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4 SUMMARY

SUMMARY

During the last decades, the use of Fabric Reinforced Cementitious Ma-
trix (FRCM) in the field of structural retrofitting has became a wide-spread
practice. The FRCM strengthening systems consist in fibre grids with vari-
ous nature embedded between two layers of inorganic matrix based on lime or
cement binders. They offer an improved compatibility with the substrate, es-
pecially masonry support, allowing to overcame some of the drawbacks related
to the use of the well known Fibre Reinforce Polymers (FRPs).

Despite their growing popularity, the constitutive behaviour is not yet ade-
quately studied due to the complex mechanisms established at the fibre-matrix
and composite-support interface level. The available literature highlights an
huge scatter of the experimental results, often associated with the inherent
variability of the FRCM systems. Moreover, the technical codes still present
numerous uncertainties resulting in several issues for the practice of qualifica-
tion and the design procedures.

This thesis presents the results of an experimental campaign focused on the
tensile characterization of basalt and glass FRCM and composite-calcarenite
bond characterization (Chapter 2 and 3). The experimental work is comple-
mented by the proposal of two numerical models both for tensile and bond
tests, presented in Chapter 4.

The experimental investigation was carried out considering the influence
of different reinforcements, matrices and testing methods. Experimental re-
sults provide for assessing the effect of mortar grade on the stress-strain curves,
strength, ductility and failure modes. Moreover, the thesis provides an im-
portant contribution to assess the influence of different testing methods (i.e.
clamping and clevis as reported by different standard and guidelines) on the
performance of the FRCM systems tested in tension.

Moreover, the Digital image correlation was used to measure the tensile
strains and to analyse the failure modes offering an accurate mechanical char-
acterization.

The main element of novelty in Chapters 2 and 3, is the adoption of a
modified bond test set-up designed to analyse the influence of the composite
size on bond length and strength. A deep analysis of the results confirms the
effectiveness of this innovative set-up.

Finally, two numerical models are presented in Chapter 4, attempt at pro-
viding a simple numerical tool for capturing the constitutive behaviour of the
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FRCM systems. The models were calibrated on the basis of the experimental
stress-strain and load-slip curves showing to be an effective tool for predicting
the mechanical behaviour of the FRCM composites.
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Introduction

The adoption of composite materials for structural retrofitting has become
today a common usage in the most of engineering applications which aim to
preserve the built environment. In this context, the development of alternative
techniques for the structural rehabilitation of monuments and historical build-
ings has emerged as a crucial point of the engineering practice, when technicians
need to take particular care in the application of externally bonded materials
to stone or masonry supports.

The need of these alternative methods and materials led recently to the
rapid growth of the interest on the possibility of using composite materials
made up with a fibre grid of various nature and an inorganic matrix instead
of the resins. These materials are known in the literature as Fabric-Reinforced
Cementitious Matrix (FRCM) but often referred also as TRC (Textile Rein-
forced Concrete), TRM (Textile Reinforced Mortars), FRM (Fabric Reinforced
Mortar) or even IMG (Inorganic Matrix-Grid composites).

FRCM composites are the result of coupling nets, made with long fibres
with an inorganic matrix based on lime or cement binders. The interest and
the attention of the technical community is demonstrated by the rapid develop-
ment of recent International Standards, which aim to define the experimental
procedures and methods for assessing the constitutive behaviour of FRCM ma-
terials. The provisions reported in these Standards are the summary of a huge
amount of research work developed in the last years, which aimed to investi-
gate the role of all the test variables on the mechanical behaviour of FRCM
composites and establish the most suitable test configurations.

Despite this great research effort, several aspects related to the constitu-
tive characterization of FRCM composites are still under discussion. As an
example, some typologies of stone are not considered for the bond test from
the Italian Guidelines for qualification of materials, and specific indications are
not provided for the calcarenite stone masonry, which by contrast is particu-
larly diffused and common in historical buildings in Sicily and in the overall
Mediterranean area.

Apart from the experimental characterization, it is also observed that a few
of modelling approaches were developed in the literature for representing the
constitutive behaviour of FRCM materials, going from detailed Finite Element
(FE) micromodels to simplified analytical approaches, pointing out as a refer-
ence study for a simple yet accurate numerical modelling method is still missing
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20 Introduction

or under study.

On these basis, this thesis aims to contribute to the advance of the knowl-
edge of the mechanical behaviour of FRCM composites for structural retrofitting
applications by studying in deep their constitutive characterization and the
bond behaviour from both an experimental and a numerical point of view.

In particular, the first part of the work is devoted to perform an exper-
imental comparative evaluation of the tensile behaviour by adopting the two
main test setups available in the literature, namely the "clamping grip" and the
"clevis" method. Contextually, two different test methods are also studied for
investigating the bond behaviour of FRCM composites applied on a calcarenite
stone support. In this field, a new set-up is proposed for double lap shear bond
test, aiming to minimize the weight of the testing apparatus. The overall exper-
imental study, including tensile and bond tests, is carried out on different types
of FRCM, made up by combining a glass or a basalt fiber grid with a cement
or lime-based mortar matrix, examining the role of the constituent materials
on the test results. The outcomes of the different test methods are compared,
assessing the effectiveness in reproducing the tensile or bond behaviour and the
dependence of the results from the testing apparatus.

In the final part of the work, two numerical models are developed to pre-
dict the tensile and the shear bond behaviour by exploiting a simplified FE
approach. Both models are developed with the aim of reducing the computa-
tional effort and providing an easy-reproducible and implementable model by
using simple truss elements and shear zero-thickness discrete interface elements.
It is shown as the adoption of this approach combined to a careful evaluation
of the interface constitutive law allows to predict the experimental response of
the FRCM systems under tension.
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Chapter 1

Constitutive characterization of FRCM
systems: state of the art

During the last decade, FRCM systems gained an increasing popularity
among the composite materials for structural retrofitting.

A huge amount of experimental works was performed on their characteri-
zation and on the evaluation of their efficiency for structural retrofitting appli-
cations.

In spite of their growing spread, the modelling and characterization of the
mechanical response of these innovative composites are still open issues, due
to the inner mechanical complexity of the stress transfer mechanisms between
fabric, matrix and support. For these reasons, several experimental studies
were addressed to the mechanical characterization for the homologation and
the acceptance of FRCM composites, with particular reference to their tensile
and shear bond behaviour.

In this chapter, FRCM composites are presented with reference to their
main physical and mechanical characteristics. An overview of the possible test
methods for their characterization according to the current regulations is pro-
vided. The most important experimental studies are analyzed, focusing on the
outcomes from tensile and shear bond tests as a function of different parameters,
such as the test set-up, nature and treatment of fabric, mortar grade, influence
of bond length, characteristics of the substrate. Finally, a short overview of
the main theoretical studies for predicting the mechanical behaviour of FRCM
materials is presented.

21
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Constitutive characterization of FRCM
22 systems: state of the art

1.1 The mechanical behaviour of FRCM composites

FRCM materials consist of high strength textiles from various nature (e.g.
basalt, glass, carbon, polyparaphenylene benzobisoxazole (PBO), aramid) em-
bedded in an inorganic matrix (e.g. cement/lime based mortar, polymer-
modified or fibre-reinforced mortar).

The FRCM composites represent a possible alternative and cost effective
solution to the already widely used Fiber Reinforced Polymer (FRP) materi-
als, for structural retrofitting of existing buildings, with particular reference to
masonry structures.

Indeed, the inorganic matrix replacing the epoxy resin, offers numerous ad-
vantages due to the good compatibility with the masonry substrate, ensuring
a better vapor permeability, adequate durability to external agents, good fire
resistance and the reversibility of the intervention. From a structural point of
view, it is well-known that the efficiency of a strengthening technique is usually
based on the capacity of the newly added material to carry tensile loads and
consequently to give the member an increase of structural performance. In this
context, the tensile behaviour of FRCM materials is particularly complex and
affected by the inner stress transfer mechanisms which develop in the materials.
In fact, when the FRCM is loaded in tension, cracks are expected to open in the
mortar matrix. Consequently, the compatibility with the fiber fabric is lost and
the fabric can slip over the surrounding matrix. The capacity of the FRCM to
keep carrying the external load is related to the capacity of the fabric-to-mortar
interface to transfer stresses between the two materials.

Additionally, it should be noted that when externally-bonded applications are
considered, an additional stress-transfer plane is expected between the FRCM
and the support material. As a consequence, the overall capacity of the strength-
ened member is related to the capability to avoid the detachment from the sup-
porting material, carrying bond stresses at the interface between the FRCM and
the support.

In this background, it is evident that the mechanics of FRCM systems is par-
ticularly complex and affected by several phenomena. The failure mode of a
FRCM material subjected to uniaxial tension cannot be defined uniquely, but
depends on the attainment of the ultimate capacity of one the above-described
mechanisms (i.e. tensile failure of the fabric, fabric-to-matrix slip, matrix-to-
support interface failure) and consequently on the different mechanical and
geometrical properties of the FRCM (e.g. properties and geometry of the fab-
ric, mortar grade and composition, nature of the substrate).
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On these basis, it is clear that the development of reliable design procedures
and proper applications of these innovative strengthening systems requires a
careful evaluation of the constitutive tensile behaviour of the FRCM systems
and the shear bond behaviour between FRCM system and the support.

1.2 Procedures for the experimental characterization of FRCM
composites

The need of assessing the constitutive behaviour of FRCM materials moved
the interest of the technical and scientific community to the development of
standardized test methods and acceptance criteria for defining experimentally
the mechanical behaviour of FRCM materials.

Generally, all the technical standards suggest to assess the mechanical be-
haviour of FRCM materials through two types of tests:

e uniaxial tensile test;

e single lap or double lap shear bond test.

In particular, two tensile test set-ups are available and each provides dif-
ferent results. Tensile tests according to Italian Guidelines [8] are performed
adopting the clamping-grip method , which provides the application of a com-
pressive pressure in the gripping area of the specimen ends. This solution
improves the shear stress transfer mechanism at the fibre-mortar interface,
preventing fibres slippage [10] [11]. Differently, the American Standards [2]
suggests to perform tensile test by adopting the clevis-grip method. In this
case, the load is transferred from the testing machine to the mortar by shear
adhesion. It is evident that the two methods led to different stress transfer
mechanisms and consequently the trend of recorded response can be different.

The effectiveness of the FRCM systems relies not only in the fiber-matrix
interaction but also in the composite-to-substrate bond strength. This last is
evaluated by performing shear bond tests with the support. In spite the draft-
ing of some general test set-up guidelines [8] [12] [2]|, the available technical
documents are still generic and show some uncertainty. Italian Guidelines [8]
provides a classification for shear bond test on concrete, tuff masonry elements,
clay brick and natural stone masonry. However, standard procedures to per-
form shear bond tests on other types of masonry, such as on calcarenite, are
still missing. Indeed, the calcarenite have physical and mechanical properties
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different from tuff or other natural stone, establishing a different bond strength
with the FRCM system. Due to it is very widespread as building material in
the Mediterranean area, detailed recommendations also on the performance of
bond test on calcarenite are needed.

The currently available test procedures are described in the following, ex-
amining their specialities and characteristics.

1.2.1 Characterization of the tensile behaviour

Uniaxial tensile tests are useful to characterize and compare various matrix-
fiber combinations as well as to deduce the mechanical properties for design
applications.

Several procedures were proposed in the literature examining their capabil-
ity in providing a reliable tensile response FRCM system [10] [11] [13]. Gen-
erally, the test set-ups differ based on the test configuration, gripping method,
displacement rate, measurement system, sample shape and size.

As discussed above, standards provide two different setups based on the
grip methodology, namely the clamping and clevis grip method.

The clamping grip method recommended by Italian Guidelines [8] suggests
inducing a compressive pressure at the specimen ends trough mechanical or
hydraulic wedges in order to prevent any slippage or rotation of the specimen
(Figure 1.1).

In this case, the specimens have a minimum free length equal to four times
the width and the minimum width is at least four times the mesh size of the fibre
grid. The specimens are equipped with metal tabs with a minimum length of
80 mm, glued at the ends to ensure an appropriate distribution of the clamping
pressure and minimize any damage caused by possible local crushing.
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Figure 1.1: Tensile test set-up: clamping grip. (Bellini et al. 2019 [1])

The clevis grip method, as recommended by American standard ACI 549
[2] (Figure 1.2), involves the transfer of the tensile force through shear adhe-
sion by using metallic plates bonded at the coupon’s ends and connected by a
transversal pin to the testing machine frame.

This test set-up allows a rotational degree of freedom in plane to the speci-
mens in order to reduce possible parasitic bending moments, as well as the one
recommended by RILEM TC 232-TDT [4] (Figure 1.3).

The tests are carried out on specimens with a length to width ratio of at
least 5:1. The minimum width of the specimens is 60 mm and the minimum
length is 500 mm, ensuring at the ends an anchorage length at least 125 mm.
The thickness can vary depending on the textile layers but must not be less
than 6 mm.
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Figure 1.2: Tensile test set-up: clevis grip, according to ACI 549 [2]|. (Donnini et al.
2019 [3])

Figure 1.3: Tensile test set-up: clevis grip, according to RILEM TC 232-TDT [4].
(Kim et al. 2018 [5])
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The typical stress-strain response obtained from tensile test assumes a tri-
linear trend consisting in three consecutive stages, as shown in Figure 1.4(a).
The first uncracked stage is characterized by a linear branch up to the first
cracking load in the mortar layers. In the second stage the stiffness decreases
significantly. The length and slope of this branch strictly depend on the adhe-
sion properties established between fibre and matrix and the volume percentage
of fibres activated for the load transfer. This phase is generally characterized
by the opening and propagation of several cracks in the mortar layers. Fi-
nally, the third stage is mainly governed by fibre textile. For this reason, the
slope of third branch often reflects the elastic modulus of the bare fibre textile.
Moreover, during this phase no new crack appears.

With reference to grip method, when the clevis grips are used, a less evident
second stage develops and the tensile curve assumes a more bi-linear trend, as
shown in Figure 1.4(b). This circumstance is due to the load transfer through
adhesion and shear stress, causing the slippage of the fibre within the matrix.

Results from tensile tests are used to determine the following mechanical
properties, with the symbol meaning in the Figure 1.4:

e elastic modulus in the first stage, referred as Ei;

e ultimate stress and corresponding strain of FRCM system, referred as o,
and g, respectively.

Applied stress o
A

Applied stress ¢
[
sz

| & iEu & gﬁu
Strain € Strain &

(a) Tri-linear stress-strain response (b) Bi-linear stress-strain response

Figure 1.4: Tensile behaviour of FRCM composites. (D’Antino and Papanicolaou
2017 [6])

Suitable monitoring tools are request in order to investigate the heteroge-
neous behaviour of the FRCM composites tested in tension. Generally, tradi-
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tional measurement systems are used for the acquisition of displacement and
local strains, such as displacement transducers and strain gauges. The reli-
ability of displacement transducer measurements is strongly affected by the
position of the transducers, which is determined by the cracking pattern, but
this was unknown prior to the test [14]. Differently, strain gauges are able to
measure only local values.

For these reasons, in some case the classic acquisition methods have proven
insufficient to monitor FRCM materials during the tensile tests. Recently,
innovative monitoring methods, such as the Digital Image Correlation (DIC)
technique, have been combined with the use of traditional measurement sys-
tems. Numerous available studies have demonstrated the effectiveness of this
technique [15] [11] [3] [16] in providing the global response and the evolution of
the cracking pattern through a field analysis of the displacements or strains.

1.2.2 Characterization of the shear bond behaviour

The tensile tests are insufficient to properly characterize the mechanical
behaviour of the FRCM systems. The use of FRCM materials, as strengthening
system for structural elements, needs the assessment of the shear bond in order
to take into account the different failure modes in function of the interaction
between the support and the FRCM system. The adhesion properties at the
matrix-substrate interface and the interaction between fibre and matrix play
a foundamental role in the FRCM-to-substrate load transfer mechanism. The
bond behaviour of FRCM-support was studied extensively using single and
double shear bond test [17] [18] [19] [20] [21] [22]. Available experimental results
demonstrated that the failure may occur both at the FRCM-substrate interface
and within the thickness of the FRCM composite.

Recommendations of RILEM TC 250-CSM [7] identify the practice to per-
form shear bond tests. Samples consists in a prismatic substrate, as shown in
Figure 1.5. The FRCM system is applied on one side of the prismatic support
ensuring at least a bond width B of 40-100 mm and a bond length L of 250
mm to guarantee that the load transfer capacity from the FRCM system to the
substrate is exploited as effectively as possible.



“output” — 2023/1/20 — 10:30 — page 29 — #29

1.2 Procedures for the experimental characterization of FRCM

composites 29

T

10mm - i

b b i i40-100mm| i
i 220mm 220mm
Reacting —p g——————— -

steel frame — I

Bonded
Area

Bonded Area
Substrate
Substrate

L
2250mm

Loaded ||| I < e
end Reacting E
——— steel frame e
. ]
Displacement
T T T T T T transducers
iinbondad Reacting
nbonde:
textile steel frame Unbpnded
2400mm t::(l)l(l)e
2400mm

'80-100mm’

e

Gripping
area

Figure 1.5: Recommended specimen’s geometry from RILEM TC 250-CSM |[7].

The typical stress-slip response obtained from shear bond test assumes the
trend schematized in Figure 1.6.
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Figure 1.6: Schematic axial stress-slip relationship from RILEM TC 250-CSM [7].
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The stress values are referred to the the cross-sectional area of the fibre
grid Ay and the slip is the relative displacement between the textile and the
substrate.

Generally, an initial linear phase is observed, followed by a non-linear trend
up to the peak stress value. Then, a descending post-peak branch starts in
which an increase in slip is associated with a decrease in stress up to failure, as
shown in Figure 1.6.

As recommended by Italian Guidelines [8], results from shear bond tests
combined with those of uniaxial tensile tests are useful to determine the follow-
ing mechanical properties (Figure 1.7):

e conventional stress limit 0y, cony Which is the stress value related to the
maximum load transferred from the strengthened element to the exter-
nally bonded FRCM system;

e conventional strain limit €5, conv, calculated by dividing the o7 conv by
the elastic modulus of fibre textile E;

e ultimate tensile stress o, ; and corresponding strain ¢, s of fibre grid.
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Figure 1.7: Determination of 0yim,conv and €jim,cony according to Italian Guidelines

18]

being o, s and €, ¢ the ultimate tensile stress and strain of dry fibres.
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In conclusion, shear bond test provides information about the failure mode
that governs the FRCM bonded to the substrate load transfer capacity. Rec-
ommendations of RILEM TC 250-CSM [7] classify the failure modes as shown

in Figure 1.8:

A Cohesive B Detachment at C Detachment at
debonding in the matrix-to-substrate textile-to-matrix
substrate interface interface

SUBSTRATE SUBSTRATE SUBSTRATE

gt
MATng / TEXTILE" MATRI;: TEXTlLE/ MATRI; TEXT"—E/

D sliding of the E1 Tensile failure of E2 Tensile failure of
textile within the the textile out of the the textile within the
matrix matrix. matrix.

SUBSTRATE SUBSTRATE SUBSTRATE

MATRI ;; TEXTILE/ MATRIX/ TEXTILE/ MATRIK/ TEXTILE/

Figure 1.8: Classification of failure modes according to RILEM TC 250-CSM |7].

e (A) debonding at the matrix-support interface with the cohesive failure
of the substrate;

B) debonding at the matrix-support interface;

)
C) debonding at the fibre-matrix interface;
)

e (E1) tensile rupture of the un-bonded fibre textile;

(
(
e (D) fibre slippage within the matrix;
(
(

e (E2) tensile failure of the fibre textile within the matrix layers.

Apart from this classification, combined failure modes may occur. Various
testing factors can influence the repeatability of the results, such as specimen
preparation, boundary conditions (e.g. clamping system) and measurement
techniques, as highlighted by results from several experimental works [17] [23]
[24].
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1.3 Available experimental studies: an overview

Numerous experimental studies were carried out with the aim of investigat-
ing the different parameters involved in the tensile and shear bond behaviour of
FRCM systems. The state of the art points out as the constitutive behaviour
of FRCM materials depends on several parameters: the fibre nature and treat-
ment [1], the mortar type, the volume percentage of fibre reinforcement [25],
the nature of the support [26] and the test method [10] [22].

Several studies were carried out on the kind of fibre, such as basalt [15] [17]
[27], glass [1] [11], carbon [1] [28] and PBO [29] [30] and the effect produced by
fibre treatments or the use of adhesion promoter.

In general, it is observed that dry fibres have a poor chemical-physical com-
patibility with inorganic matrices. This can compromise the performance of the
FRCM systems providing the slippage at the matrix-fibre interface, the debond-
ing or the telescopic failure caused by the the slippage of among filaments in
the yarns. The bond between the fibres and the matrix is essential to ensure
the effectiveness of the reinforcement system. Available experimental studies
have shown that the pre-impregnation of fibre yarns with epoxy resin or the
use of adhesion promoter is an effective solution, to improve both the tensile
strength of the fibre yarn and the adhesion with the mortar, avoiding the pre-
mature failure of the composite system [31]. These effects can be attributed to
the ability of the epoxy resin and the adhesion promoter to penetrate between
the dry filaments of the yarn, ensuring a more homogeneous impregnation of
the fibres and compatibility with the mortar [1].

