of the specimen inside the clamps of the
testing machine.
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b)
Figure 3.22 Setup for tensile test on composite coupon: a) hight-resolution
camera; b) videoextensometer
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Figure 3.23 Position of virtual extensometers on the front surface

Each couple of facets involved a gauge length of 240 mm in the case of two
and three-layer strengthened specimens, while in the case of one-layer reinforced
specimens three virtual extensometers 100 mm long were selected in the middle
length of the samples, in accordance with the expected failure in the middle part
of the coupons.

It should be noted that the chosen values of gauge length are in accordance
with available standards and with literature studies. In fact, RILEM TC 232-TDT
(2016) suggests a measurement length during tensile tests equal to at least 200
mm and this choice was adopted by several authors during their experimental
works (Larrinaga et al. 2014, De Santis and De Felice 2015a, Lignola et al.
2017). Nevertheless, some authors, particularly if supported by contactless
monitoring instrumentations during testing, decided to analyze the full length of
the specimens, obtaining information on the whole specimen elongation (Bilotta
et al. 2017b, Caggegi et al. 2017a).

Additional analyses were carried out referring to the thickness of the
specimens, in order to investigate on possible issues related to fabrication
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defects. In this case, two couples of facets were chosen on the thickness of the
BFRCM coupons, forming two virtual extensometers positioned at the
extremities of the thickness surface. As already done in the previous case, the
gauge length of the virtual extensometers was equal to 240 mm for two and
three-layer reinforced samples and 100 mm in the case of specimens
strengthened with one basalt textile layer. Figure 3.24 presents the chosen
position of the facets on the thickness surface of the specimens.

The relative displacement between the extremities of each virtual
extensometer was assessed during the correlation process tracking the subzones
in subsequent images and assuming that the displacement was applied at the
centre of each facet. At the end of the analysis, the results in terms of strain were
combined with the load obtained from the load cell during tensile tests. The load
corresponding to each image was known from the load versus time curve.

For the strain/displacement continuous field analysis, it was required the
definition of an area to be monitored. In this case, the DIC algorithm worked by
defining the strain/displacement fields of several subzones (facets in Figure 3.25)
into a defined surface component. The facets were placed homogeneously over
the surface component and they had the same square size. The displacements
related to each subzone were evaluated by the algorithm assuming, as already
mentioned, that they were applied at the centre of each facet. The correlation was
referred to a surface component equal to the global surface of the specimen for
two and three-layer strengthened coupons. In the case of specimens reinforced
with one layer, a 150 mm long surface component was selected, in order to
monitor the middle 100 mm of the samples, where cracks were expected to
develop.

As discussed above, the software adopted for processing the data was GOM
Correlate. The parameters used in GOM Correlate for analyzing the experimental
tests are reported in Table 3.5. The size of the facets was chosen on the base of
the suggestion provided by the manual of the software, which recommended to
choose the facet size as small as possible, but large enough so that the
computation of the facet is still possible.
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Figure 3.24 Position of virtual extensometers on the thickness surface
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Figure 3.25 Full-field analysis: surface components and distribution of facets
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Additionally, it was decided to match the facets on the stochastic pattern with
respect to the initial stage. More in detail, the stochastic pattern painted on the
specimen surface was computed and compared, at each stage, with the stage in
which the facets were created. This option was adopted by other authors (Bilotta
et al. 2017b) and it is also suggested from the manual (GOM Testing 2016), in
order to avoid an accumulation of errors arising when the stochastic pattern of
each stage is compared with the respective previous during the computation.

In the case of full field analysis of the surface of the specimens, the software
required to set the point distance, which was chosen equal to 18 pixels.

Table 3.5: GOM Correlate parameters

Facet size 20 (pixels)
Computation Standard
Facet matching Against definition stage
Point distance 18 (pixels)

3.9 Compressive tests on masonry cylinders: specimens and
methods

Geometry and manufacturing of specimens

As discussed in section 3.2, cylindrical specimens, made using pressed bricks,
were extracted by two different assembly schemes, here named Scheme I and
Scheme 11, in order to investigate on the effects of the number of vertical mortar
joints.

With this aim, masonry walls (Figure 3.26a) and columns (Figure 3.26b) were
assembled using three rows of 50x100x210 mm pressed bricks divided by about
8 mm thick mortar joints. In the case of walls, the depth of the members was
equal to the depth of a single brick and the brick units were arranged ensuring
that the mortar joints were not aligned along the member. With the same aim,
bricks were placed in columns in order to have the longer side in orthogonal
direction to the longer side of upper and lower rows. The members were cured
for a period of 30 days, after which a laboratory-coring machine was used to
extract cylindrical specimens.
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All specimens had three layers of bricks, but cylinders cored from the
masonry walls (Scheme I) had only one vertical joint in the middle third, while
those from the columns (Scheme II) had three staggered vertical joints, one for
each level. All of specimens, with circular cross-section shape 94 mm in
diameter, were about 190 mm height

Application of the FRP jacket

The installation of FRP laminates was carried out by means of some
operational steps (Figure 3.27). The first phase consisted in the preparation of the
primer by mixing the two components until a homogeneous fluid resin was
obtained. An even coat of primer was applied on the clean and dry surface of the
masonry specimens with a brush (Figure 3.27a). The next step involved the
preparation of the epoxy resin mixing the two components until a uniform, grey
blend was obtained and the application of a first coat of approximately 2 mm tick
with a notched trowel over the still fresh primer (Figure 3.27b).

T

Figure 3.26 Brick assembly schemes for preparing cylinders: a) Scheme I (wall); b)
Scheme II (column)

£
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Then the epoxy was smoothed using a flat trowel to remove any surface
defects (Figure 3.27c). Instantaneously the BFRP grid was placed over the still
fresh resin, ensuring there were no creases (Figure 3.27d). After having flattened,
a second 2 mm thick coat of resin was placed over the mesh so that it was
completely covered. A ribbed roller was used to pass over the surface of the
impregnated fabric in order to eliminate any air bubbles trapped in the system
during the previous phases (Figure 3.27¢). The BFRP grid was overlapped by 1/3
of the circumference to ensure that there was sufficient bond. The specimens
were left to cure for one month (Figure 3.27f).

Application of BFCRM jacket

The application of FRCM jacket involved some sequential steps. In order to
ensure good adhesion of the system particular care was taken in the preparation
of the substrates, which needed to be perfectly clean and free of crumbling areas
or dust. Before applying the products, the specimens were wet in order to have a
saturated substrate with a dry surface.

The bi-component mortar was prepared by mixing the two components until
they were thoroughly blended. Then, an even layer of product of approximately 2
mm was applied on the surface of the specimens by using a flat metal smoothing
trowel. While the mortar was still wet, the basalt mesh was placed on the surface
and pressed down so that it adhered to the mortar. A second 2 mm thick layer of
the same mortar was applied, so that the basalt grid was completely covered. The
surface was then smoothed with a smoothing trowel.

With the aim to ensure a sufficient bond, even in this case the basalt mesh was
overlapped for a length equal to 1/3 of the circumference.

The specimens were left to cure for more than one month. During this period,
the cylinders were daily wet and covered using drenched gunny clothes covered
by plastic sheet in order to ensure an adequate humidity level for the curing of
the BFRCM jacket.

Capping and painting of specimens

All the cylinders, wrapped and unwrapped, were capped at both ends to
ensure levelled top and bottom faces for uniform application of the axial load.
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Figure 3.27 Preparation of BFRP-reinforced masonry specimens: a) application of
primer; b) c) application of first coat of resin; d) installation of basalt grid; e)
application of second coat of resin; f) specimen after wrapping
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The mortar cap was prepared using a 1:2 sand to cement ratio mix, employing
high strength rapid hardening cement and sand that was sieved through a 0.6 mm
wire mesh. Water was added up to a good workability was achieved.

Before the application of the cap, the top and bottom surfaces of the
specimens were wet in order to have a saturated substrate and to avoid the
possible development of cracks during the curing of the cap.

The top and bottom of the cylinders were prepared, in two different steps,
placing a steel metal wrap overhanging the specimen surface by 3 mm (Figure
3.28a), which was the mortar cap thickness. The role of the metal wrap was to
hold the mortar in place, ensuring a levelled surface (Figure 3.28b).

The mortar was then placed and compacted (Figure 3.28c) and a glass capping
plate was pressed against the edge of the steel metal wrap using a rotatory hand
motion to eliminate any surfacing air bubbles, until a horizontal surface was
achieved and checked with a spirit level. Note that the glass capping plate was
sprayed with a layer of grease oil to ensure that the adhesion of the mortar was
minimized.

The specimen was then turned in order to leave the glass plate in position
under the weight of the cylinder (Figure 3.28d) for 24 hours, until the steel mould
could be removed (Figure 3.28¢). A drenched gunny cloth was used to keep the
specimens in a humid condition. The procedure was repeated for the second base
surface.

The last step before testing was the painting of the unconfined and confined
cylinders in order to allow the displacement/strain measurement through the use
of the DIC technique. All the specimens needed a smooth surface for the use of
DIC, then the surface preparation of wrapped cylinders involved a slight
sandpaper smoothing. Unconfined specimens had already a well smoothed
surface from the coring process.

Finally, wrapped cylinders and two unwrapped cylinders were painted with a
high-contrast texturing effect using white paint with black speckle pattern in
order to enable DIC measurements of strain (Figure 3.28f).
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Figure 3.28 Capping and painting of masonry cylinders: a) placing of steel metal
wrap; b) checking of horizontality; c¢) placing of mortar; d) application of glass
plate; e) capped cylinder; f) painted cylinder
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Test setup of compressive tests on masonry cylinders

The monotonic compressive tests on the cylinders were carried out using a
600 kN electro-hydraulic loading frame (Figure 3.29). Three loading/unloading
cycles were applied under load control up to 40-50 kN for each specimen,
followed by test to failure under displacement control at a loading rate of 0.005
mm/sec. A hydraulic jack connected to a manually controlled motor pump was
used to apply the axial compression force on the tested cylinders. The applied
compression load was measured by a load cell attached to the loading cylinder
and recorded by a data acquisition system. A steel spherical head was placed
above the upper bearing plate and centered with the specimen to maintain
uniform distribution of stress and avoid any eccentricity.

Six Linear Voltage Differential Transducers (LVDTs) were installed, four to
monitor the displacement of the upper loading platen and two at the lower platen
(Figure 3.29). Three extensometers connected to two steel rings placed around
the specimens were also used to measure the local deformation in the middle half
of the specimens.

Additionally, the strain field on the surface of the specimens was obtained
from DIC measurements. For this purpose, a high-resolution digital camera was
used to capture images of the cylinders every four seconds using a remote trigger
during testing. The camera was positioned in front of the testing machine,
perpendicular to the cylinder surface, with the lens directed towards the centre of
the sample (Figure 3.29). In the case of confined cylinders, it was ensured that
the specimens were positioned in order to have the camera opposite to the
FRP/FRCM overlap (Figure 3.30).

Similarly to tensile tests on FRCM coupons, the specimens were lighted up
using two symmetrical white lights, able to provide a uniform light intensity on
the front side of the samples (Figure 3.29).

Measuring instrumentation: the Digital Image Correlation (DIC)

Besides the use of LVDTs, the DIC technique was also adopted to measure
the strain values on the surface of the cylinders during compressive tests, as
similarly done in previous literature studies on FRP-confined cylinders (Bisby
and Take 2009, Bisby and Stratford 2011, Bisby et al. 2011).
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Figure 3.29 Test setup for compressive tests on masonry cylinders
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Figure 3.30 Camera positioning respect to the overlapping region in confined
cylinders

Previous works showed that the DIC technique is valid for measuring axial
and hoop strain in circular cylinders reinforced by FRP. In particular, Bisby and
Take (2009) tested FRP-wrapped concrete cylinders and compared results from
bonded foil strain gauges with those from DIC in order to evaluate axial and
hoop strains, gaining good results. Moreover, Take and Kemp (2006) validated
this technique for measuring hoop strains in cylindrical samples, even if the hoop
displacements are slightly out of plane.

Bisby and Stratford (2011) used the DIC technique to quantify the variation of
axial and hoop strain over the surface of concrete cylinders confined by FRP. The
authors showed as strains in FRP-wrapped cylinders are affected by a
considerable variability. For this reason, average strains should be calculated and
the optical strain technique (DIC) is a useful solution since it allows the
investigation of many individual virtual gauges, while this would not be possible
by using bonded foil strain gauge.

As done about data acquired during tensile tests on FCRM specimens, even in
this case the software GOM Correlate was adopted to process the images
acquired during compression tests on the masonry cylinders. Referring to a
previous work (Bisby et al. 2011), the analyses presented in this study were
carried out considering a strain rectangle for measuring of axial and hoop strains
on the surface of the cylinders (Figure 3.31). Axial strains were computed as the
average of 20 virtual strain gauges placed over the width of the middle 50 mm of
the diameter of the specimens; strain gauges had a length of 90 mm. In the same
way, hoop strains were measured as the average of 45 virtual strain gauges
placed over the height of the middle 90 mm of the length of the specimens, using
a gauge length of 50 mm.
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The analyses in GOM Correlate were carried out adopting the same settings
described in the previous section about tensile tests on BFRCM coupons (Table
3.5).

Figure 3.31 Strain rectangle used to calculate hoop and axial strains
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4. EXPERIMENTAL RESULTS

4.1 Introduction

This chapter presents the results of the performed experimental investigation.
The first part concerns the results of the mechanical characterization of
constituent materials of the masonry and the external strengthening systems. In
particular, the outcomes of tensile tests on the basalt textile grid are discussed in
deep, with reference to the aspects concerning the clamping devices, the
dimensions of the samples and the test rate.

Afterward, the results of tensile tests on the BFRCM coupons are presented in
terms of stress-strain or load-strain curves, defining the characteristic points of
the idealized tensile behaviour for the three series of samples strengthened by
using different reinforcement ratios. Strain/displacement distributions on the
surface of the samples and crack patterns are analyzed by means of the
measurements made by the DIC technique and failure modes are also discussed.

Finally, attention is paid to the outcomes obtained from compressive tests on
the masonry cylinders, presenting the trend of the axial stress as a function of the
axial or hoop strain. The efficiency of BFRP or BFRCM confinement is
highlighted in terms of strength and ductility enhancements. Finally, the failure
modes are discussed on the base of analyzed key variables, such as the number of
reinforcing layers and the realization scheme.

4.2 Characterization tests on components

In this section, the results obtained from characterization tests on the
components are presented. First the outcomes of the mechanical characterization
of the components of masonry, namely bricks and mortar, are discussed. Thus,
the results obtained from tests on constituent materials of the external wrap are
examined, with particular attention to the tensile characterization of the basalt
textile grid.
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4.2.1 Compressive tests on brick units

Results of compressive tests on bricks are presented in Table 4.1 along with
their average value (42.53 MPa) and their coefficient of variation (COV). Figure
4.1 depicts the samples after the test.

Table 4.1: Mechanical characteristics of bricks

Compressive Average compressive
Sample strength [MPa] strength [MPa] cov
1 40.80
2 46.36
3 45.72
42.53 8.75 %
4 39.76
5 37.36
6 45.20

Figure 4.1 Brick cubes after compressive tests

4.2.2 Three point bending tests on mortar prisms

With reference to the mortar used for the masonry, the mechanical
characteristics of the mortar samples, i.e. the flexural strength and the
compressive strength, obtained through three point bending tests are summarized
in Table 4.2, along with the average values (average flexural strength equal to
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5.33 MPa; average compressive strength equal to 20.93 MPa) and the
coefficients of variation (COV). Note that the average compressive strength was
calculated considering only six values, because the other six values were
excluded according to the code prescription (EN 1015-11).

Table 4.2: Mechanical characteristics of mortar

Flexural Av. flexural Compressive  Av. compressive
Sample strength strength [MPa] Sample strength strength[MPa]

[MPa] and COV [MPa] and COV
la 22.47
! 332 1b 22.57*
2a 15.09%*
2 335 2b 20.82
3a 20.64

3 382 (55133:%) 3b 21.35 20.93

4 501 ' 4a 23.14* (5.52 %)
) 4b 21.33
Sa 18.96
> 332 5b 15.76*
6a 24.37*
6 4.98 6b 18.17*

* Values excluded from the calculation of the average strength

4.2.3 Tensile tests on basalt fabric strips

This section presents the results of tensile tests on basalt fabric strips in terms
of stress-strain curves. It should be reminded that, as discussed in Chapter 3, the
investigation was subdivided in two parts. As a consequence, the results are here
presented making distinction between:

- preliminary investigation on the effect of the clamping devices on the
tensile behaviour of basalt fabric;

- tensile characterization tests on basalt fabric strips.

For all the tests, because of the discrete distribution of fibres along the width
of the strips, the stress values were evaluated considering a cross sectional area of
the textile calculated as its design thickness multiplied by its fictitious width,
being this last the product of the number of yarns by their spacing (Ascione et al.
2015).
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In the case of preliminary investigations, the strain values were obtained by
dividing the global displacement of the machine cross-head to the gauge length,
which coincided with the specimen length, excluding the gripping areas.
Differently, during tensile characterization tests of basalt fabric strips, the strains
were derived on the base of the distance between the linear targets tracked by the
videoextensometer during testing.

Results of the preliminary investigation on the effect of the clamping
devices on the tensile behaviour of basalt fabric

Clamping by rough paper

Figure 4.2a to Figure 4.2¢ show the stress-strain results of 13.5 mm, 33.5 mm,
47.5 mm wide fabric strips respectively, tested at different speed rates (1, 2, 3
mm/min), while Figure 4.2d to Figure 4.2f present the same results plotted by
setting the test speed rate and varying the width of the specimens. The results in
terms of tensile strength, tensile strain at peak stress and failure modes are
reported in Table 4.3

The outcomes point out that, for fixed width, the speed of 1 mm/min gives
lower values in terms of peak stress, while better fully comparable results are
achieved with speeds of 2 mm/min and 3 mm/min respectively. This outcome is
less evident in the case of 13.5 mm wide samples, which show comparable
results independently from the used test speed.

By setting the test speed rate and making a comparison between samples with
variable widths, it is clear as greater values of peak stress are achieved when a
width equal to 33.5 mm is used, regardless to the test speed. It is worth to note
that for a speed rate of | mm/min, the 13.5 mm and 33.5 mm curves are not so
scattered.

All the curves present the same trend up to the peak stress. Apart from an
apparent stiffness increase in the very first part of the curves, which is due to the
progressive load transfer to the whole specimen, a linear elastic trend can be
clearly detected up to the brittle failure. The post-peak branches are characterized
by different load drops due to the progressive failure of wires. One of the
samples with width equal to 47.5 (1P200-W4S3) shows a smooth post-peak
branch, which indicates that the sample undergoes slipping.
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Figure 4.2 Stress-strain results of 200 mm long specimens, clamped using rough
paper: a) b) c) set width and variable speed rate; d) e) f) set speed rate and variable
width
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Figure 4.3 shows the failure modes of the basalt textile strips tested by using
rough paper as clamping device. Specimens with width equal to 13.5 mm were
always characterized by the tensile failure of the grid close to the gripping area
(Figure 4.3a). On the other hand, 33.5 mm wide specimens showed a rupture
characterized by the slippage of the transversal yarns respect to the longitudinal
ones at the gripping area, with consequent failure in this zone (Figure 4.3b). The
same type of rupture interested one of the 47.5 wide specimens (1P200-W4S3)
(Figure 4.3c), while the other two samples failed close to the gripping area,
without undergoing slippage (Figure 4.3d).

Clamping by leather

Figure 4.4 presents the outcomes in terms of stress-strain for specimens
clamped by leather. In particular, Figure 4.4a to Figure 4.4c show the results
obtained setting the width of the specimens (13.5, 33.5 or 47.5 mm) and varying
the speed rate (1, 2, 4 mm/min), while Figure 4.4d to Figure 4.4f present the
same results plotted by setting the test speed and changing the width of the fabric
strips. Table 4.3 presents the values of tensile strength and tensile strain at peak
stress obtained for each tested specimen, along with the failure modes.
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Figure 4.3 Failure modes of basalt textile strips tested by using rough paper in the

gripping area: a) 13.5 mm wide specimen; b) 33.5 mm wide specimen; c) d) 47.5 mm
wide specimens
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Figure 4.4 Stress-strain results of 200 mm long specimens, clamped using leather: a)
b) ¢) set width and variable speed rate; d) e) f) set speed rate and variable width
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The first aspect to be underlined is that, in general, all the curves show higher
values of strength compared to those of specimens tested by using rough paper as
clamping device. Thus, clamping by leather allowed better exploring the
mechanical properties of basalt grid.

