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Thesis Title

FLAX TRM COMPOSITE SYSTEMS FOR STRENGTHENING OF
MASONRY: FROM THE MATERIAL IDENTIFICATION TO THE
STRUCTURAL BEHAVIOUR

Author

Giuseppe Ferrara

Textile Reinforced Mortar (TRMEomposites represents nowadays an intiova

and efficient technique for strengthening of masonry structural elements. In recent
years, the use of plant fibres within the composite, instead of high strength synthetic
fibres, emerged as a smart solution itwrease the sustainability of such
reinforcement system. However, several issues ar@gtithconcerning the use of
such fibres in inorganic matrices, and the studies in the literature addressing this
aspect, although showing a great potential of tegskms, are not enough to widely
promote such innovative and sustainable technique of reinforcement.

With the aim of raising the awareness in the use of plant fibres based TRMs,
this study proposes a comprehensive mechanical characterisation of a Flax TRM
system conceived as reinforcement of masonry elements. Prior to address the issue
of the composite characterisation, its components, i.e. textile and mortar, were
physically and mechanically characterised. Then, tensile tests on the composite and
shear bad tests on FlaXRM-to-masonry substrate elements were carried out to
qualify the composite material and its adherence behaviour with arbeasknry
element. Consequently, on a structural scale, the contribution of the reinforcement
system on the sheamgacity of masonry elements was analysed by means of
diagonal compression tests. Finally, innovative solutions to improve the mechanical
performance of the studied reinforcement system were proposed and their efficiency
was discussed.

The study confirms # potential in the use of plant fibre textiles as
reinforcement in TRM systems, outlines the aspects on which it is necessary to act
to increase their efficiency, and shows some technical solutions to improve it.
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SISTEMI COMPOSITI TRM A BASE DI LINO PER IL RINFORZO DI
MURATURE: DALLA CARATTERIZZAZIONE DEI MATERIALI AL
COMPORTAMENTO STRUTTURALE

Autore
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L6i mpiego di Si st emi Cc 0 mp (@extilet Reinfascedmat r i ce cC €
Mortar) rappresenta, oggigiorno, una soluzione innovativa per il rinforzo di elementi

strutturali in muratura, che si contraddistingue per la sua efficienza. Negli ultimi

anni, per far fronte alla sempre piu crescente esigenza diaalspistenibili anche

nel campo dell dedilizi a, S i ~ valutato | &i mj
rinforzo del composito, al posto delle piu comuni fibre sintetiche ad alta resistenza.

Sebbene promettenti, i risultati scientifici mettono in evidesizche degli aspetti di

debolezza di tale sistema di rinforzo, che ne frenano la diffusione nei campi

applicativi. A | fine di incoraggiare | 6i mpiego di S i
tessuti vegetali, il presente studio si propone di fornire amaia ed esaustiva

caratterizzazione meccanica di un sistema TRM a base di fibra di lino per il rinforzo
strutturale di el ement i i n muratur a. Léanal i
aspetti fisici e meccanici dei materiali che costituisconooihgosito, ovvero il

tessuto e la malta. In secondo luogo, si analizza il comportamento meccanico alla

scala di investigazione del composito stesso, attraverso lo studio della resistenza a

trazione dell 6el emento TRM e dwuwatutaa sua ader
Successi vament e, viene anali zzat a | 6ef fici
nell 6i ncrementare | a capacit? tagliante di

sperimentali condotte alla scala strutturale. In ultimo, considerando le potenzialita

del sistemag in luce dei limiti evidenziati, vengono proposte ed applicate delle
soluzioni tecniche volte a migliorarne | a r|
ancora un ampio margine di miglioramento della performance meccanica, e
delineando la linea da perseguir per otti mi zzare questoul ti ma.

Lo studio conferma il grande potenziale n
di sistemi compositi TRM, mette in luce gli aspetti sui quali & necessario lavorare
affinch® se ne aument.i | &i éefniche énnorative a e prop

volte al miglioramento della risposta meccanica
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Titre de la These

RENFORCEMENT DE S MACONNERIE S PAR TRM A BASE DE FIBRES
DE LIN : DE LA CARACTERISATION AU COMPORTEMENT
STRUCTUREL

Auteur

Giuseppe Ferrara

L'utilisation de matériaux composites TRM (Textile Reinforced Mortar) représente
aujourd'hui une technique innovante et efficace pour le renforcemestrdetures
enmaconnerie. Au cours des dernieres années, l'utilisation @s fibgétales dans

le composite, en remplacement des fibres synthétiques a haute résistance, est apparu
comme une solution efficace pour réduire I'impact environnemental du systéme de
renforcement. Toutefois, il subsiste des doutes quant a |'utilisatmsitdeéechnique.

Les études de la littérature scientifique mettent en évidence le grand potentiel de ce
systéme, mais elles ne sont pas suffisamment exhaustives pour permettre une
diffusion massive des systémes TRM a base de fibres végétales.

Dans le but @ncourager I'utilisation de systemes composites TRM a base de
fibres naturelles, la présente recherche propose une étude de la caractérisation
m®cani que dobéun syst me TRM " base de fibre |
de maconnerie. En premier lieurs caractéristiques physiques et mécaniques des
éléments constitutifs du composite, caslire le tissu et la matrice, ont été
déterminées. Dans un second temps, le comportement en traction du systéme TRM
et I'étude de I'adhérence avec le support dgomnerie ont été étudiés. La troisieme
®t ape vise ° caract ®ri ser, " travers des ess
du systeme de renforcement a la résistance au cisaillemenirdeenrmaconnerie.
Finalement, des solutions innovantes visaaméliorer les performances du systéme
de renforcement a I'étude ont été proposeées.

L'étude confirme le grand potentiel de I'utilisation des fibres végétales comme
renforcement dans les systémes composites TRM. Elle souligne les aspects sur
lesquels il e nécessaire de se concentrer pour améliorer leur comportement
mécanique et présente des solutions innovantes pour améliorer leur performance
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1.l ntroducti on

1.1 Motivation

The Mediterranean basin is characterised by a significant seismic hazard, due to
geographic and morphological aspe@ise many earthquakes events happened over
centuries, have affecteaduman activities with consequences in terms of safety,
economy and saalogy. Nowadays, although a deep and established knowledge of
the problem, and available technologies to conceive civil structures able to cope
successfully with earthquake actions, seismic events still represent an actual threat
for human safety. This ogern is mainly due to the presence on the territory of
several structures the construction of which often dates way back before the
establishment of designing principles and methods specifically conceived to address
such seismic issu¢g].

The majority of the historical city centres are characterisedldynasonry
buildings, conceived to face gravitational loads, but very often lacking in capacity to
resist to the horizontal forces caused by seismic events. The seismic hazard,
combined with a massive presence of vulnerable structures, confers to the area a high
seismic risk, against which it is necessary to provide urgent solutions to guarantee at
lesst the preservation of human Iif2-3].

The increased awareness toward freservation of our environment,
represents nowadays an aspect of fundamental importance that affects more and
more our society at every level. Ecological solutions are strongly recommended, and
in some cases imposed, by ruling governments, in every giodyrocess of our
community, with the aim to achieve, in a more or less far future, a circular economy
system based on the use of renewable sources, recycling processes, and the
reduction, as much as possible, and at any level, of the environmental.impa

In this framework, the field of the building materials is fully involved in such
epochmaking phase of transition. Manufacturing companies, practitioners and
scientific research groups are constantly looking for innovative solutions that may
meet bothmechanical and ecological requirements, giving rise to a new class of
systems referred to as green building materials.

Inorganicmatrix composites, consisting in high strength fibeesbeddedn
cementitiousor lime mortars (referred to as Textile Reinfedc Mortar, TRM),
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represents an innovative and efficient strengthening technique to enhance the
capacity of structural elements, very suitable in the case of masonry buildings. With

the aim of combining the aspects aforementioned, the research focusestudih

of a more sustainable TRM composite, and on the investigation of its efficiency as

reinforcement of masonry structural elements.

The sustainability of the system lies in the use of plant fibres, instead of high
strength synthetiones. In fact, seeral plantfibres, such as hemp, flax, sisal, jute,
coconut, curaua, etcé, already gained
several fields (aeronautic, naval, automative e)t tbaéks to several good
properties, such as:availability, satisfactory mechanical characteristics,
affordability, high resistance over density ratio, sustainability. In recent years few
studies addressed the problem of the use of {lastd compositealso inthe
building material field. The use gflant fibrebased textiles in TRM composites
showed up as a very promising reinforcement system with a great potential, but still
characterised by several issues that prevent their diffusion on the inatHeesame
manner ofmost traditional synthetibased composites. Aa consequence, it is
necessary to intensify the research in the field in order to deeply define the
mechanial behaviourf such innovative composite systems, and to improve their
efficiencyaccording to the performance required in&iieal applications.

In order to comply with this need, the present study strives to provide a
comprehensive investigation of an innovative sustainable plant based TRM system,
i.e. Flax TRM, aiming at defining its mechanical behaviour, and at identifigng i
efficiency and limitationgn strengthening of masonry structural elements.

In order to have the elements to deeply understand the behaviour of the
system, the analysis starts from the investigation on a small scale of the composite
constituent material to move until an experimental study on the structural element
scale of investigation.

In addition, the issue of the durability of the composite was addressed as well,
being the latter one of the main aspects that feed scepticism about the use of plant
fibre-based composites.

Finally, the study aims at showing that there is still room for improvement
with respect to the mechanical behaviour of plant basdds, by proposing the
application of some improving techniques conceived on the basis of the ositcome
deriving from the reach mulicale analysiproposed

20
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Chapter 1 Introduction

1.2 Contents and structure of the thesis

The thesis consist®f the analysis of results deriving from experimental
investigations carried out at different sslef study. From a small scale of
investigdion aimed at analysing the microstructure of flax fibres, passing through
the assessment of the mechanical response of TRM composites, up to the study of
masonry structural elements externally strengthened by Flax TRMs, the thesis
provides a comprehensiigentification of the behaviowf plant based composge

Each chapter deals with a different scale of investigation. A critical analysis

comparing the results at different scales of investigation is proposed as well. Finally,
somemodificatiors of the TRM componentsaimed at improving the performance
of the reinforcementre experienceds conclusion of the work.

The structure of the thesis, with the main contents and outcomes of each

section, are reported as follow:

- Chapter 1presents the context ofie research. It comprises the main
contents and the aim of the thesis;

- Chapter 2presentsa review of the literature state of the art, concerning
the topic of interest, is presented. Specifically, the main research outcomes
available in the literature, are presented with respect to the of TRM
composites as reinforcement systems in civil eraging, and with
respect to the use of plant fibres in TRMs. The aims of the thesis are
reported as well;

- Chapter 3reports the outcomes of the investigation of the flax textile
adopted in the research. It aims, by providing the main physical and
mechanicalproperties of the textile, and its durability performance, at
defining whether or not the fabric is suitable as reinforcement in mortar
based composites;

- Chapter 4proposeghe characterisation of the system on the composite
scale of analysis. According standardised procedures, and with respect
to different reinforcement configurations proposed within the research,
the composite mechanical behaviour was assessed by means of Flax TRM
tensile tests, and by means of Flax TRivmasonry substrate systems
shear bond tests. In addition, the issue of the durability of TRM elements
was addressed as well;

- Chapter 5dealswith the assessment of the efficiency of Flax TRMs as
external strengthening system of masonry structural elements to enhance
their in-plane shar capacity. The results of the experimental study were
discussed and compared with similar studies available in the literature,
and with the model proposed by standard regulations;
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Chapter oroposes somebservationgoncerninghe displacement field

of the TRM strengthened masonry walls subjected to diagonal
compression testshby compering such response with that exhibited by
Flax TRM tested in tension

Chapter 7comprises tie application of innovative techniques aimed at
improving the mechanical perfoance of Flax TRMs. The aim is to show
that there is still room for improvement in the performance of plant based
TRMs employed as reinforcement of structural elements, and that such
enhancement of performance is easily achievable by means of available
technical solutions;

Chapter 8hows the main outcomes and the perspectives of the research
study.