Also the volume percentage of fibre plays a fundamental role in the consti-
tutive behaviour of the FRCM composites. It significantly affects the strength,
the failure mode and the cracks pattern of the coupons. Experimental studies
demonstrated, that numerous cracks develop in specimens with more multiple
layers of fibre grid and that the second stage is concentrated in a shorter strain
interval. The increment of reinforcing textile ratios in the FRCM composite
not always produces a benefit, as shown in available experimental studies, it
can reduce the bond strength between the textile and the matrix and promotes
premature slippage of the fabric before reaching the tensile strength of the fibre
[25].

Moreover, numerous experimental campaigns were carried out with the aim
to evaluate the effectiveness of different test configurations (single or double
shear bond test) , instrumentation (i.e. different clamping systems for un-
bonded textile were used) and measurement techniques in order to overcome
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some issues in test set-up, such as the presence of an eccentric load. The latter
can compromise the proper transfer of a pure shear stress state at the FRCM
strengthening system applied on a support due to possible out-of-plane tensile
stress generate by bending.

In general, a large scattering is observed due to numerous variables involved
in the mechanical characterization of FRCM. Available literature highlights dif-
ferent failure modes, involving the textile-to-mortar or the mortar-to-substrate
interface, or also the slippage of the fibre grid [22]| [17] [32]. For these rea-
son, further investigations are needed in order to improve the test procedures
provide in the current FRCM qualification guidelines, reaching a high level of
standardization and reducing experimental scattering.

1.4 Available analytical and numerical studies: an overview

As above mentioned, numerous experimental studies were proposed to inves-
tigate the key parameters affecting the mechanical characterization of FRCM
composites. By contrast, fewer works were addressed to analytical or numerical
approaches for modelling the constitutive behaviour of FRCM composites.

Among the recent studies, two general approaches are proposed: simplified
analytical methods or detailed numerical models.

Simplified analytical formulations proposed in the past [27] [33] are revisited
with aim to predict the typical tri-linear tensile behaviour of the composite
systems. They are based on the well-know rules adopted for reinforced concrete
members: Aveston-Cooper-Kelly (ACK) Model [34], model proposed by Minafo
and La Mendola [33] and Tension Stiffening Model [35].

A literature review study [36] focused on the comparisons with an experi-
mental database, highlighting that the three analytical models allow to estimate
with enough accuracy the tensile behaviour of the FRCM systems but with sev-
eral limitations. Indeed, the three models are unable to take into account the
influence of the the complex mechanisms of interaction between fibre textile
and mortar.

Other works are based on numerical approaches, based on 3D or 2D FE
models [37] and non-linear micro-mechanical models [38]. An accurate response
is obtained from the use of the multi-scale approach for modelling the bond
behaviour between the FRCM system and the strengthening support [29] and
the FRCM tensile behaviour [39] [37].

In these cases, each constituent material is modelled separately with the
most suitable finite elements, often brick elements for mortar and shell ele-
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ments for fibre. The interface between two materials in contact is modelled as
a zero-thickness layer, assigning the corresponding contact properties to each
interface level. Generally, a cohesive interface with damage between fibre and
mortar is assumed and Concrete Damage Plasticity model for simulating the
tensile behaviour of the mortar. The models provide quite good prediction of
the global response and the local non-linear behaviour at the interface level,
well simulating the crack pattern. However, these modelling approaches require
long computational time including convergence issues. Moreover, these models
also need the definition of variables that are often unknown and require to be
experimentally calibrated or tentatively estimated, resulting in some unrelia-
bility.

More recent studies proposed also uniaxial models and numerical strategies
to solve the governing equations of FRCM strips under different loading condi-
tions. Grande and Milani (2020) [40] proposed a procedure to solve a system of
differential equations derived by equilibrium considerations involving the main
components of a FRCM system, i.e. fibre, mortar and fibre-mortar interface,
where specific constitutive laws and boundary conditions, also accounting for
the occurrence of damage, are introduced. This approach shows a certain re-
liability in predicting the experimental response emphasizing the important
aspects concerning the local behavior of FRCM systems in presence of possible
softening behaviour of both the mortar and the fibre-mortar interface.
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Experimental investigation

This chapter presents the details of an extensive experimental study per-
formed on the characterization of different types of FRCM composites evaluat-
ing their effectiveness when applied on masonry support. In particular, Basalt-
FRCM (BFRCM) and Glass-FRCM (GFRCM) characterized by a bi-directional
fibre grid embedded inside two mortar types: a two-component fibre-reinforced
cementitious mortar and a two-component fibre-reinforced natural hydraulic
lime-based mortar.

The aim of the investigation is to compare the performance of different
FRCM systems, evaluating the influence of mortar type (cement based or hy-
draulic lime based), fibre nature (basalt or glass) and test set-up.

Finally, a new proposal of set-up for shear bond test is presented, aiming
to improve the experimental existing set-ups for bond characterization.

2.1 DMaterial characterization

The mechanical properties of all materials adopted in the current exper-
imental campaign are experimentally evaluated. The main physical and me-
chanical properties are presented in the following sections.

2.1.1 Fibres

Two fibre grids were adopted in the current experimental investigation,
one of basalt an the other one of glass. In this section the main features are
presented.

A coated bi-directional alkali-resistant basalt fibre grid (Figure 2.1(a)) is
adopted as internal reinforcement for BFRCM composite systems. The textile
have a mesh size of 6x6 mm, the longitudinal and transversal yarns are woven

35
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and fixed at their intersection with nylon fibres. It is characterized by a weight
of 250 g/m?, density equal to 2.75 g/cm® and equivalent fibre thickness (i.e. the
thickness of the fibre textile assumed as the fibres were uniformly distributed
in the section) of t;=0.039 mm. An Alkali Resistant (AR) dry glass fibre mesh
(Figure 2.1(b)) is employed for GFRCM strengthening systems. The mesh grid
is termowelded along the weft at the joint between longitudinal and transversal
yarns, the cell size is 12x12 mm, the unit weight of 220 g/m?, the density of
2.5 g/cm? and the equivalent fibre thickness equal to ¢ =0.02 mm.

12 mm

(a) basalt grid (b) glass grid
Figure 2.1: Fibre mesh.

Mechanical properties of basalt grid reported in technical data sheet are:
tensile strength fr,=60 kN/m, ultimate strain ef,=1.8% and elastic modulus
E;=89 GPa. The manufacturer data are summarized in Table 2.1.

Table 2.1: Mechanical properties of basalt fibre grid provided by the manufacturer.

Basalt fibre grid

Unit Densit Equivalent Tensile Ultimate  Elastic

weight Y thickness strength strain modulus

lg/m?] [g/cm®]  t; [mm|  fr, [KN/m] ep [%] By [GPa
250 2.75 0.039 60 1.8 89

The mechanical properties from data sheet, referred to glass fibre are: tensile
strength ff, =56 kN/m, ultimate strain e7,—=2.0% and elastic modulus E;=74
GPa. The manufacturer data are summarized in Table 2.2.
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Table 2.2: Mechanical properties of glass fibre grid provided by the manufacturer.

Glass fibre grid

Unit Densit Equivalent Tensile Ultimate  Elastic

weight Y thickness strength strain modulus

lg/m?| [g/cm?]  t;[mm]  fr, [kN/m] ep, [%] By [GPal
220 2.50 0.02 56 2.0 74

The mechanical properties of fibre grids were experimentally evaluated by
performing uni-axial tensile tests on a total of eighteen coupons: i.e. nine
samples of basalt fibre grid and nine samples of glass fibre grid. Specimens
have dimensions of 50x400 mm, in accordance with Italian guidelines 8|, as
shown in Figures 2.2(a) and 2.2(b).

(a) basalt
I 400 mm |
1
75 mm 250 mm TSmm |
aln/ninnie nin/niw sinsle @ e EE RS
50 mm 100000000a0000000CICICC
10000000000000000000C0
pn iy e e e RBRR R R R
(b) glass

Figure 2.2: Geometry of fibre coupons.

Moreover, aluminium tabs, with thickness of 2 mm and bond length equal
to 75 mm, were glued at the ends of fibre strips to promote a uniform load
distribution between the yarns.

Monotonic tensile tests were performed under displacement control by a
universal testing machine with force capacity equal to 600 kN, adopting a rate
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equal to 0.2 mm/min in accordance with ISO 13934-1:2013 [41].

The testing apparatus is reported in Figure 2.3. Prior to carrying out the
tensile tests on fibre coupons, the resolution of the test machine was evaluated
by means of an external load cell with capacity of 10 kN. The check provided
an uncertainty of about the 1% in the estimation of the load values.

Electromechanical
drive crosshead

| Hydraulic grips

' _ Load cell
e of 600 kN

\

g Knife extensometers

Figure 2.3: Testing apparatus adopted for tensile tests on fibre coupons.

Samples were clamped over a tab length equal to 50 mm, leaving out of the
machine grips the remaining 25 mm, in order to minimize the stress concentra-
tion.

Testing machine provided the force-elongation relationship. Moreover, ad-
ditional knife extensometers were settled in the middle part of the free length
of samples for a gauge length equal to 80 mm, as shown in Figures 2.4(a) and
2.4(b), in order to achieve a more reliable evaluation of the strain measurements.

The knife extensometers are sensor arms directly in contact with the surface
of the specimen, that allow to measure the strains through the evaluation of
the change in travel distance of the sensor arms offering a resolution of 1/1000
mm.
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TENSILE LOAD TENSILE LOAD
(a) basalt (b) glass

Figure 2.4: Tensile test set-up for fibre grid.

2.1.2 Mortar

Two bi-component premixed mortars were used as matrix for BFRCM and
GFRCM systems.

The first one is an high-strength cement-based mortar (C) with short glass
fibres, pozzolanic aggregates, admixtures and synthetic polymers in water dis-
persion according to a ready-mixed formula. The two components are mixed
(i.e. the powder component and the liquid component) assuming a plastic-
thixotropic consistency which allow to be applied by trowel or spray in layers
up to 25 mm of thickness.

The second one is a pre-blended, fibre-reinforced, high-ductility hydraulic
lime and Eco-Pozzolan based mortar (L), composed of special additives and
synthetic polymers in water dispersion. When the two components (i.e. powder
component and liquid component) are mixed, they form a mix which is easy to
spread on the surface at a thickness of up to a maximum of 10 mm per layer.

According to the technical data sheets, cement-based mortar had flexu-
ral strength equal to f,, ;=8 MPa, compressive strength of f,,, .=25 MPa and
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Young’s modulus equal to E,,=10 GPa. Lime-based mortar had compressive
strength of f,, .—15 MPa and Young’s modulus equal to E,,=8 GPa.

The two mortar types were experimentally characterized by deducing the
main mechanical properties from three-point bending tests, Figure 2.6, on
twelve 40x40x 160 mm prisms and subsequently from compressive tests, Figure
2.7, on twenty-four pieces, after 28 days of curing in controlled environmental
conditions of 20 + 2 °C, as recommended in EN 1015-11 (2001) [42].

Moreover, samples of series C are cured in water for 5 days (Figure 2.5),
after two days in the formwork.

Figure 2.5: Specimens of cement-based mortar (series C) cured in water for 5 days.

Two batches (referred in the following as batch a and batch b) for each
mortar type (C and L) are considered. In details, batch C_a and C_b refer to
matrices used for coupons of BFRCM and GFRCM with cement-based mortar,
respectively, tested in tension adopting clamping grip method.

While, batch L_a and L b refer to matrices used for specimens of BFRCM
and GFRCM with lime-based mortar, respectively, tested in tension adopting
clamping grip method.

Three point bending tests are performed with a universal testing machine
equipped with a load cell with capacity of 5 kN (Figure 2.6(a)). Tests were
carried out in displacement control mode, assuming a rate of 0.5 mm/min and
imparting a pre-load of 5 N (with a rate of 0.1 mm/min).
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Figure 2.6: Set-up for three point bending test on mortar prisms.

The displacement control mode was adopted also for compressive tests on
mortar pieces, assuming a rate of 0.5 mm/min in order to evaluate also the
post-peak softening branch of the experimental curves.

In particular, tests on lime-based mortar (L) are carried out with a testing
machine equipped with a load cell with capacity of 50 kN (Figure 2.7(a)),
while tests on cement-based mortar (C) are performed with a universal testing
machine with force capacity equal to 600 kN, previously checking the resolution
of the device with an external load cell with capacity of 10 kNN.
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(a) testing machine (b) set-up configuration

Figure 2.7: Set-up for compressive test on mortar pieces.

2.1.3 Stone support

Calcarenite stone from Sabucina quarry (Sicily, Italy)[43] was employed as
stone support for shear bond tests.

Calcarenite is a calcareous clastic sedimentary rock, formed by compaction
and cementation of carbonate clasts of fine sand. It also contains a calcareous
cementing material that binds the sand grains together and may contain a ma-
trix of silt or clay size particles that occupy the spaces between the sand grains.
Moreover, calcarenite contains shell fossils, varying in colour from reddish yel-
low to light yellow, and gives the material the characteristic appearance. It is a
construction material widespread for historical buildings in the Mediterranean
area, in Sicily.

Calcarenite stone, outcropping in the south-western area of Sicily, is char-
acterized by high variability in their deformability, strength and permeability
characteristics, as function of the zone. In particular, the value of the uniaxial
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compressive strength ranges from 2.5 to 4.5 MPa for the Marsala calcarenite,
and from 8 to 15 MPa for Palermo calcarenite [44].

In this experimental campaign, calcarenite from Sabucina are caracherized
by the following mechanical properties provided by technical data sheet: unit
weight of 18 kN/m?, compressive strength equal to fs,c=11 MPa and elastic
modulus equal to Es=10935 MPa.

Compressive strength and elastic modulus were verified with experimental
tests previously carried out by the Research Unit of Palermo.

In particular, monotonic (UNI EN 1926 [45]) and cyclic compressive tests
(UNI EN 14580 [20]) were performed on stone cubes and cylinders, respectively.

Experimental study of Minafo and La Mendola [33| provide a cubic com-
pressive strength equal to 14.7 MPa and a cylindric compressive strength equal
to 12.9 MPa and corresponding strain equal to 0.0039.

Moreover, cyclic tests provide an average elastic modulus in compression of
13249 MPa.

2.2 Tensile tests on BFRCM and GFRCM composites

The experimental campaign provides the tensile characterization of BFRCM
and GFRCM composites, through two possible test set-up configurations. In
particular, two gripping methods are considered: clamping and clevis grip
method.

The experimental program involved tensile tests on eight groups of speci-
mens. A total of nine samples were made up for each group, by varying the fibre
reinforcement, the mortar type, the width and length of the coupons. Coupons
of FRCM were named with the following notations XX YY n, where:

e XX indicates the fibre-mortar combination: BC stands for BFRCM with
Cement-based mortar (Planitop HDM MAXTI) [46], BL stands for BFRCM
with hydraulic Lime-based mortar (Planitop HDM RESTAURO) [47], GC
stands for GFRCM with Cement-based mortar (Planitop HDM MAXI)
[46], GL stands for GFRCM with hydraulic Lime-based mortar (Planitop
HDM RESTAURO) [47];

¢ YY indicates the gripping method for tensile test: TF and TH stands for
tensile test performed with clamping method (F = Fixed grip) and clevis
method (H = Hinge grip);

e 1 indicates the specimen number.
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The FRCM systems are outlined in Table 2.3.

Table 2.3: FRCM tensile specimens.

FRCM system Number of Fibre Mortar Width Length

ID coupons type type [mm] [mm]
BC TF n 9 Basalt Cement-based 50 400
BC TH n 9 Basalt Cement-based 60 500
BL TF n 9 Basalt  Lime-based 50 400
BL TH n 9 Basalt Lime-based 60 500
GC TF n 9 Glass  Cement-based 50 400
GC TH n 9 Glass  Cement-based 60 500
GL TF n 9 Glass Lime-based 50 400
GL TH n 9 Glass Lime-based 60 500

2.2.1 Specimen geometry and preparation

The experimental program for the tensile characterization of BFRCM and
GFRCM systems consists of two test groups: 36 coupons tested adopting
clamping grip method (9 samples for each group: BC TF n, BL TF n,
GC_TF _nand GL_TF n) and 36 coupons tested with clevis grip method (9
samples for each group: BC_TH n, BL TH n, GC TH nand GL_TH n
groups).

Specimens consist of a single layer of basalt or glass fibre grid embedded
between two layers of mortar (cement and lime-based) with equal thickness of
t,;,=5 mm.

Coupons were made one by one through the use of a steel formwork equipped
with proper metal separator strips, as shown in Figure 2.8. In this way, any
possible damage due to the cutting operations is avoided. Before casting, the
surfaces were coated with a proper anti-adhesive oil, as shown in Figure 2.8, to
ensure no damage when coupons are removed from the formwork.



? “output” — 2023/1/20 — 10:30 — page 45 — #45 ﬂg

2.2 Tensile tests on BFRCM and GFRCM composites 45

metal separator strip

Figure 2.8: Formwork preparation for FRCM coupons.

The procedure for the fabrication of BFRCM coupons consists in three
phases: a first layer of mortar is cast (Figure 2.9(a)), then basalt fibre strips
are carefully settled on the mortar, ensuring fibres’ alignment and planarity
and finally the second layer of mortar is applied, as shown in Figure 2.9(b).

aa

| it i S
s st 5 S I 725~ IS

(a) first layer of mortar (b) basalt fibre positioning and second
layer of mortar

Figure 2.9: Procedures for the fabrication of BFRCM coupons.

In the case of GFRCM coupons the procedure of fabrication consists in
four phases: the first layer of mortar is cast (Figure 2.10(a)), glass fibre strip
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is pre-impregned with an adhesion promoter (Figure 2.10(b)), then it is settled
on mortar, ensuring fibres’ alignment and planarity (Figure 2.10(c)) and finally
covered with a second layer of mortar (Figure 2.10(d)).

(a) first layer of mortar (b) adhesion  promoter
pre-impregnation

(¢) glass fibre positioning (d) second layer of mortar

Figure 2.10: Procedures for the fabrication of GFRCM coupons.

Test specimens were cured according to recommandations provided by Amer-
ican guidelines AC 434 [12].

The surface of samples in the formwork was covered to avoid the rapid
evaporation of the water from the upper layer of mortar in contact with the air

(Figures 2.11(a) and 2.11(c)). Then, samples remained in the formwork under
controlled environmental conditions.
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After 4 days, specimens were removed from the formwork and they have
concluded the curing period in controlled standard laboratory atmospheric con-
ditions for the remaining 24 days, with the exception of BFRCM and GFRCM
coupons with cement-based mortar that before were put in water for 7 days,
(Figures 2.11(b) and 2.11(d)).

ﬁ

(a) BFRCM coupons covering for 4 (b) curing in water for BFRCM
days with cement based mortar

= . . R o
T i £ ﬁt}i f;"rg

(- —

(c) GFRCM coupons covering for 4 (d) curing in water for
days GFRCM with cement
based mortar

Figure 2.11: Curing of FRCM coupons.
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The dimensions of the specimens tested adopting clamping grip method
(BC_TF n,BL TF n, GC_TF nand GC_TF n groups) were selected on
the basis of indications contained in Italian guidelines [8]. These samples have
the dimensions of 10x50x400 mm (see Figure 2.12).

Moreover, aluminium tabs with thickness of 2 mm and length of 100 mm
were glued at the extremities of samples, by using a thin layer of epoxy adhesive
(MapeWrap 31 [48]) ensuring the adhesion of the tabs to the FRCM strip from
one hand and a reinforcing layer in the clamping area, in order to avoid any
premature failure.

¢ z l
< total length = 400 mm ~
| 100 mm free length=200mm _, _ 100 mm __,
™~ — |~ |~ P |
ALUMINIUM FRCM ALUMINIUM 50 mm
TAB TAB
10 mm

Figure 2.12: Geometry of FRCM sample equipped with aluminium tabs, for tensile
tests with clamping grip method.

Samples of BC_TH n, BL TH n, GC_TH n and GL_TH n groups
were tested adopting clevis grip method, they have the dimensions of 10x60x 500
mm, according to recommendations of RILEM TC 232 TDT [4]. In this case,
the extremities of samples were clamped between two sufficiently stiff steel
plates by bolts, for a length of 125 mm, as shown in Figure 2.13, allowing at
least a rotational capacity in the plane of the specimen.
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Figure 2.13: Geometry of FRCM sample equipped with steel plates by bolts, for
tensile tests with clevis grip method.

2.2.2 Tensile test set-up: clamping and clevis grip method

Direct tensile tests on BFRCM and GFRCM composites were performed by
a universal testing machine with force capacity equal to 600 kN. Tests were car-
ried out in controlled displacement mode adopting a rate equal to 0.2 mm/min
up to failure.

The testing machine provided the response in terms of load-global displace-
ment curve.