As already shown for samples tested using paper, even in this case the test
speed of 1 mm/min gave lower results, apart from samples having width of 13.5
mm, which presented uniform results regardless of the speed rate. The obtained
strength values for the speed rates of 2 mm/min and 4 mm/min were quite similar
for 33.5 mm and 47.5 mm wide specimens respectively.

The comparison between the curves by fixing the test speed and changing the
samples width, points out that the greatest values of strength are achieved when a
width equal to 13.5 mm is employed and this is much more evident for the speed
rate of 1 mm/min. On the other hand, very good results are also obtained for a
width equal to 33.5 mm in the case of speed rates of 2 mm/min and 4 mm/min
respectively.

As shown for the tests carried out using rough paper, even in this case all the
curves are characterized by a change in stiffness in their first part due to the
settlement of the test apparatus. After this limited stage, a linear trend develops
up to failure, which generally is brittle.

Most of 33.5 and 47.5 mm wide samples presented problems of slipping
during testing: this can be clearly detected from a very smooth post-peak branch
of the stress-strain curves and it is also obvious by observing Figure 4.5a and
Figure 4.5b. The latter show clearly the slipping of the transversal yarns along
the longitudinal ones. In particular, for specimens with width of 33.5 mm, the
slipping was followed by the rupture of the grid for some of the tested strips
(Figure 4.5a), while 47.5 mm wide strips were characterized by slipping without
tensile failure of the basalt cords (Figure 4.5b).

The failure mode of 13.5 mm wide specimens was by tensile rupture of the
grid in the middle of the strips or close to the gripping zone (Figure 4.5¢).

Three more samples were tested considering a gauge length of 150 mm
instead of 200 mm. Figure 4.6a presents the curves of the three 13.5 mm wide
samples, one tested at 1 mm/min rate, two tested at 2 mm/min. The results
confirm that the lowest test speed gives the lowest values of strength. Moreover,
in Figure 5.3b the outcomes are compared to those obtained from specimens

126



Chapter 4 — Experimental results

having the same width, but 200 mm long, with the aim of evaluating the
influence of the length of the samples on the trend of the curves. It is clear that
the reduced length of the specimens allows obtaining a more marked linear trend,
avoiding the uncertainty in stiffness of the first part of the curves, thanks to a
faster load transfer to the whole specimen. Figure 4.5d shows the failure mode of
one of the samples after test.

Figure 4.7 compares the results obtained from 200 mm long samples equipped
with paper and leather pieces respectively. Independently from the width of the
specimens and despite the above-mentioned slipping phenomena, the use of
leather allowed reaching higher values of stress for all the used test speeds,
leading to better explore the basalt grid properties. The curves are very similar in

their pre-peak trend.
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Figure 4.5 Failure modes of basalt textile strips tested by using leather in the
gripping area: a) specimen with dimensions 33.5x200 mm; b) specimen with
dimensions 47.5x200 mm; c¢) specimen with dimensions 13.5x200 mm; d) specimen
with dimensions 13.5x150 mm
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Figure 4.6 Stress-strain results of 150 mm long specimens, clamped using leather: a)
set width and variable speed rate; b) comparison between the trend of 200 mm and
150 mm long specimens

Clamping by aluminium tabs

Figure 4.8a shows the stress-strain curves of the three tested basalt grid
samples and the results in terms of tensile strength and tensile strain at peak

stress are reported in Table 4.3, which presents also the failure mode of each
tested specimen.

One of the samples was tested at 1 mm/min speed rate, the other two using a
test speed of 2 mm/min, which gave better results as already observed for the
previous tests.

In Figure 4.8b the outcomes are compared with those obtained from the fabric
strips tested using leather pieces. Except of one curve, which shows a slightly
lower Young’s modulus, the results are coincident in terms of initial trend.
Strength values obtained using aluminium tabs are slightly higher than those
obtained from specimens equipped with leather at clamps.

The failure of the samples was characterized by progressive tensile rupture of

the basalt yarns in the middle of the strips, while slipping phenomena were not
observed.
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Figure 4.7 Comparison of stress-strain results obtained from 200 mm long
specimens clamped using rough paper and leather respectively, setting the width

Considering the results of this preliminary investigation, it is possible to
conclude that, in reference to the clamping method and the test speed, the most
appropriate test setup in order to characterize the basalt textile was the one
involving the use of aluminium tabs and a speed rate of 2 mm/min. Additionally,
a width equal to 13.5 mm was chosen to carry out the tests presented in the next
section. Indeed, considering the results obtained from tensile tests on samples
clamped employing leather (which are much better than those obtained using
paper), 13.5 wide specimens gave the best outcomes in terms of strength,

independently from the used speed rate (I mm/min, 2 mm/min, 4 mm/min) and
the textile failure was always reached.
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Figure 4.8 Stress-strain results of specimens equipped with aluminium tabs at the
ends: a) set width and variable speed rate; b) comparison between results of strips
equipped with aluminium tabs and leather pieces

On the other hand, 33.5 and 47.5 mm wide strips, showed a pre-peak loss of
linearity, as well as a post-peak softening behaviour, underlining the presence of
slipping phenomena, probably due to the greater difficulty to guarantee a uniform
load distribution among a larger number of cords.

Results of tensile characterization tests on basalt fabric strips

As mentioned above, the results in terms of strain presented so far were
obtained by the global displacement of the machine cross-head. However, this
displacement hardly corresponds to the displacement applied to the specimen
because of the lack of rigidity of the system. Then, these outcomes were useful to
study the basalt grid behaviour in relation to the clamping system, the testing
speed rate and the geometry of the samples. Nevertheless, the need to have more
reliable displacement/strain information led to introduce the use of the
videoextensometer, taking advantage from the DIC technique, as discussed in
Chapter 3.

To confirm the advantage of introducing the use of the videoextensometer,
Figure 4.9 presents the stress-strain result of tensile test on a basalt textile strip
tested with the support of the videoextensometer. In particular, this result is
compared to the outcomes presented above (Figure 4.8a) and obtained from

130



Chapter 4 — Experimental results

samples having the same characteristics, but tested obtaining the strains from the
global displacement of the machine cross-head.

Table 4.3: Preliminary test results of basalt grid strips

C;::}ﬁ:gg Sample Tens1[11$[s;;;ngth T‘Enms::;;:;:;m Failure mode
1P200-W1S1 1201.87 2.13 A
1P200-W1S2 1300.81 2.44 A
1P200-W1S3 1195.92 2.23 A

[~ 1P200-W3S1 1302.31 2.38 C
E 1P200-W3S2 1539.38 2.90 C
A~ 1P200-W3S3 1546.69 3.0 C
1P200-W4S1 1030.76 2.08 A
1P200-W4S2 1253.00 2.35 A
1P200-W4S3 1213.33 2.35 C
1L200-W1S1 2103.38 3.78 A
21.200-W1S1 1765.94 3.21 A
3L200-W1S1 2214.50 4.05 B
1L200-W18S2 1961.39 3.47 B
21.200-W18S2 2206.78 4.0 A
1L200-W1S4 2129.43 3.87 A
1L200-W3S1 1631.88 3.18 D

5 1L200-W3S2 2101.72 4.07 C
E 21.200-W38S2 1916.20 4.03 D
é 3L200-W3S2 1934.43 3.87 D
= 1L200-W3S4 2009.21 3.74 C
1L200-W5S1 1365.02 2.59 D
1L200-W58S2 1601.61 3.17 D
1L200-W5S4 172531 3.57 D
1L150-W1S1 1813.45 2.87 A
1L150-W18S2 2191.78 3.78 B
2L.150-W1S2 2215.46 3.82 B

. » 1A100-W1S1 1693.75 2.67 B
5 ﬁ 1A100-W1S2 2066.60 3.96 B
<F 2A100-W18S2 2072.38 3.65 B

A: tensile failure near the gripping area; B: tensile failure in the middle of the specimen;
C: textile slippage in the gripping area with tensile rupture; D: textile slippage in the
gripping area without tensile rupture
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Figure 4.9 Comparison between stress-strain curves of basalt textile obtained from
the videoextensometer and the testing machine cross-head

The comparison shows clearly that the curve obtained through the use of the
videoextensometer is stiffer than those plotted referring to the testing machine
cross-head displacement, being latter affected by the rigidity of the system. This
result justifies the employment of the videoextensometer for all the
characterization tests on basalt textile samples presented in the following.

In Figure 4.10 the experimental stress-strain curves deduced from
characterization tests on basalt grid specimens are shown. The tests results are
presented in Table 4.4 in terms of tensile strength, tensile strain and elastic
modulus; the corresponding average values are also reported along with the
COV. The basalt fabric strips were tested along the warp direction, which
coincided with the circumferential direction when wrapped around the cylinders,
and the weft direction. The tensile curves of the specimens tested along the
longitudinal (Figure 4.10a) and the transversal direction (Figure 4.10b) show a
linear trend characterized by the brittle failure of some or all rovings in the strips
width. Figure 4.11 shows some of the basalt specimens after failure. Slipping
phenomena inside the gripping area were not observed.

The average peak stress and strain, averaged from twelve samples tested along
the warp direction, were 2045 MPa and 2.6 % respectively, both higher than the
values provided by the manufacturer. It should be noted that the value provided
by the manufacturer (1542 MPa) and reported in Table 4.4 was obtained
considering the load-resistant area per unit of width (38.91 mm?*m). The
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experimental average elastic modulus was 82 GPa, slightly lower than the value
provided by the manufacturer (Table 4.4). The values obtained from the
specimens tested along the weft direction were 1983 MPa, 2.4 % and 82 GPa
respectively for the average strength, average strain and average Young’s
modulus.

Table 4.4: Results of basalt grid tests

Tensile Av. Tensile Tensile  Av. Tensile Elastic Av. Elastic
strength . .o modulus
Sample strength [MPa] and strain strain [%] modulus [GPa] and
[MPa] [%] and COV [GPa]
Cov Cov
S1 2162 2.50 84.02
S_ 2 2431 2.92 87.96
S3 2289 2.87 81.08
S 4 2221 2.70 84.18
S S 2096 2.55 88.73
S_6 1976 2045 2.60 2.55 80.64 81.91
S 7 1941 (10.55 %) 2.44 (8.21 %) 79.35 (3.48 %)
S 8 1779 2.56 81.32
S 9 2037 2.39 81.03
S_10 2083 2.58 83.07
S_11 1703 2.20 77.26
S 12 1819 2.31 79.24
S_1 2170 2.75 79.01
S 2 2078 2.51 82.84
S 3 2130 2.49 85.72
S 4 2073 243 85.44
1983 YR 2.40 T on 0 81.88
5.3 1942 780%) 231 205 3O 460%)
S_6 1874 2.40 78.01
S 7 2053 2.72 75.37
S 8 1790 221 80.98
S 9 1736 1.78 85.46
Manufacturer 5., 1.80 89.00
values

* The tensile strength value provided from manufacturer was 60 kN/m. The value 1542
MPa was obtained considering the load-resistant area per unit of width (38.91 mm?/m)
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Figure 4.10 Stress-strain curves for basalt fibre: a) warp direction; b) weft direction
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Figure 4.11 Basalt textile strips after failure

4.2.4 Three point bending tests on mortar matrix prisms

With reference to the mortar adopted as matrix of the BFRCM system, the
load-deflection curves of six mortar prisms are shown together in Figure 4.12,

while the main test results are presented in Table 4.5, along with the average
value and the COV.
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Table 4.5: Results of three point bending tests on mortar prisms

Av. flexural

Sample Flexural strength [MPa] strength [MPa] and COV
1 5.84%
2 7.34
3 7.18 718
4 7.03 (2.8 %)
5 7.42
6 6.95
* Value excluded from the average value calculation
3500
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--- Specimen_2
3000 --- Specimen_3
—— Specimen_4
»m04 Specimen_S
----- Specimen_6
22000
=
g
= 1500
1000
500 +
0 f f f f f f f
0 02 04 06 08 1 1.2 14 1.6

Deflection (mm)

Figure 4.12 Load-deflection curves from three-point bending tests on mortar matrix

samples

4.3 Tensile tests on BFRCM composite coupons

The results obtained from tensile tests on BFRCM coupons are here
presented. First, the outcomes of the analysis performed through the use of DIC
by varying the position of the virtual extensometers on the front surface and the
thickness of the specimens are discussed.
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Then, the results of the tests are analyzed in terms of load-strain and stress-
strain curves, exploring the role of the number of fabric layers on the tensile
behaviour of the three series of specimens.

Finally, the strain/displacement full-field analyses carried out by the DIC
technique on the surface of the composite specimens are used to discuss the crack
pattern evolution and the strain distribution for coupons strengthened with
different reinforcement ratios. The failure mode are also commented.

4.3.1 Results of analysis with virtual extensometers (DIC)

For clarification of the results that will be presented in the following, the
outcomes of the analysis carried out by varying the position of the facets on the
surface of the coupons are here discussed.

At a first step, the front side of the specimens was analyzed and the results
achieved by the three virtual extensometers placed as discussed in the previous
chapter were evaluated. The comparison between the outcomes of these
measurements allowed checking the uniformity of response of the tested
specimens and the absence of load eccentricities or manufacturing defects. Figure
4.13 presents the tensile stress-strain curves for three specimens reinforced with
one layer of basalt grid. For each specimen the records of the three virtual
extensometers placed on the front side (Figure 4.13a) are shown.

The curves point out as the results of the correlation for the three virtual
extensometers, for one-layer strengthened specimens, are not scattered.
Considering the readings of the three extensometers for each specimen, the
scatter between the strains at peak stress ranges from 0.16% and 4% and this
result confirms the absence of important unexpected bending effects in the plane
of the specimens.

Similarly, Figure 4.14 shows the position of the virtual extensometers (Figure
4.14a) and the stress-strain curves of three specimens reinforced with two or
three basalt textile layers. Results of specimen SP2 2L (Figure 4.14b) show a
scatter between readings from the three virtual extensometers equal to 2.3%,
which underlines, once again, the absence of considerable bending effects in the
plane of the specimen.
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Figure 4.13 Variability of stress-strain results obtained changing the position of the
facets on the front side of one-layer reinforced specimens: a) chosed position of
facets; b) c) d) stress-strain curves obtained from three virtual extensometers

Similar results were found for sample SP1 3L (Figure 4.14d), with a low
value of scatter equal to 3%. On the other hand, Figure 4.14¢ points out a certain
difference in the results of the three extensometers, with a scatter of about 14%
relating to strains at peak stress. This result evidences a not really uniform load
distribution over the cross-section of specimen SP4 2L. This is due to the fact
that, during testing, starting from the end of the second stage, this specimen was
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affected by slight slipping inside the clamping area with a consequent non-
uniform load distribution over his cross-section. Similar outcomes were obtained
from specimens SP3 2L and SP5 2L. It is worth to note that these three samples
showed lower results in terms of peak stress compared to the other two-layer
reinforced specimens, as it will be discussed in the following.
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Figure 4.14 Variability of stress-strain results obtained changing the position of the
facets on the front side of two and three-layer reinforced specimens: a) chosed
position of facets; b) c¢) d) stress-strain curves obtained from three virtual

extensometers
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In a second step, data acquired by the videoextensometer and related to the
thickness of the specimens were processed with the aim of investigating on
possible out-of-plane bending effects. Then, two vertical virtual extensometers
were tracked along the thickness surface of the samples (Figure 4.15a).

Figure 4.15b and Figure 4.15¢ report the outcomes of two tested specimens.
In this case, the results obtained from the readings of the two extensometers for
each sample are very consistent, underlining a uniform cracks development along
the front and back surface of the specimens and the absence of important defects
causing out-of-plane curvature of the samples.
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Figure 4.15 Variability of stress-strain results obtained changing the position of the
facets on the thickness surface of the specimens: a) chosed position of factes; b) c¢)
stress-strain curves obtained from two virtual extensometers

4.3.2 Load-strain curves

As it was shown in the previous section, the readings from different virtual
extensometers positioned on the front side or on the thickness surface of the
samples were found to be very close, highlighting the absence of significant
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defects in the specimens or in the test setup. For this reason, in the following the
load-strain curves are analyzed with reference to the measurement recorded by
the central virtual extensometer on the front side of each specimen.

In order to discuss the characteristic behaviour of the employed mortar-based
system under tension, Figure 4.16a shows the experimental result of one of tested
specimens (SP1_2L), with the indication of different stages and characteristic
points. Moreover, for a more immediate visualization of the tensile behaviour,
the evolution of the crack pattern obtained through the use of the DIC is shown in
Figure 4.16b, where each image corresponds to a specific point of the load-strain
curve (Figure 4.16a).

As already well known in the literature, the curve shows a trilinear trend in
which three stages can be clearly detected, such as un-cracked (I), crack
development (II) and crack widening (III).

Stage I is characterized by a linear response of the undamaged specimen and
the mortar provides a considerable contribution to both load bearing capacity and
stiffness. This branch ends when the stress exceeds the tensile strength of the
matrix and the first crack appears in the mortar.

The second branch (Stage II), characterized by several jumps and reduced
stiffness, is due to the formation of several cracks in the matrix. First, cracks
generally formed in the middle of the specimen and close to its ends (stages a and
b of Figure 4.16b). Then, subsequent cracks occurred between existing ones until
the matrix crack saturation was achieved (stages ¢ and d of Figure 4.16b). This
stage ends when crack number stabilizes.

In the last stage (Stage III) additional imposed strain causes the widening of
existing cracks, while new ones are not developed generally (stages e, f, g of
Figure 4.16b). A stiffness increase occurs and the curve regains a more regular,
smooth trend, but with a lower slope than that shown in the first stage. The load
bearing capacity and the tensile modulus mainly depend on the textile, although
the uncracked matrix between cracks may still provide transversal load
redistribution. This phase ends when the tensile rupture of the reinforcement is
reached (stage h of Figure 4.16b).

The sensitivity of the tensile behaviour of FRCM coupons to the reinforcing
textile ratio can be deduced by observing the tensile load-strain curves obtained
from all the tested specimens, reported in Figure 4.17.
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Figure 4.16 Characteristic response of composite specimens: a) load-strain curve of
specimen SP1_2L, representing characteristic stages and points; b) crack pattern
evolution for specimen SP1_2L

As expected, the initial slope of the curves is similar for all the tested
specimens. The transition from Stage I to Stage II for one-layer reinforced
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specimens is characterized by a more drastic drop of the stress after the formation
of the first crack in the matrix, due to the low fabric volume fraction, insufficient
to absorb the energy released at the first crack. The same happens during the
formation of following cracks. The use of multiple layers of textile made the
system more efficient when passing from the uncracked to the cracked stage and
jumps due to the formation of cracks involve a lower stress reduction.

After the formation of the first crack, specimens with two and three grid
layers appear to give raise to a larger number of progressively closely spaced
cracks compared to one-layer series. The length and the slope of Stage II are
influenced by the volume proportion of the fibres activated for the load transfer.
In particular, the slope of the second branch increases with the number of grid
layers. On the other hand, specimens reinforced with one layer show a greater
extension of the second branch, compared to two and three-layer strengthened
samples (Figure 4.17).

The post-treatment of the experimental data allowed the definition of the peak
loads Fi, Fu, Fur (Figure 4.16a) related to the end of the three stages which
characterize the tensile behaviour of BFRCM specimens. In Table 4.6 these
values are presented for each specimen, except for specimen SP1 1L for which
only the value of Fy; is reported because of a discrepancy of the outcomes
referred to Sage I and Stage II compared to those of the other specimens.
Moreover, the average values referred to specimens of the same series and the
corresponding COV are reported (Table 4.6).

In general, BFRCM coupons with higher reinforcement ratio carried higher
maximum load, but the load increase was not proportional to the reinforcement
ratio: +17% and +16% increments for Stage I, for SP_2L and SP 3L series
respectively compared to SP_1L series; +33% and +30% for Stage II; +72% and
+125% for Stage III.