1.3 Context of the research

The study is the result of a Ph.D. scholarship awarded by the Italian Ministry for

Education, University and Research (MIUR) as paft t h e p Dattgatia mme

~

n

I nnovativi a car at finenced oy she iEoropean WUnioWl ust r i al e
ono
Doc
System

(Structural FundingERDE SF f or fAResear ch2020hd | nnovat.i

Ph.

The Ph. D. project, carried out at the
in Civil, ArchitectureandEnvi r onment al Engineering
Civil Engineering of University of Salerno), included a collaboration with the
company Engineering s.r.l. (Avellino, Italy), and with the Laboratory of Composite
Materials for Constrction, LMC2 (University Claude Bernard Lyon 1, France).

The collaboration with the French institution was strengthened by means of
bi-nationally supervised Ph.D. thesis collaboration agreement between University of
Salerno and University Claude Bernardohyl, that entailed the enrolment of the

D.

student al so to the Doctoral school

Acoustico (ED 162, ME GA) of Uni ver si
Therefore, the Ph.D. research was developed at both thitiostipartners in the
collaboration agreement.

The large experimental plan pursued in the research study, includes several

investigations at different scale of analysis, and with respect to several aspects, such

as mechanical, physical and chemical. djuieed, therefore, many instrumentations
and appropriate expertise to be properly execireadition to the Ph.xandidate
institutions, a collaboration with external institutiomas established as well he
main contribution of each institution is reporteeiow.

Ph.D. candidate institutions:

22
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Chapter 1

Introduction

the Structural Engineering Testing Hall,tr.6ng.T.H. laboratory
(Department of Civil Engineering of University of Salerno, ltaly): a
laboratory with expertise in ¢h characterisation of the mechanical
behaviour of civil engineering structures. Within the laboratory, to which
the Ph.D. candidates affiliated the mechanical characterisation of the
Flax TRM composite was carried out;

the Laboratory of Composite Matals for Construction, LMC2
(University Claude Bernard Lyon 1, France): a laboratory with expertise
in the field of composite systems for application in civil engineering
structures. Within the laboratory, to which the Ph.D. candidste
affiliated, the anbysis concerning the interaction between the composite
and the masonry, and the structural investigation of masonry externally
strengthened by Flax TRMs, were carried out;

External institutions:

the Industrial Engineering Department of University of Saleftaly: a
structure with expertise in the physical, mechanical and chemical
characterisation of materials. The collaboration concerned the physical
and mechanical characterisation of the flax textile adopted within the
study. Moreover, the institution @rided the chemical equipment and
expertise necessary to carry out the durability tests;

- the Centre of Sustainable Materials and Technologies, NUMATS
(COPPEFederal University of Rio de Janeiro, Brazil): a laboratory with
expertise in the study of sustdib@ materials and solution in the
construction field. At the laboratory, within a three months research stay,
the application of technologies to improve the mechanical performance of
Flax TRMs, was carried out

- the company Engineering s.r.l. (Avellino, ita within the
company, which operates in the field of structural diagnostic of existing
constructions, a six months internship provided an overview of the fields
of application in which it is possible to concretely apply the results of the
research
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2.St ate of tahred aaitmgs eo/fi etwh e

Throughthe ages, the Mediterranean basias interested by earthquakes events
considerecamongthe most destructive natural hazards, if not to the human life itself,
then mae likely to theworks of man.The region densely populated since ancient
times, is characterisday historical buildingsreated using traditiohaonstruction
techniqus, hencenot specifically designed to beaathquake action§l]. Most of
these constructions, especially in tbentres of old townsconsists of mamry
structures, typically characterised by significant capacity towards gravity loads, but
not always capable to resist horizontal loads applied beptaime or oubf-plane
Typical collapse mechanisms observed as a result of catastrophic seismic events
were outof-plane failures due to poorly connected crossing walls or lack of
connection of nosstructural hollow clay tile walls, and-plane failure mainly due
to a lack in shear capacity, especially in presence of window or door opghiins
It is thereforeessential to implemengfficient strategies aimed at reducing the
vulnerability of existing buildingsn order to lower the seismic risiSeveral
retrofitting techniques were developeser the yeargimedat conferring to the
entire building a global regpse in accordance with the safety performances
proposed by the standards

The concept of seismic retrofitting is based on two main approaches: the first
one aims at reducing the earthqudkel e m aon thedstructure, the other oaiens
at increasing th@ & p a cadf theybailding[4]. Different retrofitting solutios may
be chosemy adopting one of the two approaches, or by combining tgenerally
depending orthe construction typology, structural scheme dhd specific use of
the building.With respect to the first approach, tieelugion of the seismic demand
of the buildingcan be achieved bynplemening measures specifically designed to
optimiseits structural dynamidehaviour Building base isolation, installation of
dumper deviceand remodulation of the mass distributiamr@ possible retrofitting
techniques falling within fls categoryWith respectad the second approach several
solutions are nowadays available to upgrade the individual element strength
confinement/jacketing techniques; addition of thin surface treatments (shotcrete,
coatings, grouted steel bars); repointing; internal reinforcemgitdlly by means
of steel bargnserted within masonry); tying; grout injections, filling in door or
window openingsThe use oftiese techniguesalsodefined as traditionaktrofitting
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interventionsis wellestablishedndis largely adoptedor retrofitting of masonry
elementsin the last decadeéanovative techniques were developed to enhance the
strength of structural elements by using composite matefialsso called Fibre
Reinforced Polymer (FRP) composite systethanks to the employment @iigh
performancdibres are considered a viable solutitrsolve, or lessen, the effects of
overloading FRP systemin the form of laminates or rodsonsist of long fibres
embedded in polymeric matricedigh strength fibres, such as carbon, glass, aramid,
PBO or basalt, are typically adoptethe succesin the useof such innovative
retrofitting systemamainly lies in their tailorable performance characteristics, ease
of application and low life cycle sts together withhigh strengtkto-weight and
stiffnessto-weight ratios[5]. Although resulting particularly suitable in concrete
structural applicédns, FRP systems showed some drawbagken applied to
masonry element3he nonpermeable nature of tip@lymeric resinsand a strength
much higher thathat one othe substrates on which FRP are appliedy create a
problem of compatibility betweeté composite and the masoniMoreover, they

are characterised by lack of ductility, susceptibility to fed installation problems
related to the process of thermosetting adhesive being moisture and temperature
dependent, and to the toxicity of thesin that requing specialised workerf6]. To
overcome such issudsringthe last years inorganinatrix composite systems were
developé by embedling high strength fibres in cemantlime-basedmnortars rather
thanwithin polymeric resinsSuch innovativematerias, herein defined as Textile
Reinforced Mortar (TRM) composite systems, result particularly suitalsle
reinforcement of masonry elementand besides, they do not present some
drawbacks typical of FRPs such lasv fire resistance and toxicity nature of the
resing[7].

2.1 Textile Reinforced Mortar Composite Systems

Textile Reinforced Mortar composite systems, herfeém referredto as TRMs,
consist of high strength long fibres embedded in inorgaaittices, cemenbr lime-
based mortarsgs creatindaminates capable to significtdly improve the strength of
the structural elements on which they are appBseral acronyms were adopted
in literature todefine the same kind of inorganicatrix composite systeprsuch as
FabricReinforced Cementitious Matrix, FRCM; Textile Reinfatd@oncrete, TRC;
Cementitious Matrix Grid, CMG; Inorganic Matrix Grid, IMGComposite
Reinforced Mortar, CRM8].

TRMs represent an innovative reinforcement technique particularly suitable
for applicationgo masonry elements, in respect of which they preferred to the
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FRPs.The latterdue to a higtspecific strength, are ofteémplementedn the form

of strip laminates that once applied on masonry surfaces cresagmificant
concentratiorof stress on the substraigpically characterised by law adhesion
capacity. The use ahortar,characterised by fine aggregates, entails the necessity to
usefabrics arrangewith less dense meshess aconsequence, TRMs are typically
applied all over the masongfemens, allowing a more uniform distribution of the
stress on the substratdoreover,the affinity betweerthe material employed and
the masonry, and their permddlp, make TRMs more compatible to masonry
substrate with respect to FRP2.

TRMs are characterised by good mechanical performaagersibility and
versatility of the interventionand they offer the possibility to perform several
different solutions by choosing betwesgveral types of fabric and mortar available
on the market. In the light afiese consideratianthey are consided an effective,
practical and costfficient solution for the seismic retrofitting and repair of
structures. e use of TRMs significantly increased in recent ygatis numerous
applications in civil engineeriniield as strengthening of existing masoetgment.

In the last decad€RM systemsveremore and morproposed and developed
as externally bonded reinforcements with several applications to cultural heritage
after significant earthquake eve[flf. s such as
Masonry vaults were strengthened by applying BRMorder to provida structural
stability of the element also when subjected to significant horizactadns. The
composite can be applied, below and over the vaults, in the form of stirpgrave
the strength omore stressedpecific sectionsor all over thevault surface when
bidirectional oriented fabrics are adopt&iglre2.1).

a)

Figure 2.1: Extrados retrofitting of masonry vaults by applyiag TRM strips b)TRM all
over the surfac§l(].
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Masonry walswere reinforced by applying all over the surface TRMs in order
to improve both the iplane and the otdf-plane capacity of the elemefiigure
2.28). In some applications thapgradingintervention by means of TRM was
integrated bysteelplates to guarantee a correct anchorage anetgrosioning of the
composite strifFigure2.2b).

Figure 2.2: a) Reinforcement of a masonry wall by means of TRMBRD} steel mixed
intervention to upgrade a masonry element capddity.

Since their emergence in the market, TRMs suddenly beaaragy popular
solution,even thoughhere were still a lack of knowledge with respect to mechanical
performance and durability of such composite systémerder to cover this gap,
and toencourag@n aware use of composites in the rehabilitatfarultural heritage,
several researches focused their attention on the investigation of the mechanical
behaviour of TRM systemsScientific committees werereatedwith the aim of
providing guidelines on qualification, installation, design and controliclwh
represent crucial aspects for the effectiveness of the strengthening work.

2.1.1 TRM characterisation tests

Several kinds of fibres can be adopted to create TRMgHeddinghem in cement,

lime or geopolymer mortar matrices, possibly enriched with shbrédi and/or
polymeric additives. Carbon, glass, basalt and PBO fibres are commonly adopted
because of their mechanical features such asrbghrestress, high stiffness, very

low weight and linear elastic behaviour up to failure. The combination oé thes
materials and the possibility to choose the best suited geometry, make it possible to
produce a large variety of TRMs dependimgthe need of the specific case of
application. This wide choice necessarily entails a significant variability of the
mechantal properties that this reinforcement technique can offer. It is necessary,
therefore, to standardize the qualification procedures and to define the best
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characterisation methods in order to provide a valuable support for both producers
and practitionerén the material selection and/or desigmeTscientific community
focused great attention on the understanding, hence the improvement, af TRM
mechanical behaviour with the aim of providing the necessary tools for the correct
designing of technical intermméons by using such composite systems.