In the case of clamping grip method, the specimen was clamped by hydraulic
grips which transferred the tensile load to the FRCM strip, preventing any
sliding and rotation during the test, Figure 2.14.

Moreover, aluminium tabs (2 mm of thickness and bond length equal to
100 mm) were glued to the surface of the specimen to better distribute the
clamping pressure and to minimize the damage associated with possible local
crushing of the mortar layer.
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tensile load
clamping area
Basalt-FRCM
clamping area
tensile load
Figure 2.14: Set-up for tensile tests with clamping grip method.
The tensile load was transferred to specimens by friction when clevis grip
method was adopted (Figure 2.15).
tensile load
clevis grip
Lo FRCM strip
b (free length)
clevis grip
tensile load
Figure 2.15: Set-up for tensile tests with clevis grip method.
— O
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Moreover, for specimens tested in tension adopting clevis grip methods, the
Digital Image Correlation (DIC) technique was adopted in order to provide a
contactless measurement of the strain value distribution on the mortar surface.

For the scope, one front side of the specimens was painted creating a high-
contrast texture by using a white paint (Figure 2.16(a)) and a black speckle
pattern (Figure 2.16(b)), as discussed in the following section.

(a) white paint

(b) black speckle pattern

Figure 2.16: High-contrast texture for FRCM coupons.

2.3 Double shear-bond tests

Aiming to evaluate the bond performances of FRCM strengthening the cal-
carenite masonry elements, two set-ups for double shear bond test are proposed.

The first set-up, referred as DSB1, is based to the one proposed by Accardi
et al. [49] to study the bond behaviour between FRP and calcarenite stone
(Figure 2.17(a)). The sample dimensions are designed in accordance with the
minimum dimensions recommended by RILEM TC 250-CSM [4]. The second
set-up differs from the first one (DSB1) in terms of size, it is referred as DSB2
(Figure 2.17(b)). In this way, the mechanical response of a longer and wider
FRCM strip applied on calcarenite support is investigated.
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(a) DSB1 set-up (b) DSB2 set-up

Figure 2.17: Specimens for double shear bond tests.

In details, the experimental program involved double shear bond tests on
six groups of specimens. Three specimens were produced for each group, by
varying the fibre reinforcement, the mortar type, the width and bond length of
the FRCM strip.

Specimens were named following the designation XX (DSB1 or DSB2) n.
Where:

e XX indicates the fibre-mortar combination: BC stands for BFRCM with
Cement-based mortar (Planitop HDM MAXTI) [46], BL stands for BFRCM
with hydraulic Lime-based mortar (Planitop HDM RESTAURO) [47], GC
stands for GFRCM with Cement-based mortar (Planitop HDM MAXI)
[46], GL stands for GFRCM with hydraulic Lime-based mortar (Planitop
HDM RESTAURO) [47];

e DSB1 and DSB2 indicate the two proposed Double Shear Bond test set-
up, respectively;

e 1 indicates the specimen number.
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The specimens are outlined in Table 2.4.

Table 2.4: Specimens for double shear bond tests.

Specimen Number of Fibre Mortar Bond width Bond length

ID specimens  type type [mm] [mm)]
BC _DSBI n 3 Basalt C 50 260
BC _DSB2 n 3 Basalt C 100 320
BL DSBI1 n 3 Basalt L 50 260
BL DSB2 n 3 Basalt L 100 320
GC _DSB1 n 3 Glass C 50 260
GL_DSBI n 3 Glass L 50 260

C = cement-based mortar; L = lime-based mortar

2.3.1 Geometry and preparation of specimens tested with set-up
DSB1

The innovative aspects related to the first proposed set-up for Double Shear
Bond (DSB1) test mainly concern the characteristics of the specimens. It is an
easy and reliable set-up to study the bond behaviour of BFRCM and GFRCM
composites applied on calcarenite support.

The proposed test set-up is an adaptation of another method, already vali-
dated for FRP materials, from the research unit of Palermo [49].

The experimental investigation allows to study the bond properties of dif-
ferent FRCM systems applied on calcarenite support observing the complex
shear stress mechanisms that can develop at the fibre-to-mortar and FRCM-to-
substrate interface and the failure modes as a function of the selected variables.

Specimens consist in two calcarenite blocks: the lower prismatic block with
the bonded FRCM strips and the upper block wraps the un-bonded fibre strip.
The lower prismatic block has dimensions of 110x110x320 mm, it is that in
which the bond phenomena are evaluated, while the upper block is the anchor-
age of the two un-bonded fibre strips. The latter have specific dimensions of
110x120x 110 mm and it is proper settled in order to compensate the thickness
of 5 mm, corresponding to a layer of mortar, on each side of the sample ensuring
the correct alignment of the un-bonded fibre strip.

In addiction, two steel bars were welded on steel plates and glued at the
top and the bottom faces of the specimens providing a gripping system during
the test. The two FRCM strips have dimensions of 10x50x260 mm and are
located 30 mm away from the horizontal and vertical sides of support, as shown
in Figure 2.18, in order to prevent any edge effects.
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Figure 2.18: Geometry of specimen for shear bond test according to the proposed
DSBI1 set-up.

A formwork consisting of steel plates are used for manufacturing the com-
posite on the two sides of the calcarenite support (double shear test) simulta-
neously and in order to control the thickness of the FRCM layers, as shown in
Figure 2.19.

FRONT SIDE

REARSIDE [

d

Figure 2.19: Formwork used for manufacturing the FRCM system on the two sides
of the support simultaneously.
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The samples were manufactured according to the following procedure, showed
in Figure 2.20:

e after wetting the support in order to promote the adhesion of the FRCM
system, the first layer of mortar was applied on the two sides of the
calcarenite support by using a flat trowel, monitoring to have a constant
thickness through the steel moulds (Figure 2.20(a));

e then, the fibre grid layers were placed (Figure 2.20(b)) taking care to
ensure as well as possible the axiality of longitudinal yarns;

e finally, a top layer of mortar was applied as flat as possible on the two
sides of the specimen (Figure 2.20(c)).

(a) first layer of mortar (b) textile layer (c) top layer of mortar

Figure 2.20: Procedure for fabrication of specimens for DSB1 set-up.

The procedure to wrap the un-bonded textile consists in four phases listed
below and shown in Figure 2.21.

e Initially, the basalt grid is aligned with the upper calcarenite block avoid-
ing any eccentricity. Subsequently, a primer layer is applied on calcaren-
ite substrate [50] to ensure the bond of the carbon-FRP system, Figure
2.21(a);
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e Then a thin layer of thixotropic epoxy resin [51] is applied on fibre strip,
due to its pasty consistency it easy to apply, Figure 2.21(b);

e The un-bonded basalt textile is wrapped with a carbon strip impregnated
with an epoxy resin with a medium viscosity [48|, Figure 2.21(c);

e Finally, one more layer of thixotropic epoxy resin [51] is applied on carbon-
FRP in order to seal the wrapping system, Figure 2.21(d).

(a) primer ap- (b) application (c) wrapping with ~ (d) sealing the
plication of the ma- impregrened wrapping
trix carbon strip system

Figure 2.21: Wrapping system for specimen tested with DSB1 set-up.

Specimens were settled in a universal testing machine with capacity equal
to 600 kN. Double shear bond tests were carried out in displacement control
mode, adopting a rate of 0.2 mm/min up to failure. Tensile load was applied
through the two steel bars settled at the centre of two steel plates, glued at
the top and the bottom faces of the specimen. This system caused the direct
shear on the two FRCM strips. Two digital absolute displacement indicators
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were arranged on the two faces in order to measure the local fibre-to-support
slip close to the loading ends, as shown in Figure 2.22.

Moreover, the DIC technique is performed in order to obtain more informa-
tion about the local effects that can develop during the test. For this reason,
the external mortar layer was painted, creating a high-contrast texture by using
a white paint (Figure 2.23(a)) and a black speckle pattern (Figure 2.23(b)), as
discussed in the following section.

— ig’
i E wrapping with
£ . T carbon-FRP
‘ oo
| digital absolute un-bonded textile

I displacement indicator

i

=11

(a) white paint (b) black speackle pattern

Figure 2.23: High-contrast texture for specimens tested with DSB1 set-up.
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2.3.2 Geometry and preparation of specimens tested with set-up
DSB2

It is reminded that several parameters can influence the shear bond be-
haviour of FRCM composites applied on masonry support. In the framework
of the current experimental campaign, the role of the bond length and bond
width is investigated for BFRCM composites with cement and lime-based mor-
tar applied on calcarenite support. A larger area of the FRCM strip implies a
larger size of the specimens, therefore the proposed DSB1 set-up is unsuitable
because it was designed for smaller and handy samples.

In this section the DSB2 set-up is presented. It is a revisitation of the
proposed DSB1 set-up on the basis of a larger size of the specimens. Specimens
consist of two calcarenite elements: a lower block with the bonded BFRCM
system and an upper block constraining the two un-bonded basalt fibre strips
with a carbon-FRP wrapping system, as shown in Figure 2.24.

350

UPPER CALCARENITE BLOCK

Y

WRAPPING WITH CARBON-FRP

! UNBONDED BASALT FABRIC

=
‘“1 & = FRCM SYSTEM

Q
&

380
Lp=320 mm

CALCARENITE SUPPORT

30

/4

Figure 2.24: Geometry of specimen for shear bond test according to the proposed
DSB2 set-up.

b=100 mm

-

250

The lower prismatic block have dimensions of 200x250x 380 mm, it is that in
which the bond phenomena of the FRCM strengthening systems are evaluated,
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while the upper block, with dimensions of 210x350x 150 mm, is the anchorage
of the two un-bonded fibre strips and transferred two balanced tensile forces
to them during the test. The upper prism width is 5+5mm larger than the
lower prism to account for the thickness of the mortar laid up on the lower
prism and ensure the alignment and planarity of the un-bonded fibre grid,
see Figure 2.24. The BFRCM strips bonded to the support have dimensions
of 10x100x320 mm; they are located at 30 mm and 75 mm away from the
horizontal and vertical sides of support, respectively, as shown in Figure 2.24,
in order to prevent any effects of edges. The sample dimensions are designed
in accordance with the existing regulations (RILEM TC 250-CSM [7] and AC
434 2013 [12]).

The manufacturing steps and the procedure to wrap the un-bonded textile
strips are the same to that listed in the previous section 2.3.1 for samples tested
with DSB1 set-up, as shown in Figures 2.25 and 2.26, respectively.

(a) impregnation of the sup-  (b) first layer of mortar
port with water

(c) textile layer (d) top layer of mortar

Figure 2.25: Procedure for fabrication of specimens for double shear bond tests
according to the proposed DSB2 set-up.
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(a) primer application (b) application of a layer of
epoxy matrix
(c) wrapping with impregrened (d) sealing the wrapping sys-
carbon strip tem with a second layer of
epoxy resin
Figure 2.26: Wrapping system.
The two blocks (upper and lower) of which the sample is composed, are
constrained to a universal testing machine through two rigid steel frame, as
—®
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shown in Figure 2.27. Double shear bond tests were carried out adopting the
displacement control mode with a rate of 0.2 mm/min up to failure. The load
cell of testing machine recorded the total tensile load transferred to the two fibre
strips. The system caused the direct shear on the two BFRCM strips. In ad-
diction, two digital absolute displacement indicators were arranged on the two
faces measuring the local fibre-to-support slip close the loading ends, as shown
in Figure 2.27. Moreover, data from digital absolute displacement provided
information about any phenomena related to possible eccentric loading.

TENSILE LOAD
A

M\

i digital absolute
A\displacement indicator

3 5
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Figure 2.27: Double shear bond test set-up DSB2 for BFRCM-to-calcarenite support.

2.4 Measuring method with Digital Image Correlation (DIC)

The Digital Image Correlation (DIC) is an effective contacless technique
widely used for 2D (two-dimensional) and 3D (three-dimensional) measure-
ments of strain and full-field displacement in solid elements. In particular, it is
a useful device for the study of crack propagation in full surface of any type of
object.

The two-dimensional DIC technique developed by Sutton et al. [52] was
employed in the current experimental investigation in order to have several
advantages over conventional methods, providing more accurate measurements
during the full test, as confirmed by several experimental studies available in
the literature [16], [25], [53], [54].
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2.4.1 Basic principles on the use of the DIC technique

Generally, the 2D DIC technique involves the typical set-up, as shown in
Figure 2.28.
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(a) real set-up
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(b) schematized set-up

Figure 2.28: The 2D Digital Image Correlation test set-up.
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In details, the DIC method comprises three main phases as discussed in
[55]:

e preparation of the specimen surface,
e image acquisition during the test,

e post-processing of the acquired digital images to obtain the full-field of
displacements and deformations.

The surface of the specimen is painted with a black and white speckle pat-
tern, guaranteeing a random grey intensity distribution. This procedure is a
basic requirement for the digitization of the images.

Then, the specimen is settled in a planar position respect to the digital
camera, as shown in Figure 2.28(b). For an accurate displacement estimation,
it is necessary to avoid any out-of-plane motion during the loading phases.

A digital camera with high-resolution is employed as digital image acquisi-
tion device. Moreover, in order to achieve a satisfying result, at least two white
light sources are used to properly illuminate the sample during the test.

In conclusion, the acquired digital images are stored and then post-processed
allowing the analysis of the full displacement and strain fields of the surface of
the specimen.

The basic concept of the DIC is to compare two images of a component at
different step of deformation. Displacement and strain fields are determined by
correlating the position of a group of pixels (called subsets) within a selected
"Region Of Interest" (ROI), in the reference (initial undeformed image) and
current (subsequent deformed images) configurations, as shown in Figure 2.29.
The subsets are small subsections of the reference image containing a set of
coordinated points (red crosses in Figure 2.29). In this way, a subset provides
a unique array of grey level pixel value that makes it identifiable compared to
a single point with a single gray level pixel value. The choice of the subset
size has a fundamental importance because significantly affect the DIC accu-
racy. In general, the subset size should be the smallest subset possible as a
function of the granularity of the speckle pattern and suitable to describe large
heterogeneous deformations.

The reference points referred to the undeformed image (ref) are mathemat-
ically correlated to the corresponding points in the deformed image (cur), see
Figure 2.29. For this reason, in order to track the subset, the DIC technique
demands a predefined criterion and a proper optimization algorithm. Available
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studies from literature provides various criteria, including Cross Correlation
(CC) criterion, Sum of Absolute Difference (SAD), Sum of Squared Difference
(SSD), and Parametric Sum of Squared Difference (PSSD) [56].
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Figure 2.29: The subset’s coordinated points in the reference (ref) and current (cur)
image.

In detail, the displacement of a point of interest P(xo,yo), centered respect
to a square reference subset of NxN pixels, is evaluated by tracking its corre-
sponding location in the deformed image, as shown in Figure 2.30. A proper
criterion allows to evaluate the difference between the selected reference subset
and the target subset. By sliding the reference subset in the searching area of
the deformed image and computing the correlation coefficient at each location,
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a correlation coefficient map is obtained as schematized in Figure 2.30. Subse-
quently, a certain optimization algorithm allows to complete the procedure by
finding the peak of the correlation coefficient distribution.

In conclusion, the position of the reference subset center respect to the
target subset center provides the displacement vector at the point P. Then, the

same procedure is extended to the other pixels in order to obtain the full-field
displacement.

Reference image Deformed image

u=x An-.\‘u

= y .(J')'tl
Correlation
Reference subset l I Target subset centered
centered at P(xg, o) » ) ) ) at P(x’o, ')
Position with-maximum correlation.coefTicient

Correlation coefficient

¥ (pixel) 80 50

X (pixel)

Figure 2.30: Tracking of the reference subset in the deformed image. The center
position of the target subset is obtained by searching the peak of the correlation
coefficient distribution (Pan et al. 2010 [9]).

2.4.2 Ncorr software for DIC analysis

As discussed in the previous section, the DIC technique is based on the use
of image registration algorithms to track the relative displacements of material
points between a reference image and a current image referred to a deformed
configuration of an element.

In this study, the Ncorr software has been employed for DIC analysis. Ncorr
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is an open source 2D digital image correlation MATLAB program [57| that
combines numerous algorithms proposed in the literature [58], [59], [60], [61]
and [62].

The work flow of the Ncorr program is set as follows:

e setting of the reference image,

e setting of current image(s),

e setting the Region Of Interest (ROI),
e setting DIC parameters,

e performing DIC analysis.

The Ncorr package is implemented in the MATLAB [63] environment. The
compute intensive algorithms are written in programming language C ++ and
optimized through the MEX interface. In subset-based DIC algorithms, the
transformation of initial reference subset points to the current configuration is
constrained to a linear, first order transformation.

The DIC algorithms find the extreme of a correlation function. In Ncorr,
two different correlation criteria are used to find the initial guess (normalized
cross correlation) and its subsequent refinement (nonlinear optimizer). The
procedure provides to calculate the displacement data of a single material point
located at the center of a reference subset.

Subsequently, in order to obtain the displacement values for all subsets,
Ncorr uses the Reliability Guided (RGDIC) method [59].

It is worth to point out that the results obtained from the DIC analysis
are in terms of pixel displacements which must be converted into displacement
and strain values by using a DIC post-processing tool Ncorr _post software [64]
that is an extension of 2D DIC MATLAB software Ncorr. It was developed at
Czech Technical University in Prague and offers rather advanced functionalities
such as the visualization of cracking development also for low strain levels and
the possibility to place virtual extensometers over the whole detected surface
of the specimen, in order to obtain loading stage-displacement diagrams.
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Chapter 3

Experimental results

This chapter presents the results of the performed experimental campaign.
Firstly, the experimental results concerning the mechanical characterization of
all materials are reported.

Afterward, a comparative performance assessment of the tensile behaviour
of different FRCM systems is presented, evaluating the influence of some specific
parameters such as the fibre nature, mortar grade and test set-up.

Finally, particular attention is paid to the outcomes from shear bond tests of
different FRCM systems applied on calcarenite masonry support, highlighting
the efficacy of the two proposed test set-ups.

3.1 Characterization test results of constituent
materials

In this section, all the results concerning the mechanical characterization of
the constituent materials (fibre grid and mortar) are presented.

3.1.1 Tensile characterization of fibre grids

The mechanical properties of basalt and glass textile adopted for the FRCM
systems were verified in laboratory by performing tensile tests on fibre mesh
coupons, according to the recommendations contained in ISO 13934-1:2013 [41].

The specimens are renamed with the following nomenclature sp (B or
G)_n. Where: sp is for "specimen"; B and G indicate the nature of fibre,
i.e. basalt of glass grid respectively; finally, n indicates the specimen number.

Results of tensile tests on basalt and glass fabric strips are here reported
in terms of stress-global strain (solid line) and stress-local strain (dashed line)

67



“output” — 2023/1/20 — 10:30 — page 68 — #68

68 Experimental results

curves, as shown in Figures 3.1(a) for basalt and 3.1(b), for glass. Moreover,
the average trend between the results of each group is plotted in red.
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Figure 3.1: Stress-global/local strain curves of fibre textile.

The stress values are evaluated by dividing the load data acquired through
the load cell by the testing machine for the cross-sectional area of the textile
(Af). This last is calculated by multiplying the strip width by the equivalent
dry thickness of the fibre (t¢).

The global strains are obtained by dividing the global displacement of the
machine cross-head by the total specimen length.

Differently, the local strains are calculated for the gauge length adopted
through the knife extensometers placed in the middle of the coupon, i.e. 80
mm.
By comparing all the curves, it is worth to point out that the global and
local strains have the same trend up to the peak stress approximately. How-
ever, in some case, problems of sliding and rotation of the aluminium tabs in
the gripping area occurred during the test and different trends of local strains
respect to the global values are observed. For this reason, these results are
excluded and not reported in this thesis.

The tensile stress-strain curves of basalt textile (Figure 3.1(a)) show a linear
trend and different load drops due to the progressive brittle failure of some
roving in the strip width.
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Experimental curves for glass textile (Figure 3.1(b)) present an initial as-
cending branch with a quasi-linear trend up to the peak. This last is followed
by a limited softening branch, which highlights the brittle behaviour of the
glass fibre mesh.

Generally, the failure mode observed for basalt fibre strips is the tensile
rupture near the gripping area, as shown in Figure 3.2(a), which is probably
due to an irregular stress distribution along the width consisting of eight yarns.

While glass fibre strips often fail along the free length of the specimen, as shown
in Figure 3.2(b).
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Figure 3.2: Fibre strips after failure.

The test method allows to deduce the main mechanical properties for basalt
and glass fibre: average tensile strengths fr, of 1142.2 MPa and 665.4 MPa,
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corresponding local strains ey, of 1.61% and 1.09%, elastic moduli Ef of 71.8
GPa and 70.8 GPa, respectively. All the experimental results are summarized
in Table 3.1 for the coupons of basalt textile and Table 3.2 for glass textile.