These outcomes show that the average force F; recorded at the end of the first
stage for the three series of specimens is not subjected to large variations and this
is due to the mechanical properties of the mortar. On the other hand, Stage II and
III are more related to the reinforcement ratio and the bearing capacity (Fin)
increases for higher reinforcing fabric ratios.
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Figure 4.17 Load-strain curves of BFRCM composite coupons

4.3.3 Stress-strain curves

Figure 4.18a to Figure 4.18c present the stress-strain curves of the sets of
BFRCM coupons, reinforced with one, two and three layers respectively. For two
and three-layer series respectively, the trilinear curve passing through the average
characteristic points obtained from specimens of the same series is reported in the
corresponding graph; the trilinear curve is also depicted for specimen SP1 3L
(Figure 4.18c). Moreover, the outcomes of the three sets of samples are shown
together in Figure 4.19a, for a more convenient comparison between the series.
In Figure 4.19b the trilinear curves of one, two and three-layer reinforced
specimens are plotted with the average stress-strain curve obtained from tensile
tests on dry basalt textile.

It is worth to note that the tensile stresses o of the specimens, represented in
the ordinate of the graphs, refer to the ratio between the applied load and the
cross sectional area of plain textile (F/4y), as suggested by the code AC434
(2013) and already done in many studies in the literature (De Santis and De
Felice 2015a, Ascione et al. 2015). The area of the internal reinforcement Ar was
calculated, for consistency with the procedure used for the textile, considering
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the number of yarns in each textile layer and the number of textile layers used as
reinforcement of the composite specimen. Additionally, the secondary y-axis
shows the tensile stresses evaluated by dividing the load by the full area of the
FRCM system, Arrcy, according to the recent RILEM recommendations about
test methods for FRCM materials (RILEM TC 232-TDT 2016).
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Figure 4.18 Stress-strain curves of BFRCM composite coupons: a) one-layer
reinforced samples; b) two-layer reinforced samples; c) three-layer reinforced
sample
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Table 4.6 presents the experimental results in terms of peak stresses (o1, o,
onr) and corresponding strains (&;, ex, €mr), evaluated at the end of each stage of the
tensile stress-strain curves of FRCM specimens. Additionally, the values of the
moduli were calculated as the slope of the curve in the three branches. In
particular, the slope of Stage II was evaluated by fitting the stress-strain curve
between points (oy, &) and (0w, €r), which in general produces a slope different
from the one obtained by connecting points (o7, &) and (on, er) (D’Antino and
Papanicolaou 2017). These values are reported for each specimen of the three
series, along with the average values and the COV. As mentioned before, for
SP1 1L only the values related to Stage III are indicated.

Comparing the three sets of composite samples represented in Figure 4.19, the
stress-strain curves show that the peak stress of the coupons at the end of each
stage decreases when the reinforcement ratio increases. This occurs for the first
and second branch and in a less marked way for the third branch (stress at
failure).

Two-layer reinforced series compared to one-layer series showed an average
decrease of 41%, 34%, 14% respectively for Stage I, II and III, while the same
decreases for specimens reinforced with three layers were equal to 61%, 57% and
25% respectively. It is evident that the stress reductions are more marked in the
case of higher reinforcement ratio, and this may be due to the reduced thickness
of mortar between textile layers in over-reinforced specimens. The small
thickness of mortar did not allow an adequate redistribution of the stresses
between the cords of the grid and made the performance of the strengthening
system very sensitive to misalignment.

Considering the values of F7 at the end of Stage I for each specimen, the mean
stress in the mortar was evaluated for each series at the transition point between
Stage I and Stage II (first crack in the mortar), dividing the load by the
homogenized cross-section of the composite specimens, in which the area of the
textile was amplified by the ratio between the tensile Young’s modulus of the
two materials (fibre and matrix). The obtained stress values at the transition point
(o7) were always lower compared to the tensile strength of the mortar: the average
values 3.60 MPa, 4.15 MPa and 3.87 MPa were found for specimens reinforced
with one, two and three layers respectively, with reductions of 49%, 42% and
46% with respect to the tensile strength of the mortar (7.18 MPa). Indeed, it is
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well known that three point bending tests may produce an overestimation of the
actual tensile strength of the mortar.
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Figure 4.19 Stress-strain curves of BFRCM composite coupons: a) comparison
between series strengthened using different reinforcement ratios; b) relation
between trilinear curves of BFRCM series and basalt grid
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Table 4.6: Results of BFRCM coupons in Stage I, IT and 111

Samples Peak load Peak stress Strain Tangent modulus
[kN] [MPa] [%o] [GPa]
F1 ol €1 E1
SP1 1L - - - -
SP2 1L 1306.85 933.46 0.048 1947.14
SP3 1L 756.24 540.17 0.015 3684.67
SP4 1L 1067.87 762.76 0.034 2233.56
SP5 1L 1427.38 1019.56 0.042 2432.16
SP6 1L 1446.39 1033.13 0.018 5739.64
— SP7 1L 1315.78 939.84 0.021 4475.45
& SP8 1L 1318.24 941.60 0.035 2653.89
g Average 1234.11 881.50 0.030 3309.50
(COV %) (19.8 %) (19.8 %) (41.8 %) (42 %)
SP1 2L 1788.57 638.77 0.038 1690.90
SP2 2L 1491.68 532.74 0.031 1722.97
SP3 2L 1063.47 379.81 0.015 2566.29
SP4 2L 1331.08 475.39 0.048 987.92
SP5 2L 1566.32 559.40 0.041 1353.67
Average 1448.22 517.22 0.035 1664.35
(COV %) (18.7 %) (18.7 %) (36.7 %) (35.2 %)
SP1 3L 1437.38 342.23 0.044 786.74
Fu ol €1 En
SP1 1L - - - -
SP2 1L 1318.42 941.73 0.826 9.33
SP3 1L 1264.24 903.03 0.862 38.57
SP4 1L 1426.55 1018.96 1.145 26.33
SP5 1L 1517.34 1083.82 1.202 6.05
SP6 1L 1430.40 1021.71 0.979 18.55
— SP7 1L 1523.73 1088.38 0.874 11.53
a SP8 1L 1305.57 932.55 1.242 8.70
% Average 1398.03 998.60 1.019 17.01
(COV %) (7.4 %) (7.4 %) 7.2 %) (69.2%)
SP1 2L 1973.63 704.87 0.458 18.66
SP2 2L 1693.58 604.85 0.383 31.07
SP3 2L 1896.52 677.33 0.411 65.45
SP4 2L 1885.00 673.21 0.531 40.87
SP5 2L 1827.60 652.71 0.460 26.48
Average 1855.26 662.59 0.448 36.51
(COV %) (5.6 %) (5.6 %) (12.5 %) (49.5%)
SP1 3L 1821.68 433.73 0.229 43.78
= F (gl €111 Em
o SP1 1L 2080.92 1482.14 2.463 -
F sP2IL 1964.19 1402.99 2.096 3631
@ SP3 1L 2132.64 1523.32 2.028 53.22
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SP4 1L 1841.98 1315.70 1.876 40.61
SP5_1L 2134.09 1524.35 2.503 33.86
SP6_1L 2083.79 1488.42 2.392 33.01
SP7 1L 2211.45 1579.61 2.577 28.84
SP8_1L 1990.37 1421.69 2.643 34.93
Average 2054.93 1467.28 2.322 37.25
(CoV %) (5.7 %) (5.7 %) (12.2 %) (21.2 %)
SP1 2L 3847.49 1374.10 2.151 39.53
SP2 2L 4149.43 1481.94 2.405 43.38
SP3 2L 3295.68 1177.03 1.549 43.89
SP4 2L 3328.44 1188.73 1.815 40.14
SP5_2L 3069.95 1096.41 1.641 37.56
Average 3538.20 1263.64 1.912 40.90
(COV %) (12.6 %) (12.6 %) (18.8 %) (6.6 %)
SP1 3L 4633.19 1103.14 1.466 54.13

The response curves of some two-layer reinforced specimens (SP3 2L,
SP4 2L, SP5 2L) present a loss of linearity and instantaneous stress reductions
before the achievement of the maximum stress (Figure 4.18b), caused by the
failure of one or few lateral cords. In particular, for these specimens slight
slipping occurred at the gripped ends during testing (Stage III), leading to a
premature failure because of the misalignment of the cords and the consequent
non-uniform load distribution over the cross-section of the textile, with higher
stresses on the prematurely failed cords. The irregular load application caused
strain/stress concentrations particularly in correspondence of the cracks because
of the lack of matrix redistribution effects. Beyond the physiological scatter of
experimental results, the slightly lower peak stress of these samples respect to the
other two specimens of the same series may be due to the occurrence of the
described phenomenon, which was observed from other authors (De Santis and
De Felice 2015a).

In regard to strain values, the averages of the three series were quite close for
Stage 1 (0.030%, 0.035%, 0.044%). For Stage II there was a marked reduction of
the average maximum strain between one-layer specimens and two and three-
layer reinforced specimens, with a drop of 56% and 78% respectively. Finally,
the curves of coupons strengthened with two and three basalt textile layers
showed an average strain reduction in Stage III equal to 18% and 37%
respectively compared to specimens involving one reinforcement layer. The
length of the crack development stage can be represented by the ratio en/em
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(where e is the strain at peak stress). In specimens reinforced with one basalt
layer, e was on average 45% of the ultimate strain (values ranging between 34%
and 61%), pointing out that the crack development stage was quite extended. On
the other hand, ¢ was on average equal to 24% (values ranging between 16%
and 29%) and 16% of the ultimate strain for two and three-layer reinforced series
respectively, showing the predominance of Stage III because, in this case, the
contribution of the reinforcing fabric was prevalent to that of the matrix.

Considering the average values, the tangent modulus in Stage III increased
with the number of grid layers, but all the series presented a considerable
reduction of stiffness if compared with the average value obtained from basalt
grid strips (55%, 50%, 34% for one, two and three layers respectively). Stiffness
reductions were mainly due to slipping phenomena occurred between the basalt
mesh and the matrix, as observed by other authors (Carozzi and Poggi 2015, De
Santis and De Felice 2015a, Caggegi et al. 2017a, Bilotta et al. 2017a, Bilotta et
al. 2017b); the occurrence of this phenomenon was evidenced by DIC analysis of
the specimens presented in the following.

Also the values of tensile strength in Stage Il (om) were quite lower
compared to the tensile strength of the basalt grid (Figure 4.19b). Aiming to
compare the strength of the BFRCM specimens with that of the bare basalt fibre,
Table 4.7 shows the efficiency factor 7, which is defined as the ratio between the
tensile strength in composite coupons, oz, and the average experimental strength
of dry fibres, f.

The efficiency factor n varied from 0.64 to 0.77 for one-layer reinforced
specimens, from 0.54 to 0.72 for two-layer reinforced specimens, while for the
three-layer strengthened sample the efficiency factor was equal to 0.54 (Table
4.7). These results underline as the BFRCM coupons did not fully exploit the
nominal capacity of the fibres, as confirmed by previous studies in the literature
(Carozzi and Poggi 2015, De Santis and De Felice 2015a, Caggegi et al. 2017a,
Bilotta et al. 2017a, Bilotta et al. 2017b). The strength decrease of composite
specimens compared to dry fibres may be due to stress concentrations because of
geometric defects of the grid, which could cause unavoidable imperfect
alignment of rovings inside the mortar thickness during manufacturing
procedure, and possible damage of the fibres near to cracks edges. Moreover,
strength reductions increasing with the increase of the number of layers could be
related to a non-uniform load distribution in the cross-section of the textile of
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over-reinforced FRCM specimens, because of the small mortar thickness unable
to guarantee a uniform loading of the cords. It is likely that the overlapping of
fabric layers may cause a modified interaction between basalt textile and mortar,
with a reduction of the adhesion between the two components.

4.3.4 Crack patterns and displacement fields

As mentioned in the previous chapter, in the framework of this thesis the DIC
technique was used not only to obtain the strains needed to plot the stress-strain
curves of composite specimens, but also for analyzing the crack development and
the strain distribution through the definition of a full-field analysis on the surface
of the BFRCM coupons.

Figure 4.20 presents the strain contours at failure for three specimens
reinforced with one, two and three layers respectively. The figures show that the
cracks are well widespread along the surface of the specimens and this points out
the significant ability of the basalt grid in transferring load to the matrix.

Table 4.7: Evaluation of efficiency factor n

Peak stress

Samples [MPa] Efficiency factor Range of variation
ot n

SP1_1L 1482.14 0.72

SP2 1L 1402.99 0.69

SP3_1L 1523.32 0.74

SP4 1L 1315.70 0.64

SP5 1L 152435 0.75 063-0.77

SP6_1L 1488.42 0.73

SP7_1L 1579.61 0.77

SP8 1L 1421.69 0.70

SP1 2L 1374.10 0.67

SP2 2L 1481.94 0.72

SP3_2L 1177.03 0.58 0.54-0.72

SP4 2L 1188.73 0.58

SPS_2L 1096.41 0.54

SP1_3L 1103.14 0.54 -
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Figure 4.20 Strain pattern at failure load: a) one-layer reinforced specimen
(SP8_1L); b) two-layer reinforced specimen (SP2_2L); c) three-layer reinforced
specimen (SP1_3L)
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In particular, the increase of textile layers gave rise to a larger number of
cracks, progressively closely spaced. Then, less cracks at larger distance
developed for one-layer reinforced specimen, while the better interlocking
between reinforcement and matrix, linked to the higher reinforcement ratio,
caused the development of tighter and more distributed cracks, with a short
saturation crack spacing (distance between cracks).

This was due to the fact that a higher volume fraction of fibres was able to
absorb the energy released during the formation of cracks and to transfer stresses
to areas where the mortar was un-cracked.

The full-field analysis allowed underlining another important condition: in
correspondence of cracks, the maximum recorded strain values (10%) were
sensibly higher than the maximum tensile strain obtained from tensile tests on
dry basalt strips (2.7%) and this demonstrated the presence of slipping
phenomena between the basalt grid and the matrix at cracks.

The use of DIC allowed the analysis of the displacement fields on the external
surface of the samples, giving information about the localization of the crack
openings and their evolution during tensile tests.

The DIC analysis outcomes are here presented in terms of P-y curves, being
“P” the displacement along the longitudinal direction (y) of the samples, and
displacement fields.

In Figure 4.21 the load-displacement curves of specimens SP8 1L, SP4 2L
and SP1 3L reinforced with one, two and three basalt textile layers respectively,
are presented and each curve reports some points corresponding to the load steps
where DIC measurements were carried out.

The DIC measurements related to the identified load steps are presented in
Figure 4.22, which shows the displacement values (P) along the longitudinal
direction of the samples (y), at determined load steps. In the curves, each drop is
representative of a crack opening and the difference between values of P before
and after drop (dP) measures the crack opening. The distance between the drops
(L) corresponds to the distance between subsequent cracks.
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Figure 4.21 Load-displacement curves: a) one-layer reinforced specimen (SP8_1L);
b) two-layer reinforced specimen (SP2_2L); c) three-layer reinforced specimen
(SP1_3L)

The outcomes show that the distance L ranges between 25 and 40 mm for one-
layer reinforced specimen; the distance between cracks spaces from 6 to 34 mm
for two-layer reinforced specimen, with a mean values of 14 mm. In the case of
three-layer reinforced sample, L ranges between 5 and 10 mm, with an average
value of 7 mm, which is approximately the distance between the transversal
yarns of the basalt mesh. Indeed, the yarns perpendicular to the load direction
caused a local reduction of the mortar section, which became a preferential weak
location for the development of cracks, as already observed in the literature (De
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Santis and De Felice 2015a, Caggegi et al. 2017a). This was even truer for the
specimen SP1 3L because of the presence of more basalt textile layers and a
lower thickness of mortar between textile plies compared to one and two-layer
reinforced samples.
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Figure 4.22 Displacement values (P) along the longitudinal direction (y) of the

specimens and related to twelve loading steps: a) specimen SP8_1L; b) specimen
SP2_2L; c) specimen SP1_3L
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Figure 4.23 to Figure 4.25 present the continuous displacement contours
related to three specimens (SP8 1L, SP2 2L, SP1 3L) reinforced with one, two
and three layers respectively, in correspondence of some of the identified load
steps of Figure 4.21. In the images, the reported iso-lines represent points with
equal displacement. The evolution of the crack pattern is clearly detectable and it
is characterized by the progressive development of cracks transversal to the
direction of the applied load. At the ultimate load step, iso-lines tend to be close
each other, highlighting the development of cracks.

The evolution of the crack opening dP was also analyzed as a function of the
sustained external load F, as shown by the curves presented in Figure 4.26 for
specimens SP8 1L, SP2 2L and SP1 3L respectively. In the graphs, each curve
corresponds to one crack and the label of the curve refers to the distance, along
the specimen length, where the crack is placed. Observing the graphs it is clear
that, once a crack develops, its opening dP recorded by the use of DIC increases
proportionally to the applied load. For values of F' corresponding to the first two
stages of the tensile behaviour of FRCM specimens (un-cracked stage and crack
development stage in Figure 4.21), the curves dP-F (Figure 4.26) show an
inhomogeneous development, because of the different opening endured by
different cracks. Conversely, once the crack development ability of mortar is
saturated and the third stage (cracks evolution) starts, the dP-F curves begin to be
almost perfectly parallel.

Moreover, the graphs in Figure 4.26 depict the ratio EA/L, where Er and Ay
are the Young’s modulus and the cross sectional area of the grid respectively,
while L indicates the distance between cracks. In particular, the three curves
EA,/L reported in graphs of Figure 4.26 were obtained considering a distance L
equal to 40, 15 and 9 respectively for specimens SP8 1L, SP2 2L and SP1 3L,
values that were close or equal to the average spacing between cracks actually
observed for the examined specimens. It was obtained that the ratio ExA,/L was
closely equal to the ratio F/dP during the third stage of the BFRCM tensile
behaviour.

The graphs point out that the maximum crack opening in one-layer reinforced
specimen (SP8_1L) was greater compared to that measured in samples reinforced
with two layers. The same decrease of crack opening was observed when the
specimen was strengthened with three basalt layers, compared to the sample
reinforced with two textile plies. Moreover, this opening increase was inversely
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proportional to the number of cracks developed along the surface of the
composite coupons: the greater the number of cracks, the lower the maximum
crack opening recorded.
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Figure 4.23 Displacement field of specimen SP8_1L, related to eight load steps
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Figure 4.26 Evolution of crack opening dP as a function of the applied load F: a)
specimen SP8_1L; b) specimen SP2_2L; c) specimen SP1_3L

4.3.5 Failure modes

Figure 4.27 and Figure 4.28 show respectively the BFRCM specimens with
one and two fabric layers after testing. After a homogeneous cracking along the
length of the samples, fibre tensile failure was observed for all the tested
specimens, including rupture near the gripping area or in the middle of the
sample, while slippage of the textile within the matrix at the gripping area was
never recorded. This was mainly due to the use of the clamping grip method
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ensuring a sufficient compressive stress applied while gripping the specimen
ends inside the wedges of the testing machine.

e

Figure 4.28 Two-layer reinforced BFRCM specimens after testing
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The development of cracks close to the gripping area did not affect the final
results of tensile tests and also other authors (Lignola et al. 2017) showed that the
peak loads associated to this failure mode are comparable to those attained when
the main crack develops in the middle of the specimen. Moreover, even when
ruptures formed near to the clamping areas, reliable strain values were obtained
thanks to the use of DIC, which allowed a full length measurement of strains.

Most of the time failure was recorded in a cross-section comprising a
transversal yarn of the mesh (Figure 4.29a and Figure 4.29b): the presence of
rovings in the transversal direction implied a local reduction of the mortar cross-
section with unavoidable consequent reduction of its resistance.

L R e il
R L
1% 8 “:”'an

sversal yarn

Thelesco ,

b)

Figure 4.29 Failure mode of BFRCM specimens: a) thelescopic failure of textile
longitudinal yarns and crack at the transversal yarn b) critical crack at the
transversal yarn
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The analysis of the specimens after failure showed sliding between external
and internal wires of the yarns, namely a telescopic failure (Figure 4.29a). This
type of failure in basalt coated textile was already observed by other authors
(Lignola et al. 2017) and it is due to the fact that in coated textile the load is
transferred from the mortar matrix to the coating eternal layer by chemical
adhesion and, later, from the external layer to the inner core by friction, because
of the impossibility of the mortar to impregnate the inner wires. Being the
matrix-to-wire transfer capacity higher than that between wires, the telescopic
pull-out failure may occur (Banholzer et al. 2006). The failure mechanism of the
yarns started with the fracture of the outer filaments, followed by the rupture of
adjacent fibres, until reaching the core filaments, which were not in direct contact
with the mortar (Figure 4.29a).