2.1.1.1 TensileTest

Although the elements reinforced by TRMs are generally subjected to several load
conditions (such as compressitme ndi ng moment s, shear,
itself is meant t@xhibit its strength ingnsion Thereforethe qualification procedure
includesdirecttensile tests to derive the basic material mechanical propgtfips
TRM coupons reengular in shape, are tested in tension monotonically, in
displacement control, ujo the failure of the compositelThe mechanical response,
strongly depends on ttee p e ¢ i geenmesyfdhe test setip and the monitoring
technique employed to derive the mechanical paramefesgientific technical
committee, RILEM TC 232DT, was specifically organised with the aim of
providing recommendations concerning the test method to determinkatie
bearing behaviour of tensile specimens made of textile reinforced cofidiet€he
document represented a valid refereboth for researcherand practitionerdo
reproduce atandardised qualification procedure in order to ohtgliable results,
comparable with similar experimental activities.

The specimens to test in tension are usually sandwpey performed by
applying severalayers of mortars3+5 mm thick, alternate with textile pliesThe
thickness of the specimens varies betweand 20 mm, the width between 40 and
80 mm and the length between 400 and 600 Bpecimens are cured in ambient
conditions for aperiod generally consideredof 28 days,due to the use of
cementitiousor lime-based mortars whose characteristic mechanical properties are
computedat that timeg13, 14].

The specimenimicludetwo gripping areas at the edges, through which the load
is applied to thepecimenfollowed by a transition zorie proximity to the clamping
system and a measurement range in the migkitgire 2.3). Strains are registered
by means ofstrain gauges and/or are derived BYDT measurementsDue to
developments of cracks along the free length of the specimisptacgment and
strain transducershouldbe accurately placealong such distance, close enough to
each other sthat a large number of them is within the base length. The use of Digital
Image CorrelatiofDIC) analysis integrated with traditional devisemay provide
useful information concerning the strain agidplacement field of the specimen
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external surface,dnce an accurate analysis of the crpakten within the matrix
[15].

The typical tensile stressgtrain behaviour of TRM systems is characterised by
aresponse in Wch three stages can be identifiédg(re 2.4). In the Stage | the
mortar is uncrackedand the response limear elastiaup to the achievement of the
tensile strength of the matrix correspondence of which a first crack appears in the
matrix. In this phase the tensiteodulusof elasticity, &, can be estimatreferring
to a homogeneous cross section with the assumpfianperfect matrixo-textile
bond. The transition point between the first and the second Stages is identified by
the couple of values, ande. The higher are the strength of the mortar and the bond
capacity at the matrito-textile interface, the highes the stress,.

F* F* |
6, ¢ )
1
60
'
500
125 25 200 25 125
load measuring load
introduction range introduction
extensometer transition transition
iDDi range range

[mm]

Fv

Figure 2.3: Specimen typical geometry and testigef12].

Multiple cracking of the mortar is assuming to occur during the Stage II.
Generally, the development atracks within the matrideadsto a load drop whose
significancemainly depends onhe ratio between the mortar and the dry textile
tensile stiffnessand on the bond behaviour at the matastextile interface.The
responsecurve in this stage may often result uneven due to the crack pattern
occurred, therefore the stiffnesg Ban be drived by a linear interpolation in a
suitable range of data. It is important, to this purpose, that the strain and/or
displacement recorded during the tests are refer@deasuring range long enough
to include a sufficient number of crackeing representative of the mechanical
behaviour of the syster@everal aspects influence the form and the number of the
cracks, such as the grid spacing of the textiile,interlocking behaviour between
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textile and mortar, the boundary conditions reproduced dtnegest, the amount
of textile reinforcementhe specimen length.

Once the crack pattern has completely developed, transition point I, a nearly
linear and stiffer response is observethis phase, named as Stage lll, is
characterisethy a widening ofltte existing cracks with no developmentsuther
other oneslin the Stage Il the stiffness of tlkemposite relies on those of the dry
textile and so assumes values similath®s one bthe fabric alone tested in tension.

In the case of a failure mode characterisedhieytensile failure of the textilgarns,
the bearing capacity of the composite in terms of saessmsvalues close to the
tensile strength of the dry textij&6].
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Figure 2.4: TRM typical tensileesponsg 16].

The three stages in the TRM tensile response may be more or less identifiable
according to thevolume fraction and the stiffness of the textldopted TRM
designed withrelativelylow reinforcement volume ratio may end upaimechanical
response characterisday Stage Il showing zero stradhardening behaviour
Conversely,Stage Il mainly governs the response of TRMs characterised by
relatively highvolume fraction of a stiff textileln the case of significantly dense
fabrics combined to weak and deformable matrices, the first twesstage become
hardly identifiable[17]. Considering the poor teite strengthof cementitious
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matrices, andhe environmental conditions to which TRM systems are exposed
during theirservice life, is it reasonable think the composite system to wdrka
cracked configuration. It is, therefore, fundamentattioose a proper amount of
textile reinforcement when designing a TRM system.

Thefailure mode concerning TRM coupons in direct tensile tests may occur
due to rupture of the textile in proximity the gripping area, due topture of the
textile in a section included within the measurement range or due to slippage of the
textile within the mortarRigure2.5). The type of failure mode is strictly related to
the boundary conditions reproduced during the test, hencgripiging system
adoptedIf a lateral pressure is applied on tépping area (clamping method) the
compressive stress transfetreo the couporhinderthe textile to slipwithin the
matrix in the gripping area during the test. This methwtlicesa failure mode
characterised by the rupture of the textifethe lateral pressure is insufficient, or
absent by choice (clevis methodhe tensile stress are transferred from the
machine to the specimamly by means of resins glued between the steel tabs and
the TRM elementand depending on the length of the gripping area, the textile
tensile strength, and the bond at the testblenatrix interface, the failure may occur
with a slippage of the textile within the gripping arbathe case of the clamping
method, h order to avoidpremature failure within the transition randee to
crushingof the mortar due to the lateral compression, the TRM element may be
stiffenedby applying FRPstrips within the gripping ardd 8, 19].

tensile failure

A | . —~ - : ,

textile /' matrix/ gripping area’
tensile failure

e | — = —

textle /' matrix / gripping area’
slippage

c | — |

textile /' matrix,/ gripping area’

Figure 2.5: Classification of TRM failure modes in direct tensile {d€.

With the aim of providing a solid database concerning the mechanical
response of different TRMs subjected to direct tensile sestral research groups
carried out round robin testsomparing the results deriving from different
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laboratoriesThe most common arefficient high-strength fibre textiles available in

the market were considerddring such tests, i.e. carbfi?()], steel[21], glasq§22],
basalff23] and PB(24] fibres. The tests showed in almost all the cases the typical
trilinear behaviourWhenglass fibres were adoptéte TRM specimens exhibited a
response withut a clear Stage Il, showing in some cases the development of a single
crack.The clamping methotest set upesulted the most suitablable to guarantee
almost in all the studies amt&re exploitation of the fibrésstrength with a failure
mode characterised by textile ruptures PBO fabrics were adopted the most
common failure mode aeurred consisted in a slippage of the textile within the
mortar. Such behaviour highlighted a pbond capacity with inorganimatrices of

such material, with respect to its tensile strengthe increaseof fibre amount
obtained by overlapping more textile plies leads to higher tensile, load®ver, in
terms of stress a loss of efficiency may occlthva reduction of the textile
exploitation due t@ reduction of the bond between textile and m§fb26]. The

use offabrics treated by means of coatspugcifically designed to improve the labn

with matrix (based on the use of epoxy resins and quartz saras)ead to higher
ultimate tensile strength of the TRM and to a stiffer behaviour in the cracked stage
[26].

Significantdesigning parametersay be derived from the direct tensile test:
with respect to the Service Limit Statbe crack spacing and the stress of the first
crack €/) may be assumed as important designing parameters; with respect to the
Ultimate Limit State the Stage Il stiffness, and ultimate stress and strain are
fundamental parameters in such applications in which the tensile capacity of the
TRM may be fully exploited16].

2.1.1.2 Shear Bond Test

TRMs are conceived as an external reinforcemehtstructural elementgherein
masonry) hence it is necessary ¢onsidetthe nature of the substraie which they
are applied tget a proper identification of treystemefficiency.When the substrate
gets deformed it transfers the stresses taBld matrix. The composite, subjected
to tension, develops cracks, and in proximity of the cracks the load casl®ed
to be completgl borne by the textileln such configuration, restrained by the
masonry substrate, and by the stretckedile, the TRMto-masonry system is
submitted to shear loadBhe shear bond tegierformed on specimens characterised
by a TRM strip applied on aasonry substrateeproduces such loading conditipns
and it representstherefore a necessarytest in order to obtain an exhaustive
gualification ofthe TRMto-substrate system.
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The assessment of theesar bondehaviour is a fundamental aspect to define
as itis theweakest mechanical phenomenanditioningthetype of failure mode,
among adebondingat the TRMto-substrater textileto-mortarinterfacebond loss
and a tensile failure of the textilke.is worth emphasising that any prematboand
failure, not involvingthe ruptureof the textile maybea solution poorly optimised
since the fibreoften represent the most expensive component of the reinforcing
system[13].

Several test saip configurations werelevisedin order to reproduce the
actual shear bond conditions existingré@l applications singlelap or doubldap
configuration respectively forlte TRM strip applied on one or both the sides of the
masonry block;with one prism or two symmetric prisms, respectively if the
reinforcement is applied on one block or on two blocks symmetrically piiigd
28]. Generally the substrate is characterised by masonry prisms, but in some cases
individual masonry blocks are adoptgtb-30]. Comparison between the double
lap/doubleprisms test configurations and the sinlglp one showed that the
different testsetup led to the same mechanical response up to the peak load, but
doublelap configurations failed toetain symmetric debonding on both the sides.
Due to the randomness of this last aspect, and wattier reproducibility of the test,
singleshear lapest is preferred to study the bond behaviour of Hevhasonry
systemg31].

The RILEM Technical Committee 250SM was created with the aim of
providing recommendations to standardise the test method for thetG-Ribstrate
bond characterisatiof82]. The geometry of the specim and the test sep are
shown inFigure 2.6. The textile is partially left unbonded, clamped using steel
platesand pulled by means of the testimgchine. The specimen has to be correctly
arranged so that the masonry block remain locked during th@ estextileshould
bebe perfectly in line with the TRM axis to ensure that a pure shear stress is applied
to the TRMto-substrate systermAny possble eccentricity may lead ta mixed
failure mode in which both normal and shear stiesaelop The test is carried out
in displacement control and the relative displacerhetween the reinforcement and
the substratén correspondence to the loaded end is recorded by means of LVDTs
and by a steel element connected to the tejdte This solutionproves efficiency
in recordingthe slipping of the textile within the matriklowever,in the post peak
phase, and inaseof afailure modencludingfibres rupturethe displacement data
recorded may bmaccurate.

Severalshearbondfailure mode may be identifiedoss of cohesion due to
either shear failure within the substrgi@ode A or at the TRMto-substrate
interface (hode B) detachment of the xéle with the outer layer of mortamode
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C); sliding of the textile within the matrixr{ode D and textile rupture either out
(mode E) or within the mortarrhode BR) (Figure2.7).
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Figure 2.6:SingleLap Shear bond test sep[32].
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The cohesive failure at thERM to substrate interface depends on the shear
properties of the substrate and the adherence between mortar and masonry. The
abrupt detachment of the outer layer of mortar at the tetihgortar interface
generally occurs thendense fabrics are employed inhibiting a proper protrusion of
matrix through the voids. Failure mad, B and C are characterised by a skedigr
curvewith a brittle load dropgenerally with short displacement values in the modes
B and C(Figure2.8d).