Table 3.1: Results of tensile tests on basalt fibre

Basalt fibre grid

Sample Tensile strength  Ultimate strain Elastic modulus
ID fru [MPa] €fu [%)] E; |GPa]
sp B 1 13448 1.85 715
sp. B 3 1192.5 1.72 71.8
sp_ B 4 1139.1 1.60 7T
sp B 5 892.6 1.26 66.2
Average 1142.2 1.61 71.8
cov (14.3 %) (13.6 %) (5.7 %)
DATA SHEET 1538.5 1.80 89

Table 3.2: Results of tensile tests on glass fibre

Glass fibre grid

Sample Tensile strength Ultimate strain Elastic modulus

ID fru [MPa] eru %) E; [GPa]
sp_ G 1 601.6 0.96 72.1
sp_G_3 723.1 1.10 75.4
sp_ G 4 594.5 1.15 65.1
sp G 5 742.3 1.20 70.5
Average 665.4 1.09 70.8

Ccov (10.2 %) (10.9 %) (9.7 %)
DATA SHEET 1400.0 2.00 74

It should be noted that these results are significantly lower than the values
provided by the manufacturer. The possible causes for this difference are prob-
ably related to the difficulty to guarantee a uniform load distribution among
a larger number of longitudinal yarns, as also observed in several experimental
studies available in the literature [65].

In detail, the average tensile strength, ultimate strain and elastic modulus
of basalt fibre grid show reductions of the 25.8%, 10.6% and 19.3% with respect
to the values provided by the manufacturer (i.e. tensile strength ff,—60 kN/m,
ultimate strain €y,=1.8% and elastic modulus E¢=89 GPa, Table 2.1).

The average tensile strength and ultimate strain for glass fibre grid are both
about the 50% lower than the values provided by the manufacturer (i.e. tensile
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strength f7,=56 kN/m and ultimate strain €z,=2.0%, Table 2.2). While, the
experimental average elastic modulus for glass fibre grid is 70.8 GPa, slightly
lower (about 4.3%) than the value provided by the manufacturer (Ey=74 GPa,
Table 2.2).

3.1.2 Mechanical characterization of mortar

The mechanical properties of the two mortar types adopted as matrix for
the FRCM systems, one cement-based (C) and another one hydraulic lime-
based (L), are experimentally verified from three-point bending tests on a total
of 12 prisms and subsequent compressive tests on 24 pieces.

The values of flexural and compressive strength for cement-based mortar of
batch C_a and batch C_b, are summarized in Tables 3.3, 3.4, respectively.

Experimental results provide an average flexural stength of f,,, y=6.60 MPa
and fp, y=6.20 MPa and compressive strength of f,,, .=40.80 MPa and f,,, .—36.11
MPa, for batch C_a and C_ b, respectively.

The average strengths and the Coefficient Of Variation (COV) are calcu-
lated excluding the unreliable results and the highest and lowest value, accord-
ing to the code prescription [42].

Table 3.3: Mechanical characteristics of cement-based mortar (C), batch C_a.

Sample Flexural strength Sample Compressive strength

ID fm.r [MPa] ID fm,c [MPa]

C_al 6.04 C_alA 40.30
C_alB 38.91

C_a2 6.56 C_a2A 41.89
C_a2B 39.83

C_a3 7.42* C_a3A 40.01
C_a3B 42.17*

C_ad 6.63 C_adA 42.09
C_a4B 40.91

C_ab 7.18 C_abA 41.56
C_asB 42.01

C_ab 4.94% C_abA 38.69"
C_a6B 41.06

Average 6.60 40.80
Ccov (6.1 %) (2.4 %)

*values excluded from the calculation of the average strength
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Table 3.4: Mechanical characteristics of cement-based mortar (C), batch C_b.
Sample Flexural strength Sample Compressive strength
ID fm,r [MPa| ID fm,c [MPa]
C_bl 4.91* C_blA 36.29
C blB 40.46
C_b2 6.33 C_b2A 31.16
C_b2B 34.18
C b3 6.53 C_b3A 39.34
C_b3B 34.25
C_bd 6.897 C_bdA 41107
C_b4B 39.50
C_bb 6.62 C_bbA 35.23
C_b5B 27.56"
C_b6 5.33 C_bGA 34.62
C_b6B 0.22*
Average 6.20 36.11
COoVv (8.3 %) (8.0 %)
*values excluded from the calculation of the average strength
Results from tree-point bending tests and subsequent compressive tests on
samples of lime-based mortar are presented in Tables 3.5, 3.6, for batch L a
and batch L. b, respectively.
Table 3.5: Mechanical characteristics of lime-based mortar (L), batch L _a.
Sample Flexural strength Sample Compressive strength
ID fm,r [MPa] ID fm,c [MPa]
L_al 81T L_alA 17.43
L alB 18.09*
L a2 5.15" L_a2A 14.72
L a2B 13.48
L a3 5.17 L_a3A 13.57
L_a3B 13.29*
L_ad 7.13 L_adA 17.66
L a4B 17.41
L_ab 6.23 L_abA 16.79
L_a5B 17.06
L a6 6.54 L a6A -
L_a6B -
Average 6.27 16.01
cov (11.3 %) (10.5 %)
*values excluded from the calculation of the average strength
Experimental results provide an average flexural stength of f,,, =6.27 MPa
S
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and compressive strength of f,, .—16.01 MPa for batch L_a.

Table 3.6: Mechanical characteristics of lime-based mortar (L), batch L_b.

Sample Flexural strength Sample Compressive strength

ID fm,sr IMPa] ID fm,c [MPa]

L bl 4.19 L _blA 17.28
L blB 18.62

L b2 5.06* L _b2A 18.64
L _b2B 22.32*

L b3 3.81 L _b3A 17.90
L _b3B 18.88

L b4 3.45" L _b4A 9.55"
L _b4B -

L bb 4.48 L _DbbA 12.29*
L_b5B -

L b6 4.62 L_b6A 10.90*
L_b6B -

Average 4.27 18.26
Ccov (7.3 %) (3.2 %)

*values excluded from the calculation of the average strength

Experimental results provide an average flexural strength of f,,, ;=4.27 MPa
and compressive strength of f,,, .—16.36 MPa, for batch L _b. In this case, some
results were excluded from the calculation of the average compressive strength
because the analysis of the specimens after the test showed a failure mode
different from the typical "hourglass shape” generally observed for the other
samples (Figure 3.3(b)). It can be mainly attributed to the presence of some
intrinsic defects in the specimen tested in compression.

Differently, the prisms tested according to three-point bending setup show
always the typical failure mode characterized by the propagation of the crack
from the extrados (tensile region) toward the intados (compressive region) of
the prism (Figure 3.3(b)).

In general, a good uniformity of the average results referred to samples of
cement-based mortar, batch C_a and C_b, is observed. Differently, a scatter
of about 32% is observed between the average flexural strength of lime-based
mortar samples of batch L_a (fy, s=4.27 MPa) and L_b (f, ;=4.27 MPa).
The two batches are prepared at different times, so the slight difference can be
attributed to a small variability in the mixture of the two components as well
as different environmental conditions.
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(a) failure after three point bending test (b) failure after compressive test

Figure 3.3: Mortar specimens after test.

3.2 Tensile test results of BFRCM and GFRCM composites

In this section, the outcomes of monotonic tensile tests on FRCM compos-
ites are presented.

The results are analyzed in terms of load-strain and stress-strain curves,
exploring the role of the fibre nature, mortar grade and gripping method on
the tensile behaviour of the eight series of specimens.

Finally, the results from DIC analysis for coupons tested with clevis grip
method are presented and discussed.

3.2.1 Results from clamping grip method

The results of tensile tests carried out with the clamping grip method are
divided in four groups, one for each FRCM system.

First, the results of the tests are analyzed in terms of load-strain curves,
exploring the stages that characterize the tensile behaviour.

Then the post-treatment of the experimental data allows the definition of
the stress values (o7, oj; and oyrr) and corresponding strains (g7, €77 and
errr), evaluated at the end of each stage of the tensile stress-strain curves (i.e.
un-cracked, cracks development and cracked stage) according to the idealized
tri-linear trend suggested in the Italian Guidelines 8|, see Figure 3.4.

More in detail, the stresses are calculated by dividing the load values ac-
quired by the load cell of the testing machine by the cross-sectional area of plain
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textile (Ay), as suggested by Italian [8] and American [12| guidelines. In order
to ensure consistency with the procedure adopted for the textile characteriza-
tion, the area of the internal reinforcement (Ay) was calculated by multiplying
the FRCM width (b) by the equivalent dry thickness of the fibre (¢5).

While, the strain values are obtained by dividing the global displacement
of the machine cross-head by the total specimen length.
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Figure 3.4: Typical tensile behaviour of FRCM composites (Italian Guidelines [8]).

Figures 3.5 show the results in terms of load-strain curves for BFRCM
and GFRCM composites with cement-based mortar (Figure 3.5(a) and Figure
3.5(c)) and lime-based mortar (Figure 3.5(b) and Figure 3.5(d)).

These outcomes show that the experimental curves for specimens of BFRCM
and GFRCM with cement-based mortar (group BC_TF and GC_TF) do not
follow the typical tri-linear trend generally observed for FRCM composites
tested in tension. In these cases, see Figure 3.5(a) and Figure 3.5(c), the curves
are characterized by a first linear branch (Stage I) that strictly depends on the
strength and stiffness of cement-based mortar.

A very limited second phase develops after the first peak load and a con-
sequently less ductility. In detail, Stage II cannot be distinguished from Stage
III, because the FRCM system quickly reaches the failure. It is due to the high-
strength matrix from one hand and the good fibre-matrix bond capacity from
the other. Moreover, in some case the GFRCM specimens show a post-peak
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softening branch, which highlighted the gradual telescopic rupture of the yarns.
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Figure 3.5: Load-strain curves of BFRCM composite coupons, tested with clamping
grip method.

Experimentally, it is observed that when BFRCM and GFRCM with cement-
based mortar reach the first cracking load, the fibre reinforcement has almost
reached its maximum strength and the FRCM system fails for much lower
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strain values, about the 40 % and 35 % of the ultimate elongation of the bare
basalt and glass grid, respectively. It is a consequence of an under-reinforced
cross-section of the FRCM composite system.

Generally, the observed failure mode for specimens of group BC_TF con-
sists in fibre rupture in the middle length of the specimens or near the gripping
area, as shown in Figure 3.6.

Rupture near the
gripping area

Rupture in the
middle length

Figure 3.6: Specimens of group BC_TF after testing.

In details, the first cracks appear at the extremities of the FRCM strips,
close to the gripping area; so that the tensile load is entirely applied at the
fibre ends when the first cracking load is achieved. Then the load is trans-
ferred through the the coating eternal layer of fibre grid by chemical adhesion
to the mortar layers. However, few cracks develop along the length of the spec-
imen due to the under-reinforced FRCM cross-section. This last not allows the
exploitation of the constitutive law of fibre-mortar interface due to the fibre
rupture occurs.
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Differently, the failure close close to the gripping area is generally charac-
terized by the formation of only one crack. It is woth point out that this failure
mode did not affect the performance of specimens tested in tension. Indeed, the
maximum loads associated with this failure mode are similar to those reached
when the main crack develops in the middle of the specimen.

For the same remarks, the main failure mode observed for specimens of
group GC_TF consists in fibre rupture near the gripping area with the forma-
tion of few cracks, as shown in Figure 3.7.

Figure 3.7: Specimens of group GC_TF after testing.

The typical tri-linear behaviour is observed for the coupons of group B, TF
(Figure 3.5(b)). The Stage I of the curves is mainly governed by lime-based
mortar stiffness up to reach the first cracking load.

Unlike the previous case, i.e. BC _TF (Figure 3.5(a)), the development
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of Stage II and Stage III is observed. Several cracks simultaneously with the
activation of the interface stress-transfer occur during the Stage II. This last is
characterized by several load drops corresponding to crack opening. When the
crack stabilization is achieved, the Stage III starts, and the the main contribute
to load bearing is given by basalt fibre reinforcement.

Moreover, a different failure mode is observed for BFRCM systems with
hydraulic lime-based mortar. In particular, the formation of several cracks in
the mortar layers and the sliding of fibre within the mortar layers are observed.

Finally, the composite system fails due to tensile fibre rupture near the
gripping area and in some case in the middle of the specimens, as shown in
Figure 3.8.

Figure 3.8: Specimens of group BL_TF after testing.
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In one case (coupon BL TF 6) the delamination at the fibre-mortar in-
terface occurs, as shown in Figure 3.9.

Total delamination
at the fibre-mortar
interface

Failure near the
gripping area

Figure 3.9: Failure mode of specimens BL._TF 6.

When the hydraulic lime-based mortar is employed as matrix, the constitu-
tive tensile behaviour of GFRCM is mainly characterized by a bi-linear trend
(Figure 3.5(d)). Where, the first un-cracked stage (Stage I) is mainly governed
by mortar strength and stiffness. While, Stage II cannot be distinguished from
Stage III.

When the first cracking load is achieved, an almost linear branch develops,
assuming the slope of the axial stiffness of bare glass fibre. The gradual devel-
opment and widening of cracks is observed and during this phase the interaction
between fibre and mortar is never lost.

The samples are characterized by the development of several cracks in the
free length up to a maximum load value much higher than the tensile strength of
the bare glass textile. This is probably due to the use of the adhesion promoter,
which allows the fabric to develop a strong interaction with the matrix.
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The failure observed is the tensile fibre rupture near the gripping area, as
shown in the Figure 3.10.

Figure 3.10: Specimens of group GL_TF after testing.

The experimental results for the four groups of specimens are reported below
in terms of stress-strain curves (Figures 3.11), being the stress values calculated
by dividing the recorded load by the cross-sectional area of the bare textile
(F'/Ay), as suggest by the American Code AC434 [12].
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Figure 3.11: Stress-strain curves of BFRCM and GFRCM composites: tensile tests
with clamping grip method.

Tables 3.7, 3.8, 3.9 and 3.10 list the main experimental results for the four
groups of specimens BC_TF, BL TF, GC_TF and GL_TF.

Data are in terms of peak stresses (o7, orr and oyrr) and corresponding
strains (g7, 77 and e777), evaluated at the end of each stage of the stress-strain
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curves according to Figure 3.4. The ratio between stage III peak stress (o;7)
and grid strength (f,) is also provided (normalised composite peak stress).

The average strengths and the Coefficient Of Variation (COV) are calcu-
lated excluding some results due to some inconsistencies. Despite, the results
from identical specimens are compared, some differences were observed. In gen-
eral, not all curves follow the same trend, but in some cases (e.g. specimens
of group BC_ TF and GC_TF) the second and the third phase are absent
and the first branch extends directly up to the failure. This can be attributed
to some drawbacks in the performance in tension of the FRCM strip, signifi-
cantly affected by the possible misalignment of the reinforcement layer and the
unexpected slippage in the gripping area.

Additionally, a certain scatter is also observed in the first cracking stress
(o7) and the slope corresponding to the first un-cracked phase (e.g. specimens
of group BL_TF and GL_TF). These latter may be attributed to manufac-
turing defects but also to the variability in the mortar properties (e.g. tensile
properties, thicknesses and widths may vary significantly).

Considering the average values of load at the end of Stage I (Fy, first crack-
ing load) for each sets of specimens, the corresponding stress in the mortar
(o1) is evaluated by dividing the load by the homogenized cross-section of the
composite systems, in which the area of the textile is amplified by the ratio
between the tensile elastic modulus of the two materials (fibre and matrix).

The obtained stress values at the transition point are always lower compared
to the experimental flexural strength of the mortar (f,, ): the average values
of 2.97 MPa and 2.78 MPa are found for specimens of series BC_TF and
GC_TF respectively, with reductions of 54% and 57% with respect to the
flexural strength of the cement-based mortar (average value f,, y=6.40 MPa).
Moreover, average values of 2.39 MPa, and 2.38 MPa are found for specimens of
series BL_TF and GL_ TF respectively, with a reductions of 55% with respect
to the flexural strength of the lime-based mortar (average value fp, y=>5.30
MPa).

The values of the tensile strength o7 for specimens of series BC_TF and
BL_TF are comparable to the tensile strength of the basalt grid (ff,—=1142.2
MPa), as shown in Figures 3.11(a) and 3.11(b). The corresponding ratios be-
tween the maximum strength in composite coupons and the average experimen-
tal strength of dry fibres (o771/ ffy) are listed in Tables 3.7 and 3.8, respectively.
About curves of specimens of group BL_ TF (Figure 3.11(b)), the axial stiffness
of the composite material at Stage III decrease with respect to the theoretical
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value based on the axial stiffness of the bare basalt grid due to the rupture of
some fibre yarns during the previous Stage II.

It is worth pointing out that the average maximum stress values for spec-
imens of group GC_TF (o777=921.0 MPa) and GL_TF (o;;;=1229.8 MPa)
are about the 38% and 85% greater than the maximum strength of bare glass
textile (ff,=665.4 MPa), respectively. All the results are listed in Table 3.9

and 3.10.

Table 3.7: Results of BFRCM coupons with cement-based mortar (BC_TF group)
in Stage I, II and III

Sample or €l orr €Il oIrr EIIT orir/ fru
ID [MPa] (%] [MPa]  [%]  [MPa] [%] -]
BC TF 1 691.1 0.20 - - 1020.3 0.53 0.89
BC _TF 2 762.5" 0.33* - - 1196.8* 0.83* 1.05*
BC _TF 3 678.2" 0.17* - - 941.8™ 0.60" 0.82*
BC TF 4 1042.4 0.39 - - 1129.5 0.61 0.99
BC_TF 5 450.3* 0.18* - - 1091.3* 1.03* 0.96
BC _TF 6 760.2* 0.23* - - 854.6™ 0.72* 0.75*
BC TF 7 573.0 0.19 - - 1141.4 0.53 1.00
BC _TF_38 965.3 0.30 - - 1221.7 0.85 1.07
BC_TF 9 648.5 0.16 - - 1027.0 0.73 0.90
Average 784.1 0.25 - - 1108.0 0.65 0.97
COov (23.6 %) (33.2 %) - - (6.8 %) (19.0 %) -

*values excluded from the calculation of the average and COV

Table 3.8: Results of BFRCM coupons with lime-based mortar (BL_TF group) in
Stage I, IT and III

Sample or €1 orr EIT orIr1 €111 orrr/ fru
ID [MPa) [%] [MPa] (%] [MPa)] [%] [-]
BL_TF 1 659.6 0.35 - - 1178.8 2.39 1.03
BL _TF 2 641.4* 0.66* - - 1049.0* 2.15* 0.92*
BL TF 3 451.6™ 0.28* 834.4* 1.69* 1255.2* 2.22* 1.10*
BL_TF 4 684.3 0.29 782.2 1.37 1314.9 2.39 1.15
BL _TF 5 791.4* 0.31* 764.6* 1.01* 1316.21* 1.94* 1.15*
BL TF 6 650.4 0.28 647.7 1.18 1153.4 2.20 1.01
BL_TF 7 522.6 0.20 - - 1188.6 2.23 1.04
BL_TF 8 650.1 0.21 710.5 1.10 1246.4 2.37 1.09
BL TF 9 337.9* 0.29* 518.5* 1.22* 896.1* 2.41* 0.78*
Average 633.4 0.27 713.5 1.21 1216.4 2.32 1.06
COV  (9.0%) (21.1%) (7.7%) (9.5%) (4.8%) (3.5%) -

*values excluded from the calculation of the average and COV
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Table 3.9: Results of GFRCM coupons with cement-based mortar (GC_TF group)
in Stage I, II and III

Sample o1 Er o Enr o111 €111 orrr/fru
ID [MPa] K [MPa]  [%]  [MPa] (7] -]

GC TF 1 5336 0.14 . T 9626 051 145
GC_TF_2 673.8" 0.32* - - 845.7* 0.73" 1.27*
GC_TF_3 577.7* 0.16* - - 643.7* 0.32* 0.97*
GC TF 4 678.9 0.22 - - 8583 0.42 1.29
GC_TF 5  700.1 0.17 - - 964.0 0.48 1.45
GC_TF 6  644.9 0.18 . o 8214 0.26 1.23
GC TF 7 907.4 0.18 - - 919.9 0.18 1.38
GC_TF_8 542.2* 0.16* - - 1077.5" 0.43* 1.62*
GC_TF 9 804.4 0.17 - - 1000.0 0.37 1.50

Average 711.5 0.18 - - 921.0 0.37 1.38

CcoVv (16.7 %) (12.2 %) (6.8 %) (31.5 %) -
*values excluded from the calculation of the average and COV

Table 3.10: Results of GFRCM coupons with lime-based mortar (GL_TF group) in
Stage I, IT and IIT

Sample or €r orr €11 orrr EIIT o111/ ffu
ID [MPa] (%] [MPa]  [%]  [MPa] (7] -]

GL TF 1 682.2 0.29 - - 1308.9 1.38 1.97
GL_TF 2 572.4* 0.27* - - 855.7* 0.65* 1.29*
GL_TF_ 3  580.3 0.30 . - 11508 1.22 1.73
GL TF 4 601.2 0.22 - - 1378.1 1.46 2.07
GL_TF 5 756.1 0.37 - - 1387.5 1.36 2.09
GL_TF_6 504.9 0.20 - - 1208.6 1.45 1.82
GL TF 7 5534 0.18 - - 1087.8 1.04 1.63
GL_TF_38 616.9 0.21 - - 1086.6 1.13 1.63
GL_TF_9  436.5* 0.15% . ~ 986.8" 1.02* 1.48"

Average 614.9 0.25 - - 1229.8 1.29 1.85

Ccov (12.5 %) (24.9 %) 9.7 %) (11.8 %) -
*values excluded from the calculation of the average and COV

Comparing the results, it is evident that the four sets of composite samples
show very different behaviour. In detail, BFRCM and GFRCM with cement-
based mortar show a brittle behaviour. It is due to the FRCM systems with an
high-strength matrix (i.e. cement-based mortar) are unable to exploit the max-
imum elongation of the fibre textile, therefore coupons reach the failure for low
values of strain, e;77=0.65% and e;;7=0.37% for specimens of group BC_TF
and GC_TF, respectively. Differently, BFRCM and GFRCM with lime-based
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mortar show a more ductile behaviour. Figure 3.11 is very effective in showing
how the composites are affected by the different components (i.e. cement or
lime-based mortar, basalt or glass fibre). In particular, the composite strength
of BFRCM coupons is comparable with the basalt grid strength. While, the
peak stress values (o777) of GFRCM coupons are greater than the grid strength,
probably due to the effect of the adhesion promoter for glass grid.