For some specimens failure occurred involving all the yarns simultaneously;
in other cases, the failure was characterized by progressive damage of one or few
lateral cords. This is confirmed by the dentate post-peak behaviour of some load-
strain curves evidencing the close progressive rupture of the basalt yarns, which
started from a side of the sample and propagated to the other side.

4.4 Compressive tests on masonry cylinders
In this section the results of compressive tests on unconfined and BFRP or

BFRCM-confined cylinders are discussed.

First, the axial stress-strain results obtained by using traditional measurement
devices are presented and commented. Then, these results are compared with
those provided by DIC analysis.

The use of DIC technique allowed also the study of the hoop behaviour of the
cylinders, here analyzed in terms of stress-hoop strain curves and correlated to
the axial strain in order to investigate on the volumetric strain.

Finally the failure modes are discussed for unconfined and BFRP/BFRCM-
confined cylinders respectively.

4.4.1 Stress-strain curves

The outcomes of monotonic compressive tests are presented in terms of axial
stress-strain curves for unconfined and BFRP/BRCM confined cylinders. The

162



Chapter 4 — Experimental results

data here reported were obtained by using external LVDTs (placed at top and
bottom of the cylinders) and local transducers (supported by the steel ring) for all
the cylinders from Scheme I and Scheme II respectively.

The axial stress was calculated dividing the axial load measured by the load
cell by the cross sectional area of the specimens. The axial strain was obtained
considering the readings of the transducers supported by the steel ring up to the
peak load, using a gauge length of 100 mm. After the peak, the strains obtained
through these transducers were affected by local deformations. For this reason,
the readings from LVDTs placed at top and bottom platens were used to calculate
the post-peak axial strain, using a gauge length equal to the height of cylinders.

Unconfined cylinders

Figure 4.30 shows the compressive stress-strain results obtained using
readings of LVDTs for Scheme I and Scheme II unconfined cylinders
respectively. The experimental outcomes along with the average values and COV
are reported in Table 4.8 for all the tested cylinders. In Table 4.8, f.o is the
compressive strength of unconfined masonry, €, is the axial strain at peak stress
and é&noy 1s the ultimate axial strain. The latter was calculated as the axial strain at
15% strength degradation.

The curves show a brittle behaviour, characterized by a non-linear ascending
branch and a steep drop in strength after reaching the peak load.

The average peak stress for the control specimens was 25.19 MPa and 19.85
MPa respectively for Scheme I and II cylinders (Table 4.8), showing a significant
detrimental effect of the vertical joints.

For cylinders C2. WUn and C3_WUn the axial strain was fully obtained using
the readings from the LVDTs placed at top and bottom platens, because data
from the transducers supported by the steel ring were lost during testing of both
these specimens. Note that the stiffness obtained in this way is likely lower than
the actual stiffness of the specimens, so it may be used as reference only. For this
reason the strain values of these cylinders were excluded for the calculation of
the average strain of unconfined specimens. For two of the unconfined cylinders
(C1_WUn, C4 WUn), the ultimate axial strain coincides with the last detected
value (Table 4.8) because of the brittle behaviour which do not allow reaching a
strength degradation of 15% after the peak load.
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Figure 4.30 Axial stress-strain curves of unconfined cylinders plotted by using
readings of LVDTs: a) Scheme I specimens; b) Scheme II specimens

Table 4.8: Test results of unconfined masonry cylinders by using LVDTs

Specimen fmo Average and £mo Average and Emou Average
designation (MPa) Cov [mm/mm] COv [mm/mm] and COV
C1_WUn 25.24 0.0043 0.0048**
C2_WUn 2478 2519 0.0052* 0.0040 0.0054* 0.0043
C3_WuUn 1995  17:60% ¢ 0049+ 1241% 00049+ 1391%
cawon 307 oo oo
C1_CUn 2225 19.85 0.0036 0.0034 0.0042 0.0038
C2.Ccun 1744  17.14% 0.0032 8.88% 0.0035 13.56%

*Results neglected for the calculation of the average peak and ultimate strain
** Last detected deformation

BFRP-confined cylinders

For cylinders confined by BFRP wraps, the axial stress-strain results are
plotted in Figure 4.31 for both the schemes, along with the results from
unconfined specimens for a more convenient comparison. The experimental
outcomes are presented in Table 4.9 for all the BFRP-confined cylinders, along
with the average values and the COV. In Table 4.9 f,. is the peak stress of
confined masonry, &xc is the axial strain at peak stress and &uc, is the ultimate
axial strain, the latter evaluated at 15% degradation of the peak stress.
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Figure 4.31 Axial stress-strain curves of BFRP-confined cylinders plotted by using
readings of LVDTs: a) Scheme I specimens; b) Scheme II specimens

Table 4.9: Test results of BFRP-confined masonry cylinders by using LVDTs

Specimen fme Average and Eme Average and €mcu Average
designation  (MPa) cov [mm/mm] Ccov [mm/mm] and COV
CIR_WIL 3264 12,56 0.0044 0.0042 0.0057 0.0056
CR WIL 3247  035% 0.0040 7.08% 0.0056 1.23%
CIR_W2L  45.08 4236 0.0080 0.0065 0.0092 0.0078
C2R W2L 3964  O08% 0.0051 3147% 0.0065 24.73%
CIR_CIL 2671 2733 0.0053 0.0051 0.0075 0.0074
C2R_CIL 2795 3.21% 0.0049 4.54% 0.0073 1.58%
CIR_C2L 3526 33.95 0.0051 0.0058 0.008 0.0094
C2R_C2L 3264 5.45% 0.0065 17.90% 0.011 21.80%

All stress-strain curves of tested cylinders show a non-linear ascending
branch, followed by a descending portion in the case of reinforced specimens.
The confined cylinders exhibited a more ductile behaviour as evidenced by a
clear softening branch, which was hardly seen for the unconfined reference
specimens. Comparing one-layer and two-layer wrapped cylinders, for both
Scheme I and Scheme II, it can be observed a considerable increase in terms of
strength, while the descending branch of the stress-strain curves shows a similar
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slope. Moreover, it can be seen that Scheme II specimens are more ductile, with a
less steep softening branch than Scheme I specimens. This behaviour underlines
the influence of the number of mortar vertical joints, which was higher for
Scheme II specimens.

In order to evaluate the effect due to the use of BFRP jackets, Table 4.10
provides the average strength increase and average strain increase due to BFRP
confinement. As it can be seen, compared to unconfined specimens, one layer of
BFRP enhanced the average strength of cylinders by 29% and 38% respectively
for Scheme I and II. For cylinders confined by two layers of BFRP the average
strength gain was 68% for Scheme I and 71% for Scheme II. These results
underline that the effectiveness of BFRP wrapping was higher for Scheme II
cylinders, namely in the case of weaker masonry involving three vertical joints.

The average strength increased by 30% and 24% respectively for Scheme 1
and Scheme II cylinders with two layers compared to one-layer specimens. This
points out as adding a second layer of reinforcement provided a considerable gain
of axial strength.

In general, all the cylinders showed a significant enhancement in terms of
strength if compared to unconfined specimens, highlighting the effectiveness of
BFRP jacketing as method for confining masonry cylinders. Moreover, from
Table 4.9 it can be noted that results in terms of strength relative to confined
specimens are characterized by a lower scatter, i.e. a lower value of the COV
compared to control specimens.

The use of BFRP wraps was also effective in terms of ultimate strain gain. In
particular, Scheme I cylinders exhibited an average ultimate axial strain increase
of 30% and 81% for specimens confined by one and two layers respectively. For
cylinders from Scheme II, the average increases of ultimate axial strain were
93% and 146% for specimens wrapped using one and two layers respectively,
compared to unconfined samples. It is clear as, even in terms of strain, BFRP
jacketing was much more effective for cylinders involving three vertical joints
(Scheme II). Moreover, increasing the jacket thickness by adding a second layer
enhanced considerably the strain ductility of the cylinders.

The enhancement of the strain corresponding to the peak stress was also
pronounced. Scheme I cylinders wrapped with two layers exhibited an average
increase of 65% compared to control specimens; on the other hand, there was
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almost not gain for specimens from Scheme I reinforced with one layer.
Concerning cylinders from Scheme II confined with one and two layers of BFRP,
the strains at peak stress were on average 49% and 69% higher than those of
unreinforced specimens. Comparing one and two-layer wrapped cylinders, for
Scheme I and Scheme II respectively, the average gain of strain at peak stress
was 56% and 14%.

It can be concluded that BFRP jacketing was more effective in the case of
weaker masonry (Scheme II) and this is evident considering strength and strain
gains of wrapped cylinders compared to control specimens.

In particular, using one layer of BFRP led to greater enhancements of strength
and strain for Scheme II cylinders, while adding a second layer led to very
similar increases for both Scheme I and Scheme II in comparison to unconfined
specimens. This means that the addition of a second layer of BFRP was more
effective in the case of Scheme I in terms of axial strength and strain at peak
stress.

BFRCM-confined cylinders

Figure 4.32 shows the results in terms of stress-strain curves for Scheme I and
Scheme II cylinders, wrapped with one and two basalt grid layers.

Table 4.10: Strength and strain increments for BFRP-confined masonry cylinders,
evaluated using LVDT

Specimen
designation fme/fmo Average €mc/Emo Average €meu/Emou Average
CIR_WIL 1.30 1.11 1.31

129 — .06 —— 1.30
C2R_WIL 1.29 1.00 1.29
CI1R_W2L 1.79 2.02 2.13

1.8 ——m— 1.65 _— 1.81
C2R_W2L 1.57 1.28 1.49
CIR_CIL 1.35 1.53 1.96

138 ——mmm 149 —F—— 1.93
C2R_CI1L 1.41 1.44 1.91
CIR_C2L 1.78 1.48 2.08

.71 — 169 ——mm 2.46
C2R_C2L 1.64 1.90 2.833
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In Table 4.11 the experimental outcomes from compressive tests on BFRCM-
confined cylinders are presented, along with their average values and COV. As in
the case of BFRP-confined cylinders, the symbol f,. is used to refer to the peak
stress, while &,. and euc, are respectively the axial strain at peak stress and the
ultimate axial strain corresponding to 0.85 f,.. along the descending branch of the
stress-strain curve. Note that the full stress-strain curve of the cylinder
C3M_W2L is not available because of an issue with the testing machine during
the test of the specimen. In particular, in Table 4.11 the compressive strength
value is reported, but the corresponding strain is missing.
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Figure 4.32 Axial stress-strain curves of BFRCM-confined cylinders plotted by
using readings of LVDTs: a) Scheme I specimens; b) Scheme II specimens
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Table 4.11: Test results of BFRCM-confined masonry cylinders by using LVDTs

Specimen fme Average and Eme Average and Emeu Average
designation (MPa) Cov [mm/mm] COv [mm/mm] and COV
CIM_WI1L 25.25 0.0045 0.0072
C2M_WIL 3573 3204 0.0068 0.0058 0.0083 0.0074
c3M WIL 3738 (1740%) 0.0068 2L27%)  gp0s1 (1337 %)
C4M_WI1L 29.80 0.0050 0.0061
CIM_W2L 33.84 0.0061 0.0081

34.78 0.0062 0.0085
C2M_W2L 31.75 (10.35 %) 0.0064 (.75 %) 0.0089 (6.76 %)
C3M_W2L  38.76 / /
C1M_CI1L 30.81 0.0058 0.0078

32.98 0.0050 0.0075
C2M_C1L 36.61 (9.60 %) 0.0051 (18.78 %) 0.0069 (7.07 %)
C3M_CI1L 31.52 0.0040 0.0079
CIM_C2L 3922 3673 0.0065 0.0060 0.0079 0.0085
M e 3424 O38%) 0.0055  (1216%)  ggg90 ~ (8:90%)

The stress-strain curves of BFRCM-confined cylinders present a linear
behaviour up to the development of the first crack in the mortar of the jacket. The
beginning of cracks on the external wrap of the cylinders coincided with the
failure of the internal masonry core and it can be easily detected from the curves,
which experience a reduced drop in strength. Afterwards, the curves present a
new stress increase due to the activation of the jacket because of the lateral
expansion of the crushed masonry core. This new stress enhancement develops
up to the peak value, with a less stiff trend than the initial one. After the
maximum stress is reached, a quite steep descending branch can be detected, with
a sudden drop in strength due to the basalt grid damage. Afterwards, the stress
decrease starts to show a smoother trend: at this point the mesh was already
broken in some parts, but the jacket could still guarantee a certain degree of
ductility.

The post-peak drop is quite pronounced for both Scheme I and Scheme II
cylinders. All the specimens show an almost bilinear softening branch
characterized by a steep strength decrease followed by a plateau region, with
considerable values of residual strength, particularly in the case of two-layer
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wrapped specimens from Scheme 1. On the other hand, there are not considerable
differences in the softening behaviour of Scheme II cylinders wrapped with one
or two basalt grid layers.

With the aim of evaluating the beneficial effect due to BFRCM confinement,
strength and strain increases are presented in Table 4.12.

For cylinders confined employing one layer of BFRCM, the average strength
increases were equal to 27% and 66% for Scheme I and Scheme II specimens
respectively, compared to unconfined cylinders. Two layers of BFRCM produced
an average strength enhancement of 38% for Scheme I and 85% for Scheme 11
cylinders. Comparing specimens reinforced with one and two layers, the strength
gain was of 9% and 11% for Scheme I and Scheme II respectively.

It is clear that the effectiveness of confinement by BFRCM in increasing the
bearing capacity of wrapped cylinders was higher for weaker masonry, namely in
the case of Scheme II cylinders involving three vertical joints, as already found
for BFRP-confined cylinders.

As general finding, the confinement by BFRCM showed to be effective to
enhance the ultimate axial strain values. In particular, cylinders from Scheme I
showed an average ultimate strain enhancement of 72% and 97% for one and
two-layer confined specimens respectively, in comparison to unconfined ones.
For cylinders from Scheme II, the average ultimate strain gains were 96% and
121% for specimens wrapped with one and two layers respectively.

The results showed an increase of the strain at peak stress of BFRCM-
confined specimens. One-layer reinforced cylinders from Scheme I and Scheme
IT exhibited the same increase of average strain at peak stress, equal to 45%
compared to control samples. Regarding cylinders confined with two layers,
Scheme I reinforced cylinders showed an average increase of 57% compared to
unconfined cylinders, while specimens from Scheme II presented an average
strain gain of 75%.

In conclusion, the overall findings have underlined considerable strength and
strain increases for BFRCM-confined cylinders compared to unconfined
specimens, pointing out that this strengthening system can be considered an
effective solution for enhancing the bearing capacity and the ductility of masonry
columns.
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Table 4.12: Strength and strain increments for BFRCM-confined masonry

dSeIs)iegcligltfgn fme/fmo Average €mc/Emo Average Emeu/Emou Average
C1IM_WI1L 1.00 1.13 1.67

C2M_WI1L 1.42 1.27 1.72 1.45 1.93 1.72
C3M_WI1L 1.48 1.71 1.87

C4M_WI1L 1.18 1.25 1.42

C1IM_W2L 1.34 1.54 1.88

C2M_W2L 1.26 1.38 1.60 1.57 2.07 1.97
C3M_W2L 1.54 / /

CIM_C1L 1.55 1.69 2.04

C2M_C1L 1.84 1.66 1.50 1.43 1.80 1.96
C3M_C1L 1.59 1.15 2.05

CIM_C2L 1.98 1.85 1.90 1.75 2.07 291
C2M_C2L 1.73 1.60 2.34

4.4.2 Digital Image Correlation (DIC) measurements: axial stress-
axial/hoop strain

In this section, the axial stress-axial strain results obtained referring to the
readings from LVDTs and presented above are compared with the outcomes
achieved by using the DIC technique. Moreover, thanks to the use of DIC
system, hoop strains were recorded and axial stress-hoop strain curves are here
introduced for unconfined and confined cylinders.

The strains measured through DIC were obtained considering the average
reading of virtual extensometers inside the strain rectangle, as commented in the
previous chapter. It should be noted that DIC results are reliable up to the peak
(FRP) or first cracking (FRCM) load. After that point, local cracks started to
appear and develop, and it could happen that the recorded strain values were not
anymore representative of the global behaviour of the cylinders.
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Unconfined cylinders

In Figure 4.33 the results of unconfined cylinders are presented in terms of
axial stress-axial strain and axial stress-hoop strain curves. In particular, the
outcomes in the axial direction from DIC analysis are compared with those
obtained through the use of traditional measurement systems (LVDTs). The DIC
technique was used only for specimens C2 WUn and C3 WUn and, as a
consequence, for the remaining cylinders only results in the axial direction
presented in the previous section are available.

Table 4.13 shows the results obtained using DIC in terms of axial and hoop
strains at peak load for unconfined cylinders. e.0” and &.0n are respectively the
axial and hoop strain at peak load and they are reported for each cylinder, along
with the average value and the COV. Moreover, the ratio &, /eno is reported.
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45 + — C2_WUn 45 + — C3_WUn
— C2_WUn - DIC — C3_WUn - DIC
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-0.03 -0.02 -0.01 0 0.01 0.02 0.03 -0.03 -0.02 -0.01 0 0.01 0.02 0.03
Strain (mm/mm) Strain (mm/mm)

Figure 4.33 Stress-strain curves in the axial and hoop direction for Scheme I
unconfined cylinders, plotted by using DIC and LVDTs

Table 4.13: Test results of unconfined masonry cylinders by using DIC

Specimen fmo €m0’ Av. and £m0h Av. and emo’] & Av. and
designation (MPa) [mm/mm] COV [mm/mm] COV e 00)%
C2WUn 2519 00028 o006 00030 0003 054 s

C3 Wun 1985 00024  1L71% 00029  2.23% 049  (6.43%)
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Figure 4.33 shows that the stress-axial strain results obtained by using DIC
are close to those obtained from LVDTs and in general stiffer.

The strain at peak load from DIC analysis resulted smaller of 46% and 51%
for C2_ WUn and C3_WUn specimens respectively, compared to the values
obtained from LVDTs. It is worth to note that these percentages were evaluated
making a comparison with values fully obtained from the readings of the external
LVDTs (placed at top and bottom of the cylinders). Most likely the percentages
are higher than those that would have been obtained if reading from internal
transducers had been available.

BFRP-confined cylinders

Figure 4.34 and Figure 4.35 show the results for each BFRP-confined
cylinder, from Scheme I and Scheme II respectively. In the graphs, the axial
stress-axial strain data obtained through the use of DIC are compared with results
from LVDTs. Moreover the axial stress-hoop strain outcomes from DIC are
presented for each specimen.

As mentioned, DIC measurements can be considered reliable up to the peak
load, since after that point strain readings were affected by local deformations
and they could be not representative of the global behaviour of the cylinders.

The curves plotted in Figure 4.34 and Figure 4.35 point out a good
correspondence between results of DIC and LVDTs in terms of axial stress-axial
strain. In some cases the DIC curves are slightly stiffer, while for many cylinders
the curves are pretty much coincident.

The main results obtained by DIC are presented in Table 4.14, where ¢,.” and
emen are respectively the axial and the hoop strain at peak load of confined
specimens. The ratio &u. /emc is reported in order to compare values recorded by
DIC and LVDTs. These values are reported for each cylinder, along with the
average values and COV for specimens of the same type.

The outcomes underline that the axial strain values evaluated at peak stress
using DIC were lower of about 32% and 13% respectively for one-layer and two-
layer confined cylinders from Scheme I, compared to results obtained by LVDTs.
For cylinders from Scheme II, the strain at peak stress decreased of 12% and
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29% respectively for one-layer and two-layer wrapped specimens, in comparison
with measurements of transducers.

The axial and hoop stress-strain curves obtained using DIC for cylinders
unconfined (when available) and confined by one and two layers are shown all
together in Figure 4.36, for Scheme I and Scheme II cylinders respectively, for a
more convenient visualisation. Curves show as DIC results are quite consistent.
As a matter of fact, all the stress-axial strain curves of each scheme present the
same slope and the difference in axial stiffness related to the readings of LVDTs
for cylinders C2_ WUn and C3_WUn is no longer noticeable, being all results
referred to the middle half of the cylinders.