Failure mode D occurs when the composite is characterised by weak textile
to-matrix bond.Thisaspect depends on thechanical propertiesf both the mortar
and the fibres, the arrangement of the fabric and the geometry of the single threads.
In this case the stresé$ip response is characterised by a ymestkload decrease due
to the progressive loss of adherence of the textile withinntbgar due to the
advancement of the slippadEigure 2.8 b). When such behaviousccurs it is
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possible toimprove the sheabond performance by meansf fibres treatmen
(coating) specifically designed to improve the textitanortaradherencg33].
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Figure 2.7: Classification of TRM failure modes in Sindlap Sheatest[32].

Failure mode E may occur in case of TRM systems characterised by textiles
with poor tensile strength with respect to the textlenortar bond. The consequent
stressslip response is characterisediistantaneous drops of the load corresponding
to the rupture of the textile bundldsigure2.8 c). A nontuniform distribution of the
stress over the fierent textile threads, duefor example- to fabrics characterised
by relatively sparse meshes, may contribute to the occurring of this mechanical

behaviour.
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Figure 2.8: Typical textile stresslip cunes observed in Singleap Shear bond tests on
externally bonded TRMs related to failure modes: a) A, B, C; o) B[11].
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Whether thefailure is due to loss of textilo-matrix bond or to the textile
rupture, the TRM system should be properly designed taking into account the type
of failure mode in order to aid unexpected premature collapse in the applications.

Round robin tests were carried out to compare the shear bond response o
TRM-to-masonry systems performed in different laboratories by using the most
common high strength fibres, such as carbon, gy 22], basalt and PBO fibres.
Several failure modes were observitthe case of steel fibrea exploitation ratio
up to 94% led to cohesive failure modestlie substrat¢20]. The failure mode
characterised by slipping of the fibres within the mortar alaserved in several
cases wherthe smooth surface of the threads is combined with low strength mortars
[21-23]. The use of PBO textiles often ledttwe rupture of the fibrealong the free
length of the specimens, addmage within either the matroc the substratevas
observed?24]. It was in general observed thaetmatrixtextile bondcapacityplays
a key ple in the mechanical respsmof the systemSpecifically, it is affected by
the textile geometry, treatment of yarn (coating or impregnation), mesh size and the
capability of the matrix to penetrate in the core filaments of the ySpecimens
constructedy using fibres of the same natupet differingin these parametenmay
end up in failure mode and exploitation ratio significantly different.

It is necessary, in order to get an exhaustive characterisation of the TRM
system, to carry out both tensiledashear bond tests: the first opeovides the
maximum strength that the composite can exhibit in tension, the second one takes
into account any possibldebondingphenomenathat prevent such maximum
capacity to be achievetl.is possible, therefore, to combine the results of both the
tests to gedesigning parameterdie maximum stress and strain can be derived from
the tensile response by superiorly limiting the stedsbe maximum value achieved
in the shear bond teffigure2.9) [13].

SHEAR BOND REPONE

TENSILE REPONSE

stress

a) N
slip

€  Euw strain

Figure 2.9:Definition of the maximum bond stress (a) at@in (b) of TRM systenfs 3.
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This qualification method isuitable in case the maximum stress of the shear
bond curve corresponds to a point included in the $tagfethe tensile test response.
Besides, it is worth emphasising that when THRiMnasonry specimerail in shear
bond test due to a rupture of the textile along the free length, the maximum shear
stresgyenerallycoincides with the maximumne observeth tensile test.

2.1.2 Diagonal compression test

Tensile and shear bond represeasyreproducibletests to characterise, on a local
scale, the mechanical behavioutloé composite itself and of tid&RM-to-masonry
system.However, it is necessary to camoyt mechanical tests on larger scabé
analysis in order tmvestigate the efficiency of the external reinforcement by TRMs
on actual masonry structural elements, andrddfy that qualification tests on
smaller scales arenough to predict such behani. Depending on the load
conditionsto reproduce, severdbsts may be carried out on unreinforced and
reinforced masonry elements to assess the contribution of TR&snry column
weretested in compression giudy the efficiency of TRM confinemefi4]. In-
plane capacity of masonry elements externally strengthened by TRM can be assessed
by shear or bending tesf85]. Out-of-plane bending test can be carried out to
reproduce theollapse that may develop as overturning, vertical flexural failure or
horizontal flexural failur¢36, 37].

One of the aspestof crucial importance, especially for strengthening of
masonry elements toward seismic actjois the inplane shearcapacity. Shear
strength can be assessednians of cyclic or static direct shear tests or by means
of diagonal compression tests. Th#tér, due to the loading configuration, induces
a failure modef diagonal cracking in a stepwise form along bed and head joints or
crossing masonry units. Due to the reproducibdityl the reliability of the resuijt
diagonal compression tests were oftedopted to mechanital characterisehe
efficiency of the masonry strengthening by means of TRM systeragious types
of specimens, such as two and single leaf wail, bricks of tuff volcanic elements
andby using various TRM systems differiig the geometry, nature of mortar and
textile [8].

Diagonalcompression (or tension/or shear) tests are typically carried out on
1.2 m x 1.2 m masonry assemblages loaded in compression along one diagonal, thus
causing a diagonal tension failure with specimen splitting geapendicular to the
direction of the lod (Figure2.10). The test set up and procedure is described in the
standard ASTM E512 [38]. The shortening of the loaddtypically vertical)
diagonaland the lengthening of the other diagoftgpical horizontal) are recorded
during the test by means of specific instrumentatiGm the basis of such
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displacementg;ombined with the applied load values, theximumshear strength
strain and stiffness in the middle of the panel can be computed.

Figure 2.10: Clay brick wall subjected to diagonal compression {6kt

A large number ofparametersstrongly affect the effectivenes®of TRM
systems in enhancingein-planeshear capacitgnasonry panels, such as geometric
and mechanical properties of the matrix anesimreinforcementthe presence of
mechanical anchors, the properties of the masonry subétraées. observed that the
mechanical properties of the TRM matrixasgly affect the peak capacity of the
panels Moreover, the axial stiffness of the mesh reinforcement affects the peak
capacity: when TRMs characterised by low axial stiffness textiles were adopted a
smaller capacity increase was achieved with respecthtse with higher axial
stiffness[8]. In all casesthe reinforcing textile seemed to play a significant role in
the inelastic pogpeak behavioyrand even where the reinforcememas not
sufficient to provide any increase ofrength capacity, it ®med to enhance
efficiently the displacement capac[t/3].

2.1.3 Durability

Significant efforts were carried out by the scientific community tovipo
information about the mechanicalbehaviour of TRM systems and of their
applicatiors on structural elementddowever, nost of the study available in
literature concerning such strengthening technique are pertinenits\stiortterm
performance.Although being important to findncreasingly better performing
solutions it is equally fundamental twerify that the reinforcingintervention
preserve & effectiveness in time andhderin-service conditions. Thus, it appears
necessary texperimentally assess the letegm structural efficiency of TRM
strengthened masonry elements under various environmental exposure conditions.
Different approaches may be adoptedinwestigatethe TRM durability
performance. In somestudies,the issuewas addresseby ageingthe reinforcing
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textile, exposing ito specific conditionstaking care of reproducing tleavironment
created by the mort§89, 40]. Micelli and Aiello showed thaglass and basalt fibres
are highly sensitive to alkaline environmenthjle steel and carbon textiles are less
susceptible to that environmgigure2.11). Moreover, it was highlightethatthe
alkalinity of the environmentannot be related to the pH valagthe solution in
which the fibres are immersealone but it should be ensurethat the ®lution
contairs chemical components able to reflect thal service conditionsreated by
mortars, i.e. lime or cemerntased.The temperature represents an important
parameter to reproduce accelerated ageing processes, however, further investigations
are needed taccurately correlate the accelerated prowedth the actual mortar
environmental conditiongtl].

a) %l

Figure 2.11: Glass fibre deterioration through a) the surface dmdhe thickness due to
exposure to alkaline environmdut1] .

Another approach consists in assessing the decay of properties in the time
directly on TRM couponsaged inspecific environmental conditions artten
subjectedo direct tensile test[42, 43]. In order to get an exhaustive evaluation of
the durability performance of TRM compositéise sgcimensmay beimmersed
for a time of 1000 hin alkaline (sodium bicarbonate solution with a pH level of 10),
saline (3.%6 sodium chloride solutiorgnd watesolutions at a temperature of 23 °C
[44]. Moreover, in order to flect the temperature changes wdich TRMs are
subjected in service conditions, freg¢haw cycles wereeproduced by alternating
periods of 12 hours at constant temperature of 37 16 peria of 4 hours at18 °C.
Durability protocolsrepresent an efficient solution to analyse M ageing
processes, and sopoopose and verify solutions to improve the ldagn efficiency
of the reinforcing system. However, aggressive environments may significantly
reduce the design limits and so they should be carefully considi&ie®n the other
hand, ageing protocols at environmental temperature do not allow to assess-the long
term durability of the composite. Mordaborated protocols, perhaps by adopting
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higher temperatures to megluce accelerated ageing conditions, would be ndeded
define the decay of the mechanical performance of TRMs in the time.

Some studies focused their attention on the efficiency of TRMs when
submitted to high temperaturdd6-51]. It was observedhat textile coating
treatments can improve the hitgmperature performance ofetlsystem delaying
the deterioration of the fibre$2]. However, suchypes of treatmenshouldbe
specifically designed to this purpose: inappropriate coating treatments may lead to
evenworse performances with respect to untreated fibre based TRMs by causing a
loss of adherence at the textitemortar interfacg53).

As well as for the shotterm mechanical response, aisothe case of the
durability assessment it is important to analyse the entire-TdRfdlasonry system
to take into account any ageing pherema involving the substrat€o this purpose
masonry block specimens reinforced by TRM strips were subjected to shear bond
test after being exposed &meing protocols: such as immersion in water and salt
solutions, ad/or subject to wedry cycles.Franoni et al. proposednaageing
protocol that produced a realistic salt accumulation in the speciBgranalysing
a steelTRM-to-masonry systepit was showed a limited effect of sulfate exposure
on the stressransfermechanisnbetween the composite andasonryhighlighting
the good efficiency of the reinforcemamderthe analyse@xposure environment
[54]. GlassTRM-to-masonry elements showed sgnificant change in the
mechanical response after different environmental expasthes short term
response was characterised by a failure mode with a slipping of the textile within the
mortar; specimens immersed in salt solution experienced a ruttire fibres in
the free length; specimens subjected to-avgtcycling were characterised by a
debonding crisis at the TRitb-masonry interfacgs5].

Although pionering studies showedhrioussolutions to study the durability
of TRM systens, further efforts are required to better define the efficiency of the
proposed ageing protocols, and to deeply understand thedongmechanical
response of the composite. Tasthurposehe technical committee RILEM TC I
was recently created witthe aim ofclarifying scientific aspects concerning the
strengthening of existing masonry structures with TRM materials, particularly
focusing on those aspects related to duralalitgt structural reliability in the loRg
term[56].