3.2.2 Results from clevis grip method

As in the previous section 3.2.1, the results of tensile tests on BFRCM
and GFRCM composites adopting clevis grip method are presented in terms of
load-strain curves and stress-strain curves. Moreover, the outcomes in terms of
peak stresses and corresponding strains evaluated at the end of each stage of
the tensile stress-strain curves are listed in tabular form, for a more convenient
comparison between the four series of FRCM systems.

The results in terms of load-strain curves for BFRCM and GFRCM com-
posites with cement-based and lime-based mortar are presented in Figures 3.12.
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Figure 3.12: Load-strain curves of BFRCM and GFRCM composite coupons, tested
with clevis grip method.

It should be observed that the mechanical response of BFRCM and GFRCM
samples with cement-based mortar (Figure 3.12(a) and 3.12(c)) shows a tensile
behaviour different from the idealized tri-linear curve.

All specimens presented an initial linear response up to the first cracking
load (F,), followed by a limited second branch up to the coupon failure, due

e
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to the brittle fibre rupture.

It is worth observing that in some case, sliding in the gripping area provides
a certain scatter in the slope of the first branch, see Figures 3.12(a) and 3.12(c).
The first linear stage is clearly recognizable from a sudden load drop, caused
by the opening of a first crack in the mortar. Moreover, in some case the Stage
I is followed by the failure or a limited post-peak phase, which suggests a good
adhesion between the two materials in contact and a lower fibre exploitation
ratio. When the crack opens up a significant load drop is observed, as shown
in Figure 3.13 for specimens BC_TH 1 and BC_TH 3. Indeed, the number
of load drops strictly depends on the number of cracks (Figure 3.13(b)).

3500

| ﬁlhre ruﬁture
3000 | Eecond crack \

first crack \ 2 L\
2500 \ 3

2000

z
= ]
8

31500

1000

500 —
| —— BC_TH_I

—— BC_TH 3

0 T T T T T T T T T

0 0.1 02 03 04 05 06 07

Strain [%]

(a) Load-strain response

(b) Specimens after testing

Figure 3.13: Mechanical response of BFRCM with cement-based mortar.

Generally, specimens of series BC_TH fail after the formation of a sin-
gle crak. The formation of two cracks is observed only in three coupons
(BC_TH 1, BC_TH 3 and BC_TH_8). The main failure mode consists
in fibre rupture close the gripping area, as shown in Figure 3.14, where the
first crack in the mortar layer opens up due to the shear stress concentration.
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Only in two coupons, i.,e. BC TH 6 and BC_TH 7, the failure occurs in
the middle of the specimen length. It is probably due to an initial curvature
presenting in the composite strip assumed during the curing period in water.

Figure 3.14: Specimens of group BC_TH after testing.

Differently, for specimens of group GC_TH, the telescopic rupture of the
glass fibre yarns (Figure 3.15) after the formation of a single crack close the
griping area is observed, as shown in Figure 3.16.

Figure 3.15: Telescopic rupture of glass fibre yarns.
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Figure 3.16: Specimens of group GC_TH after testing.

An almost bi-linear trend is observed for the FRCM coupons with lime-
based mortar, i.e. group BL_TH and GL_TH, as shown in Figures 3.12(b)
and 3.12(d).

The second stage has almost the same slope of the third stage due to the
slippage of the fibre caused by the clevis grip system.

The un-cracked stage is mainly governed by the tensile strength of the lime-
based mortar, here the slope of the linear branch is subjected to variations due
to some sliding of the coupons in the gripping area.

The Stage IT of curves related to samples of group BL_TH (Figure 3.12(b)),
is characterized by the development of several cracks with the slippage of the
basalt textile within the embedding matrix. At the end of the Stage II, the
delamination at the fibre-mortar interface occurs (Figure 3.17) and the Stage
I assumes the slope of the basalt fibre reinforcement up to reach the failure.
Specimens after testing are shown in Figure 3.18.



“output” — 2023/1/20 — 10:30 — page 91 — #91

3.2 Tensile test results of BFRCM and GFRCM composites 91

Figure 3.17: Delamination at the fibre-mortar interface for coupons of group
BL_ TH.

Figure 3.18: Specimens of group BL _TH after testing.

The Stage IT of curves related to samples of group GL_TH (Figure 3.12(d)),
is characterized by small load drops corresponding to the development and
opening of multiple cracks. The Stage I1I assumes a linear behaviour where the
main contribute is given by the glass textile. A good adhesion is established
between the glass grid and the lime-based mortar probably due to the presence
of the adhesion promoter. Coupons after testing denote several cracks and the
brittle fibre rupture (Figure 3.19).
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Figure 3.19: Specimens of group GL _TH after testing.

The experimental results are reported in terms of stress-strain curves and
compared with the average linear behaviour of the bare fibre grid (red line
in Figures 3.20) in order to evaluate the FRCM behaviour as a function of
fibre-mortar combination, when clevis grip method is adopted for tensile tests.

The stress values are calculated by dividing the recorded load by the cross-
sectional area of the bare textile Ay, as suggest by the American Code AC434
[12].

The experimental data in terms of stress values (o7, o7; and oy7r) and
corresponding strains (e7, €77 and eyy7), evaluated at the end of each stage of
the tensile stress-strain curves (i.e. un-cracked, crack development and cracked
stage), are summarized in Tables 3.11, 3.13, 3.12 and 3.14.

The comparison between the average stress values in the mortar at the end
of Stage I and the flexural strength of the mortar, highlights that: the average
values of 3.87 MPa and 4.28 MPa of specimens of series BC_TH and GC_TH
respectively, are lower of 40% and 33% with respect to the flexural strength
of the cement-based mortar (average value f,, ;/=6.40 MPa); average values
of 2.00 MPa, and 2.73 MPa are found for specimens of series BL TH and
GL_TH respectively, with a reductions of 62% and 49% with respect to the
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flexural strength of the lime-based mortar (average value f,, r=5.30 MPa).
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Figure 3.20: Stress-strain curves of BFRCM and GFRCM composites: tensile tests
with clevis grip method.

As discussed above, both for BFRCM and GFRCM with cement-based mor-
tar (BC_TH and GC_TH group), the high-strength matrix and good matrix-
fibre bond capacity provide the absence of the Stage II and a very limited Stage
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I1I, in some cases even absent (see Figures 3.20(a) and 3.20(c)).

Consequently, these two groups of specimens achieve a very low average
ultimate strain 777 equal to 0.35 % and 0.29 %, with reductions of 78 % and
74 % respect to the maximum elongation of the basalt (¢,=1.61 %) and glass
(e4=1.09 %) textile, respectively. All the results are in Tables 3.11 and 3.12.

Table 3.11: Results of BFRCM coupons with cement-based mortar (BC_TH group)
in Stage I, I and III

Sample o1 €I oI1 €Ir orIr €111 orrr/ fru
ID [MPa] (%] [MPa| %]  [MPa] [%] ]

BC TH 1 925.3 0.21 - - 1170.0 0.40 1.02
BC _TH 2 1015.9 0.18 - - 1266.1 0.36 1.11
BC TH 3 889.4 0.19 - - 1059.1 0.45 0.93
BC TH 4 1151.3 0.22 - - 1151.3 0.22 1.01
BC_TH 5 9123  0.11° ; - 9518 0.20° 0.83"
BC_TH 6 1116.6°  0.23" . . 1116.6°  0.23* 0.98*
BC TH 7 1085.1* 0.29* - - 1085.1* 0.29* 0.95*
BC_TH 8 847.5* 0.30" - - 1004.6* 0.48* 0.88*
BC TH 9 809.35" 0.26™ - - 825.4* 0.29* 0.72*

Average 995.4 0.20 - - 1161.6 0.36 1.01

cov (10.2 %) (7.6 %) (6.3 %) (24.4 %) -
*values excluded from the calculation of the average and COV

Table 3.12: Results of GFRCM coupons with cement-based mortar (GC__TH group)
in Stage I, II and III

Sample or €1 oI1 EIT o111 EIIT orrr/ fru
ID [MPa] (%] [MPa] [%] [MPa] [%] [-]
GC_TH 1 867.3 0.10 - - 1364.3 0.35 2.05
GC_TH 2 1074.7 0.20 - - 1278.5 0.36 1.92
GC_TH 3 1119.9 0.15 - - 1204.4 0.26 1.81
GC_TH 4 745.0* 0.29* - - 796.1* 0.41* 1.20*
GC_TH 5 1232.4 0.10 - - 1305.2 0.23 1.96
GC _TH 6 1505.3* 0.16* - - 1505.3* 0.16* 2.26*
GC_TH 7 7975 0.13* - - 8768 0.44* 1.32°
GC_TH_ 8 1563.3* 0.17* - - 1568.3* 0.17* 2.36"
GC_TH 9 1206.7 0.22 - - 1206.7 0.22 1.81
Average 1100.2 0.16 - - 1271.8 0.29 1.91
COV  (11.8%) (30.9%) - - (4.8%) (205 %) -

*values excluded from the calculation of the average and COV

In any way, the fibre strength is exploited in both the cases. In regard
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to maximum stress values orj; for specimens of group BC TH, the average
value (1161.66 MPa) is quite close to basalt fibre strength (fs,—=1142.2 MPa).
For specimens of group GC_TH, there is a marked increment (+91 %) of
the average maximum stress oy7;=1271.8 MPa, respect to glass fibre strength
(ffu=665.4 MPa).

Observing the curves for the FRCM coupons with lime-based mortar (Fig-
ures 3.20(b) and 3.20(d)), a different mechanical response is remarked respect
to the FRCM coupons with cement-based mortar. The main results are listed
in Tables 3.13 and 3.14.

In regard to Stage I for series BL_TH and GL_TH, the average strain
values (e7=0.19 % and £;=0.20 %, respectively) are quite similar. However,
the peak stress of series GL_TH (0;=706.2 MPa) is about the 25 % greater
than the first peak of series BL_TH (¢;=530.7 MPa).

For Stage II, the average stress values (077=892.7 MPa and 0;;=878.3 MPa,
respectively) are still close, but there is a marked reduction of the average
maximum strain 77 from 1.13 % to 0.43 % for series BL_TH and GL TH,
respectively.

Finally, the curves (Figures 3.20(b) and 3.20(d)) show that the fibre strength
is exploited. The ratio between the tensile strength in composite coupons and
the average experimental strength of dry basalt and glass fibres o777/ fr, are
1.11 and 1.70, respectively.

Table 3.13: Results of BFRCM coupons with lime-based mortar (BL_TH group) in
Stage I, IT and III

Sample o1 €I oI1 EIT o111 EIIT orrr/ ffu
ID [MPa) [%] [MPa) [%] [MPa) [%] [-]

BL _TH 1 514.6 0.23 822.7 0.97 1372.5 1.79 1.20
BL TH 2 509.2* 0.26* 955.6™ 1.45* 1184.9* 1.86* 1.04*
BL TH 3 484.0 0.15 814.8 1.06 1274.4 1.71 1.12
BL _TH 4 577.8 0.20 915.9 1.12 1413.7 1.80 1.24
BL TH 5 596.5 0.21 938.2 1.21 1296.4 1.70 1.14
BL TH 6 608.4 0.22 1034.8 1.27 1220.9 1.53 1.07
BL _TH 7 602.0 0.13 819.1 1.06 1086.9 1.44 0.95
BL _TH 8 307.5 0.10 938.2 1.12 1268.2 1.63 1.11
BL TH 9 554.6 0.26 857.2 1.20 1217.7 1.84 1.07

Average 530.7 0.19 892.7 1.13 1268.8 1.68 1.11

cov (17.7%) (27.2%) (8.2%) (8.0%) (7.4%) (7.8%) -
*values excluded from the calculation of the average and COV
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Table 3.14: Results of GFRCM coupons with lime-based mortar (GL_TH group) in
Stage I, IT and IIT
Sample or Er orr Err orIr ErIr o111/ fru
ID [MPa] [%] [MPa] [%] [MPa] [%] [-]
GL TH 1 742.4 0.20 852.7 0.38 1178.4 0.88 1.77
GL TH 2 709.7 0.19 793.4 0.33 962.7 0.59 1.45
GL_TH 3 766.0 0.20 935.8 0.47 1208.4 0.91 1.82
GL TH 4 659.1" 0.14* 808.1" 0.34" 1346.3* 1.10* 2.02
GL _TH 5 493.9 0.16 915.4 0.48 1171.7 0.90 1.76
GL_TH 6 786.8 0.26 847.4 0.47 1059.3 0.85 1.59
GL TH 7 724.7" 0.24 807.2" 0.39* 1088.6* 0.81" 1.64"
GL _TH 8 647.5 0.20 - - 1226.5 0.98 1.84
GL_TH 9 797.3 0.17 925.3 0.44 1095.1 0.72 1.65
Average 706.2 0.20 878.3 0.43 1128.9 0.83 1.70
CcoVv (14.0%) (15.5%) (5.8%) (12.6%) (7.8%) (14.7%) -
*values excluded from the calculation of the average and COV
Further information about crack pattern evolution and the strain distri-
bution for coupons tested adopting clevis grip method are presented in the
following section.
S
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3.2.3 Results from analysis with virtual extensometers (DIC)

DIC technique is used as measurement system for specimens tested with
clevis grip method (Figure 3.21). It provides additional information on local
stress distribution and damage pattern (crack location).

SPECIMEN
FRONT SIDE

Figure 3.21: Set-up for tensile test on specimens tested with clevis grip method.

The virtual extensometers are placed in the front side of each specimen, in
accordance with the observed crack pattern.

In general, for specimens of group BC TH and GC _TH, characterized by
the formation of one or maximum two cracks, the strain values are evaluated
respect to the total investigable length equal to 250 mm. Two virtual exten-
someters are positioned at the extremities of the specimen surface and one at
the central axis of the sample, as shown in Figure 3.22(a). The comparison
between the outcomes of these measurements (Figure 3.22) is useful to check
the uniformity of the load distribution along the face of the tested specimens
and to confirm the absence of load eccentricities.
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Figure 3.22: Variability of strain values from DIC analysis obtained changing the
position of the virtual extensometer for specimens with few cracks.

The correlation of the curves for the three virtual extensometers, highlights
a scatter between the strains at peak stress ranges from 4.3% and 21% for
BC_TH 1 (Figure 3.22(b)) and from 10.2% and 24.2% for GC_TH 5 (Fig-
ure 3.22(c)). The difference in the results of the three extensometers, for the
selected specimens, evidences a not really uniform load distribution over the
cross-section of specimen, especially after the formation of the first crack. This
is probably due to the slipping in the gripping area during the loading phase
and the consequent rotation in plain of the specimens after the formation of
the first crack, causing the eccentric load transfer.

For samples characterized by the development of many cracks in the middle
part, i.e. specimens of group BL TH and GL_ TH, a fourth virtual exten-
someter 80 mm long is selected, in accordance with the expected failure in the
middle part of the coupons, see Figure 3.23(a).
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Figure 3.23: Variability of strain values from DIC analysis obtained changing the
position of the virtual extensometer for specimens with numerous cracks.

The curves in Figure 3.23(b) indicate that the results of the correlation for
the three virtual extensometers positioned along the total length of the sample
BL_TH 3 are not scattered.

However, a significant difference in the trend can be observed when compar-
ing them with the fourth extensometer positioned in the middle part in a length
of 80 mm. This is because the reference points of the three virtual extensome-
ters with length of 250 mm are located near a section where a crack appears
(Figure 3.24(a)), providing an apparent lower stiffness of the post-first-crack
stages, i.e. Stage II and Stage III.

It is a good practice monitoring the samples, positioning the virtual exten-

someters far from the sections where cracks are expected to develop (Figure
3.24(b)).
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Figure 3.24: Strain contours with the virtual extensometers exported from Ncorr.

Considering the readings of the four extensometers positioned in specimen
GL_TH 3 (Figure 3.23(c)), the scatter between the strains at peak stress
is between the 1% and 4%. This result confirms the absence of important
unexpected bending effects in the plane of the specimens.

3.2.4 Load-strain curves from DIC analysis

As it is shown in the previous section, a certain scatter is observed in the
readings of virtual extensometers positioned on the surface of the samples of
group BC_TH and GC_TH. It is probably due to the presence of defects in
the performance of the test set-up.

Differently, in the case of specimens of group B TH and GL_TH the
measurements from virtual extensometers positioned on the surface highlighting
the absence of significant defects in the specimens or in the test set-up.

For this reason, in the following the load-strain curves for specimens of
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group BL TH and GL_TH are analyzed with reference to the measurement
recorded by the virtual extensometer selected in the middle part of the front
side of each specimen.

The characteristic tensile behaviour of the FRCM systems is shown for one
sample BL TH 3 in Figure 3.25 with the indication of the three typical stages
and the points of the curve corresponding to the opening of new cracks in the
mortar during the second stage.

Moreover, the evolution of the strain pattern obtained through the use of
the DIC technique is shown in Figure 3.26.

For each specific point of the load-strain curve (indicate with a letter "a",
"b" e, "d", "e" and "f"), shown in Figure 3.25, is reported the corresponding
image exported from Ncorr (Figure 3.26).

The first un-cracked stage (Stage I) is characterized by a linear branch up
to the first point "a" (Pr, € ) of the curve (Figure 3.25), corresponding to the
opening of the first crack in the mortar (Figure 3.26(a)). During this stage,
the mortar provides the most contribution to both load bearing capacity and
stiffness.

In this stage, the tensile elastic modulus E; can be estimated referring to
the fiber cross-section.

The occurrence of the first crack in the mortar identify the beginning of the
second stage (Stage II), characterized by the formation of several cracks in the
mortar, close to the gripping area (Figure 3.26(b)) and along the total length
of the specimen (Figure 3.26(d)) up to achieve the crack saturation (Figure
3.26(e)), corresponding to point "e" of the curve (Figure 3.25). Generally, this
stage is characterized by several load drops due to the fracture energy that is
released after the crack opening and a stiffness Ej;. The latter is calculated
through a proper linear interpolation.

In the last stage (Stage III) additional imposed global displacement causes
the widening of existing cracks (Figure 3.26(f)), during this stage new cracks
are not developed generally. The curve assumes a more regular trend and the
stiffness increases.

Moreover, the load bearing capacity Pry; and the tensile stiffness Eyjy
mainly depend on the strength and stiffness of fabric alone.

In some case, the un-cracked mortar between the cracks may still provide a
contribution in the redistribution of the tensile load due to the residual inter-
looking at the fibre-mortar interface.

This stage ends when the fibre rupture occurs (Figure 3.26(f)), correspond-
ing to the point "f" of the curve (Figure 3.25).
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Figure 3.25: Load-strain curve of specimen BL TH 3 with the indication of differ-
ent stages and characteristic points.

Figure 3.26: Strain pattern evolution for specimen BL_TH 3 exported from Ncorr.

The tensile load-strain curves obtained from DIC analysis, considering the
measurements provide by the virtual extensometer 80 mm long and settled in
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the middle part of the specimen surface, for samples of group BL TH and
GL_TH are reported in Figures 3.27(a) and 3.27(b), respectively.

The comparison between the two considered composite systems, i.e. BFRCM
(group BL_TH) and GFRCM (group GL _TH) with lime-based mortar, point
out a significant difference in the trend of the experimental curves (Figure 3.27).