The increases of axial strain at peak stress evaluated by using DIC for Scheme
I BFRP-confined cylinders respect to unconfined specimens, are presented in
Table 4.15.

Cylinders strengthened with one basalt textile layer exhibited an average
increase of the axial strain at peak stress of 6% compared to control samples,
while two-layer reinforced cylinders showed an average gain of 1.18%. The
strain enhancement could not be evaluated for confined cylinders from Scheme I1
because DIC was not used for corresponding unconfined specimens.

Table 4.14: Test results of BFRP-confined masonry cylinders by using DIC

. , Average Average Average
Specimen finc £me €mch ,
designation (MPa) [mm/mm)| and [mm/mm] and &me’/Bme and
g cov cov cov
C1R_WIL 32.64 0.0019 0.0028 0.002 0.0030 043 0.68
C2R_WIL 32.47 0.0037 43.22% 0.0041 >0.36% 0.92 >1.48%
C1R_W2L 45.08 0.0069 0.0057 0.0064 0.0049 0.87 087
0, 0, 0
C2R_W2L 39.64 0.0045 30.32% 0.0034 43.37% 0.88 1.20%
CIR_C1L 26.71 0.0036 0.0045 0.0044 0.0046 0.68 0.88
CIR CIL 2795 00053 2703%  gop47  386% 1og  197%
C1R_C2L 35.26 0.0031 0.0042 0.0032 0.0036 0.60 0.70
0, 0, o,
C2R_C2L 32.64 0.0052 37.38% 0.004 15.83% 0.81 20.16%
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Figure 4.34 Stress-strain curves in the axial and hoop direction for Scheme I BFRP-
confined cylinders, plotted by using DIC and LVDTs

Also in the hoop direction the results are consistent (Figure 4.36). Unconfined
and confined specimens show the same slope of the non-linear ascending branch.

In order to evaluate the effect due to the use of BFRP jackets on the hoop
strain of wrapped cylinders, Table 4.15 provides the enhancement of hoop strain
at peak stress for confined cylinders in comparison to unconfined ones (&mci/Emon).

175



Jennifer D’Anna

Experimental investigation on the effectiveness of

basalt-fibre strengthening systems for confining
masonry elements

56
Hoop <—|—> Axial
45 + — CIR_CIL
— CI1R_CI1L - DIC
40 +
35+

Axial stress (MPa)

T
0.01

-0.03 -0.02 -0.01 0 002 0.03
Strain (mm/mm)
56
Hoop <—|—> Axial
45 + — CIR_C2L
— CIR_C2L - DIC
40 +
=
-
3
2
£
@
=
=
<
t t t t
-0.03 -0.02 -0.01 0 001 0.02 0.03

Strain (mm/mm)

56
Hoop <—|—> Axial
45 T — C2R_CI1L
— C2R_CIL-DIC
40 +
35

Axial stress (MPa)

| | o | |
Ay

0.01

-0.03 -0.02 -0.01 0 0.02 0.03
Strain (mm/mm)
56
Hoop <—|—> Axial
45 + — C2R_C2L
— C2R_C2L - DIC
40 +
=
&
=S
2
&
@
=
=
<«
t t 06— t t

-0.03 -0.02 -0.01 0 0.01

Strain (mm/mm)

Figure 4.35 Stress-strain curves in the axial and hoop direction for Scheme II
BFRP-confined cylinders, plotted by using DIC and LVDTs

Cylinders from Scheme I wrapped with two layers gave an average increase
of hoop strain at peak stress of 67% with respect to control specimens. Cylinders
strengthened by one layer of BFRP showed a negligible increase. For cylinders
from Scheme II, it was not possible evaluating the gains of hoop strain at peak
stress because of the lack of data on unconfined cylinders. Nevertheless, for this
scheme, it was observed that the increase of one layer in external jacket caused a
decrease of the average hoop strain at peak stress from 0.0046 to 0.0036.
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Table 4.15: Strain increments for Scheme I BFRP-confined masonry cylinders,
evaluated by using DIC

Specimen e’ Average /e Average
designation me [emo And COV mehiEmoh and COV
C1IM_WI1L 0.72 1.06 0.66 1.03

0 0
C2M_WI1L 1.40 45.22% 1.39 50.36%
C1IM_W2L 2.65 218 2.18 1.67
V) 0,
C2M_W2L 1.71 30.33% 1.16 43.38%
a) Hoop <—|—> Axial b) Hoop <—|—> Axial
— C2_WUn - DIC 45 + — C1_CIL-DIC
— C3_WUn - DIC — C2_CIL-DIC
— C1_WIL - DIC
C2_WIL -DIC
—_ C1_W2L - DIC -
g — C2_W2L - DIC 9«;
2 2
3 3
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-0.03 -0.02 -0.01 0

0.01
Strain (mm/mm)
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.03
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Figure 4.36 Comparison of stress-strain curves in the axial and hoop direction for
unconfined and BFRP-confined cylinders, using DIC: a) Scheme I specimens; b)

Scheme

BFRCM-confined cylinders

II specimens

Figure 4.37 and Figure 4.38 depict the axial stress in BFRCM-confined
specimens as a function of the axial and hoop strain respectively. In particular,
Figure 4.37 shows results of Scheme I cylinders confined using two basalt layers,
while data of cylinders reinforced with one layer are not available because DIC
was not used. Outcomes of Scheme II cylinders are presented in Figure 4.38.
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Figure 4.37 Stress-strain curves in the axial and hoop direction for Scheme I
BFRCM-confined cylinders, plotted by using DIC and LVDTs

In the same figures, the results achieved by the DIC technique are compared
with those recorded by LVDTs. The comparison points out as readings of DIC
are in some cases stiffer with respect to those of LVDTs, while for some
specimens the curves are very close along the first branch.

In particular, the stress-axial strain curves for each specimen match each other
pretty well up to the first load drop, which coincides with the starting point of the
development of cracks over the FRCM jacket. After this point, the strain
measurements of the two systems (LVDTs and DIC) are comparable and show an
accurate matching for some of the tested specimens, namely CIM-CIL,
C2M_CI1L, C2M_C2L (Figure 4.38). On the other hand, in some other cases
(specimen CIM_C2L) there are inconsistencies in the readings of the two
acquisition systems. This result can be explained considering that the digital
system acquired measurements over a limited zone of the surface of the cylinders
(90x50 mm). In this way, the vertical deformations that occurred on the wrapped
surface of the specimens (i.e. on the confinement layer) could be gauged directly.
On the other hand, the system formed by LVDTs placed at top and bottom of the
cylinders measured global vertical displacements with a gauge equal to the
cylinder length and without contact with the confinement device. Moreover,
during the development of the test, the confinement jacket started to crack and
the external layer of mortar started to separate from the core in certain areas.
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Figure 4.38 Stress-strain curves in the axial and hoop direction for Scheme II
BFRCM-confined cylinders, plotted by using DIC and LVDTs
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Then, it is possible to assert that whereas the readings of DIC indicate the
behaviour of the external wrap, the measurements of the LVDTSs represent the
overall behaviour of the specimen. As result, because of the differences in gauge
length, the measuring location (on the jacket for DIC and between loading plates
for the LVDTs) and the detachment of the jacket from the core, differences
between the two measurements could not be avoided.

These problems did not arise in the case of FRP-confined cylinders because of
the different behaviour of the FRP jacket, which remained undamaged and
strongly attached to the masonry core until the maximum stress was reached.

4.4.3 Comparison between the performance of BFRP and BFRCM
confinement

Figure 4.39 shows the comparison between the axial stress-strain curves of
BFRP and BFRCM-confined cylinders belonging to the same scheme and
strengthened with the same amount of reinforcing fabric layers.

In general, as shown in the previous sections, it is clear that the two
strengthening systems offered substantial gains of axial strength, showing the
ability of both systems in enhancing the bearing capacity of masonry. The
strength increased on average of about 29% for cylinders of Scheme I confined
by one layer of BFRP (Figure 4.39a), while specimens of the same scheme
wrapped by one layer of BFRCM exhibited an average strength gain of 27% with
respect to control samples.

Concerning two-layer reinforced specimens of the same scheme (Figure
4.39b), the strength increase due to confinement was equal to 68% for BFRP-
confined cylinders and 38% for BFRCM-strengthened cylinders. However, it
should be reminded that three specimens were tested by using BFRCM;
differently, two cylinders were confined by BFRP and, consequently, differences
observed in the strength increases should be revised by testing the same number
of specimens. Despite the different strength enhancement, it is evident that BFRP
confinement induced a more brittle behaviour with respect to BFRCM wraps. In
fact, the stress-strain curves of BFRP-confined specimens of Scheme I are
characterized by a steep post-peak branch, which reflects the failure mode of the
cylinders. Differently, BFRCM-wrapped specimens exhibited a more ductile
softening branch, with a greater value of residual strain.
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Figure 4.39 Axial stress-strain curves of confined cylinders: a) one-layer reinforced
specimens of Scheme I; b) two-layer reinforced specimens of Scheme I; c) one-layer
reinforced specimens of Scheme II; d) two-layer reinforced specimens of Scheme I1

Analogously, BFRP and BFRCM-confined cylinders of Scheme II showed a
different behaviour in terms of strength enhancement. In fact, specimens wrapped
with one BFRP layer (Figure 4.39¢) obtained an average strength increase equal
to 38%, while the compressive strength enhanced of 66% in the case of BFRCM-
confined cylinders. The strength gains for specimens reinforced with two layers
of fabric (Figure 4.39d) were equal to 71% and 85% for BFRP and BFRCM

confinement respectively.
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The commented outcomes prove the capability of composites with inorganic
matrix to enhance the performance of masonry members, being able to guarantee
great gains in terms of axial strength and inducing a more ductile behaviour.

4.4.4 Failure modes and crack patterns
Unconfined cylinders

Figure 4.40 shows the failure modes of unwrapped cylinders at the end of
compressive tests. The unconfined masonry specimens exhibited, as expected, a
brittle behaviour and specimens failed due the formation of large and almost
vertical cracks through their entire height.

There were not considerable differences in the failure mode of Scheme I
(Figure 4.40a) and Scheme II (Figure 4.40b) cylinders. In general, vertical joints
created preferential routes for the development of cracks, which propagated at the
interface between bricks and mortar joints. This was more evident for Scheme II
specimens involving three vertical joints (Figure 4.40b) and less for Scheme 1
(Figure 4.40a), in which there were cracks at interface between mortar and
bricks, besides other random cracks.

The failure of unconfined cylinders involved crushing of masonry with
spalling of material for whole the height of the cylinders. In particular, the loss of
material regarded bricks between the vertical joints, while the latter were less
damaged: dashed rectangles in Figure 4.40 highlight this behaviour. Even in this
case, this was clearer for Scheme II specimens, because of the larger number of
vertical joints.

BFRP-confined cylinders

The failure of BFRP-wrapped cylinders was always by tensile rupture of the
BFRP jacket. The damage of confined specimens at the end of the tests can be
seen in Figure 4.41. As a general rule, specimens were characterized by two or
more almost vertical cracks which propagated for the entire length and turned
horizontal, linking each other, near to the horizontal mortar joints. Due to the
cracks, the jacket bulged in some areas. The ultimate condition of BFRP-
confined specimens was reached due to the failure of the basalt textile at the
cracks.
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Cl_CUn Cl_CUn C2 CUn b

Figure 4.40 Failure modes of unconfined cylinders: a) Scheme I; b) Scheme II

Giving a look to the inner masonry core through the cracks, it was possible to
observe the crushing of the material.

There were not considerable differences in the failure mode of cylinders
wrapped with one or two BFRP layers, both for Scheme I and Scheme II. As an
example, it is worth to observe the damage of cylinders C2 W2L and C1_CIL
after testing, in Figure 4.42. Specimens presented the same crack pattern even if
one cylinder (C2R_W2L) belonged to Scheme I and was wrapped with two
layers, the second one (C1R_CIL) was obtained from Scheme II and was
wrapped by using one layer. There were two large vertical cracks, covering two
thirds of the height, from the middle to the bottom. One crack turned
horizontally, apparently near the upper horizontal joint.
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C2R C2L e) || C2R.W02LS f)

Figure 4.41 Failure modes of BFRP-confined cylinders: a) b) Scheme I-1 layer; c)
Scheme I-2 layer; d) Scheme II-1 layer; e¢) Scheme II-2 layers; i) BFRP-masonry
strong bond and severely crushed core

C2R_W2L (Scheme I — two layers) CIR_CI1L (Scheme II — one layer)

Figure 4.42 Comparison between the failure mode of FRP-wrapped cylinders from
Scheme I and Scheme II: a) specimen C2R_W2L; b) specimen C1R_C1L
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After testing, a visual examination of the cylinders revealed a strong bond
between the BFRP jacket and the external masonry substrate. There was not
debonding between BFRP layers at the overlapping zone and this means the
overlapping length was sufficient to avoid this premature failure. Moreover, it
was observed that the inner masonry core of wrapped cylinders was seriously
crushed, more than unconfined masonry cylinders (Figure 4.41f).

BFRCM-confined cylinders

Figure 4.43 and Figure 4.44 present the BFRCM-confined specimens at the
end of the tests. In particular, one-layer wrapped cylinders from Scheme I and
Scheme II respectively are shown in Figure 4.43, while specimens confined by
using two textile layers are depicted in Figure 4.44.

There were not marked differences in the failure mode of specimens from
different schemes and the ultimate condition was reached by failure of the basalt
textile at the cracks developed in the mortar. The crack pattern was characterized
by vertical cracks which developed for the entire length of the samples,
producing detachment of the external mortar layer of the jacket and the loss of
material in some areas.

Apart from these zones, the jacket was solid, with the grid and the two mortar
layers very tight, and it was well linked to the inner masonry core. Cracks in the
external mortar layer coincided with the failure of the grid and of the internal
mortar layer in that point (Figure 4.44g).

The main difference in the failure mode of one and two-layer wrapped
cylinders was the amount of detached material from the jacket and the location of
these detachments. In the case of one-layer wrapped specimens, the detachment
of the external mortar layer was concentrated in a part of the lateral surface,
while the remaining area was affected by some cracks or almost undamaged. In
the case of two-layer wrapped cylinders, the areas with loss of material were
smaller, but distributed along the sample surface.

This behaviour was connected with the development of the cracks. For one-
layer wrapped cylinders, cracks were limited in number, developing along the
entire length of the samples and they were well defined in their vertical trend. For
two-layer wrapped cylinders, there were more cracks which hardly covered
whole the length of specimens. Sometimes, they developed for a length portion
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and combined with horizontal cracks due to a non-uniform bulging of the jacket
at different heights of the cylinders.

Figure 4.43 Failure modes of BFRCM-confined cylinders: a) b) Scheme I-1 layer;
¢) d) Scheme II-1 layer

4.4.5 Effective strain in the wrap

As discussed in Chapter 2, several literature studies proposed analytical models
based on the calculation of the confinement pressure due to the external wrap,
under the assumption that this last reaches its maximum stress in correspondence
of the axial peak load.
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Figure 4.44 Failure modes of BFRCM-confined cylinders: a) b) ¢) Scheme 11-2
layer; d) Scheme I-2 layers; ¢) BFRCM-masonry strong bond and severely crushed
masonry core; f) g) failure of BFRCM jacket
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Aiming to verify this assumption, the DIC system was employed in order to
measure the hoop strains in confined cylinders and to compare the recorded
values with the mechanical properties of the jacket.

As an example, Figure 4.45 shows the 2D field of hoop strains in the cylinder
CIR_WIL, which was wrapped by one layer of BFRP. In particular, the record
of the strains is plotted for two stages of the loading process, corresponding to
the peak stress (Figure 4.45a) and to the failure of the external wrap (Figure
4.45b). These two stages can be identified at Points 1 and 2 of the stress-strain
curve of the confined specimen represented in Figure 4.45c¢.

It is evident that the strain in the composite when the specimen reaches the
peak stress is almost uniform and substantially lower than its ultimate value. The
colorplot (Figure 4.45a) indicates a tensile strain in the BFRP of about 0.6%,
which is substantially lower than the failure strain detected in the fabric by
tensile tests (i.e. 2.7%). This fact means that masonry reached its peak load in
correspondence of internal crushing, while the external BFRP jacket was still
elastic. In fact, the ultimate stress of the composite was reached only in a
successive stage (Figure 4.45b). It is worth to note that the strain field at failure is
not uniform, but strain is localized along a subvertical zone.

A different behaviour was recorded in BFRCM-confined specimens. Figure
4.46 shows the colorplot of hoop strains for specimen C2M_C2L, which was
tested without the use of the external ring for allowing a wider monitoring area.
This choice was made due to the fact that, differently from BFRP-confined
specimens, the crack pattern at failure in BFRCM-confined specimens was more
diffused.

It is evident that the first drop in the axial stress-strain curve of confined
masonry (Point 1 in Figure 4.46d) corresponded to the formation of the first
cracks in the top zone of the specimen (Figure 4.46a) for very low values of
strain. This stage did not correspond to the peak load; in fact, cracks propagated
at the extremities of the monitoring area (Figure 4.46b and Point 2 of Figure
4.46d) and the load increased up to its maximum value.

The maximum load was reached in correspondence of Point 3 (Figure 4.46¢
and Point 3 of Figure 4.46d), when cracks were formed and opened in the top and
bottom part of the cylinder. It is worth to note that in this stage, the maximum
value of strain recorded in correspondence of cracks was already close to the
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strain at failure of dry textile, even if this condition was not reached yet. This
result point out the presence of slipping phenomena between the basalt grid and
the matrix at cracks, as already shown by tensile tests on FRCM coupons.

After this point, the load decreased and cracks developed to the central part of the
specimen. After cracks were all formed, hoop strain was localized in the fibre
and this process ended when its value exceeded the ultimate strain of the fabric
(Figure 4.46e and Point 4 in Figure 4.46d). After this point, the stress in the
masonry decreased drastically and the cylinder could be considered at its ultimate
stage.

[%]

460 CIR_WIL
35 POINT 1

POINT 2

Axial stress (MPa)
154
>
f

0 0.005 0.01 0.015 0.02
C) Axial strain (mm/mm)

Figure 4.45 Strain measurement in a BFRP-confined cylinder (C1R_W1L): a) 2D
strain field measured by DIC at peak stress of masonry; b) 2D strain field measured
by DIC at failure of the wrap; c) axial stress-strain curve of the cylinder;
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Figure 4.46 Strain measurement in a BFRP-confined cylinder (C2M_C2L): a) 2D
strain field measured by DIC at first cracking of the jacket; b) 2D strain field
measured by DIC at second drop of load; c) 2D strain field measured by DIC at
peak stress of masonry; d) 2D strain field measured by DIC at failure of the fabric;
e) axial stress-strain curve of the cylinder;

4.4.6 Evaluation of volumetric strain

In Figure 4.47 the variation of axial stress vs. volumetric strain is presented
for unconfined and BFRP-confined specimens from Scheme I and Scheme II
respectively. The volumetric strain &, was evaluated as it follows:
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e =¢,+2¢, 4.1)
where ¢, is the axial strain obtained from the average of the twenty extensometers
considered in the axial direction and &, is the hoop strain obtained from the
average of the forty-five extensometers in the transversal direction.

The first zone of the curves is almost linear and all the specimens (except
specimen C2R_W1L) exhibit the same behaviour in terms of volumetric strain
with the increase of the axial stress. This first branch of the curves is
characterized by an increasing negative volumetric strain, which indicates a
volume compaction. After a certain point, the behaviour changes and ¢, starts to
increase, entering in a transition zone. When the volumetric strain becomes zero,
it means that the volume of the cylinder is equal to the initial volume and it starts
At this point the jacket was fully activated since the cylinders

entered to volume expansion, showing a non-linear behaviour.

a third zone.

For unconfined specimens from Scheme I the volume expansion was not
pronounced because of the brittle failure of the cylinders. After the transition
zone, in which the volume of the cylinders returns equal to the initial volume, the
curve of C3R_WUn develops for a very short length, while for specimen
C2R_WUn the volume expansion is almost completely inexistent. Results from
Scheme II unconfined specimens are not available because of the lack of data
about the hoop strain.
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Figure 4.47 Variation of volumetric strain for BFRP-confined cylinders: a) Scheme I
specimens; b) Scheme II specimens
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Comparing one and two-layer wrapped cylinders, it can be observed that
specimens with one BFRP layer experienced a larger average volume expansion
which indicate a lower stiffness of the wrap. The increase of BFRP layers caused
a significant gain in strength and a lower volume expansion; this is true for both
Scheme I and Scheme II.