2.1.4 Codesand guidelines

Ever sincghey appeared on the market, TRM composites immediately gained great
interest from practtioners finding increased application irinterventions of
reinforcement of masonry structur@herefore it became necessaiyimplementat

41



Giuseppe Ferrara Flax TRM composite systems for strengthening of masonry:
from the material identification to the structural behaviour

guidelines and acceptancsteria as support of the materi@bpualification and of
the strengthening interventisrdesign.The aim of this paragraph is to provide an
overview of the main specifications required by standart$ recommendations
available today concerning the udeT&Ms.

The AC434, acceptance criteria for masonry and concrete strengthening using
FabricReinforced cementitious MatrisompositedFRCM, herein referredo as
TRM), were developeih theUS with aim of providing guidelines for the evaluation
of suchinnovative strengthening method where the codes did not provide yet
requirements for testing and determination of structural capacity, reliability and

serviceability of these produdts7]. Wi t hin t he document a FRCM i s

composite material consisting of a sequence of one or more layers of {mEBvedt
matrix reinforcedwith fibres in the form of open grid (mesh). When adhered to
concrete or masonry structwa | me mber s, they fdhem an
document provides an overview of the mechanicas testded to characterise TRM
systems Characterisatioriests are needed on the components of the composite
system, such as mortar and textile mesh. Moreavsisliggested to carry out tensile
tests to be conducted on coupons cut from TRM panels laid up using a procedure
similarto that in the actual iservice applications. In additioim order to define the

bond strength, it is mentioned to carry out tertsiled tests on TRM systerapplied
onto substrates in accor daAmoverviewioftthe t he
test methods to investigate the structural performahddRM reinforced elements

is provided as wellsuch as wall flexural tests, walhear testszolumns axial and
flexural testsWith respect to the characterisation of the mechanical performance of
TRM systems, the document provégegeneral comprehensive approgather than
detailed specifications. Conversely, as regard the duyehdlpects, ageing protocols

and conditions of acceptanege described in detaihccording to the document
specimens should be conditioned for one week in humidity chamber, then subjected
to twenty freezghaw cycles, each one consisting in a minimunfoaf hours at

18°C, followed by 12 hours at 37.7 °Che specimens shall retain at least the 85 %

of the tensile and shear properties of control speciinamsier to be in line with the
conditions of acceptancEnvironmental durability tests consistthe immersion of

TRM coupons inthree different solution: deionised water, sadtter, alkaline
solution (with pH equal to 9.5 or highef)he three treatments should last for 1000

h and 3000 h and shouleld to a retainment respectively of thed8&mnd80 % in

order to respedhe conditions of acceptanfsy].

The American Concrete Institute developed the ACI 549.3Rguide to
design and construction of exteryalbonded FRCM systems for repair and
strengthening concrete and masonry structuie®. Within the guidelines
background information and field applications concerAiRi/ systems are widely
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discussedThe main properties of TRM systems and TRivengthened structures
are reportedandthe structural design procedures are describénovelties with
respect to the TRM qualification proceduraad durability requirementare
introduced in this document with respect to the AC43#e guidelines provide the
main tools in view of designing of interventions for the maintenance andingpa

of existing structures.Specifically, formulations are proposed to evaluate the
capady to resistout-of-plane and irplane loads of masonry elements externally
strengthened by TRM systemghe section analysis is based on the following
assumptions: strain compatibility between masonry and TRM compgidiee
sections remain plane, the TRM is characterised by a bilinear behaviour to failure
and its contribution prior to cracking is neglectéthe mechanical strength
parametes considered are the maximum tensile strength and strain of the TRM, and
the stiffness concerning thresponse of the composite in tension in the cracked
configuration. The approagbroposed by the guidelines for the asseent of both
out-of-plane flexural strength and-plane shear strength of TRM strengthened
masonry elementsonsists in adding up the two contributions of strength of the
unreinforced masonry member and if the TRM syst€he latter is calculated on
thebases of the TRM strength parametbgssuperiorly limiting the maximum strain

to the values of 0.012 and 0.004 respectively for the casataff-plane and in
plane load configurationdith the aim of making easier the use of the guidelines
the ACI 58.4R13 also provide with designing exam@eof TRM external
reinforcement okeveral structural elemergsibjected talifferent load conditions
[58].

With the aim of sandardigng the qualification tesprocedureof TRM and
TRM-to-masonry systemscientific technical committees were creatsd hoc.
Recommendation of RILEM TC 23PDT illustratesthe test method to determine
the load bearing behaviour of TRM tensile spems[12]. Recommendation of
RILEM TC 250CSM defines the test method for TRM to substrate bond
characterisation32]. Both documents describe in detail the geometry of the
specimens, the test condition and equipmia test procedure and the evaluation
of test results.

With respect to the Iltalian legisia¢ context, the technical code for
constructiong59 requires that all materials and products adopted in constructions,
when used with a structural functi@houldbeidentified, qualified and controlled.

To this purposeguidelines for the identification, qualification and acceptance
criteria of TRM to be used for retrofitting of existing structures, were recently
developed60]. An interesting aspect present in the latter concerns the application
of the reinforcement system. As kngwhe mechanical efficiency of TRMs is
strictly related to a prop@mplementation in situTherefore, it is necessary that the
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manufacturer providetechnical handboolexplaining the installation procedure,
specifying the range in which the thickness of the composite mayamdrpossible
needed preparatory treatments of the subst@ieh instuctiors, to berespected
during the reinforcement applicatiomlso represent the reference for control
inspections.Also in ltaly instructiors for the design, execution and control of
reinforcement interventions by means of TRiere developed, providday the
Italian National Research Institute (CNBJ]. Similar to whatis proposed byhe
American guidelines, the documemcludes an overview of the possible
appications of the retrofitting system, the bagdnciples for conception of
retrofitting interventionsand designing formulasThe qualification procedure

provides for tensile test of the textile, tensile test of TRM coupons and shear bond

test of TRM-to-substrate systems. The mechanical parameters deriving from the
characterisatiotests and toconsiderin designing formulasare defined as follow:
- Uu, &r andE;, respectively representing the maximum tensile stress and
strain and the tensiliffness of the dry textile;
- fomas representing the compression strength of the matrix;
- Oy, &, respectively representing theaximum tensile stress and strain of
the TRM deriving from direct tensile te@lamped configuration)
- Ei, representing thetiffness in tension of the TRM with respect to the
Stage | (linear elastic phasethe uncracked configuration);
- Ciim,cony @m.cony defined as conventional limit stress and strain.

The normal streses are conventionally referred tivecross section of the dry textile

in the direction of loadingThe conventional limit stresslimcony represents the
maximum strength of a TRNb-substrate system derived from the shear bond test.
The conventional linit strain, &mcony represents the deformation corresponding to
the conventional limit stress the tensile stresstrain response of the dry textile
(Figure2.12).
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Frmax |- -- o - - - - - —" Clim,cony =~ ~"="--- g :
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Figure 2.12: Conventional limit stress and strain assessment by meansTiRMYo-
substrateshear bond test; and b) dry textile tensile test respdréHs
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2.2 Use of pant fibres in TRM composites

During the last decades, the sensitivity of the public opinion toward environmental
issues has significdgtincreasedThef i r st def i nition of fisustain
wasgivenbytheBr undt | and Report @AOumwhkbimsnon Futur ec
hi ghl i g hHureadity hak theé abifity to make development sustainable to
ensure that it meets the needstlaé present without compromising the ability of
future generations to meet their own need62]. Such concept implies the
improvement of technologynd social organization to make way for a new era of
economic growth in line with the current elaborated model of circular ecgnomy
d e f i nardgenmrativefisystem in which resource input and waste, emission, and
energy leakage are minimised by slowinpsing, and narrowing material and
energy loop8[63]. Moreover,the need of more sustainable solutions is recognised
as one of the main ilayoaso kythe EUReseardhlareinges o of
I nnovation pr ogr aTtmereféré] dimifing dhe en2irdornesd .
Ai mpact o of human activities lliinglustnabwadays cor
fields. Among others, the construction secteeddogeti gr eener 6 by reducing
the demand of energy and raw materials, and the emission oflgyese gass[64)].
Moving in this directionnew sustainde building materials are conceived by
promoting the reuse of wasteaterials and the use of thealled ecefriendly raw
material sources characterised by a low environmental inpf@zct
Composite materiallend themselves well to the implementation of several
solutionsaimed at obtaining more sustainable systéfosinstance, thadoptionof
natural fibreqalso called biefibres orcellulosic fiores and hereinafter referred to as
plant fibres) in lieu of industrial ones, as reinforcement of both organic and
inorganic matrices, is one of the possible features of a new class of materials
generally referred to as biocomposités.recent yearssuch useexperienced a
considerable increase engineering applicationn 2003, the use of plant fibres in
composites in EU, was estimated to dreund 43000 tonngg6]. In 2010, the
amount increased to around 315000 tonnes, represatimgthe 13%of the all
types of reinforcing fi brestsnatadtodbédroartil e (car bo
28% by 202(67]. The US Departmenbdf Agriculture and Energy set goal of having
at least 50% of all basehemical construction blocks created from renewable and/or
plantbased sources by 20588]. It is reasonable toonsider biecomposite as the
next generatiomf structural materiald-or this reason, several efforts are made by
the scientific community ténvestigate the mechanical behaviour of pifintes
based composites, and to improve it according to the performance levels required by
structural applications.
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2.2.1 Plant fibres

Based ortheir origin natural fibres can be classified as plant, animal or mifg9l

Plant fibres, in turn, are subdivided into wood fibres andwoad fibres. The lagr
include different kinds of fibres depending on the part of the plant they are taken out:
leaf (sisal, pineapple, abaca), bdmrp, flax, jute, kenaf, ramie), seed (cotton), fruit
(coir, kapok), straw (rice, corn), grass (bambadii)e great availabilit in many
countriestheir costeffectiveness and low density, are some of the advantages that
led to agreat interesin the use okuch fibreqTable2.1). Due to their nature, they
result to be biodegradable, renewable,-harardous and nesbrasive Moreover,

they proved to havgood mechanical properties, sometime comparable to those of
syrthetic fibresHowever,a successful commercialization of such fibrggévented

by someissuesstill unsolved The lack of data related to the durability creates a
widespread scepticisnthat preverg the implementation of these materials in
engineeringareasin addition,significant fibre contents are needed in ordendee
adequate reinforcement effects, wjtbssible difficulties inrmortar mixing due to
reduction in workability Another drawback is related to the reliability of the
mechanical properties of plant fibresequently characterised by a significant
scattering dueto their dependencen random variables such as chemical
composition, filaments geometry (diameter andjtehand surface roughng$9].

Table2.1: Estimation of the plant fibres global productipf0].

Fibre type Production per year (Million tonnes) Main producer countries
Abaca 0.10 Philippines, Equator

Cotton 25 China, USA, India, Pakistan
Coir 0.45 India, Sri Lanka

Flax® 0.501.5 China, France, Belgium, Ukraint
Hemp 0.10 China

Henequer 0.03 Mexico

Jute 2.5 India, Bangladesh

Kenaf 0.45 China, India, Thailand

Ramie 0.15 China

Silk 0.10 China, India

Sisal 0.30 Brazil, China, Tanzania, Kenya

aThe real production of flax was underestimated because the production of Canada is not cons

b China has announced plan to substantially increase the hemp production for textiles in the col
years to 1.5 million tonnes of fibres per year.