The curves referred to BFRCM (Figure 3.27(a)) shows a trend uneven after
the first crack opening (Pr) characterized by several load drops. While a more
smooth trend is observed for GFRCM (Figure 3.27(b)). The mismatch between
the tensile behaviour of these two FRCM systems derives from the established
fibre-mortar interaction. The lime-based mortar establishes a poor chemical
bond with the coated basalt textile, for this reason the mortar-to-fibre stress
transfer capacity is low and provides the slippage of the fibre textile followed by
the detachment of the mortar layer. Differently, the glass dry textile establishes
a good fibre-to-mortar interlocking due to the use of the adhesion promoter
that ensure the impregnation of the external wires of the yarn. In this case the
telescopic failure is generally observed because the mortar-to-external wires
stress transfer capacity is higher than the wire-to-wire one.

| GL_TH

—— BL_TH_1

e BC TH 3 —GL TH 1
500 | —— BC TH 5 GL TH 3
 miTH | —— GL_TH.6
AAAAAAAAAAAA BL_TH_7 —GL_TH_8
o+——7——F— : o4+—————7—— ‘
0 0.4 0.8 12 1.6 2 24 0 0.4 0.8 1.2 1.6 2 2.4

Strain [%)] Strain [%]

(a) BFRCM with lime-based mortar (b) GFRCM with lime-based mortar

Figure 3.27: Load-strain curves from DIC analysis.

It is worth pointing out that the measurements by DIC analysis provide
values of the strain different from those provided by the testing machine pre-
sented in the previous Section 3.2.2. The latter are obtained from the global
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displacement recorded by the testing machine, while the strain values from
DIC analysis are evaluated by the central virtual extensometer positioned on
the front side of each specimen in accordance with the observed crack pattern.

In general, the DIC measurements provide a more rigid first branch and and
a lower slope of the third branch compared to the curves obtained by the mea-
surement of the testing machine, as shown in the two comparisons reported
in Figures 3.28(a) and 3.28(b). It is probably due to the fact that the test-
ing machine provides a global measurement potentially affected by unexpected
slippage. In particular, comparing the strain values from the two measure-
ment systems (testing machine and DIC technique) and referring to the first
un-cracked linear branch (Stage I) a difference of about the 74% and 72% is
observed for specimens of group B TH and GL_TH, respectively. The vari-
ability between strains obtained by the two methods decreases in the Stage I1
(9% and 16%, respectively) up to a negligible percentage of 4% and 2% observed
in the Stage III for the two groups of specimens, respectively.
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Figure 3.28: Comparison between measurements provided by DIC analysis and test-
ing machine.

The post-treatment of the experimental results allows to define the peak
loads Py, Prr, Prrr referred to the end of the three stages which characterize
the tensile behaviour of the BFRCM and GFRCM system, the corresponding
strain values from DIC analysis (g7, €77, €777) and the stiffness of each stage
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(Er, Err, Errr). More in details, the values of the moduli were calculated
considering the tensile stress values refer to the ratio between the applied load
and the fibre cross-section (Af). These data and the corresponding average
and COV values are presented in Table 3.15 and Table 3.16 for specimens of
group BL TH and GL._TH , respectively.

Table 3.15: Results from DIC analysis: specimens of BFRCM with lime-based mortar
(BL_TH group) in Stage I, IT and III.

Sample ID P [N] er [%] E; |GPal

BL TH 1 1243.6 0.05 5889.8
BL TH 3 1154.2 0.04 2895.8
STAGE I BL TH 5 1374.4 0.06 1243.2
BL _TH 6 1442.02 0.08 1200.2
BL TH 7 1393.1 0.02 12708.6
Average 1321.5 0.05 2827.2
(610" (8.0%) (45.8%) (55.4%)
Sample ID P [N] err %] Err |GPal
BL TH 1 1949.8 1.06 29.8
BL _TH 3 1647.6 0.85 26.0
STAGE II BL TH 5 2209.6 1.27 29.7
BL TH 6 2103.7 1.01 30.5
BL TH 7 1712.36 0.85 16.4
Average 1924.6 1.01 26.5
Ccov (11.3%) (15.3%) (19.9%)
Sample ID P[[] [N] EII1 [%] E[][ [GPa]
BL TH 1 3210.9 1.98 58.7
BL TH 3 2978.9 1.65 71.7
STAGE III BL _TH 5 3028.8 1.75 72.1
BL TH 6 2855.0 1.73 44.7
BL TH 7 2448.0 1.41 55.8
Average 2904.3 1.70 60.6
COoVv (8.8%) (10.7%) (17.1%)

These outcomes compared with that reported in Table 3.16 for GFRCM
with lime-based mortar (GL_TH group), show that although the same mortar
type is used, the average force Pj recorded at the end of the Stage I for the two
types of specimens is subjected to variations of about the +27.3% compared to
GFRCM specimens. This is probably due to the fact that the GFRCM samples
have a curing period longer than about 20 days.

A significant scatter of the stiffness values referred to the first stage (E7)
is observed, as well as for the strain values at the end of the linear branch
(7). The COV values for e; and E; are 45.8% and 55.4% for the BFRCM
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and 56.9% and 63.0% GFRCM specimens. This is probably due to the adopted
gripping method, as discussed in the following section. In general, the BFRCM
specimens reached an higher maximum load Pr;; compared to the GFRCM
specimens. However, the GFRCM specimens achieve an ultimate load higher
than the maximum strength reached by the dry fibre textile. This gain in
strength could be attributed to an underestimate of the tensile strength of the
dry textile or to the effect of the adhesion promoter. In regard to the stiffness
of the third branch Ejjj, the average values referred to the two FRCM systems,
60.6 GPa for BFRCM and 45.2 GPa for GFRCM, are lower than the -15.6% and
-36.2% compared to the stiffness of the elastic modulus of the corresponding
fibre textile. A marked reduction is observed for GFRCM specimens because
the good fibre-mortar bond allows the redistribution of the tensile load at the
fibre-mortar interface between two consecutive cracks.

Table 3.16: Results from DIC analysis: specimens of GFRCM with lime-based mor-
tar (GL_TH group) in Stage I, IT and III.

Sample ID  P; [N] er [%] E; |GPal

GL _TH 1 1921.7 0.08 982.4
GL _TH 3 1859.5 0.03 2374.4
STAGE I GL TH 6 1961.5 0.03 3694.3
GL_TH 8 1523.9 0.11 639.1
Average 1816.6 0.06 1922.6
Ccov (11.8%) (56.9%) (63.0%)
Sample ID  P;; [N] err [%]  Err [GPal
GL TH 1 2152.9 0.50 23.0
GL _TH 3 2252.6 0.43 40.7
STAGE I1 GL _TH 6 2076.3 0.17 32.5
GL TH 8 - - -
Average 2160.6 0.37 32.1
(6{0)Y (3.3%) (38.1%) (22.5%)
Sample ID Prrr [N] EIIT [%] Errr [GPa]
GL TH 1 2627.9 0.96 42.7
GL_TH 3 2900.1 1.03 44.6
STAGE IIT GL TH 6 2472.2 0.52 49.7
GL _TH 8 2940.06 1.18 43.8
Average 2735.1 0.92 45.2
COVv (7.1%) (27.6%) (6.0%)

3.2.5 Influence of different gripping methods

As demonstrated by several experimental studies available in the literature
[10] [13], the gripping method adopted for tensile tests significantly affects the
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mechanical response of the FRCM systems. In this section, the results provided
by the two test set-ups (clamping and clevis grip method) for each FRCM
system are compared in terms of stress-strain curves (Figure 3.29).
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Figure 3.29: Tensile behaviour with the different test set-ups.

The comparison highlights some differences both in the trend of the curves
and in the strength values and corresponding strains at the end of each stage
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of the curve. In general, the specimens tested with the clevis grip method
(black curves of Figure 3.29) show an average higher stiffness value of the first
branch that ranges from the 16.0% for BFRCM with lime-based mortar up to
the 42.5% for GFRCM with cement-based mortar (Table 3.17). As well as,
the obtained stress values at the transition point o for specimens tested with
clamping grip method are lower compared to ones referred to specimens tested
with clevis grip method.

These results probably are due to a difference in sample curing period rather
than the adopted test set-up method. Tensile tests with clamping grip method
are performed after 40 days of curing of the specimens while with clevis grip
method after 250 days.

Table 3.17: Average values of the Stage I of the curve for the two test set-up.

Grip Average o1 Average ¢ Average E;

method Samples [MPa] [%] [GPal
BC TF 784.1 0.25 313.6

BL TF 633.4 0.27 234.6

CLAMPING GC_TF 711.5 0.18 395.3
GL_TF 614.9 0.25 246.0

BC TH 1019.7 0.2 509.9

BL TH 530.7 0.19 279.3

CLEVIS GC_TH 1100.2 0.16 687.6
GL TH 706.2 0.2 353.1

The most significant influence of the grip method is observed in the third
stage of the curves, especially for BFRCM with lime-based mortar (Figures
3.29(b). The average values referred to the Stage III are summarized in Table
3.18.

The values o7y at the end of Stage III for BFRCM and GFRCM with lime-
based mortar are quite close for the two test set-ups. The corresponding strain
values 777 when clevis grip method is adopted are always lower compared to the
ones of specimens tested with clamping grip method. Consequently, the third
stage of the curves referred to specimens tested with the clamping grip method
is characterized by a lower stiffness. Stiffness reductions are mainly due to a
good fibre-mortar interlooking ensuring by the clamping grip method adopted.
While, in the specimens tested with the clevis grip method, the slippage of fibre
within the mortar provide the detachment at the interface and the fibre-mortar
interaction is lost.

Considering the average values summarized in Table 3.18, the tangent mod-
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ulus Errr in Stage 111 for specimen of BFRCM and GFRM with lime-based mor-
tar tested with clevis grip method is quite close to the average value obtained
from basalt and glass grid strips, i.e. 1142.2 MPa and 665.4 MPa respectively.

These considerations are useful for the characterization of the FRCM ma-
terials. The maximum strength is obviously the main parameter that need to
be define, but in a strengthened element not always it is achieved. When the
goal is to deduce the design parameters, the possibility to take into account the
sliding is necessary, for this reason the clevis system represent a suitable test
set-up. However, in the case in which the exploitation of the maximum adhe-
sion properties between fibre and mortar are required the clamping method is
a proper alternative solution.

Table 3.18: Average values referred to the Stage III of the curve for the two test
set-up.

Grip Average orr;  Average €777 Average Errr

method Samples [MPa)] [%] [GPal
BC_TF 1108.0 0.65 -
BL TF 1216.4 2.32 45.3
CLAMPING GC_TF 921.0 0.37 -
GL_TF 1229.8 1.29 59.1
BC TH 1152.6 0.33 -
BL TH 1268.8 1.68 68.4
CLEVIS GC_TH 1271.8 0.29 -
GL_ TH 1128.9 0.83 67.1

3.3 Double shear bond test results

In this section the bond properties of the BFRCM and GFRCM systems to
calcarenite support are evaluated from double shear bond tests. The scope of
this experimental investigation is aimed not only at presenting a comparative
performance assessment of different FRCM systems applied on calarenite sup-
port, but also at providing meaningful indications for an effective and reliable
double shear bond test set-up.

Firstly, the results related to shear bond behaviour of BFRCM and GFRCM
systems applied on calcarenite support, through set-up DSB1 are presented in
terms of stress-displacement curves. Then, the results from DIC analysis are
also discussed in deep. Finally, stress-displacement results from shear bond
tests on BFRCM systems to calcarenite support adopting set-up DSB2 and
traditional measurement devices are presented and commented.
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3.3.1 Results from DSB1 set-up

The outcomes of double shear bond tests adopting DSB1 set-up are pre-
sented in terms of stress-displacement curves for the BFRCM and GFRCM
systems with cement/lime-based mortar, applied on calcarenite support. The
curves reported in Figure 3.30 are referred to data recorded by the testing

machine.
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Figure 3.30: Experimental results from DSB1 set-up: stress-global displacement

curves.
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In detail, the stress values are derived from data measured by the load cell
of the testing machine and the global displacement values are referred to the
displacement measurements of the upper block. The displacement is defined
as "global" because it included both the slip of the textile with respect to the
support and the elongation of the un-bonded fibre strip. The axial stress is
obtained as the load divided by the cross-section area of the fibre textile A;.
The peak stress is the maximum stress value attained in the shear bond test,
referred to the cross-sectional area of load aligned (longitudinal) fibres.

The results in terms of stress-global displacement relationship, highlight an
initial linear branch, followed by a nonlinear phase up to the attainment of the
peak stress value. Then a significant load drop is observed due to the tensile
failure of the textile (Figures 3.30(a), 3.30(c) and 3.30(d)) or the detachment
at the textile-matrix interface (Figure 3.30(b)). Moreover, a residual phase
is observed due to the remaining undamaged yarns (for samples of groups:
BC_DSBI1, GC_DSBI and GL_DSBI1) or the residual tangential stress at the
textile-matrix interface due to friction (for samples of group BL_DSB1).

The experimental outcomes along with the average values and the corre-
sponding COV are reported in Table 3.19 for all specimens.

The FRCM systems reached almost the same strength of the bare textile
strength, with the only exception of GFRCM with lime-based mortar (samples
of group GL_DSB1), where the exploitation ratio of fibre is much lower than
one. The exploitation ratios are defined by dividing the peak stress reached
during double shear bond tests by the average experimental tensile strength of
bare textile, as done for FRCM tensile tests.

It is worth pointing out that the results of double shear bond tests on glass
systems (i.e. specimens of group GC_DSB1 and GL_ DSB1) are quite different
from the tensile tests on the composites. Both specimens of group GC_DSB1
and GL_ DSBI failed by rupture of the fibre grid, however in the tensile tests on
composites the exploitation ratio is larger than one, while in the bond tests the
exploitation ratio is quite low (about 1 or lower). This is probably due to the
un-bonded glass grid is dry, while in tensile tests fibre yarns are impregnated
with the adhesion promoter.

Table 3.19 also lists the maximum (peak) stress, the corresponding dis-
placement and the failure mode observed for each test, following the notation
according to Recommendation of RILEM Technical Committee 250-CSM [7]
(Figure 1.8): A = cohesive debonding in the substrate; C = debonding at the
fibre-to-mortar interface; D = textile slippage within the mortar matrix; E1
= tensile rupture of the textile out of the matrix; E2 = tensile failure of the
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textile within the matrix. It should be noted that the test uncertainty is much
higher in the case of shear bond tests on specimens of group GL_DSB1 where
the COV is quite greater: up to about 43.1% for peak stress and 27.8% for
corresponding slip. This is mainly related to the accidental load eccentricities
due to intrinsic defects on specimens.

Table 3.19: Detailed results of double shear bond tests adopting DSB1 set-up.

Sample Peak stress Peak displacement Exploitation Failure
ID [MPal [mm] ratio of fibre mode
BC _DSBI1 1 1274.3 3.17 1.12 E2
BC DSBI 2 1364.3 3.48 1.19 El
BC_DSB1 3 1324.5 3.23 1.16 El
Average 1321.0 3.29 1.16
cov (2.8%) (4.1%) (2.8%)
BL DSB1 1 1015.0 5.94 0.89 D/C
BL DSB1 2 939.6 3.11 0.82 C/A
BL DSB1 3 1207.7 7.06 1.06 C/A
Average 1054.1 5.37 0.92
(6{0)Y (10.7%) (31.0%) (10.7%)
GC _DSB1 0 712.9 3.67 1.07 E1l
GC_DSB1_2 279.6* 2.43* 0.42* E1
GC_DSB1 3 558.8 2.69 0.84 El
Average 635.9 3.18 0.96
Ccov (12.1%) (15.3%) (12.1%)
GL DSB1 1 394.6 1.17 0.59 El
GL_DSB1 2 447.8 1.79 0.67 El
GL DSB1 3 129.0 0.94 0.19 El
Average 323.8 1.30 0.49
(6{0)Y (43.1%) (27.8%) (43.1%)

* values excluded from the calculation of the average.

The detachment of the external mortar layer is observed for specimens of
BFRCM with lime-based mortar (i.e. group group BL _DSB1). In detail, only
in one case (sample BL_DSB1 1), the debonding at the fibre-to-matrix inter-
face (failure mode C) occurs in addiction to the fiber sliding within the matrix
(failure mode D) (Figure 3.31). In this case the test is stopped when the total
detachment of the upper mortar layer (Figure 3.31(b)) is achieved. For sam-
ples BL_DSB1 2 and BL_DSBI1 3, the debonding at the fibre-matrix (failure
mode C) spreads along a length between 70 and 100 mm (Figure 3.32(a)), then
the cohesive debonding in the substrate occurs (failure mode A), as shown in



“output” — 2023/1/20 — 10:30 — page 113 — #113

3.3 Double shear bond test results

113

Figure 3.32(b).

(a) debonding at fibre-matrix interface (b) detachment of the mortar layer

Figure 3.31: Observed failure mode C for specimen BL DSB1 1.

Debonding at
fibre-matrix interface[g

e e A
v
———

Cohesive debonding at
matrix-substrate interface

PR ) s

(a) debonding at the fibre-matrix and (b) cohesive debonding
matrix-substrate interface in the substrate

Figure 3.32: Failure mode C and A for specimens BL_DSB1 2 and BL_DSB1_3.
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As expected, the trends of the relative displacements (termed as local slip
hereinafter) between the textile and the masonry substrate are quite uniform
and allow to exclude significant load eccentricity phenomena during the elastic
phase.

Local slips values are measured by the absolute linear displacement trans-
ducers that are placed on the two faces of the samples (i.e. front and rear), as
shown in Figure 3.33.

Aluminum
L-shape plate

et

—

Digital absolute i
displacement indicators |

FRCM
composite
Rear side

FRCM
composite
Front side

AR

Figure 3.33: Arrangement of the digital absolute displacement indicators on speci-
mens.

The average of measurements from the two absolute displacement transduc-
ers located on each faces of the samples are plotted in Figures 3.34.

They are useful in order to identify the the debonding load (Pjgep). Initially,
the absolute displacement transducers do not record local fibre sliding with
respect to the support. When the debonding load (Pgp) is reached the curves
change shape following a quite similar trend, as shown in Figures 3.34.

The aforementioned failure mode A occurs on the two sides of the sample in
an almost symmetrical shape. From the outcomes of the absolute displacement
transducers, Figure 3.34, it is clear that when the debonding load (Pjp) is
achieved the perfect bond is lost and the slip profiles assume two different
shape.
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Figure 3.34: Comparison between global displacement and local slip for specimens
of group BL_DSBI1: (a) BL_DSB1 1; (b) BL_DSB1 1; (c) BL _DSB1 1.

In some cases, during the manufacture of the wrapping system, the un-
bonded fibre strips were not properly stretched. For this reason, during the
loading phase, the load was not uniformly transferred to the two bare fibre
strips. This phenomenon was detected by considering the average values of local
slip measured by the absolute linear displacement transducers that are placed
on the two faces of the samples (i.e. front and rear, Figure 3.33), as in the case
of specimens of group GL._DSB1. These results are shown in Figure 3.35 in
terms of load-local slip and load-global displacement curves. It is important
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to point out that even if the load on each side has not been measured, it was
estimated as half of the total load. In this case, the premature rupture in the
samples occurs due to the load not being equally distributed between the two
faces. Considering the results for specimens of group GL _DSB1, the average
exploitation ratio of tensile strength of fibre textile is equal to 0.49%.
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Figure 3.35: Comparison between global displacement and local slip for specimens
of group GL_ DSBI1.

As shown in Figure 3.36, the samples of group GL DSBI fail due to the
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premature fibre textile rupture, without debonding at the interface levels, slid-
ing or cracks formation in the mortar layer. It is a consequence of the stress
concentration on a single un-bonded fibre strip due to the eccentricity load dis-
tribution, hence the validity of the observed failure mode is compromised and
it is not possible to draw final conclusions.

Figure 3.36: Failure mode for specimens of group GL DSBI1: tensile rupture of
textile.

It is worth pointing out that the specimen preparation plays an important
role on the repeatability of the testing results.

For specimens with cement-based mortar, i.e. group BC_DSB1 and GC_DSBI,
the main failure mode is the tensile failure of the textile. Generally, the fibre
rupture occurs out of the matrix: in the free un-bonded length for samples of
group GC_DSBI, as shown in Figure 3.37(b); near the bonded region at the
loaded end, for specimens of set BC_DSBI, as shown in Figure 3.37(a), with the
exception of specimen BC _DSB1 1 where, first the debonding at fibre-matrix
interface occurs (Figure 3.38(a)), then the telescopic failure of fibre bundles is
observed within the matrix (Figure 3.38).



“output” — 2023/1/20 — 10:30 — page 118 — #118

118 Experimental results

Fibre
rupture

(a) Group BC_DSB1 (b) Group GC_DSB1

Figure 3.37: Tensile rupture of textile outside matrix: failure mode E1.

Debonding at
fibre-matrix interface

(a) delamination at fibre-matrix in- (b) telescopic rupture of fibre bundles
terface

Figure 3.38: Tensile rupture of textile within matrix (failure mode E1): for specimen
BC_DSB1 1.
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In general, when the bond performance at the fibre-matrix and FRCM-
substrate interface is good the scatter is reduced and the failure mode tends to
be fibre rupture.

However, it should be pointed out that the tensile rupture of textile outside
the matrix observed for specimens BC_DSB1 2 and BC DSB1 3 (Figure
3.37(a)) is very different from the tensile rupture of textile inside the matrix
observed for specimens BC_DSB1 1 (Figure 3.38) and could invalidate the
experimental results.