Figure 4.48 shows the variation of hoop strain vs. axial strain for Scheme I
and Scheme II specimens respectively. Technically, the hoop-axial strain ratio is
the Poisson’s ratio of the masonry at the first zone of stress-strain curves (i.e.
linear behaviour). All the cylinders exhibit an initial linear behaviour with
Poisson’s ratio of about 0.3, followed by a non-linear trend, except for
unconfined cylinders which arrest after the linear stage. The non-linear branches
show different slopes for both Scheme I and Scheme II, but for the latter it is
clear as two layers of BFRP wraps are more effective to control the dilatation
rate, with restrained hoop strains.

The same analysis was not carried out in the case of BFRCM-confined
masonry cylinders because, as shown in Section 4.4.2, the hoop strain values
registered by DIC were affected by the progressive crack and detachment of the
jacket
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Figure 4.48 Variation of hoop strain vs. axial strain for BFRP-confined cylinders: a)
Scheme I specimens; b) Scheme II specimens
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5. THEORETICAL INVESTIGATIONS

5.1 Introduction

In order to predict the behaviour of confined masonry under monotonic
compression, the modelling through analytical expressions constitutes a reliable
and easy-to-manage provisional tool.

In the present chapter the analytical models presented in Chapter 2 are
employed in order to evaluate the compressive strength of FRP/FRCM-confined
masonry and to predict the stress-strain response in compression of these
members.

First, some experimental-theoretical comparisons are made using
experimental data available in the literature on FRP-confined masonry columns,
in order to evaluate the reliability of existing theoretical models.

Then, the predictions provided by theoretical models on masonry columns
confined by FRP and FRCM are compared with the experimental outcomes
obtained in the framework of this thesis and their reliability is validated in terms
of strength increments. Finally, the compressive law of BFRP and BFRCM-
confined cylinders is defined by proposing new possible approaches.

5.2 FRP-confined masonry columns: evaluation of available
analytical models

The literature review has shown that a unified approach for the definition of
the compressive behaviour of FRP-confined masonry is still missing. Despite the
large amount of research, some theoretical results seem actually to be in contrast
with the experimental outcomes available in literature, due to the different key
variables arising in the application of FRP jackets.

With the aim of evaluating their reliability, the main existing theoretical
models to predict the compressive response of FRP-confined masonry columns
are revised and analyzed in the following. In particular, five different approaches
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are considered: Campione and Miraglia (2003) (C&M), Krevaikas and
Triantafillou (2005) (KRE), Corradi et al. (2007) (CO), Di Ludovico et al. (2010)
(DIL) and finally Italian CNR-DT 200/2013 Guidelines (CNR). Criteria to obtain
the strength increase are initially analyzed and compared with a wide range of
experimental data, evaluating the match between theoretical and experimental
outcomes. In a second step, the combination of expressions by different models
is adopted for predicting the compressive stress-strain response of masonry
columns wrapped by FRP and quantitative comparisons are made with a wide
database of experimental data. The average error is evaluated for each model in
order to estimate his the reliability.

5.2.1 Strength increase due to FRP confinement

As mentioned above, the formulations providing the strength of confined
masonry are initially studied and compared. Table 5.1 shows the expressions,
already presented in Chapter 2, for calculating the compressive strength of FRP-
confined masonry f,,. as a function of the effective confinement pressure f’; and
unconfined masonry strength f.

In order to clarify their reliability, the results achieved by using the
formulations in Table 5.1 were compared with experimental results available in
the literature. In particular, an experimental database of forty-seven results was
recorded, listing the main geometrical and mechanical features and the results
achieved in terms of ultimate stress, strain and complete compressive axial force-
shortening curve. Table 5.2 shows the main geometrical features and the
characteristics of the external wrap for the analyzed specimens.

Figure 5.1 shows graphically the comparison between the formulas of Table
5.1 and experimental results. In particular, it plots the strength increase fio/fmo as
a function of the effective confinement pressure f; normalized by the strength of
unconfined masonry fo.

Points in Figure 5.1 refer to the experimental data reported in Table 5.2.
Specifically, the confinement pressure was assumed equal to its maximum value,
which means that it was calculated for each specimen as:

fi =k f, (5.1)
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Table 5.1: Formulations for calculating the compressive strength of FRP-confined
masonry

Model Compressive strength of FRP-confined masonry
Camplonezz(l)lag Miraglia, foo= ootk le
(C&M) k=2
_ A
Krevaikas and e = Jo if IS 0.24
Triantafillou, 2005 , .
(KRE) Fne = o ~(0.6+ 1.65 L] ;‘f’iz 0.24
m0 m0
f;nc = me +k1 .f;
Corradi et al., 2007 L N\-0.17
(o) - 2,4.[LJ
m0
fW = fmo +k1 f;
Di Ludovico et al., 2010 . N\-0.10
(DIL) K = 1,53.(LJ
m0

m0

foe =Foo K (]{—’J where o, =0.5

CNR-DT 200/2013, &%\
(CNR) 1 =ay m wnere
g,, : mass density of masonry
a,=a,=1
(b*+d?)
k,=1-—— 5.2
¢ 3-4, (5-2)
=) (53)
" bd T '
and assuming that the external wrap reaches its maximum stress at failure:
fo=fu=¢€uE; 54

where f; is the tensile strength of the FRP, ¢, is its ultimate tensile strain and £
is the elastic modulus.
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Table 5.2: Geometrical features of specimens considered in the experimental
database.

Geometry External wrap

Specimen b d Te b’ d t fr E¢
" mm) (mm) (mm) (mm) (mm) (mm) (MPa) (MPa) °"

B-G-1 1 264 265 20 224 225 048 1371 68740 0.0209
B-G-2 1 265 265 20 227 225 048 1371 68740 0.0209

DIL B-G-3 1 266 265 20 226 225 048 1371 68740 0.0209
(2010) B-B-1 1 266 266 20 226 226 024 1814 91000 0.0199
B-B-2 1 265 264 20 225 224 024 1814 91000 0.0199

B-B-3 1 265 264 20 225 224 024 1814 91000 0.0199

CLIRIO 3 115 115 10 95 95 012 3500 230000 0.0152
C21RI0O 2 115 115 10 95 95 023 3500 230000 0.0152
C31RIO 3 115 115 10 95 95 035 3500 230000 0.0152
G5 1 RIO 2 115 115 10 95 95 075 2000 70000 0.0286
CL1R20 2 115 115 20 75 75 012 3500 230000 0.0152
C21R20 2 115 115 20 75 75 023 3500 230000 0.0152

KRE C3 1 R0 2 115 115 20 75 75 035 3500 230000 0.0152

(2005) G5 1 R0 2 115 115 20 75 75 075 2000 70000 0.0286
C215RI0 3 115 1725 10 95 1525 023 3500 230000 0.0152
C315RI0 3 115 1725 10 95 1525 035 3500 230000 0.0152
G5_15RI0 3 115 1725 10 95 1525 075 2000 70000 0.0286
C22RI0 2 115 230 10 95 210 023 3500 230000 0.0152
C32RI0 2 115 230 10 95 210 035 3500 230000 0.0152
G5 2 RI0 2 115 230 10 95 210 075 2000 70000 0.0286

co SHT20°1 5 245 250 20 245 250 033 3388 417625 0.0081
(2007) g.yHM-2-n°1 3 245 250 20 245 250 0286 1955 673200 0.0029

As it can be noted from Figure 5.1, wide dispersion of experimental points
with respect to the theoretical predictions is observed. The CO model seems to be
the most overestimating, while the KRE model gives the lowest strength
increases, even if several points are also overestimated.

The lacking match between experimental results and theoretical predictions is
due to different key parameters: - the variability of basic masonry properties; -
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the evaluation of the effective confining stress, the latter depending on the corner
radius. The first issue is related to the wider scattering of compressive strength of
masonry with respect to that of concrete. It is well known that for a given kind of
masonry (i.e. clay brick units and hydraulic mortar) the compressive strength is
influenced by arrangement of units, thickness of mortar joints and size of the
tested member.

However, the most critical issue is related to the effective confinement
pressure. Figure 5.1 shows that some specimens with similar maximum
confinement pressure, which means similar external wraps in terms of thickness
and mechanical properties, gain very different strength increases. As an example,
specimens with effective normalized confinement pressure equal to 1.3 could
reach a maximum strength increase equal to about 3.7 and a minimum of 2.8.
This is due to the fact that the stress in the external wrap can be noticeably lower
than its tensile strength due to the stress intensification at the corners of the
section and consequent weak failure. It has been widely demonstrated (Corradi et
al. 2007, Campione and Miraglia 2003, Di Ludovico et al. 2010) that in this case
the effective stress in the wrap is related to the adopted corner radius smoothing
the corners. Therefore, confinement pressure should be calculated considering a
stress intensification factor at the edge in order to achieve more reliable
prediction, as discussed in the following sections.

6

—— CNR
@ Experimental data

/im0
Figure 5.1 Compressive strength increase as a function of normalized effective
confinement pressure
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5.2.2 Definition of the stress-strain law in compression

As discussed above, five “models” were considered to predict the stress-strain
law of FRP-confined masonry in compression, by combining expressions
provided by the five analytical studies here considered. For each “model”,
confinement pressure and efficiency coefficient are calculated by means of Egs.
(5.1)-(5.3), but varying the expression of f.. Moreover, the ultimate stress, strain
and shape of the analytical stress-strain law are defined for each model.

C&M model (Campione and Miraglia, 2003)
In this model the effective stress in the wrap is evaluated through Eq. (2.7)
introduced in Chapter 2.

The strength of FRP-confined masonry is calculated by the expression given
in the first row of Table 5.1, while the ultimate strain &, is defined by Egs. (2.9)
and (2.10).

After defining these parameters, the compressive response of FRP-confined
masonry columns is obtained by means of Egs. (2.11)-(2.13).

KRE model (Krevaikas and Triantafillou, 2005)

The KRE model considers the effective confinement pressure calculated by
assuming f; = f.

The maximum stress of the FRP-confined masonry is calculated as indicated
in Table 5.1 for the KRE model, while the ultimate strain is deduced by the
expression reported in Eq. (2.15) of Chapter 2.

The overall stress-strain curve in compression is calculated by Egs. (2.11)-
(2.13) proposed by Campione and Miraglia (2003), assuming R = 3.

CO model (Corradi et al., 2007)

In the model of Corradi et al. (2007) the effective stress in the external wrap
is calculated by Eq. (2.17) presented in Chapter 2.
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The strength of confined masonry is calculated as indicated in Table 5.1 for
the CO model, while the ultimate strain is calculated by means of Egs. (2.9) and
(2.10), since no expression is given in Corradi et al. 2007 for this.

The trend of the compressive stress-strain curve is defined by Egs. (2.11)-
(2.13), but the R parameter is here assumed equal to 5, as indicated in Corradi et
al. 2007.

DIL model (Di Ludovico et al., 2010)

The model of Di Ludovico et al. (2010) evaluates the effective confinement
pressure by assuming f = fji.

The maximum stress is calculated by the expression provided in Table 5.1 for
the DIL model. The ultimate strain is evaluated by employing Egs. (2.9) and
(2.10).

Even in this case, the trend of the compressive stress-strain curve is defined
by Egs. (2.11)-(2.13), assuming R = 3.

CNR model (CNR-DT 200/2013)

The model deduced from the Italian CNR-DT 200/2013 Guidelines considers
the stress in the external FRP wrap as reported in Egs. (2.21) and (2.22) of
Chapter 2.

The strength increase is calculated as indicated in Table 5.1 for the CNR
model and the ultimate strain is defined through the formulation provided by
Campione and Miraglia (2003) (Egs. 2.9, 2.10).

The constitutive law of FRP-confined masonry is evaluated by means of the
expressions given in CNR-DT 200/2013 and presented in Egs. (2.23)-(2.27) of
Chapter 2.

5.2.3 Comparisons with experimental data

Firstly, comparison between the models is made in terms of predicted strength
gain. As discussed in the previous section, neglecting the effective stress in the
wrap could lead to a wide dispersion of experimental results. Conversely, Figure
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5.2 shows that different results are achieved if a reduced confinement pressure is
calculated.

—Cc&M — KRE

® Experimental data ® Experimental data

0 : : : : 0 : : : :
0 0.4 0.8 12 1.6 2 0 0.4 0.8 1.2 1.6 2
a

—Co — DIL
® Experimental data ® Experimental data

f'1/fmo

—CNR
® Experimental data

0 t t t t

0 0.4 0.8 1.2 1.6 2
e . . . .
) f'\/fmo

Figure 5.2 Strength increase as a function of normalized effective confinement
pressure for the considered models: a) C&M; b) KRE; ¢) CO; d) DIL; e) CNR
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The results are also expressed in terms of statistical parameters in Table 5.3,
which shows the average ratio between the theoretical prediction of the
compressive strength f..» and the experimental result f...xp. The Coefficient of
Variation (COV) (the ratio between the standard deviation and the average value)
is also given, in order to measure the dispersion of the prediction with respect to
the average value.

It is evident that the C&M model is the most conservative (Figure 5.2a),
underestimating confinement pressure and strength gains. This result could be
due to the fact the equation expressing the strength increase was originally based
on results obtained from concrete specimens.

The CO model shows good theoretical predictions (Figure 5.2¢), unlike those
obtained using the maximum confinement pressure. However, a quite wide
dispersion of results is still observed, since the authors adopted only their own
results to work out the equation expressing the strength increase.

The model which better fits the experimental outcomes is DIL model (Figure
5.2d), which shows the average ratio (fucm/fmcex)av close to 1 and the lowest
COV. This result was probably achieved because the authors calibrated the
equation reported in Table 5.1 by best fitting many experimental points adopted
in the present study.

The KRE model (Figure 5.2b) predicts slightly lower results. Most of the
experimental points are on the curve expressing the theoretical prediction and
reduced dispersion is observed with a low COV value.

Table 5.3: Reliability of each model in terms of predicted strength

Model (fme,tn/Fme,exp) AV cov

Campione a(réd&l\lf\[/li;'aglia, 2003 0.74 021
Krevaikas an((llglzi]f:l)ntaﬁllou, 2005 0.87 0.19
Corrad(ié,z)z;l., 2007 1.16 0.22

Di Ludov(i]c)(;f; al., 2010 1.05 0.18
CNR-]()(’;FNZI%O/ZOB 0.88 0.26
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Finally, the CNR model (Figure 5.2¢) proves to be conservative. Normalized
confinement pressure is fairly similar for all the specimens since the model
provides a maximum strain in the wrap equal to 0.004, as discussed in Chapter 2.
Consequently, the model is in good accordance with the experimental results
only for very low values of the FRP reinforcement ratio and tends to
underestimate experimental outcomes for highly reinforced specimens or ones
with larger corner radius.

A further analysis was carried out by comparing results in terms of
compressive axial stress-strain curves. Analytical predictions were made by
considering the equations given in the previous section for each specimen listed
in Table 5.2 and for two different values of €. In the first analysis the axial
strain corresponding to the peak stress of unconfined masonry &xo was set equal
to 0.003, while in the second study &,,;—0.002 was assumed.

As an example, Figure 5.3 shows four comparisons between the theoretical
curves and experimental data, referring to some specimens tested by Krevaikas
and Triantafillou (2005) and Di Ludovico et al. (2010). It is to be stressed that
very different theoretical predictions can be obtained by adopting the different
models. In order to quantify the capability of each predictive model, an error
index was calculated in terms of stress. In particular, this parameter was defined
as the ratio between the predicted and the experimentally measured stress
(om/oep) for a fixed value of axial strain. This parameter made it possible to
evaluate the accuracy of the prediction for each point of the stress-strain curve
and it was evaluated for forty values of axial strain for each analyzed
experimental curve. Therefore, an average value was calculated for each
specimen over the forty points.

Figure 5.4 shows the average error calculated for each analyzed specimen and
adopting &,0=0.003 for the five considered models. As resuming parameters, the
mean value of the error ratio (ou/cex)4v between all the specimens examined and
its COV are shown in Table 5.4 for the five theoretical models.

It is evident that the C&M and CO models tend to overestimate the
experimental stress-strain curves. Some experimental results are overestimated
with a ratio of over 3 and wide dispersion of the predictions is also observed.
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Figure 5.3 Comparison between experimental and theoretical stress-strain curves:
a) Specimen B-G-1 (Di Ludovico et al. 2010); b) Specimen B-B-1 (Di Ludovico et al.
2010); c¢) Specimen G5_1_R10_ n°1 and 2 (Krevaikas and Triantafillou 2005); d)
Specimen C2_1_R20 n°1 and 2 (Krevaikas and Triantafillou 2005)

The KRE and DIL models give better results. The former is the only model
with an error ratio of less than 1, meaning that it is on average the most
conservative. The DIL model is the best model in terms of average error ratio
(1.08). Conversely, the KRE model has the lowest COV (0.26), confirming the
reliability of this approach, while greater dispersion is observed for the DIL

model.

Finally, the CNR model, which proved to be conservative in terms of
predicted strength (Figure 5.2e), is the most overestimating model for the
prediction of stress-strain curves. This result is probably due to the fact that it is
the only approach adopting a different shape of the constitutive law, which tends
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to predict stiffer curves with respect to those predicted by Egs. (2.11)-(2.13), as
can be also observed in Figure 5.3.

Figure 5.5 shows the average error calculated adopting &,0=0.002 and the
statistical coefficients are presented in Table 5.5. It is worth to note that this
value was selected since suggested in most codes as the design value for the
compressive axial strain of masonry corresponding to the peak stress.

- C&M -0- KRE

- CO -o- DIL

(Oth/Texplav
N w

—
L

-©- CNR

(O'th/ o'exp)AV

Figure 5.4 Average stress error for the considered models (€m0=0.003)
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Similar considerations can be applied to the case of &,,=0.002, but with
greater average errors. However, although all the models tend to be far from the
experimental results, the KRE approach gives the best result of all the cases
analyzed, in terms of both average stress ratio and COV.

It should be noted that this result is mainly due to the fact that the KRE
approach provides a formulation to obtain the ultimate strain in compression that
was calibrated on experimental points, while other models adopt the analytical
expression of Campione and Miraglia (2003), which was developed for concrete
members. Further studies should be addressed to the derivation of new
formulations giving the ultimate strain in compression as a function of
confinement pressure.

Table 5.4: Reliability of each model in terms of average stress error (gmo = 0.003)

Model (Geh/Gexp)av cov
Campione a(rg&l\lf\l/ilr)agliaa 2003 2.06 0.33
Krevaikas an(zgfr{igr)ltaﬁllou, 2005 0.88 0.26
Corradi((e;toa)l., 2007 1.62 0.33

Di Ludov(i]c)(;Le; al., 2010 1.08 0.41
CNR—]()CTI\?}(i())QOIS 215 0.30

Table 5.5: Reliability of each model in terms of average stress error (¢émo=0.002)

Model (Gth/Gexp)av cov

Campione a(réi&l\l/\l/ilgaglia, 2003 2923 0.32
Krevaikas an(igIr{igr)ltaﬁllou, 2005 0.94 0.25
Corradi(étoa)l., 2007 1.74 0.30

Di LUdOV(i]C)(}S al., 2010 1.16 0.39
CNR—I(DCT N2}({))0/2013 2.54 0.30
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Figure 5.5 Average stress error for the considered models (€m0=0.002)

5.3 Theoretical predictions for tested BFRP-confined clay brick
masonry cylinders

In this section, existing literature formulations and a modified version of
CNR-DT 200/2013 model are adopted for evaluating the strength increase due to
FRP confinement and results are compared with the experimental outcomes
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produced in the framework of this thesis, in order to identify the most reliable
analytical model.

The strain corresponding to the peak stress is evaluated through available
formulations and a modified version of the formula proposed by Krevaikas and
Triantafillou (2005) is proposed.

Finally, a possible approach is suggested for predicting the compressive
stress-strain law in compression of FRP-confined masonry columns.