Plant fibres (also named as cellulose/lignocellulose fibres)theayselvebe
considered as a composite whobkasic chemical components are cellulose,
hemicellulose and lignin. The cellulose represents the stiffest and strongest
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componentand its amount affects the fibre strength, stiffness and stalftlint
fibres can be class#d with respect tohe chemical compositiorand sothe
proportion among the different componeis. cotton, hemp, flax, sisal, ramigth

an amount ofabout 70%of celluloseof the entire chemical composition, are
considered as fibres reach in ceadlsg. Several otheaspectamay also affect the
chemical composition, such as geographical and climatic conditions, the variety of
the plantsoil quality, level of plant maturitynd the fibre manufactory process. The
combination of these featureetermires the mechanical properties of the fibres
[71].

Depending on their naturelant fibres may present different structures. In
generalthey are arraged as bundieof elementary fibres, each one characterised by
a multilayer cylindrical structurén Figure2.13the typical structure dd flax fibre
is representeftom thestem (nacroscopiscalg to the elementarfjore components
(nanoscopic scale

% Stem S2 Lamella
S macroscopic scale nanoscopic scale
", cellulose pectins hemicelluloses
¥ 70% 2% 15%
\
i ,|: T (o
b WT X
7
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¥
: Lumen " (S3——)-
lamella " [g st _ |l
O O Secondﬁlry cels2—
Elementary, e wa SI—- :
fiores Primary cell\ | S——
wall
Bundle Elementary fibre -
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Figure 2.13: Schematic mukscaleflax fibre structurd 69].

The stem is characterised by several layers. Bundles of fibres are placed right
under the bark. The cross section of a bundle contains between 10 and 40 elementary
fibres. At the microscopic scale the elementary fibre is characterised by concentric
cell wdls, differing each other in terms of thickness and chemical components. The
centre part, with a small open channel in the middle, is called lumen, and it is the
part responsible of water uptake. On the outer side, the primary cell wall is located
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around he secondary wall. The latter, with a high content of cellulose, is responsible
for the strength of the fibfg’(].

Physical properties also play an important rolneéxmechanical performance
of plant fibres Generally, the tensile strength decreases when the fibre length
increase line with the principle according to which the longer the fibre, the higher
the probabilityof presenting imperfections leading to megure failures compared
to shorter fibre$69]. The main mechanical properties of cellulosic fibres, compared
with those of synthetic fibres such as carbon, arandiglass, arshown inTable
2.2.

Table2.2: Mechanical properties of main plaahd synthetic fibrefs9] .

Fibre Relative  Tensile Elastic Specific Elongation at
type density strength modulus modulus failure
(g/cn?) (MPa) (GPa) (GPaxcnilg) (%)
Abaca 1.5 400980 62-20 9 1.0-10
Alfa 0.89 35 22 25 5.8
Bagasse 1.25 222-290 14-27.1 18 1.1
Bamboo 0.61.1 140800 11-32 25 2.53.7
Banana 1.35 500 12 9 1.59
Coir 1.151.46 95230 2.86 4 1551.4
Cotton 1.51.6 287-800 5.512.6 6 3-10
Curaua 1.4 87-1150 11.896 39 1.34.9
Flax 1.415 3432000 27.6103 45 1.23.3
Hemp 1.415 270900 23.590 40 1-3.5
Henequen 1.2 430570 10.1-16.3 11 3.7-5.9
Isora 1.2-1.3 500600 - - 56
Jute 1.31.49 320-800 30 30 1-1.8
Kenaf 1.4 223930 14.553 24 1.52.7
Piassava 1.4 134143 1.07+4.59 2 7.821.9
Palf 0.81.6 180-1627 1.4482.5 35 1.614.5
Ramie 1.0-1.55 400-1000 245128 60 1.24.0
Sisal 1.331.5 363700 9.0-38 17 2.07.0
Aramid 1.4 30003150 6367 46.4 3.33.7
Carbon 1.4 4000 200240 157 1.41.8
E-glass 2.5 10003500 70-76 29 0.5
Sglass 2.5 4570 86 34.4 2.8

Flax, ramie and hemp represent the most performant fibres, whose strength
and stiffness ranges of values are relatively close to those of synthetic fibres, such as
glass. Nevertheless, the same cannot be said with respect to the strain at failure. Such
discrepancy is due to the mechanical response in tension of plant fibres, that, unlike
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synthetic fibres, shows a first less stiff branch prior to achieve a linear behaviour.
Such behaviour, typical of plant fibres, consists of an ebldstm-plastic
deformaton due to the rarrangement of the amorphous parts of the thickest cell
wall, the cellulosic microfibrils, aligning with the tensile aki®]. The Ashby plot

in Figure 2.14 shows the density of several typeof fibres and fibrebased
composites in function of the tensile strength on logarithse@le. This graph
althoughconfirming that plant fibres strengils comparable to those of glasses,

also highlights a wide gap of performance widispect tocarbon andpolymeric
based composites with high strength fibres.
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Figure 2.14: Densityi tensile strength relationship of different types of fibres and-fibre
based compositdg 3.

As known,in addition to mechanical aspects, several other features affect the
interest in the usef a construction materials. Among them surely economic criteria
play afundamental ale. With this respedt was observed that the cost per weight
of most plant fibres results to be relatively lower than those of synthetic fibres, such
as glass ones Higure 2.159). The economic criteria caalso be assessed by
considering a more significant parameter defined as the cost per length for an amount
of fibres capable of resisting a tensile load of 100 kigure2.15b). According to
the latter such cost discrepancy between plant and glass fibres clearly decreases, even
though such fibres, i.e. flax, still exhibit a good potdrd@mbination of low cost,
light weight, high strength and stiffness. The same conclusions cdralwe by
considering a greater population of materials of comparistguie 2.16). It is
necessaryo point out that specific treatmerits agustthe mechanical behaviour of
plant fibrebased composites to the required performantag lead to additional
costs related ttheir use. In addition, being plant fibres materal=latively young
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market concerning their supply and use, great uncertaixigts concerning the
future price of these materials. For these regdarther investigations are needed
in order to accutaly definesuch economic aspects.

US Dollars / kg from literature US Dollars / m for amount of fibers able to resist tensile
X - load of 100kN
Sisal | — .
Ramie | —— SIS?] —
Kenaf — Ramie
Jute | . Kenaf —
Hemp 1 — Jute | -
1 Hemp
Flax ] Flax -
1 I
Coét on Cotton
or | == Coir ——
Bamboo | e Bamboo | —
Abaca | —— Abaca
E-Glass E-Glas

a)  $0.00 $0.50 $1.00 $1.50 $2.00 $2.50 $3.00 b) $0.00 $0.20 $0.40 $0.60 $0.80 $1.00 $1.20

Figure 2.15. Comparison between-gass and plant fibres: a) cost peright b) cost per
unit length capable of resisting 100 kN ldat] .
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Figure 2.16: Costi tensile strength relationship of different types of fibres and-fiaged
composite$73].

A more comprehensive analysis aimed at investigating the potential use of
plant fibres in construction materials, cannot neglecagpect of thenvironmental
impact, an issueof primary importance nowadayPlant fibres are known to be
characterised by relatively low embodied energy, representing, the latter, the energy
consumed by all processes associated with the productaeooktruction material
(or of a building from the mining and processing of natural resources, to
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manufacturing andransport. By putting in relationship suatparameter with the
tensile strength, over a wide population of different types of fibres arelf#sed
compositesan exhaustive comparison can be providédure 2.17). In absolute
terms, the embodied production energy concerning synthetis fgapproximately

10 timeslargerthanthat of plant fibres, andt is highlighted that synthetic fibre
based composites require around five times more energy of production than green
compositeg73].
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Figure 2.17: Embodied energy tensile strength relationship of different types of fibres and
fibre-based compositd§ 3.

By taking into account the several aspects discussaaauch as physical,
mechanical, economic and ecologic ones, among the various plant fibres, flax, hemp,
cotton, sisal and juteoncretely represemotential candidateas reinforcement of
innovative composites in civil engirdreg applicationd69].

2.2.2 Plant fibres as reinforcement in TRMs

The use of plant fibres as reinforcemé@ntnorganic matrices represerda smart
solution to employ the potential of the fibremm TRMs, and to improve the
sustainability of suclninnovative retrofitting techniqué&everal research studije
carried out to investigate the efficiency of pHasised TRMsshowedt as a valualg
and promising solutiofi75]. Dueto their nature, physical structure and mechanical
properties, plant fibres are characterised by a mechanical performance tiftaren
that exhibited by synthetic fibres. Therefotlee scientific outcomes deriving from
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the several studiesarried out in the last decade on the use of TRMainly
conducted by using high strength fibreannot bedirectly extended to plant fibre
based TRMsFor this reason,many researchers focused their attention on the
mechanical behaviour dime/cementbased matrices reinforced by plant fibre
textiles often referred to as Natural TRMaith the aim ofissessing their efficiency.
Several aspects wenevestigated on different scalef analysisfrom the fibreto-
matrix bond, to the application of Natural TRMs as reinforcement of masonry
elements.

The borl behaviour at the fibr-matrix interface represents a fundamental
aspect that affestthe mechanical behaviour of the entire TRM composite and its
performance as reinforcement of structural elemdpisl-out test consisting in
pulling a textile yarrembedded in a mortar cylind@figure 2.18), provides shear
stress vs sligalso named bondlip) curvesrepresentative of the bond capacity
between the two elements.

i 1
Embedded
length

Figure 2.18:Singlefibre pull-out test schemrg].

The bondslip law is typically characterised by a first linear branch followed
by a frictional bond phase. The maximum shear boredst and thenagnitudeof
the residual force depend on the matedipitsperties and on the embedded length.
The sheabond response of jute fibres smncementitious matrix was studied by
Ferreira et al[76], in which adebondingfailure showed that the criticdtansfer
length islargerthan 10 mm. The study also proposed an analytical npodelding
a bilinear boneklip law representative ohé experimental evidenceEhe bond
between plant fibres and matrix can be improved by means of treatments applied on
the fibres beforembedding them within the mortgt7].

Different treatments may be applied to the fibres to improve their strength:
hornification, consisting in weldrying cyclesin hot water; alkaline treatment,
consisting in immersion of fibres in low alkaline concentration satstifor 50
minutesand in drying for 24 h; polymer impregnation; hybrid treatmearmbining
fibres hornification and polymer impregnatioBy adopting the aforementioned
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treatments to sisal fibres immersedaicementbased matrix, an increase of both
fibresdtensile strength and fibte-matrix bondwas observed in all the cads).
The alkali treatmeninodifies the fibre composition bgemovingthe amorphous
constituents of the fibre and by increasing its crystallinitiie polymer coating
increases the interfacial bontkating a layer acting as a bridggtween matrix and
fibre.

Several researchers devoted their attertidhe mechanical characterisation
of the tensile behaviour of TRM coupomgadewith plant fibre textiles. Ghiassi et
al. [79] producedl'RMs with lime mortar and flax fabrendinduced tensile stresses
by applying the loatroughclampingof the textileon the two sides of the specimen.
By comparing the results with the tensile response of the dry teatifyugh a
decrease of stiffness was observed, a significant increase of the tensile strength was
evidenced due to the increased integrity of the system provided by the mortar
presenceCodispoti et al[80] carried out tensile test on TRMs performed by using
seweral types of textile, such as jute, sisal, coir, flax, hdfFigure 2.19). The
different types of Natural TRM exhibited a promising mechanical respoitsea
good exploitation rate of the entire dry textile strengbwever it was emphasised
that it is fundamental to adoptppropriate thickness of the mortar, and hence
appropriatevolume fraction of filbe, in order toproduce amechanically efficient
system.