Nevertheless, these two different failure modes observed on three nominally
identical specimens can be associated with the inherent variability of FRCM
systems and in particular to the hydration of the inorganic matrix which plays
an important role in defining the fibre-matrix bond properties.

3.3.2 Results from DIC analysis

The outcomes from the DIC measurements provide the full-field displace-
ment of the upper mortar layer. The distribution of strains along the bonded
length, determined from the DIC measurements, for different load stages is
presented in the following.

In general, for specimens with cement based mortar a very limited distri-
bution of strains along the bonded length is observed.

The strain pattern evolution along the bonded length for selected points of
the load-displacement curve in Figure 3.39 can be observed in Figure 3.40 for
specimen BC_DSB1 2.

Differently, in the case of specimens of BFRCM with lime based mortar,
where the debonding at the fibre-mortar interface occur, the evolution of strains
along the bonded length with the load increment is clearly observed. The strain
color pattern is shown in Figure 3.42 for different load stages, selected in the
load-displacement curve (Figure 3.41).
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Figure 3.39: Load-displacement curve of specimen BC_DSB1 2 with the charac-
teristic stages.

0.03

0.025

e 0.015

0.005

-0.005

Figure 3.40: Strain pattern evolution for specimen BC_ DSB1 2 exported from
Ncorr.



“output” — 2023/1/20 — 10:30 — page 121 — #121 EF

—®
3.3 Double shear bond test results 121
2400
1 Peak load BL DSBI1 2
2000 — ¢ d
i [§]
1600 — b
E ) Pdeh
< 1200 1\,
S
3
800 —
400 /
0 T ‘ T ‘ T ‘ T ‘ T ‘ T | T ‘ T
o 1 2 3 4 5 6 T 8
Displacement [mm]
Figure 3.41: Load-displacement curve of specimen BL. _DSB1 2 with the charac-
teristic stages.
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Figure 3.42: Strain pattern evolution for specimen BL DSB1 2 exported from
Ncorr.
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It can be observed that for specimen BL_DSB1 2, the strain values develop
from the loaded end toward the entire bond length. While, the debonding
occurs from point "b". This is clearly observable in the strain profile along the
bond length of the specimen, reported for different load stages in Figure 3.43.

When the debonding occur the curve changes the slope, identifying the
length of mortar detachment. The observed fluctuations in the strain profiles
can be partly attributed to some irregularity on the surface or bond imperfec-
tions.

In the specimen BL__DSB1 2 the cohesive debonding in the substrate oc-
curs, this phenomenon is clearly identified. The strain profile became almost
constant up to the section where the detachment at the mortar-substrate in-
terface occur.

0.06
| Load stage BL_DSBI 2
0.05 4 a
4 b
0.04 — c
!
0.03 1 .
o _
® o 0.02
0.01 —\
0 ‘\‘\‘|‘.\—‘\_\—r7— \‘;\;:T’V—\T;‘|“‘L
_001__ 20 40 60 80 120 140 160 180 200 220 240 260
Position [mm]
Figure 3.43: Longitudinal strain profiles at different load stages for specimen
BL DSB1 2.

An important parameter that can be obtained from the strain profiles is
the effective bond length, defined as the length in which the stresses are fully
transferred from the FRCM system to the substrate (i.e. the minimum length
to achieve the maximum load carrying capacity). For obtaining the effective
bond length, the strain profile (Figure 3.44) at failure is considered: such as
for specimen GL_DSB1 2 the failure corresponds to point "c¢" of the load-
displacement curve shown in Figure 3.45).

Initially, the strain values in the mortar are almost zero along the whole
bond length as shown in Figure 3.44. Then, from point "b" of the load-
displacement curve (Figure 3.45), the strains in the upper mortar layer start
to spread from the loaded end (positioned at 0 mm) toward the free end (posi-
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tioned at 260 mm), in the so called "stress transfer zone". Finally, at point "c"
of the curve, no additional stress is transferred to the mortar and consequently
to the substrate. The strain profile corresponding to point "c¢" (Figure 3.44) of
the load-displacement curve (Figure 3.45) allows to identify the stress transfer
zone. In this case, a length of about 230 mm may be considered the effective
bond length.

0.015
Load stage
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—b

0.01 4 — ¢
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2

1 71 I I Tt T
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Position [mm]

-0.005

Figure 3.44: Longitudinal strain profiles at different load stages for specimen
GL_DSB1_2.
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Figure 3.45: Load-displacement curve of specimen GL _DSB1 2 with the charac-
teristic stages.
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Figure 3.46: Strain pattern evolution for specimen GL_DSB1 2 exported from
Ncorr.

3.3.3 Results from DSB2 set-up

Double shear bond tests with DSB2 set-up were carried out with the purpose
to evaluate the bond properties on a greater length and width of the bonded
area of BFRCM systems applied on calcarenite support.

Results are plotted in terms of stress-global displacement curves, as shown
in Figures 3.47.

Moreover, curves in terms of stress- local slip are reported in Figures 3.48.

The local slip values are calculated considering the average measurements
of the two digital absolute displacement indicators settled in the front and rear
side of samples, in order to record the relative slip between fibre and substrate,
and also to give information about eccentricity phenomena.

The experimental outcomes along with the average values and the corre-
sponding COV are reported in Table 3.20 for all specimens.
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Figure 3.47: Experimental results from DSB2 set-up: stress-global displacement
curves.
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Figure 3.48: Experimental outcomes from digital absolute displacement indicators,
stress-local slip curves.
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Table 3.20: Detailed results of double shear bond tests adopting DSB2 set-up.

Sample Peak stress Peak slip Exploitation Failure

ID [MPal [mm] ratio of fibre mode
BC _DSB2 1 719.2 2.25 0.63 E1l
BC DSB2 2 1126.7 2.69 0.99 E1
BC _DSB2 3 550.7 1.41 0.48 E1l
Average 798.9 2.12 0.70
Ccov (30.3%) (25.1%) (30.3%)
BL DSB2 1 1048.8 7.40 0.92 C
BL DSB2 2 661.3 5.11 0.58 C
BL _DSB2 3 775.9 4.34 0.68 C
Average 828.7 5.62 0.73
Ccov (19.6%) (23.1%) (19.6%)

*values excluded from the calculation of the average.

A different global behaviour is observed from the comparison of the experi-
mental curves related to the two groups of samples (BC_DSB2 and BL._DSB2).

Cement-based mortar has established a good adhesion with basalt fibre
textile, for this reason experimental curves of BC_DSB2 group show a linear
elastic behaviour up to the maximum fibre strength, followed by a limited post-
peak phase.

The observed failure mode is governed by the fibre rupture in the un-bonded
length (failure mode E1), as shown in Figure 3.49.

Figure 3.49: Observed failure mode E1 for specimens of group BC_DSB2.
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Despite the great scatter observed for samples of BC _DSB2 group (average
COV of 30.3% and 25.1% for peak stress and corresponding slip, respectively),
data recorded by the digital absolute displacement indicators (Figure 3.48(a))
confirm that no eccentricity phenomena occur in the samples, so the variability
of results is probably due to some defects in the fibre strips.

Samples of BL_DSB2 group (Figure 3.47(b)) highlight a different global
behaviour characterized by a first linear branch up to reach the load of debond-
ing Pgep. Then, the delamination of the upper mortar layer spreads from the
loaded end to the entire bond length causing the total slip of the fibre textile,
as shown in Figure 3.50.

Also, in this case negligible eccentricity phenomena are observed, with the
exception of sample B. DSB2 1, where the trend of local slips measured in
the rear side (dash line) assumes a lower initial stiffness (Figure 3.48(b)).

Figure 3.50: Observed failure mode C for specimens of group BL _DSB2.
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3.3.4 Comparison between the two test set-ups

The effect of the bond length and width is investigated for specimens of
BFRCM with cement (BC) and lime-based (BL) mortar.

In details, for the first proposed set-up DSB1 the bond length is assumed
equal to 260 mm and the bond width equal to 50 mm. The assumption of
these dimensions of the bonded FRCM strip implies a small size of the sample,
promoting a simple and manageable configuration of the test set-up.

A greater bond length (320 mm) and width (100 mm) of the FRCM strip
implies a larger sample size and consequently a less easy set-up (DSB2).

The comparisons of stress-displacement curves for BFRCM strips bonded
on calcarenite masonry substrate, according to the two test set-ups (DSB1 and
DSB2), are plotted in Figure 3.51. The slopes of the curves are quite close.
However, some inconsistency between the two test set-up is observed.
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Figure 3.51: Comparison of stress-displacement curves from the two test set-up
methods (DSB1 and DSB2).

The experimental outcomes from the two test set-ups are compared in terms
of ultimate capacity and failure modes in order to assess the repeatability of
the results and the influence of the selected variables. In Table 3.21 the main
values are listed: the peak stress and the corresponding displacement value, the
exploitation ratios related to the average experimental tensile strength of basalt
bare textile (vs. fibre) and the maximum strength of the FRCM system. This
last is evaluated considered the average of oy from tensile test on BFRCM
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with cement and lime-based mortar adopting both clamping and the clevis grip
method. This is mainly related to the limited variation of the two data, about
the 2%.

From the data presented in Table 3.21, it is clear that the uncertainty is
much higher in the case of bond tests performed on BFRCM with cement-based
mortar (BC) adopting set-up DSB2. In this case the COV is quite higher up to
about 30%. Only specimen BC_DSB2 2 show a trend quite close the curves
referred to specimen tested with DSB1 set-up (red curves of Figure 3.51(a)) for
which a low scatter is observed.

The cement-based mortar achieves chemical compatibility and good adhe-
sive features in respect to the calcarenite substrate, for this reason the observed
failure mode for BFRCM with cement-based mortar is the fibre rupture (fail-
ure mode E1) both for set-up DSB1 and DSB2. The exploitation ratio with
respect to the tensile strength of bare textile is expected should tend to the
unity. However, for specimen tested with set-up DSB2 this exploitation ratios
are lower than one, and the coefficient of variation is high. It is mainly due to
the effect of bond test set-up yielding to underestimation of the bond strength.
The eccentricity driven by the different composite size is probably the main
cause of scatter of peak load. Since, the difficulty to guarantee a uniform load
distribution among a larger number of longitudinal yarns is combined to the
possible presence of more defects on a wider un-bonded fibre strip.

Further differences are observed when fibre slippage and debonding at the
fibre-mortar interface occur (Figure 3.51(b)). The specimens of BFRCM with
lime-based mortar show about the same initial stiffness in the first linear branch,
followed by a non linear phase characterized by a significant scatter. In this
case, the exploitation ratios with respect to the tensile strength of the bare
textile and FRCM composite is lower than one. This is related to the higher
degree of complexity of the fibre-mortar interaction.

In two cases, BL_DSB1 2 and BL DSB1 3, the debonding at the mortar-
to- support interface following by the cohesive rupture of the substrate is ob-
served. From the observed failure mode A, it can be inferred that a bond length
of 260 mm is insufficient for the exploitation of the fibre tensile strength.
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Table 3.21: Results of shear bond tests referred to the two test set-ups: DSB1 and

DSB2.

Peak Peak Exploitation  Exploitation
Test FRCM stress slip ratio ratio Failure
set-up  system [MPal [mm] vs. fibre vs. tesile test mode
DSB1 BC 1274.3 3.17 1.12 1.13 E2
1364.3 3.48 1.19 1.21 E1l
1324.5 3.23 1.16 1.17 El
Average 1321.0 3.29 1.16 1.17
CcoVv (2.8%) (4.1%) (2.8%) (2.8%)
DSB2 BC 719.2 2.25 0.63 0.64 E1l
1126.7 2.70 0.99 1.00 E1l
550.7 1.41 0.48 0.49 El
Average 798.9 2.12 0.70 0.71
CcoVv (30.3%) (25.1%) (30.3%) (30.3%)
DSB1 BL 1015.0 5.94 0.89 0.82 D/C
939.6 3.11 0.82 0.76 C/A
1207.7 7.06 1.06 0.97 C/A
Average 1054.1 5.37 0.92 0.85
cov (10.7%) 31.0%) (10.7%) (10.7%)
DSB2 BL 1048.8 7.40 0.92 0.84 C
661.3 5.11 0.58 0.53 C
775.9 4.34 0.68 0.62 C
Average 828.7 5.62 0.73 0.67
Ccov (19.6%) 23.1%) (19.6%) (19.6%)

In general, a lower scatter is observed for specimens tested with set-up
DSB1. It provides to transfer two balanced tensile force to the two FRCM
strips, without including compressive stress on the support resulting from the
reaction of the steel frame used to constrain the prismatic block, as well as for
DSB2 set-up. Moreover, these results are in accordance with the performance
and the failure modes (i.e. tensile failure of fibre for BFRCM with cement-
based mortar and debonding at the fibre-mortar interface for BFRCM with

lime-based mortar) observed from tensile tests on the corresponding FRCM
coupons.
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Numerical investigation

This chapter shows the development of two proposed numerical models
which are developed to simulate respectively the tensile and shear bond behav-
ior of FRCM composites. Both models take advantage of truss and non-linear
spring elements to simulate the material components and the interface. The im-
plementation is made through OpenseesPy [66], that is the Python interpreter
of the Finite Element (FE) framework OpenSees [67].

The results shows that the models are able to reproduce the crack develop-
ment in mortar, the friction and the slippage between fabric and mortar. Ad-
ditionally, they provide the global mechanical response in terms of load-strain
or load-slip relations. The accuracy of proposed models is validated against
results of the experimental campaign presented in previous chapters.

4.1 Proposed numerical model for the tensile behaviour

The proposed model for simulating the behaviour of FRCM in tension em-
ploys truss elements for modelling the material constituents - i.e. fabric and
matrix - while shear spring elements are introduced in order to simulate the
fabric-to-matrix interaction. The model and the hypotheses made are studied
to reproduce the behaviour of a FRCM sample subjected to tensile tests with
a clamping test set-up, and the following assumptions are here made:

e (1) geometrical imperfections are neglected (i.e. the FRCM strip has a
straight axis);

e (2) both phases behave only in pure tension;

e (3) the first crack opens at the member’s ends;

131
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e (4) the fabric-to-matrix interface can transfer pure shear stress.

On the basis of these hypotheses, the model is defined only along the FRCM
strip’s axis, and therefore it can be defined as an uniaxial model loaded at the
free fibre ends, as depicted in Figure 4.1.
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Figure 4.1: 1D numerical models for tensile behaviour.

In particular, two sets of trusses are considered, one for modelling the mortar
and one for modelling the fabric. The groups of trusses modelling the mortar
are connected to the row of fabric trusses through shear springs, for modelling
the interface interaction.

Additionally, axial spring elements are also added in series at the ends of
each matrix truss. These springs, called "brittle hinges", are introduced in
order to simulate crack opening in the mortar.

The two series of truss elements are defined by their cross-sectional area,
Ay for the fiber and A, for the matrix. These last are assumed equal to
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the nominal thickness for the mortar, while the conventional dry fiber cross
section is assumed for the fabric. As stated by assumption no.(3), the model is
generated under the hypothesis that the first cracks appear at the extremities
of the FRCM strip, close the gripping area, as observed in several experimental
studies. In this case, when the first cracking occurs, the tensile load is applied
entirely to the fabric, and it is transferred to the mortar through the fabric-to-
mortar interface (see assumption (4)). In the proposed model, the gripping area
and tabs are not modelled and the system is loaded through the application
of a displacement history at the free fibre end. For this reason, only the free
length, namely Lrrcas, is considered in this model and it is discretized in a
certain number of elements adequate to simulate the number of cracks.

Furthermore, the model takes advantage of the symmetry condition, so
it is possible to study the half of the sample, fixing the degrees of freedom
of the nodes at the center symmetry axis. The boundaries condition in the
OpenSeesPy framework [66] are implemented using pinned support applied to
these nodes.

The developed model requires easily only the definition of uniaxial material
laws, and the assumptions made in the current study are resumed in Figure
4.2.

The materials adopted in the model for matrix and fibre are assumed to be
elastic with a pure brittle constitutive law. In particular, the fabric is assumed
to react only in tension with elastic modulus E; and ultimate tensile strain .
Mortar is assumed working linear elastically in tension with elastic modulus E,,
and tensile strength is labelled as fi, ;. This last is assumed equal to the 50%
of the flexural strength.

It should be noted that in absence of detailed indications, the elastic mod-
ulus of the mortar is here calculated according to the following expression pro-
posed in the Italian Code NTC18 [68] for the concrete in compression:

1
E,, = 22000 (fm> ’ (4.1)
10

being f, . the compressive strength of the mortar. This assumption is certainly
a simplification (i.e. the elastic modulus of the mortar in tension is assumed
equal to that in compression), but it can be accepted for low values of the
tensile stress.

Brittle hinges are modelled as rigid elements, just by assigning the maximum
stress fp; equal to the cracking strength of the mortar f,,,; in order to simulate
the crack formation.
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Figure 4.2: Uniaxial material laws assumed in the model.

The interface is then defined with the introduction of discrete shear springs
with a linear elastic shear force-slip relation. This law is defined by the stiffness
Kp, tm and the maximum force. The discrete value of the stiffness Kp ¢y, is
deduced from the continuous value k¢, f,, which is the slope of the first branch
of the shear stress vs. slip law assumed at the interface. The relation between
Kp sm and k¢ g, is obtained by assuming that the shear stress is constant along
two successive springs. Under this assumption, if the shear stress is integrated,
the following relation holds:

L
Kp, fim = ko, pmb=—— (4.2)

being b the width of the sample and n the number of nodes assumed in the

model.
A maximum slip is also attributed to the interface as a function of the

maximum value of the shear stress 7,42

Sint = IZ;”;*" (4.3)
fm

The values of k¢ fp, and Ty, are calibrated on the basis of the experi-
mental results in order to obtain a readable response curve consistent with the
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expected result. The number of nodes n is obtained by a mesh sensitivity test,
as discussed below. It is worth noting that the assumption of linear pure-brittle
behaviour of the interface is an approximation, due to the fact that a more re-
liable law should include a softening branch of the shear stress-slip law and a
limited residual stress. In this last case, the definition of the law requires the
calibration of two further parameters (i.e. the slope of the softening branch and
the residual stress) and it becomes more difficult to define. It is also observed
that despite the simplification, the assumption of brittle linear behaviour was
already adopted in the literature [69] and it was demonstrated that it can be
accepted with good approximation.

4.1.1 Implementation and analysis settings

As discussed above, the model is formulated to work along one direction
-i.e. 1D model-, which means that all the nodes have the same Y-coordinate,
assumed equal to 0 in the current implementation, and therefore it is all defined
along a line.

All the geometric nodes are implemented using a for loop dividing the model
as a ratio of specimen length on nodes number. During this phase nodes object
are initialized, the connectivity of the elements is generated and the tags are
assigned. All the trusses are introduced by means of Truss elements, while Ze-
roLength elements are introduced in order to connect the extremities of mortar
elements (by brittle hinges) and modelled the interface, connecting the nodes
of the matrix elements with those of the fabric.

Despite the computational power of the OpenSees framework [67], the model
implementation could be tricky, due to the fact that the model script needs to
be coded. For this reason Python v3.8 environment [70] is used for the model
implementation, using also numpy [71] and matplotlib [72| libraries for data
analysis and plotting. Due to the complex model discretization, some classes
are introduced for a better implementation of nodes and elements object’s, and
each one of them is identified between string tags. The implemented classes
also includes some methods using OpenSeesPy recorders to retrieve the output
data at each step of the analysis.

A non-linear static analysis is executed under displacement control where
an axial displacement, applied to the rightmost fiber node, is increased until
it reaches the target displacement, and using the Newton-Raphson algorithm
for the solution of the non-linear system of equations. For each steps of the
analysis the output results are stored inside each node and element objects,
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in terms of displacements and reaction forces, to simplify the post-processing
analysis for both global and local response.

4.1.2 Results

The proposed model is adopted to predict the results of the experimental in-
vestigation on FRCM coupons tested with clamping grip method and presented
in Chapter 2.

The main geometric and mechanical properties adopted in the model are
summarized in Table 4.1 and 4.2, respectively.

Table 4.1: Geometric characteristics of the samples.

GEOMETRY
SAMPLE tm ty b Lrrcm
1D [mm] [mm| [mm] [mm]
BC TF 10 0.039 50 200
BL_TF 10 0.039 50 200
GC _TF 10 0.04 50 200
GC TF 10 0.04 50 200

Table 4.2: Mechanical properties assumed in the model.

MORTAR FIBRE INTERFACE
SAMPLE | fon: E fru By €fu ko, fm Trmas
1D [MPa] [GPa] | [MPa] [GPa] [%] | [N/mm?® [MPa]
BC_TF 3.30 35.2 | 1142.2 71.8 1.59 4.50 1.00
BL TF 3.13 25.7 | 1142.2 71.8  1.59 2.50 0.60
GC_TF 3.10 33.8 665.4  70.8 1.1 4.50 1.00
GC TF 2.13 26.9 665.4  70.8 1.1 3.00 0.68

The values of tensile strength of mortar f,, ; are assumed equal to the 50%
of the flexural strength values f,, s experimentally evaluated for each sample
group.