5.3.1 Strength previsions
Lateral confinement pressure

As it was introduced in Chapter 2 and according to traditional formulations
available in literature, in the case of circular section the ultimate lateral
confinement pressure can be evaluated using the rigid body equilibrium of the
section:

2.t - f
f r
fi= - (5.5)
where # is the equivalent thickness of the fibres and D is the diameter of the
section. The term f; refers to the effective stress in the FRP at failure and, in the
case of circular cross-section, it can be assumed equal to:

fo=fu=¢€uE; (5.6)

where &z is the ultimate tensile strain corresponding to the rupture of the fibres
and Eyis the Young’s modulus of the fibres.

Moreover, the evaluation of the effective confinement pressure /7 is made
through the formulation:

fi=kf, (5.7)

assuming that the in-plane efficiency coefficient 4. is equal to 1 (circular section).
Thus, the confinement pressure f; coincides with the effective confinement
pressure /.
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The effective confinement lateral pressure f estimated in this way is involved
for the evaluation of the strength increase by all the models adopted in the
following, except the model provided by the CNR-DT 200/2013 Guidelines,
which takes account of a reduction of the maximum strain in the composite. In
this case the stress in the external wrap is calculated as:

Jr = € i rid 'E/ (5.8)
being & ria the reduced maximum strain in the wrap, expressed as:
€t ria = min{m "?/k/?’f; 0-004} 5.9

where #, is the environmental conversion factor, g4 is the characteristic value of
the ultimate tensile strain of the FRP and y, the partial safety factor.

Axial strength increase

The five different approaches discussed in the previous section are here
employed to predict the compressive strength enhancement due to FRP
confinement. In particular, the considered models are: Campione and Miraglia
(2003) (C&M), Krevaikas and Triantafillou (2005) (KRE), Corradi et al. (2007)
(CO), Di Ludovico et al. (2010) (DIL) and Italian CNR-DT 200/2013 Guidelines
(CNR). The expressions for calculating the compressive strength of the FRP-
confined masonry f,. as function of the effective confinement pressure f; and
unconfined masonry strength f,.y are reported for each model in Table 5.1.

In order to evaluate the reliability of the above-mentioned formulations, the
results achieved using the five adopted criteria were compared with the
experimental results obtained from compression tests on confined masonry
cylinders. Table 5.6 presents the experimental results and theoretical predictions,
the latter in terms of strength increase fu./fmo and effective confinement pressure
normalized by unconfined masonry strength f/f,.0. In Table 5.7 the ratio between
the theoretical predictions of the compressive strength f.» and the experimental
results fucexp 18 calculated for each group of specimens belonging to the same
type. Additionally, the average of the ratios between theoretical and experimental
values is calculated for each model, along with the COV in order to measure the
dispersion of the predictions with respect to the average values.
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Table 5.6: Comparison of experimental results with theoretical predictions in terms
of strength for BFRP-confined specimens

Experimental Theoretical predictions
results
Specimen C&M KRE CO DIL CNR
(fmc/me) Av. (Fl/fml)) - (Fl /me)

(fmc/ fml)) (fmc/ me)

CIR WIL 130

129 113 100 126 113 007 118 0011
C2R WIL 129

CIRW2L  1.79

1.68 127 1.00 145 125 013 125  0.022
C2R W2L  1.57

CIR_CIL 1.35

1.38 1.17 1.00 1.31 1.17 0.09 1.20 0.014
C2R_C1L 1.41

CIR_C2L 1.78

1.71 1.34 1.00 1.55 1.31 0.17 1.28 0.027
C2R_C2L 1.64

Table 5.7: Reliability of each model in terms of predicted strength for BFRP-
confined specimens

(fmc,th/ fmc, exp)

Specimen
C&M KRE co DIL CNR CNRmod
C1R_WIL
= 0.88 0.77 0.97 0.88 0.91 1.12
C2R_WIL
C1R_W2L
= 0.75 0.59 0.87 0.74 0.74 0.97
C2R_W2L
C1R_C1L
= 0.85 0.73 0.95 0.85 0.87 1.09
C2R_CI1L
CIR_C2L
= 0.78 0.58 0.91 0.77 0.75 1.00
C2R_C2L
AVERAGE 0.82 0.67 0.92 0.81 0.82 1.04
COV (%) (6.98) (14.13) (5.15) (7.88) (10.38) (6.87)

A graphical comparison between the adopted formulations is shown in Figure
5.6, which plots the strength increase fu./fmo as a function of the effective
confinement pressure normalized by unconfined masonry strength f'/f..0. Points
in the graphs refer to the experimental data of cylinders from Scheme I and
Scheme II, reinforced with one or two layers. The comparison between
experimental outcomes and the model provided by Italian Guidelines (CNR) is
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reported in a different graph, because in this case the analytical prediction takes
into account a reduced value of the lateral confinement pressure f; (Figure 5.6b).