Figure 2.19: Different types of plant fibre fabricfate (a, b and c); sisal (d and e); hemp
(f); flax (g) [80].

The tensile response of Natural TRischaracterised by the typical three
phases generallgxhibited by the conventional synthetic fidrased systerf81].
Unlike the latter, Natural TRMs are characterised by a second stage in which, in
correspondencéo the occurrence of a crack, a significant drop of the lisad
observed due ta discrepancy ithe axialstiffnessof the textile £s x E;) and the
axial stiffness of the mortgFigure2.20).
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Figure 2.20: Stressstrain response of composite specimens reinforced with one, two and
three layers of flax fabricg82].

The fibre volume fraction plays a key role in the mechanical response of
Natural TRMs.Figure 2.21 shows the tensile strength pfant fibre composites
(assessed referring to the entire creggtion area of the coupongerformed by
using flax and sisal, as a function of the fibre volume fractiocan be noted that
starting from a volumetric ratio of about the 3%, a significant enhancement of the
mechanical performanaeas experience[B2].

* Flax composites  + Sisal composites
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Figure 2.21: Effect of the fibre volume fraction on tensile strength of Natural TRIds

Natural TRM tested in tension typicalgxhibited a failure characterised by
the rupture of the fibres. However, depending ontéisé set up, a slippage of the
fibres within the clamped zone may oc{88].

The influence of fibre treatments, i.e. coating, on the mechanical response of
several types of Natural TRMs, performed by using flax, hemp, sisal ana cotto
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fabrics, was investigated as well. Mercedes etaiployed two different treatments
by coatingthe fabrics either with epoxy resin or with polyester. In both ;a@se
increase of the tensile response of the textile was obsdnvestjard tothe tensile
strengthof Natural TRMs, when epoxgoated mshes were adopteda large
exploitationrate of the textile was observed with respect to polyestated mesh
based TRMsthat presented debonding phenomena at the-tilbneatrix interface
[84]. Few studies focsed their attention on the experimental investigation on bond
adhesion between Natural TRMs and masonry sup@titito et al. carried out
doublelap shear bond tests on masonry clay bricks externally strengtheaé&tazy
TRM compositeand compared the mechanical behaviour with a similar system
characterised by conventional high strength fibres (ABg]) Two configurations
were taken into accountespectively characterised by a bonded length of 50 mm
and 100 mmThe experimental results highlighted clear differences between the two
reinforcing systems adoptedhe flax-based system exhibited a failure mode
characterised byhe rupture of the textilgarns in the unbonded lengtiwhereas
PBObased systems experienced a brittle cohesive failure migda. fibres
exploited their potential strengtb a high degreduring the testaichieving almost
60% of the dry fibre tensile strengiimlike PBO textilethat used only between the
20% and the 30% of their strengfidure2.22). Such experimental evidences point
out the goodollaborationbetween flax fires and inorganimatrix, in some cases
showing even more compatibility than synthetic fibiess important to notice that

in case of TRM strengthened masonry elements under cyclic/dynamic loading,
controlled debonding of the textile within the matrix would be more desirable in
terms of energy dissipatiorstill it is important emphasisingthe possibility to
increag the capacity of the system by increasingtéxtile amount, due to trgood
bond behaviour between plant fibres and mortar.
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Figure 2.22: Fibres exploitation ratio in PBaTRMs and kax-TRMs[85].
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Carvalho Bello et al[83] carried out single lap shetasts on Sisal TRMo-
masonry systemaccording to RILEM recommendatiorpi82]. Sisal fibres were
impregnated by an adhesive promoter prior tarbiisionin theinorganic matrix.

The failure mode observed was characterised by the tensile failure of thalgags

the free (ubonded length, and no slip was observed at masdomortar interface.

Due to an uneven distribution of the stessmmong be sisal yarns, the maximum
tensile strength attained was about 30% lower than the potential streigédof

textile. Some applications of Natural TRMs as external reinforcement of masonry
elements are present in literature. Cevallos edssessethe efficiency ofa Flax

TRM system for strengthening of masonry structural elements subjected to eccentric
loads (Figure 2.23). The mechanical response different sized specimens was
compared to those of elements externally strengthened byTPRBOcomposites.

The reinforcement conferred to the masonry elements a substantial gain in strength
and deformability By comparing the lant fibrebased system with the synthetic
base one, it was highlighted that the higher ductility of flax fibres allowed for a
higher strain in the TRM forming cracks in the mortar. Such behaviour resubied in
more ductile behaviour, unlikdne case of BO TRM-strengthened elements, in
which the lower strain capacity of the fibres led to debonding of the strengthening
system with a consequent brittle collapse of the elef@éht

Figure 2.23: Application of the FlaxTRM system on masonry structural elements:
a)application of the first layer of mortar; b) embedment of the fabric into the matrix; c)
smoothing of the outéayer of mortar[86].

With the aim of assessing the contribution of Natural TRMs to tq@aine
shear capacity of masonry elements diagonal compression tests were carried out.
Menna et al. investigated tiveplane response of either clay brickguff masonry
elements externally strengthenechiformly all over the surfacédy a TRM system
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comprisinga hemp textile, properly impregnated in a flexible epoxy resid,either

a pozzolanic ora lime-based mortaf87]. The experimental outcomeshowed
enhanced mechanical properties in all tested panels, with a maximum shear strength
increased by a factaf about 25. The faiure occurred with a mostly uniform crack
pattern that developed until the entire exploitation of the textileatiaieved its
tensile strength in the mostressegboints Figure2.24).

Figure 2.24: Tensile failure of textile in proximityf cracks inHempTRM externally
strengthened clay brick (a) andff (b) masonry elermés[87].

Different configurations of reinforcement, widitherFlaxTRM and Hemp
TRM unidirectionalstrips applied on the surfaces of clay brick walls, were also
investigatedFigure2.25). An increase of the strength was observed in the range of
the 20% and 40% with respect to unreinforced masonry walls tested in diagonal
compression8].

b)

Figure 2.25: Clay brick walls eternally strengthened by Natural TRMs arrangesdrips
oriented in the tensile direction (a); agpliedin the form & bidirectional grids (b) [88].
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In order to define the effectiveness of plant fibesed cementitious
composites, it is necessary, in additionmechanical investigations, focus the
attention on durability aspeacitsth theaim of assessing the ability of the system to
resist both external (weather conditioasyl internal damage (compatibility between
matrix and fibres). Plant fibresmbeddedn Portland cement undergadegradation
process due to the high alkaline environm@&$]. Such degradation is due to the
alkaline pore watdahat dissolvethe ligrin and hemicellulose in the middle lamellae
of the fibres, weakening the link between the individual fibre structure elenAents.
additional phenomenoconsists in the alkaline hydrolysis of cellulpigat causes
degradation othe molecular chains with aonsequent decage of polymerisation
of the fibre structureToledo Filho et al. investigated the degradation of sisal and
coconut fibredy immersng themin alkaline solution$9(Q]. It was observed thit
sodium hydroxide (NaOH) solutions between the 30% and 40% of the strength was
lost after 420 days of exposurBvena more aggressivexposure was that &t
calcium tydroxide (Ca(OHy) solution in which acomplete loss of strengtlas
evidencedhfter 300 days of immersion. Theavierattack of the calcium hydroxide
may be attributed tthe crystallization of lime inthe i b poregH)].

Another aspect that contributes to the degradation of plant fibres in inorganic
matrix composites is related to the capacity of such fibwesbsorb wate92]. The
latter may lead to volume changes that can induce cracks within the, raatirixthe
case of hygral fatigu@-igure2.26).
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Figure 2.26: Coconut fibrecementitious matrix interface after 25 cycles of wetting and
drying[90Q].
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In order to improve the durability of plant fibres in inorgamatrices two
approaches can be adoptethtrix modification andibre modification[93]. With
respect to the firgtrategyusing low alkaline matricesan reduce their aggressivity
for instance by adding pozzolanic prodyetse husk or fly ashe94]. D6 Al mei da
et al. showed that byeplacing part of the Portland cement by metakaolin it is
possible to obtain a matrix totally free of calcium hydroxidlenceavoiding a
damage of the filer lumen, middle lamella and cell wall85]. As regardg fibre
treatments to improve the durability performartbe,coating procedure may result
in beingusefulwith respect to both water absorption and alkaline aggreSstedo
et al. recommended the immersion of plant fibregsiica fume slurryto improve
such behaviour, before adding themio the mix [96]. The choice ofcoating
treatment has to be accurately defined by taking into acemtnbnly durability
aspets, but also the mechanical behaviofithe fibres themselves and with respect
to the fibreto-matrix bond.Fibre hornification treatmentsay also improve their
durability by reducing the water absorption capal9i}.

The available literature data concerning the use of plant fibres in inorganic
matrices shows a significapbtential of suclareinforcement technique with respect
to mechanical aspects. The expearrtal results, in some casekeriving by
pioneering studies in the field, encouragenweest further effortsto improve the
performancend toshed light on several aspects still uncl&swreover with respect
to durability issus, it is important to spend more energy in improving the available
treatmentslready existent, and eventually develop new drieslly, it is necessary
to enrichthe knowledge with respect to th#ficiency of the application of Natural
TRMsas reinforcement of asonry,at scals of analysis being representative of the
structural element®93].

2.3 Aims of the Thesis

The state of the art review emphasizes the importandbe deelopmentand
improvemenbf innovative construction techniques, such as those characterised by
the use of plant fibrebased materialgp provide sustainable solutions becoming
more and more indispensable.

In the light of what it waspresented in the primus sectionsseveral
outstanding issues still remaumsolved concerning the use of plant fibres as
reinforcement in inorganimatrix composites. It is necessary, on the basis of the
potential exhibited by such systems, and on the basis of their limitations with respect
to conventional reinforcement systentsintensifyexperimental analysis order to
havea more robust scientific backgrouridowever, such investigations have to be
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carefully conceived in a targeted manner with respect to the crucial asfbectisig
either the strong points and the weaknes$ése reinforcing system.

In this context,the present thesis aims at providing a comprehensive
investigation of a plant irebased TRM system. Specificallgiue to its satisfying
mechanical and physical properties, a flax textile was ad@steeinforcement of a
hydraulic limebased mortaiThe overall interest of the work is to provjdy means
of experimental investigains, a detailed analysis concerning the contribution of
such composite systems on the mechanical behaviour of structural masonry
elements.

However, too many aspects may play a more or less significant role in the
global response of the systerand the exiing studies in literature, although
providing valuable information, are not enoughget a standardisation of the
material. Therefore, m order to get a deep understanding ofdherall mechanical
behaviour, the investigatiocannot be limited to the alysis of the response of
masonry structural elements externally strengthened by Flax TBRNIBuststart
from more detailed scales of analysis.

The comprehensiveharacterisatiocarried out in the studsnoves from the
physical investigation ofhe microstructure of the employed plant fibres, to the
analysis of theglobal response of externally strengthened structural elenteorts.
each scale ddinalysisthe main objectives pursuatge defined in detail

- At the smallest scale ofnalysis, a physical and morphological
characterisation of the adopted plant fibres is presented aiming at
providing the necessary informationdgaluatehe mechanical behaviour
on greater scales of analysis, and to comparedihygedibres with others
of the samgor different,nature.

- A mechanical characterisation of the employed flax textile is proposed
with the aim ofdefining to what extent can be both mechanically and
chemically suitable as reinforcement inorganic matrices. Both
mechanical and durability tests provia®re informatioron such aspect
and represent the basis from whigiossible necessaryimprovement
solutions maybe properly conceived.