The number of nodes to be used for the discretization is evaluated according
to the size of the sample to be simulated by performing a mesh sensitivity test.
A variation of the response is noted as a function of the number of nodes n.
This parameter, which is used to define the mesh of the model and therefore
the number of elements, affect the definition of the elastic-brittle behaviour
attributed to the tangential interface springs.

Figure 4.3 shows the results of the mesh sensitivity analysis.
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Figure 4.3: Sensitivity analysis of mesh size.

The variation of n, as observed, produces modifications to the response of
the model, which are more or less evident. Figures 4.3(a) - 4.3(d) show the
effects of the variation of the number of nodes on the load-strain curves.

The load-strain curves are characterized by significant load drops when a
larger mesh of 10 mm (corresponding to a number of elements equal to n=10)
is assumed. Moreover, problems of convergence of the analysis arise in the case
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of model GC_TF. As shown in Figure 4.3(c), the analysis fails after the first
crack opening, because the localization of failure in a mortar section causes
the loss of interaction between fibre and mortar elements in the remaining part
of the model. Increasing the number of elements (from n=10 up to n="70) the
curves assume a more smooth trend and leads to a refined response of numerical
analyses.

Mesh size influences numerical accuracy as well as the computation time.
Therefore, on the base of the computation cost of simulation and lower deviation
in results, a mesh size of 5 mm (corresponding to n=20) is chosen for the
analysis.

The numerical outcomes in terms of global stress-strain curves are compared
with the enveloped experimental results in the following Figure 4.4.

The best result is obtained from model BL_TF, as shown in Figure 4.4(b).
The numerical curve shows a behaviour which may be approximately consid-
ered similar to the experimentally observed tri-linear trend, characterized by
different slopes.

The model is able to predict the first cracking strength at the end of Stage
I and simulate the cracks opening in the mortar during Stage II, which is char-
acterized by several vertical drops in load bearing capacity. This response is
mainly related to the stress-strain relationship adopted for fibre-mortar inter-
face ruled by an elastic purely brittle law. When the maximum shear stress
value at the interface is achieved, the fibre-mortar interlooking is lost and only
the fabric carries the load, therefore, the slope of the curve reflects the elastic
modulus of the dry fibre textile. Experimentally a lower slope of the Stage I1I is
observed, this is attributed to a contribution of the un-cracked matrix between
the cracks that is neglected in the numerical model.

An almost bi-linear trend is observed for model GL_TF (Figure 4.4(d)). In
this case the numerical model underestimates the experimental response in the
post cracking stage of about the 26%. As shown in Figure 4.4(d), the model
well reproduces the first stage, but fails for values of stress and strain lower than
the experimental ones. This mismatch is probably due to some improvement
in the mechanical properties of the fibre layer as a consequence of the use of
the adhesion promoter or some uncertainty in the experimental assessment of
the fibre tensile strength.
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Figure 4.4: Comparison between experimental and numerical results: stress-strain
curves.

As shown in the Figure 4.5, the model reproduces the observed experimental
trend, just assigning to the fabric layer the mechanical properties reported in the
technical data sheet provided by supplier: tensile strength equal to f,=1400
MPa, Young’s modulus of Ef=74 GPa and maximum strain of € r,—2%.

The numerical curve fits the experimental trend, specially the slope of the
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third branch, predicting with good approximation the first cracking stress value
at the end of Stage I of the curve and the maximum strength at the end of Stage
IIT corresponding to the failure. However, the model provides an unexpected
Stage II, not observed experimentally.
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Figure 4.5: Numerical-experimental comparison for model GL _TF: mechanical
properties of fabric referred to technical date sheet.

Moreover, the role played by the mechanical percentage of fibre reinforce-
ment becomes quite clear when the numerical response of model BC_TF and
GC_TF is considered (Figures 4.4(a) and 4.4(c)). The models are able to sim-
ulate the first linear branch (stage I) of the curve, but when the first cracking
load is achieved the load keeps almost constant until the failure without the
exploitation of the typical tri-linear trend.

The model is very simple, it allows to simulate with good agreement Stage
I and Stage II (if it is present). However, the proposed model shows some
limitations in the prediction of the third phase. This is probably related to
the assumption of a too simplify constitutive law for fibre-mortar interface.
The post-peak softening branch for fibre-mortar interface is very important
to evaluate the contribution of the residual fibre-mortar interlooking on the
cracking behaviour of composite systems. It is clear that the best choice would
be to introduce a linear softening constitutive law for fibre-mortar interface,
but it implies the need to calibrate a further unknown parameter. However,
this simplification is consistent with the literature [73] therefore it is accepted,
postponing to future developments.
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4.2 Proposed numerical model for the bond behaviour

The modelling approach discussed above for tensile behaviour is extended
to the case of shear bond behaviour, taking into account the presence of the
possible mortar-to-substrate interaction. The model is schematized in Figure
4.6. In this case, the two mortar layers are modelled separately - i.e. upper
mortar layer and lower mortar layer - and for each interface level (mortar-to-
fabric and mortar-to-support) a specific constitutive law is assumed.

upper mortar layer

mortar-fabric interface
fabric

lower mortar layer
mortar-support interface

— = TENSILE

LOAD
i |
S =i
0 : §
P !
brittle hinge I upper mortar fabric :
-ZeroLenght element i -truss element -truss element |
ll Neshly Myeh Aot -:‘l
mortar-fabric interface
-ZeroLenght Element (k) TENSILE
LOAD

mortar-fabric interface
-ZeroLenght Element (kc)

mortar-support interface
-ZeroLenght Element (kcys)

PRI

|lower mortar
-truss element

Figure 4.6: 1d numerical models for shear bond behaviour.
The FRCM strengthening system is modelled by means three rows of truss

elements, of which two for mortar and one for fabric, connected to each other by
linear shear springs. Under the assumption that the substrate is infinitely rigid
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and properly constrained, the lower mortar layer is connected to constrained
nodes through shear springs simulating the reaction of the support.

Also in this case, uniaxial material laws are assumed both for fabric and
mortar truss elements, just assigning the elastic modulus (Ey and and E,;,) and
the corresponding ultimate strain. Two rows of discrete shear springs simulate
the upper/lower mortar-fabric interface. These are characterized by the as-
sumption of mechanical properties (i.e. k¢, fm and Tiqq) previously calibrated
for tensile behaviour.

A further order of shear springs is introduced in order to take into account
the interaction between the lower mortar layer and the substrate. For the
sake of simplicity, a linear-elastic behaviour is assumed for mortar-substrate
interface. The assigned law is defined by the discrete value of stiffness Kp s
obtained by multiplying the continuous value k¢ s by the bond area comprises
between two successive shear springs at the mortar-support interface.

L
Kpms = kamng (4.4)

being B and L the width and length of the bonded FRCM strip, and n the
number of nodes with which the model is discretized. The values of k¢ s are
obtained by attempts up to find the best fitting response with the experimental
results.

A number of nodes n=64 is assumed on the base of the mesh sensitivity
analysis performed for tensile model and discussed in the previous Section 4.1.2.

The numerical analysis are performed adopting controlled displacement
mode by applying constant displacement increments at the free extremity of
the fibre up to the ultimate displacement value. The convergence of the nu-
merical analysis is achieved by assuming the Newton-Raphson algorithm with
norm test of unbalance.

4.2.1 Results

The proposed model for predicting shear bond behaviour is validated against
the experimental outcomes from shear bond tests on BFRCM and GFRCM
presented at Chapter 2.

The main geometric and mechanical properties adopted in the model are
resumed in Table 4.3 and 4.4, respectively.
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Table 4.3: Geometric characteristics of the samples.

GEOMETRY
SAMPLE [ &, i B L
ID [mm] [mm] [mm] [mm]

BC DSB1 10 0.039 50 260
BC_DSB2 10 0.039 100 320
BL_ DSB1 10 0.039 50 260
BL_ DSB2 10 0.039 100 320
GC_DSB1 10 0.04 50 260
GC DSB1 10 0.04 50 260

Table 4.4: Mechanical properties assumed in the model.

MATERIALS INTERFACE
SAMPLE Mortar Fibre fibre-mortar mortar-support
ID fm,t Em Ef Efu k‘ch Tmaz kC,ms
[MPa] [GPa] | [GPa] [%]| | [N/mm® [MPa] [N/mm?]
BC_DSB1 3.30 35.2 71.8  1.59 4.50 1.00 0.7
BC_DSB2 3.30 35.2 71.8  1.59 4.50 1.00 0.7
BL DSB1 3.15 25.7 71.8  1.59 2.50 0.60 0.5
BL_DSB2 3.15 25.7 71.8  1.59 2.50 0.60 0.5
GC_DSB1 3.30 33.8 70.8 1.1 4.50 0.5 0.7
GL_DSBI1 3.15 26.9 70.8 1.1 3.00 0.35 0.5

Where the tensile strength values assigned to mortar elements, i.e. f, :=3.30
MPa for cement-based mortar and f,,;=3.15 MPa for lime-based mortar, are
deduced from the average values of flexural strength referred to the correspond-
ing batches.

The stiffness and the maximum shear stress values assigned to the fibre-
mortar interface laws, as function of fibre-mortar combinations, are the same
as those calibrated for tensile models. Exceptions are the maximum shear
stress values assigned to the glass fibre-mortar interface of model GC DSB1
and GL_DSB1. On this case, a lower values of 7,4, is introduced in order to
achieve the best fitting response.

The numerical-experimental comparisons in terms of stress-global displace-
ment curves are reported in Figure 4.7 for BFRCM systems applied on cal-
carenite support and tested according to the two test set-ups, i.e. DSB1 and
DSB2.
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Figure 4.7: Numerical-experimental comparison in terms of stress-strain curves:
shear bond behaviour of BFRCM composites applied on calcarenite support according
to the two set-ups, DSB1 and DSB2.
It is worth pointing out that the proposed model is able to reproduce with
good approximation the observed experimental response, in terms of stiffness
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of the initial branch, up to the peak load.

Also the post-peak branch, observing in the curves referred to samples of
group GL_DSBI1 (Figure 4.7(b)) and GL_ DSB2 (Figure 4.7(d)), is reproduced
suitably. Predicted strengths and corresponding strains are in good accordance
with the experimental averages.

Moreover, the model allows to take into account the influence of the fibre-
mortar interface properties as function of the fibre-mortar combination (i.e.
BC and BL), providing a certain repeatability of the numerical response also
in function of different geometric features related to test set-ups.

The numerical-experimental comparisons for GFRCM systems applied on
calcarenite support and tested according to the test set-up DSB1 are presented
in Figure 4.8. In this case the best fitting response is obtained by assuming
lower values of Ty,4, for fibre-mortar interface compared to the ones previous
calibrated for tensile model. This discrepancy can be attributed to some draw-
backs arisen during the test, as revealed by data recorded of the four transducers
positioned on the two faces of the specimen.

Problems of eccentric load and uneven distribution of the stress along the
two loaded fibre sections lead to limited exploitation of interface performances.
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Figure 4.8: Numerical-experimental comparison in terms of stress-strain curves:
shear bond behaviour of GFRCM composites applied on calcarenite support.

If the values of 7y,,4; provided from the calibration of tensile behaviour are
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assumed, the results are those shown in Figure 4.9.

The numerical simulations highlight a gap of about the 25% and 57% be-
tween the predicted maximum strengths and the corresponding average exper-
imental values calculated for GC_DSB1 and GL _DSBI, respectively.

Moreover, for model GC_DSB1 an overestimation of the tangent elastic
modulus is observed: in particular, the theoretical value is about the +50%
higher than the average experimental result.
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Figure 4.9: Numerical-experimental comparison in terms of stress-strain curves:
shear bond behaviour of GFRCM composites applied on calcarenite support.
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Chapter 5

Conclusions and remarks

The goal of this thesis is to provide the constitutive characterization of
different FRCM systems by studying the effect of different combinations of fibre
textiles and inorganic matrices, obtained by varying the fibre nature (basalt
and glass) and treatment (coating or use of adhesion promoter), mortar grade
(with lime or cement-based binders) and setting method for tensile and bond
tests. The bond properties of the aforementioned FRCM systems with the
calcarenite stone support are investigated, providing new information about
the compatibility between the FRCM and this kind of stone. For the scope, an
innovative set-up is proposed to perform shear bond tests evaluating the effect
of FRCM bond length and width.

Finally, a numerical investigation is carried out in order to support the ex-
tensive experimental investigation. The numerical study provides two proposed
models for studying the tensile and bond behaviour through the use of truss
and discrete shear interface FE.

The experimental program consists in the following parts:

e (1) test on material constituents, i.e. fibre and mortar;

e (2) tensile tests on BFRCM and GFRCM coupons, according to two test
methods;

e (3) shear bond tests on FRCM systems applied on calcarenite substrate,
according to the proposed set-up.

Tests on BFRCM and GFRCM composites are preceded by an extensive
investigation on the mechanical properties of material constituents in order to
relate the constitutive behaviour of the composites to the mechanical proper-
ties of the constituent materials: tensile tests of basalt and glass fibre grids

147
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and flexural and compressive tests on mortar matrices (cement and lime based
mortar).

The tensile tests on FRCM composites are addressed to an appropriate char-
acterization of four series of BFRCM specimens and four of GFRCM, aiming
to understand the best test set-up configuration with reference to two different
gripping methods, and the influence of the mortar nature (cement or lime-based
mortar) on the tensile stress-strain response of the composite strips.

The DIC technique is used to perform a strain full-field analysis on the
surface of the FRCM coupons, allowing to investigate the uniform distribution
of strains in specimens and the evolution of crack patterns during the test
loading. On the basis of the obtained results by tensile tests on the FRCM
composites, the following outcomes are highlighted :

e FRCM samples with high-strength cementitious matrix (i.e. cement-
based mortar), lower fibre volume fractions and good mortar-fibre bond
properties are unable to perform the typical tri-linear stress-strain re-
sponse. Both BFRCM and GFRCM provide the exploitation of the max-
imum tensile strength of bare fibre textile, but the failure is achieved for
values of strain lower than the 60% and 80% of the ultimate strain of fibre
for specimens tested with clamping and clevis grip method, respectively;

e the average peak stresses of the four series of GFRCM specimens are found
always higher compared to the peak stress of the dry glass grid, with an
increase equal to 91% and 38% for BFRCM specimens with cement based-
mortar, and 70% and 85% for BFRCM specimens with lime based-mortar,
tested with clamping and clevis grip method, respectively;

e the stiffness of the third stage of the tensile curves for BFRCM and
GFRCM with lime-based mortar proved to be slightly lower than the
Young’s modulus of the dry fibre textile. The gap is lower than the 10%
when clevis grip method is adopted, and ranges between the 16% and
27% when clamping grip method is adopted;

e measurements from DIC analysis provide a stiffness of the first stage of
the tensile curve greater than the 80% compared to that obtained from
measurements provided by the testing machine. Differently, the stiffness
of the third stage resulting from DIC measurements is lower than the
11.4 and 28.9 % compared to the measurements of testing machine for
the specimens of group BLL. TH and GL_TH, respectively;
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e the crack pattern and the failure modes are influenced by the reinforce-
ment ratio and the treatment of fibre. Specimens with an under-reinforced
cross-section show the formation of one or maximum two cracks close
to the gripping area and the observed failure mode is the fibre-rupture.
Specimens of GFRCM with lime-based mortar fail due to fibre rupture
after the formation of numerous cracks through the chemical fibre-matrix
adhesion provided by the use of the applied promoter. Differently, the
coated basalt textile establishes a lower bond with the lime-based mortar
and fewer cracks develop in the free length of the specimens. In this case,
the debonding at the fibre-mortar interface precedes the tensile failure of
the basalt grid.

Subsequently, the attention is focused on the shear bond behaviour of afore-
mentioned BFRCM and GFRCM composite systems applied on calcarenite sup-
port. Specimens are manufactured according to the proposal of an innovative
double shear bond test set-up. Two different schemes are proposed with the aim
of evaluating the influence of the bond length and width. Traditional measure-
ment systems are adopted to evaluate the stress-slip relationship. Moreover,
the DIC technique is also used in order to investigate on strain/displacement
distribution on the upper mortar layer.

On the basis of the outcomes from double shear bond tests, the following
conclusions can be drawn:

e double shear bond tests are repeatable and reproducible in particular in
terms of peak stress when test set-up DSB1 is employed. The experimen-
tal outcomes from test set-up DSB1 provide values of the coeflicient of
variation ranging between the 2.8% and 12.1%, in absence of drawbacks
mainly related on the manufacture of the samples, as observed in the case
of the specimens of GFRCM with lime-based mortar (group GL_DSB1).
While, the greatest scatter is mainly observed for slip values at peak stress
(coefficient of variation of 31%) when the fibre slippage and the debond-
ing at the fibre-mortar interface occur, as in the case of double shear bond
tests on BFRCM with lime-base mortar applied on calcarenite support;

e generally, the exploitation ratio versus the tensile strength of the compos-
ite is much higher when good adhesion is established at the fibre-mortar
interface. As observed for samples of BFRCM with cement-based mor-
tar (group BC__DSBI1) the peak stress of bonded fibres is about the 17%

greater than peak stress of the composite in tension. In this case scatter
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is reduced and the failure mode consists in the fibre rupture. Conversely,
when other failure modes occur, involving the fibre slippage and the de-
tachment of the external mortar layer, the scatter increases and the bond
performance declines, as observed for samples of BFRCM with lime-based
mortar (group BL_DSB1). Consequently, the exploitation ratio versus
the tensile strength of the composite is lower than the 15%;

the greatest scatter for specimens tested with set up DSBI is recorded
for samples of GFRCM with lime-based mortar (group GL DSBI1). In
this case, the maximum peak stress values achieved in the bond tests
are always lower than those attained in the tensile tests on bare textile,
despite the observed failure mode is the fibre rupture in the un-bonded
length. This result is imputable to the dry fibre textile that made the
grid very sensitive to alignment problems, causing not uniform load con-
ditions. Therefore, the reinforcement system is unable to provide the
redistribution of the load when the most stressed fibre yarns fail. This is
the cause of the high scattering of the results (coefficient of variation of
43.1%);

for specimens tested with set-up DSB1, the DIC technique contributed
to identify slipping phenomena at the fibre-mortar interface. It is evident
for FRCM strengthening systems with lime-based mortar. Conversely, for
both types of grid (basalt and glass) a more effective local bond behaviour
is achieved whit cement-based mortar.

by increasing the bond length and width of the FRCM strip, i.e. adopt-
ing test set-up DSB2, the main failure modes observed are the same as
those of scaled samples (set-up DSB1). However, a certain scatter is
observed. For peak stress values, the coefficient of variation increases
up to the 30.3% for specimens of BFRCM with cement based-mortar
(group BC_DSB2) and the 19.6% for specimens of BFRCM with lime
based-mortar (group BL DSB2). The efficiency of this systems, eval-
uated through the exploitation ratio versus the tensile strength of the
composite, is about the 71% when the failure occurs due to the ten-
sile fibre rupture out of the bond length for specimens of BFRCM with
cement-based mortar. While, a lower efficiency of about the 67% is associ-
ated to the occurrence of fibre slippage and debonding at the fibre-mortar
interface for specimens of BFRCM with lime-based mortar.

On the basis of the discussed results it is evident that the bond behaviour
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(strength and failure mode) strictly depends on the fibre nature and the fibre-
mortar interaction, the mechanical characteristic of the matrix, the manufac-
ture of the samples and the experimental set-up. In details: - a relatively low
chemical compatibility between fibre and mortar may provide the slippage of
the fibre grid within the matrix, however the use of adhesion promoter allows
to improve the bond strength between matrix and fibre; - the correct alignment
ensures the reliability and repeatability of the test results; - scaled set-up DSB1
provides reliable response, so it can be considered a well easy alternative to the
manufacturing of samples with a more larger size involving a more complex and
less manageable set-up (DSB2).

Moreover, it is worth pointing out that unconventional strain/displacement
measurement methods, such as DIC technique, are emerging as promising solu-
tion to be integrated with traditional devices, in order to detect local behaviour
of fibre-mortar interaction characterized by complex shear stress transfer mech-
anisms.

Finally, the effectiveness of two proposed 1D numerical models are vali-
dated against the experimental results from tensile and shear bond tests. The
numerical model reproduces with good approximation the observed experimen-
tal tensile and shear bond behaviour. It is a very simplified model based of
few variables, easily to deduce. However, other comparisons with experimen-
tal results would be necessary in order to achieve a proper calibration of the
interface parameters.

Further investigations are suggested to study the tensile behaviour of BFRCM
and GFRCM with cement-based mortar, assuming a lower thickness of the
mortar, in order to allow the exploitation of the typical tri-linear trend. These
results are request to set a proper comparison with the outcomes from sam-
ples of BFRCM and GFRCM with lime-based mortar, in order to investigate
the influence of the mortar nature (cementitious or lime based) on the tensile
behaviour.

Moreover, it may be interesting to improve the shear bond test set-up for
GFRCM systems applied of calcarenite support, in order to avoid the problems
related to the misalignment of dry fibre, for example by impregnating the un-
bonded fibre strip with an epoxy resin.
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