35 35
—C&M ® CR.WIL — CNR
31 --- KRE & CR_W2L 31 ® CRWIL
~~~~~ CO + CRCIL A CR_W2L
--- DIL & CRCIL + CRCIL
25 25T o croCaL

0 t t t t t 0 t t t t t
) 0 005 01 015 02 025 03 b) 0 005 01 015 02 025 03
£, /fmo fi'/fmo

Figure 5.6 Compressive strength increase as a function of normalized effective
confinement pressure for BFRP-confined cylinders: a) C&M, KRE, CO, DIL;
b) CNR

Figure 5.6a shows a limited dispersion of the experimental data with respect
to the theoretical predictions. In particular, all the models underestimate the
experimental values and the KRE model is the most conservative.

A very reliable collation between experimental data and theoretical prediction
is provided by the analytical model of Corradi at al. (2017) (CO), which shows
the average ratio (fue m/fme.exp)av close to the unit (0.92), as well as the lower COV
(5.15%).

Reliable outcomes are obtained from C&M and DIL models, which present a
ratio between theoretical and experimental values equal to 0.82 and 0.81
respectively, with a COV of 6.98% and 7.88%.

The CNR-DT 200/2013 model provides trustworthy results. However, the
model proves to be conservative and this is due to the evaluation of the strain in
the wrap, imposed equal to 0.004. Then, the normalized confinement pressure is
quite similar for all the specimens and the model is in quite good accordance with
the experimental outcomes only for low values of reinforcement ratio in the FRP
(specimens confined using one FRP layer), while tends to underestimate the
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experimental results for highly reinforced specimens (specimens strengthened
with two FRP layers).

A modification of the CNR-DT 200/2013 model is proposed, neglecting the
reduction of the lateral pressure and calculating this last by means of Egs. (5.5)
and (5.6). The modified model is named CNRmoq in Table 5.7, which reports the
comparison between experimental results and the theoretical predictions provided
by the model.

Evaluating the lateral pressure using the general expression employed by the
other models improves the accuracy of the model and the average ratio
(fme.i/fnc.exp)av results to be very close to the unit (1.04). The refined model
slightly overestimates the increased strength of one-layer confined cylinders,
with an average ratio of theoretical predictions to experimental data of 1.12 and
1.09 for specimens from Scheme I and Scheme II respectively; while very good
predictions are reached in the case of two-layer confined specimens, with the
1atio fiuem/fmeexp €qual to 0.97 and 1 respectively for Scheme I and Scheme II
cylinders .

The comparison between experimental results and the theoretical predictions
of the modified CNR-DT 200/2013 is graphically shown in Figure 5.7. The
experimental points are almost on the curve expressing the theoretical prediction
and a limited dispersion is observed (COV= 6.87%).

3.5
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551 + CRCIL
¢ CR C2L
=]
<
)
= 1.5

0 | | | | |
T T T T

0 0.05 0.1 0.15 02 025 03
fl'/me

Figure 5.7 Compressive strength increase as a function of normalized effective
confinement pressure for BFRP-confined cylinders: modified CNR model.
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5.3.2 Evaluation of strain at peak stress

The strain at peak stress of BFRP-reinforced specimens was evaluated taken
into account three different equations proposed respectively by Campione and
Miraglia (2003) (C&M), Krevaikas and Triantafillou (2005) (KRE), Cascardi et
al. (2017a) (CAS). Table 5.8 presents the used formulations. Moreover, a
modification of the equation provided by Krevaikas and Triantafillou (2005) is
here proposed, in which the coefficient k. is modified adopting the value 0.015
instead of the value 0.034 proposed by the authors.

With the aim of evaluating the suitability of the considered approaches,
experimental results and analytical previsions are presented in Table 5.9. The
ratio between theoretical and experimental outcomes (&mc, in/Eme, exp) 15 reported in
Table 5.10 for specimens of the same type. Additionally, Table 5.10 reports the
average ratio between theoretical and experimental values for each model, along
with the COV.

Results presented in Table 5.10 point out that the formulations proposed by
Campione and Miraglia (2003) and Krevaikas and Triantafillou (2005)
overestimate the experimental results. On the other hand, the formulation of
Cascardi et al. (2017a) slightly underestimates the experimental data, providing a
ratio between theoretical provisions and experimental outcomes equal to 0.93.

Table 5.8: Formulations for calculating the strain at peak stress of FRP-confined
masonry

Model Strain at peak stress of FRP-confined masonry
mc f;’z 1
=1+p, _E_ P
Campione and Miraglia, Emo Ewo Ep Stk S
2003
(C&M) 2.[2-(b-2r)+7r )1,
where p, =
’ b2—4'[l;2—(m;2/4ﬂ
Krevaikas and e Kk, f
Triantafillou, 2005 me—1+—=2.= where k,=0.034
(KRE) ng gm() f;'nO
0.5
Cascardi et al., 2017a Eme 14 e
(CAS) ng me
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Table 5.9: Comparison between experimental results and theoretical predictions in
terms of strain at peak stress for BFRP-confined specimens

Specimen Experimental results Theoretical predictions
P Eme Av. C&M KRE CAS KREmod
CI1R_WIL 0.0044
= 0.0042 0.0072 0.0063 0.0050 0.0050
C2R_WIL 0.0040
CI1R_W2L 0.0080
= 0.0065 0.0099 0.0086 0.0055 0.0060
C2R_W2L 0.0051
CI1R_C1L 0.0053
= 0.0051 0.0073 0.0063 0.0044 0.0047
C2R_C1L 0.0049
CIR_C2L 0.0051
= 0.0058 0.0107 0.0092 0.0048 0.0060
C2R_C2L 0.0065

Table 5.10: Reliability of each model in terms of predicted strain at peak stress for
BFRP-confined specimens

(Smc,th/ﬁmc,exp)

Specimen C&M KRE CAS KREmod
CIR WIL
= 1.71 1.50 1.19 1.19
C2R_WIL
CIR W2L
= 1.52 132 0.85 0.93
C2R_W2L
CIR CIL
= 1.43 1.24 0.86 0.92
C2R_CIL
CIR C2L
= 1.84 1.59 0.83 1.03
C2R_C2L
AVERAGE 1.63 1.41 0.93 1.02
COV (%) (11.44) (11.37) (18.58) (12.60)

Reliable results are reached when the modified model of Krevaikas and
Triantafillou (2005) is adopted. Indeed, the refined model allows obtaining an
average 1atio (&me, i/Eme,exp)av €qual to 1.02.

5.3.3 Stress-strain curves

In the present study, the trend of the axial stress as function of the longitudinal
strain for BFRP-confined cylinders is obtained by adopting the constitutive law
proposed by la Mendola and Papia (2002) for calcarenite masonry members,
described by the following relation:
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o Adet+rU+l)-g

—= — — (5.10)
Joe 14(4=2)-e+U-¢
- & E .
e=—; A=,  E, =" :
gmc ESE:C » gmc (5 11)

where fu. and enc are respectively the strength and the corresponding strain of
FRP-confined masonry, E,y is the Young’s modulus of unconfined masonry and
U is a parameter which rules the slope of the softening branch. Here two values
of U are proposed, equal to 0.75 and 1 for Scheme I and Scheme II respectively,
in order to catch the more or less steep post-peak behaviour of cylinders from
different schemes.

On the base of the strength predictions presented above, the proposed
modified CNR-DT 200/2013 model (CNRmoq) is adopted in the following to
determine the peak stress f,.. of BFRP-confined cylinders.

The strain at peak stress &x. of the FRP-confined masonry corresponding to an
assigned value of lateral confinement pressure is evaluated employing the
modified equation of Krevaikas and Triantafillou (2005) proposed in this study,
in which the value of 0.015 is adopted for the coefficient k..

5.3.4 Experimental-analytical comparison

Figure 5.8 shows the comparison between experimental results and analytical
predictions, in order to test the accuracy and the precision of the theoretical
outcomes.

The stress-strain results obtained from the analytical model are in good
agreement with the experimental results. The adopted model is able to predict the
average compressive response in terms of peak stress, corresponding strain and
slope of ascending and softening branches. The compressive strength of BFRP-
confined masonry is predicted with enough accuracy, although predictions
slightly underestimate the average values of experimental data in the case of two-
layer reinforced specimens. In particular, percentage differences between the
average experimental values of compressive strength and predicted quantities are
equal to 11.5% and 8.7% for one-layer reinforced specimens from Scheme I and
Scheme II respectively. In the case of specimens confined with two BFRP layers,
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there is almost no scatter between predicted and experimental average strength
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Figure 5.8 Comparison between experimental and theoretical compressive response
of BFRP-confined cylinders: a) CR_WIL series; b) CR_W2L series; ¢) CR_CI1L
series; d) CR_C2L series

5.4 Theoretical predictions for tested BFRCM-confined clay brick
masonry cylinders

The literature review has shown that a unified analytical model aimed at
evaluating the strength enhancement due to FRCM confinement of masonry is
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still missing, as well as a model to predict the compressive stress-strain law of
FRCM-confined masonry columns.

Here, the well-known analytical models to predict the strength increase of
FRP-confined masonry columns are employed, in order to assess the reliability of
these formulations when used for columns strengthened by FRCM. Then, the
analytical models proposed by Cascardi et al. (2017b) and by Balsamo et al.
(2018) for columns confined by FRCM are applied to predict the enhancement in
strength. The analytical outcomes are compared with the experimental data,
assessing the reliability of the used formulations.

Finally, a modification of the parameters of the analysis-oriented stress-strain
model provided by Cascardi et al. (2017a) is presented to reproduce the
experimental results. In particular, the strength criterion, the evaluation of strain
at peak stress and the axial stress-strain law are modified to obtain better
prediction of the compressive behaviour of FRCM-confined cylinders.

5.4.1 Strength previsions
Lateral confinement pressure

The evaluation of the effective lateral confinement pressure has been already
defined with regard to the formulations about FRP (Egs. 5.5-5.7).

Considering the models proposed for FRCM-confined columns, the lateral
confinement pressure evaluated according to Cascardi et al. (2017b) assumes the
form:

nit kg,

- (5.12)

f1:

being #; Er and ¢ the thickness, Young’s modulus and ultimate strain of the
textile respectively, n is the number of reinforcing layers and D the diameter of
the cross-section.

In Balsamo et al. (2018) the following formulations are assumed:

fi =k, Ky i (5.13)
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where the effective confinement pressure f is evaluated based on the
confinement pressure f;, the matrix effectiveness coefficient ki« and the cross-
section shape factor k.

Axial strength increase

In a first step, the experimental results in terms of axial strength enhancement
were compared with the theoretical predictions achieved by using the expressions
introduced in Section 5.3.1 for FRP-confined columns.

Results are presented in Table 5.11, which shows the experimental and
analytical strength increases fu./fno, along with the effective confinement pressure
normalized by the unconfined masonry strength f%/f0.

In order to assess the reliability of the above-mentioned formulations, the ratio
Sl fmeexp between analytical and experimental outcomes was calculated for
cylinders belonging to the same scheme (Scheme I or Scheme II) and having the
same strengthening characteristics (one or two reinforcing layers) (Table 5.12).
Moreover, the average ratio (fucm/fmcexp)av 18 evaluated for each model, along
with the COV.

The adopted criteria are depicted in Figure 5.9, which plots the strength
increase fu/fmo as a function of the effective confinement pressure normalized by
unconfined masonry strength f%/f.o. The experimental data are represented by
points in the graphs.

Figure 5.9 points out a good agreement between experimental values and
theoretical predictions. As found about FRP-confined specimens, even in this
case the used formulations tend to slightly underestimate experimental data.
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Table 5.11: Comparison of experimental results with theoretical predictions in
terms of strength for BFRCM-confined specimens

Experimental Theoretical predictions
Specimen results
C&M KRE CO DIL CNR
(fmc/fmo) ~ Awv. (el Ton0) (£'V/fmo) ) (£'V/fmo)
CIM_WIL  1.00
C2M_WIL 142
= 1.27 1.13 1 1.26 1.13 0.07 1.18 0.011

C3M_WIL 148

C4M_WIL 1.18

CIM_W2L 134

C2M_W2L  1.26 1.38 1.27 1 1.45 1.25 0.13 1.25 0.022

C3M_W2L 154

C1IM_C1L 1.55

C2M_C1L 1.84 1.66 1.17 1 1.31 1.17 0.09 1.20 0.014

C3M CIL 159

CIM_C2L 1.98

1.85 1.34 1 1.55 1.31 0.17 1.28 0.027
C2M_C2L 1.73

Table 5.12: Reliability of each model in terms of predicted strength for BFRCM-
confined specimens

(fmc,th/ fmc, cxp)

Specimen C&M KRE CcO DIL CNR CNRumod
CIM_WIL

C2M WIL

= 0.89 0.79 0.99 0.89 0.93 1.13
C3M_WIL

C4M_WIL

CIM_W2L

C2M_W2L 0.92 0.72 1.05 0.91 0.91 1.18
C3M_W2L

CIM_CIL

C2M_CIL 0.70 0.60 0.79 0.70 0.72 0.90
C3M_CIL

CIM_C2L

= 0.73 0.54 0.84 0.71 0.69 0.92
C2M_C2L
AVERAGE 0.81 0.66 0.92 0.80 0.81 1.03
COV (%) (13.70)  (16.90)  (13.46) (13.95)  (14.91) (13.76)
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Figure 5.9 Compressive strength increase as a function of normalized effective
confinement pressure for BFRCM-confined cylinders: a) C&M, KRE, CO, DIL; b)
CNR; ¢) CNRmod

Similarly to the case of FRP confinement, the KRE model proves to be the
most conservative, because it predicts no strength enhancement for specimens
with confinement pressure lower than 0.24 £,y and this occurs for all the tested
cylinders.

Reliable results are given by (C&M), (DIL) and (CNR) models, which show
an average ratio (fuc,m/fmeexp)av €qual to 0.81, 0.80 and 0.81 respectively.
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Trustworthy prediction in terms of strength is provided by the analytical
model of Corradi et al. (2007) (CO), which presents a ratio between theoretical
and experimental values of 0.92.

The modified CNR-DT 200/2013 model is also applied, allowing the
achievement of very good results. Indeed, Table 5.12 shows the average ratio
(fme,i/fmc,exp)av to be almost equal to the unit (1.03). The theoretical prediction
lightly overestimates the strength enhancement of specimens from Scheme 1,
with the ratio of theoretical values to experimental data equal to 1.13 and 1.18
respectively for one and two-layer confined specimens. In the case of cylinders
from Scheme II, the ratio ficm/fumcexp results to be equal to 0.90 for specimens
wrapped using one layer and 0.92 for samples wrapped with two layers.

In a second step, the analytical models proposed by Cascardi et al. (2017b)
and by Balsamo et al. (2018) were employed in order to predict the strength
increase of BFRCM-confined cylinders. The models have been introduced and
discussed in Chapter 2 and the formulations for evaluating the strength of
confined masonry are here reported in Table 5.13.

Table 5.13: Formulations for calculating the compressive strength of FRCM-
confined masonry

Model Strain at peak stress of FRP-confined masonry
0.5
f;nc = -f;nO [l + kl (LJ :l
Cascardi et al., 2017b o
(CAS)
f‘c mat 4-¢ t
kl = 6pmut 5 ’ pmm = -
f;nO D
f. 0.5
f;'nc:-mO.ll-i_kl.[jJ :l
Balsamo et al., 2018 g o
=a,- o where
(BAL) b [1000]

g,,  mass density of masonry

a,=a,=1
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Table 5.14 present experimental data and theoretical outcomes in terms of
strength enhancement f,../f.0, as well as the theoretical-to-experimental ratio
(fme.i/fme.exp)- In Figure 5.10 the strength increases are represented, plotting the
ratio fuo/fmo as function of the effective confinement pressure normalized by
unconfined masonry strength f'/f.0. In particular, the theoretical predictions of
the two adopted models are shown in different graphs because of the different
way to evaluate the confinement lateral pressure. Moreover, the adoption of the
model of Cascardi et al. (2017b) involves the definition of parameter k;, which is
not constant for all the specimens, depending on the strength of unconfined
masonry and strength and thickness of the mortar. Then, once &; value is set, four
different graphs depict the comparison between experimental points and
theoretical previsions.

Both the analytical approaches slightly underestimate the experimental
results, with almost the same scatter between experimental and analytical
outcomes (Table 5.14).

Table 5.14: Comparison between experimental results and theoretical predictions in
terms of strength for BFRCM-confined specimens

Experimental

Theoretical predictions Comparison
Specimen results
P P BAL CAS BAL CAS
merimo | (fme/fmo)  (F'Vfmo)  (Fne/fmo) (£'1/fmo) (fme,tn/fme, exp)
CIM_WIL 1.00
C2M_WI1L 1.42
= 1.27 1.10 0.0035 1.19  0.0337 0.87 0.93

C3M_WIL 148

C4M_WI1L 1.18

C1IM_W2L 1.34

C2M_W2L 1.26 1.38 1.21 0.0157 1.39  0.0674 0.88 1.01

C3M_W2L 154

C1IM_C1L 1.55

C2M_C1L 1.84 1.66 1.14 0.0071 1.27  0.0427 0.69 0.76

C3M CIL 159

C1M_C2L 1.98

1.85 130 00320 156  0.0855 0.70 0.85
cGM 2L 173
AVERAGE 0.78 0.89
COV (%) (12.95) (12.10)
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Figure 5.10 Compressive strength increase as a function of normalized effective
confinement pressure for BFRCM-confined cylinders: a) BAL; b) CAS
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The average ratio (fue a/fucexp)av is equal to 0.78 and 0.89 for BAL and CAS
models respectively, with a coefficient of variation of 12.95% and 12.10%. Then,
the model of Cascardi et al. (2017b) proved to be more accurate, allowing the
achievement of very good predictions for Scheme I specimens, with a ratio of
experimental to theoretical outcomes equal to 0.93 and 1.10 for one and two-
layer confined cylinders from Scheme 1 respectively, while the strength
enhancement of cylinders from Scheme II was slightly underestimated.

5.4.2 Evaluation of strain at peak stress

The evaluation of the strain at peak stress for BFRCM-confined cylinders was
carried out by employing the same formulations used in the case of FRP and
reported in Table 5.8.

In Table 5.15 experimental data and theoretically predicted values are
reported, while Table 5.16 presents the ratio between theoretical and
experimental results (&me,m/eme,exp) for each tested cylinder, in order to evaluate
the reliability of the considered formulations in evaluating the strain. The average
ratio for each model is also reported, considering all the specimens.

As it can be noted from the formulas presented in Table 5.8, the evaluation of
the strain at peak stress is dependent from the mechanical characteristics of
unconfined masonry (fuco, &mco) and from the lateral confinement pressure.
Because the basic characteristics of masonry were the same for both BFRP and
BFRCM-confined cylinders and since the evaluation of the strength for
specimens confined with FRCM was made by using the same model adopted in
the case of FRP (modified CNR-DT 200/2013 model), then the theoretical values
of Table 5.15 are the same of those reported in Table 5.9.

From the results presented in Table 5.15 it is clear that, even for FRCM-
confined cylinders the best previsions are achieved by employing the modified
model of Krevaikas and Triantafillou (2005), obtaining an average theoretical-
experimental 1atio (&mem/Emeexp)av equal to 0.94. As it was found for cylinders
wrapped using FRP, even in this case the formulations of Campione and Miraglia
(2005) and the original formulation of Krevaikas and Triantafillou (2005) tended
to overestimate the experimental outcomes. The strain at peak stress predicted
from Cascardi et al. (2017a) is reliable, even if it slightly underestimates the
experimental results.
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Table 5.15: Comparison between experimental results and theoretical predictions in
terms of strain at peak stress for BFRCM-confined specimens

Experimental results Theoretical predictions
Eme Av. C&M KRE CAS KREmod
C1IM_WI1L 0.0045

Specimen

C2M_WI1L 0.0068

0.0058  0.0072  0.0063  0.0050 0.0050
C3M_WIL 0.0068
C4M_WIL 0.0050
CIM_W2L 0.0061
C2M_W2L 0.0064  0.0062  0.0099  0.0086  0.0055 0.0060
C3M_W2L -
CIM_CIL 0.0058
C2M_CIL 0.0051 0.0050  0.0073  0.0063  0.0044 0.0047
C3M_CIL 0.0040
CIM_C2L 0.0065
= 0.0060  0.0107  0.0092  0.0048 0.0060
C2M_C2L 0.0055

5.4.3 Stress-strain curves

The compressive stress-strain behaviour of FRCM-confined columns was
predicted by adopting an iterative procedure similar to the one proposed in
Cascardi et al. (2017a) and modified as proposed in Minafd and La Mendola
(2018). The procedure involves an input phase opening the k-iteration and a
calculation phase leading to the failure criterion, which can stop the process or
allow passing to the upgrading phase and to the (k+1) iteration.

The input data (k=0) of the used procedure were represented by the
unconfined properties of the columns, namely diameter Dy, the elastic modulus
E.o, the Poisson coefficient vy and the values of the compressive strength and
corresponding strain (f,,0 and &,¢ respectively). Initial information about the
FRCM system involved the thickness of the jacket #; as well as the knowing of
the complete tensile constitutive law of the FRCM, in terms of tangent moduli
relative to the stages characterizing its tensile behaviour and tensile ultimate
strains of the different stages.
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Table 5.16: Reliability of each model in terms of predicted strain at peak stress for
BFRCM-confined specimens

(Smc,th/smc,exp)

Specimen

C&M KRE CAS KREmod
CIM_WIL
C2M_WIL

= 1.24 1.09 0.86 0.86
C3M_WIL
C4M_WIL
CIM_W2L
C2M_W2L 1.60 1.39 0.89 0.97
C3M_W2L
CIM_CIL
C2M_CIL 1.46 1.26 0.88 0.94
C3M_CIL
CIM_C2L

= 1.78 1.53 0.80 0.99
C2M_C2L
AVERAGE 1.52 1.32 0.86 0.94
COV (%) (15.02) (14.43) (4.62) (6.04)

The calculation process started by imposing a value of longitudinal strain &4«
to the FRCM-confined column, which induced a lateral expansion. The
equivalent diameter was calculated by using the following expression, proposed
in Cascardi et al. (2017a):

(5.17)

The FRCM jacket was subjected to a tensile elongation equal to the
circumferential strain, the latter evaluable as the product between the Poisson’s
coefficient and the longitudinal strain:

gh,k = Umc,kfl : 8a,k (5 1 8)

The circumferential strain allowed the activation of the FRCM jacket and the
lateral confinement pressure could be evaluated employing the rigid body
equilibrium of the section, as it follows:
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_2Ecanct
D

k

T (5.19)

where Ej; is the tensile Young’s modulus of the FRCM composite at the k-th
step.

Because the tensile constitutive law of FRCM in tension is defined by a
discontinuous function, the elastic modulus E.; needed to be evaluated in a
proper way. Making a simplification, a bi-linear constitutive law was adopted to
describe the tensile behaviour of FRCM composite. Then, the elastic modulus
had to be defined in two stages, corresponding to the situation of undamaged and
full damaged matrix respectively. In simplified manner, it can be assessed as:

1f gh,k S gcr - Ec,k = Em : I/m + Ej : V/' (5203)
if ¢,>¢, >E ,=E -V, (5.20b)

where E,, and Eyindicate the Young’s modulus of mortar and fibres respectively,
while V,, and Vyrefer to the volume fraction of the two constituent materials.

Based on the evaluation of the strength and the corresponding strain of
BFRCM-confined specimens carried out in the previous sections, the peak stress
of FRCM-confined cylinders f,, was evaluated by using the modified expression
of CNR-DT 200/2013, while the strain at peak stress &, was obtained through
the modified model of Krevaikas and Triantafillou (2005).

For the evaluation of the Poisson’s coefficient of the confined masonry
column, the following equation proposed in Cascardi et al. (2017a) was adopted:

Oneie _q 4 Lak (0.719+1.914&]so.5 (5.21)
UmO & m0

me,k

At the first step, the lateral confinement pressure f;; was supposed null and the
vmo value, here assumed equal to 0.2, was adopted.

Finally, the trend of the stress-strain curve of FRCM-confined cylinders under
uniaxial compression was obtained by employing the constitutive relationship of
La Mendola and Papia (2002), as done in the case of cylinders reinforced using
FRP wraps (Egs. 5.10, 5.11).
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5.4.4 Experimental-analytical comparison

The comparison between experimental outcomes and theoretical predictions is
presented in Figure 5.11 for all the cylinders confined by using BFRCM jackets.
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Figure 5.11 Comparison between experimental and theoretical compressive
response of BFRCM-confined cylinders: a) CM_WI1L series; b) CM_W?2L series; c)
CM_CI1L series; d) CM_C2L series

The analytical modelling shows to be able to reproduce the experimental
results with good accuracy. The theoretical stress-strain curves are in good
agreement with the experimental ones in terms of stiffness of the initial branch,
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up to the peak load. Also the softening branch of the curves is reproduced
suitably. Predicted strengths and corresponding strains are evaluated with enough
precision. In the case of Scheme I cylinders the strength results to be
overestimated of 17% and 13% for specimens wrapped with one and two layers
respectively. For Scheme II cylinders, a slight underestimation of the
experimental peak load values can be observed; in particular, the theoretical
values are 10% and 8% reduced compared to experimental results, for one and
two-layer confined specimens respectively. However, for all the series the
predicted values are very close to the maximum (CM_WIL series) or the
minimum (CM_CIL and CM_C2L series) experimental values, except for
CM_W2L series, for which all the experimental strength values are
overestimated.
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6. CONCLUSIONS AND FUTURE WORKS

Fibre Reinforced Cementitious Matrix (FRCM) materials have started to be
employed during the last years with the aim of overcoming the drawbacks related
to the use of Fibre Reinforced Polymer (FRP) composites, proving to be
potentially suitable for strengthening masonry structures. Moreover, the will to
develop materials able to guarantee a certain degree of sustainability without
renounce to adequate mechanical properties has drawn the attention on the use of
basalt fibres, which appear to be a material that could offer interesting
opportunities in the future as alternative to carbon or glass fibres.

However, the literature review has shown that few research studies have been
carried out on the use of basalt fibres for the confinement of masonry and an
experimental comparative study on the performance of BFRP and BFRCM is still
missing.

The main objective of this thesis was thus the investigation of the capability
of FRP and FRCM composites involving the use of basalt fibres in improving the
mechanical characteristics of masonry columns confined using these systems.
With this aim, a detailed experimental study was carried out, supported by an
analytical investigation.

6.1 Summary and conclusions

An experimental investigation was designed and performed with the goal of
studying the compressive behaviour of clay brick masonry cylinders confined by
using BFRP or BFRCM jackets. The experimental programme was divided in the
following parts: - tests on components of the masonry and the composite; -
tensile tests on BFRCM coupons; - compressive tests on unconfined and
confined masonry cylinders. All the tests were monitored by using the technique
of the Digital Image Correlation (DIC) in order to obtain more detailed
information on the strain and displacement field and the evolution of crack
patterns.
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An in-deep discussion was made on the details of the performed investigation
in terms of used materials, manufacturing procedures and test methods. Tests on
BFRCM composite were preceded by an extensive study on the tensile behaviour
of the basalt textile and tests on the mortar matrix, in order to relate the
mechanical properties of constituent materials to the behaviour of the composite.
Before characterisation tests on the basalt grid, a detailed study aimed at
understanding the best setup configuration to be used during the tensile tests was
presented, with reference to different clamping methods, loading rates and
geometries of the samples. The use of aluminium tabs at the ends of the basalt
textile strips proved to be the best solution in order to ensure a uniform load
distribution and to avoid the slipping of the specimens inside the gripping area
during the test. Moreover, the introduction of the use of the videoextensometer
allowed obtaining more reliable results in terms of strain, avoiding the tests to be
affected by the lack of rigidity of the testing system.

Because of its complex mechanical behaviour, BFRCM composite was
subjected to an appropriate tensile characterisation. Tensile tests were carried out
on three series of specimens reinforced respectively by using one, two or three
layers of basalt grid with the aim of investigating on the influence of the textile
reinforcement ratio on the tensile stress-strain response of the composite strips.
The use of the DIC technique allowed the strain/displacement full-field analysis
on the surface of the BFRCM coupons, highlighting differences in the strain
distribution occurring in specimens reinforced with different reinforcement ratios
and allowing considerations regarding the crack pattern evolution during tests.
Results obtained from tensile tests on the BFRCM composite underlined the
following outcomes:

e the maximum tensile stress of BFRCM specimens decreased with the
increase of the number of reinforcing basalt textile layers and the
maximum average strength was reached by the series characterized by
the lowest reinforcement ratio (SP_1L);

e the average peak stresses of the three series of specimens were found
always lower compared to the peak stress of the dry basalt grid, with a
decrease equal to 28%, 38% and 46% respectively for one, two and
three-layer reinforced specimens. Similarly, the stiffness of the BFRCM
series (SP_1L, SP 2L, SP 3L) in the third stage of the tensile curves
proved to be lower than the Young’s modulus of the dry basalt fibre;
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e the crack pattern was influenced by the reinforcement ratio. The higher
the number of textile layers, the higher the number of cracks, which were
closer together. Moreover, the crack opening during the tests was found
to be influenced by the volume fraction of fibres, with tighter cracks in
the case of over-reinforced specimens. The tensile failure of the grid was
always recorded.

Subsequently, the attention was focused on the compressive behaviour of the
cylinders manufactured by using two different schemes with the aim of
evaluating the influence of the number of vertical mortar joints. The BFRP and
BFRCM reinforced cylinders were wrapped using one or two basalt grid layers,
in order to assess the enhancements of strength and deformation capacity in
relation to the number of reinforcing layers. Unconfined and confined specimens
were subjected to uniaxial compressive loads and results were discussed in terms
of stress-strain curves and failure modes. The results in the axial direction
obtained through traditional monitoring systems were compared with those
achieved through the use of DIC. The latter allowed also recording the hoop
strains on the surface of the cylinders and investigating on their circumferential
behaviour. From results of compressive tests on masonry cylinders the following
outcomes can be drawn:

e unconfined cylinders with three vertical joints (Scheme II) showed an
average strength reduction of about 27% compared with cylinders having
one vertical joint only (Scheme 1), pointing out the detrimental effect of
vertical joints;

e failure of cylinders reinforced by BFRP and BFRCM occurred always by
tensile rupture of the jacket. Debonding phenomena between
reinforcement layers at the overlapping zone were not observed. The
inner masonry core of wrapped cylinders showed to be crushed, more
than unconfined masonry cylinders;

e the strength enhancement due to confinement with both BFRP and
BFRCM systems proved to be influenced by the number of vertical
joints. The confinement revealed to be more effective in the case of
weaker masonry, namely the scheme involving three vertical joints
(Scheme II), and this is evident considering strength gains of wrapped
cylinders compared to control specimens. In particular, in the case of
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BFRP-confined cylinders, strength increases of 29% and 68% were
obtained respectively for one-layer and two-layer wrapped specimens
from Scheme I, while the strength was enhanced of 38% and 71% for
Scheme II cylinders reinforced with one and two layers respectively;

o for BFRCM-confined cylinders, the strength gains for one and two-layer
reinforced specimens from Scheme I were equal to 27% and 38%
respectively. Enhancements of 66% and 85% were obtained in the case
of cylinders from Scheme II strengthened respectively with one and two
textile layers;

e the number of vertical joints had strong influence on the strength of
confined cylinders, especially in those wrapped by BFRCM. In
particular, the maximum load sustained by specimens of Scheme II
wrapped with one and two layers of BFRP was greater of 27% and 3%
with respect to same specimens belonging to Scheme 1. Similarly,
BFRCM-reinforced specimens of Scheme II gained a strength increase of
145% and 124% for one and two-layer wrapped cylinders with respect to
same cylinders of Scheme I;

e the strength enhancement due to the addition of a second layer of fabric
was more pronounced in the case of BFRP-confined cylinders. In
particular, the strength gain due to the increase of the number of layers in
BFRP-wrapped specimens of Scheme I was equal to 130%, while it was
equal to 110% for specimens of Scheme II. The same increase evaluated
for BFRCM-wrapped specimens was equal to 37% for Scheme I and
63% for Scheme II;

e confining cylinders through BFRP wraps was effective in terms of
ultimate strain gains, with higher increments for cylinders involving
three vertical joints (Scheme II). In particular, Scheme I cylinders
showed an average ultimate strain increase of 30% and 81% for one and
two-layer confined specimens respectively, compared to control samples.
For cylinders from Scheme II, the average enhancement of ultimate
strain was 93% and 146% for specimens confined by one and two layers
respectively;

e in the case of BFRCM-wrapped cylinders, the average ultimate strain
enhanced of 72% and 97 % for cylinders from Scheme I reinforced with
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one and two layers respectively. Scheme II specimens showed average
increments equal to 96% and 121% respectively for one and two-layer
confined samples;

e the compressive stress-strain curves of BFRP and BFRCM-confined
masonry cylinders were characterized by a softening descending branch,
which was negligible for unconfined specimens. In the case of BFRP-
wrapped cylinders, Scheme II specimens showed a more ductile
behaviour, with a less steep softening branch than Scheme I specimens;

e comparing unconfined and BFRP-reinforced specimens for Scheme I and
Scheme II respectively, the trend of the axial stress as a function of the
hoop strain did not present slope variations in the ascending branch.
Scheme I cylinders wrapped with two layers gave an average hoop strain
increase of 67% compared to control specimens. One-layer reinforced
cylinders showed an average strain increase next to zero.

It is evident that both BFRP and BFRCM jackets significantly increased the
performance of reinforced cylinders, with considerable gains in term of strength
and ultimate strain compared to unreinforced specimens. The above-mentioned
results highlight that the use of BFRP and BFRCM wraps is an effective method
for confining brick masonry columns.

Finally, the experimental results from compressive tests on BFRP and
BFRCM-confined cylinders were compared with the theoretical predictions
obtained by modifying some available formulations in order to better reproduce
the behaviour of reinforced specimens. The comparison between theoretical
predictions and experimental results pointed out a good correlation in terms of
average compressive response, peak stress, corresponding strain and slope of
ascending and softening branches, allowing some conclusions to be drawn on the
predictive models:

e a modified version of the model provided in the CNR-DT 200/2013
Italian Guidelines allowed obtaining good strength predictions for both
BFRP and BFRCM-wrapped masonry, with average differences lower
than 3% with respect to experimental data;

e the proposed modified formulation of the model of Krevaikas and
Triantafillou (2005) provided good predictions of the strain
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corresponding to peak stress, with differences lower than 6% with
respect to values obtained experimentally from both BFRP and BFRCM-
wrapped specimens;

o the trend of the axial stress as a function of the axial strain could be
predicted by adopting the analytical relationship provided by La Mendola
and Papia (2002), which was able to plot the overall curve by means of a
unique law.

6.2 Future works

e Further investigations are suggested to evaluate the effectiveness of

basalt fibres in confining masonry columns in relation to parameters that
were not taken into account in the framework of this thesis. The
influence of the kind of masonry, the shape of the cross-section and the
type of mortar used as matrix of the external strengthening system are
parameters to investigate.
Moreover, it is interesting to extend the experimental study here
presented on BFRP/BFRCM-confined cylinders to the case of large-scale
masonry columns, in order to understand the possible occurrence of scale
effects.

e The definition of a unified analytical model aimed at evaluating the
strength increase due to confinement of masonry by FRCM is of central
importance, as well as the evaluation of a model able to predict the
constitutive law in compression of masonry columns reinforced by
FRCMs. Therefore, further studies on the analytical modelling of this
strengthening system are suggested.

e One unsolved issue about the application of FRCMs for the confinement
of masonry columns is the evaluation of the ultimate strain reached by
the composite subjected to the lateral expansion of the compressed
columns. Therefore, investigations are recommended aimed at defining
this parameter. In order to reach this goal, the use of the DIC could be a
useful tool. In particular, the 2D-DIC analyses developed in this research
work could be extended to the case of 3D analyses, with the possibility to
achieve better results in the study of the continuous strain field on the
surface of the specimens.
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