- Mechanical and durability tests on the composite sdatmalysis were
plannedwith the aim ofqualifying the materiahccording to standardised
proceduresandof comparing its performance with similar systems.
this scale of investigatiomoo, the analysis of resultprovides both
potential aspects and litationsof the system

- The global mechanical response of masomgsemblageaims at
quantifying thecontribution of the Flax TRM external strengthening
systemon the inplane capacity of th@anel Such scale of analysis
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provides more realisticstrength values with respect to smaller scales of
investigation

A further objective of the present study consisif taking advantage of the
adoptedmulti-scale approach of the analysisdiefine the connection between the
mechanical performance assessedthe material scale of investigation and the
global response of the structural elementss aspect is of fundamental importance
since, according to standard codesicerning structural interventions by means of
TRM systems, the main mechanical designjparameters are assessed on the
composite scale of analysla.addition,sinceonly few studies in the literatuteave
been carried owvith a similar multilevel analysis approagchi represents galuable
contribution.

Thereforejn a global perspective, tliemprehensive characterisatiogrein
proposedhas the aim ofnvestigating the efficiency of a Flax TRM composite as
external strengthening of masonry elensehy highlightingboth the potentials and
the limitations, with rggect to a mechanical point of view.

Moreover, to move stepfurtherthana mechanical characterisation for its
own sakethe study aimdo preliminary investigatetechnical solutionsi.e. fibre
treatment and mortar mix design modificatiém provethatthe composite system,
already characterised bypeomising potential, still presents room for improvement
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3. Mechanbemdvibodr durabi |l it
textiles to be used as r

Prior to addreseg theinvestigation ofNatural TRMs, and to studiypng its influence

on structural elements, it isecessaryo characterise the reinforcing fabrguch

step, conductedt @he constitueni ma t e rsdala of analysiss of fundamental
importance for the interpretation of the mechanical behaviour at greater scales of
analysis.Due tothe randomness of plant fibigropertiesi,t is not enough to limit
such hvestigationto the assessment of mechanical properties, such as tensile
strength and stiffnes is, however, essential &axcurately definéhe geometry and

the morphology of the fibresnd to face the issue of the compatibility of the textile
with the mortar.The aim of this chapter t® provide such information by reporting

the results of an experimental research intendedetdrmining the fundamental
properties of Flax fibresyarns and fabrics, and assess their behaviour when
subjected to variousnvironmental exposures andegug protocols.

The experimental worknoves from determining the relevant geometric
properties, such as lengtlipsssectionand relevant sizes, and physical parameters,
such aswater absorption capacity. Then, tensile temtsdifferently sized fla
samples lead to determining the tensile strength and its natural varidtabty,
regarding durability, different &ng protocols are considered with the aim of
reproducing specific environmental conditiohs,the exposue to water, saltvater,
and alkali solutions or to limend cemenbased mortars.

The experimental activity performed tphysically and mechanically
characterise the flax textile, and to investigate its durability \@brest entirely
carried out at the &artment of Industrial Engineering (DIIN) of University of
Salerno. Few experimental investigationsvere performed at the laboratory
NUMATS-COPPE of the Federal University of Rio de Jan&irarder to deeply
analysesuch aspects.

3.1 Physical characterisation

The flax fabrics under consideration in the study was provided by the company
Innovation s.r.l. with the name &IDFLAX Grid 300 HR0® [98]. The textile
consists of a bilirectional woven flax fabric with plain weave. Warp and wefins
are arranged so that théyrm a simple cross patterivarnsare laid in twa along
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the sameow in both the directions. Each one is a combination of two smaller yarns,
assembled to create a double twisted thread. The yarns are in their turn characterised
by a bundle of filaments that represent the smaller components of the fabric structure.
The dbuble twisted thread is consideliedhe present study as the reference sample
and hereinafter it is referred to simply as thréagure3.1 shows thdabric structure

at different scale levels.

_—

thread \

-

fabric filaments

Figure 3.1: Flax fabric structure.

The textile grid, with 4.3 threads per centimetre in both directem a clear
opening size of about 3 mis,accurately sized to be used as a reinforcement within
inorganic matricesallowing the transit of fine aggregates. The identification of
physical and geometric properties starts from analysing the single fiement
constituting the fabric yarns, up to the ass
section.One of the main aspects in the identification of plant fibres is the size of the
filaments. A Scaning Electron Microscope (SEM) analysimsadopted to assess
the mean diameter of the flax filamenEdgure 3.2). Specifically, 4 SEM images
with a magnification of 1000X, and representing 4 different samplege analysed
providing a value of the filament diameter by means of 28 measurements.

TSRS M

a) T oy o T \ S\ ey

Figure 3.2: a) Flax fabric; b) thread (magnification 100X); c) filaments (magnification
1000X.

The crosssection area was indirectly determined from the density of the
textile. Particularly, the specific gravity of 5 saturated thread samples with a length
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of 15 cm was assessed by means of hydrostatic balance. The indirect estimate of the
thread crossection was obtained by dividing the weight of the samples for their
density and length.

The flax fibres water absorptiamas defined as we{Figure3.3). Five thread
samples 15 cm long, were immersed in deionised water and weighted with regular
intervals of 24 h up to the achievement of a negligildgit gain. The value of the
waterabsorption ratio is equal to 222% with a coefficient of variation Sfolénd it
is in line with the evidences of similar studies available in literd@8g
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Figure 3.3: Flax thread wéer absorption rate.

The mean values of the physical properties, together with the respective
coefficients of variation are listed rable3.1.

Table3.1: Flax fabric physical properties.

Mean Co.V.
(%)
filament diameterrm) 16.78 29.64
density (g/crd) 1.19 3.29
lineardensity (Tex) 302 15.27
n° threads/cm 4.3 -

T hr e aodsextiowarea (mM 0.25 16.62

A more detailednvestigation of the morphology of thtax threads was
carried out at the laboratory NUMATSOPPE of the Federal University of Rio de
Janeiro. SEM images wetakento analyse the transversal shape of the fibres with
a magnification of 60XA total of 30 images were analysed. The presendbeof
voids within the yarns, due to the chaotic arrangement of the filaments, makes it
difficult to get an accurate estimation of the threads cross section area. Consequently,
an image manipulation software was usednalyse the SEM images. The contrast
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of each picture was modified so that a bkanki-white image was obtained, in which
the white part represented the filaments section. An estimation of the yarn cross
section area was obtained by converting in sqoailenetresthe number of white
pixels catained in the modified picture. Moreover, by tracking the border of the
white region, an estimation of the actual perimeter of each thread was obtained as
well (Figure3.4).

The mean value of the thread cross section and of the perimeter ar
respectively equal to 0.28 mfCo.V. 18%) and 4.89 mm (Co.V. 21%). Considgr
the variability of the results and the accuracy of the adopted techriiquaes be
observed that the cross section mean value estimated by means of analysis on SEM
images is in line with the indirect estimation obtained from the density of the fibres.

Q[NUMATS2240 A D64 ¥60 1mm| DYNUMATS2240 ] 1mm

Figure34:. Thr eadds mor p hapthreadSEMimage;bYthrdad c at i on:
manipulated image.

3.2 Mechanical characterisation

3.2.1 Methods

The mechanical characterisation of flax textile mainly consists in tlessment of

its response in tensioRlant fibres are typically characterised by a variability of the
mechanical propertiethat also depends on the arrangement of the téktleat 6 s t h e
reason why the characteristic propertieshef specific fibrestilised are generally
assessed on the singlement constitutinthe threadWith the aimto comparehe
performance of the adopted flax fibres with those of other types of plant fibres from
literature, tensile tests were preliminary carried out on thegles filaments,
representing the smasliecomponent of the flax textileMoreover,the single flax
threads were tested in tensemago getmechanical properties more representative
of the scale of analysis of the composite itdgHing the textile aombination of
smaller thread, the size of the sample taligected taension may affedtself the
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estimation. Therefore, four kinds of specimens, differing in the number of flax yarns,
were tested in tension to assess the tensile strength and teeathedyariability of
the response with the siZEhedifferent serieconsidered ardefined hereafter

- filament which consists of the smaller component of the textile. The
samples, having a length of 30 mm, were randomly extracted from the
fabric (Figure3.5);

- Flax-Y: which consists ofone of the two yarns constituting the main
thread. Each sample, having a length of 15 cm, was extracted fromhsthrea
in theweft direction Figure3.6a);

- Flax-T (warp and weft)whichconsists of théhread representing the main
element of the textile. Theamples, having a length of 15 cm, were
extracted in both weft and warp directions of the faliigyre3.6b);

- Flax fabric-2cm: which consists of a flaxfabric strip 2 cm large,
characterised by 8 threads. The samples, having a length of 15 cm, were
extracted from the fabric in weft directiofFigure 3.6¢). This
configuration was chosen on the basis of having a specimen comprising
at least 3 yarns in the strip

- Flax fabric-6cm (warp and weftlwhich consists ofa flax fabric strip 6
cm large, characterised by 24 threads. The samples, hakéngth of 30
cm, were extracted from the fabric in weft and warp directiigufe
3.6d).
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Figure 3.5: Flax filament tested in tension.

a)I bl --:": N

Figure 3.6: Flax samples: a) Flay’; b) FlaxT; ¢) Flax fabric2 cm; d) Flax fabrie6 cm.
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The filament series consistefi10 samples with gauge length of 10 mm that
were clamped at each edge for a length of 10 mm. The testsaveesl out athe
laboratory NUMATSCOPPE of the Federal University of Rio de Jandiyoa
microforce testing machine (Tytron 250, MTS System Corporation, EdémePra
MN, USA), with 50 N load cell in displacement control by using a rate of 0.5
mm/min. Tensile strength of the samples Flevand Flax fabriec cm was assessed
in both the directions of the fabric in order to check if thereamgslirectionrelated
difference The samples of the series H#x Flax-T and Flax fabrie2 cm were
characterised by a gauge length of 100 mm and were clamphxhieach edge for
a length of 25 mmThe gripping was guarantee by the rough clamping elements of
the testing machie. Tensile tests were carried out at the Department of Industrial
Engineering of the University of Salerno by means of a CMT4000 S8&l&s
dynamometer machine (by MTS, Chinag,displacement control with a rate of 4
mm/min by using a cell load of 1 k{ffigure3.7a).

The samples of the series Flax fal8icm were characterised by a gauge
length of 200 mm and were clampalbngboth the edges for a lengtii ®0 mm.

The gripping vasguaranteed by gluinthe textile between two steel plates 5 mm
thick, by means of an epoxy resin, and by putting the plates within the machine
clamps(Figure3.7b). Tensile ests were performed at the STRENGTH laboratory of
the University of Salerno, by means of a Zwick Roell Schéhakropuls S56, with

a maximum capacity of 630 kN and according to the ISO 1:39340(. The tesd
wereconducted in displacement control with a rate of 4 mm/min.

Figure 3.7: Tensile test salip of series: a) Flax and b)Flax fabric-6 cm.
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The mean values of the axial strains were assessed by dividing the
displacement between the clamping edgeshe free length of the specimens.

3.2.2 Results and discussion

Axial displacementrd applied force were recorded in each tensile test. They were
easily convertedo stress and strains and the corresponding results are reported in
this section. Specifically, the tensile stre
strain at the peale,, were defined as parameters characterising the tensile behaviour
of the fibresDue to morphologicriicrostructureof the fibres) and geometritapric
arrangement) reasons, the tensile behaviour is always characterised by a lower initial
stiffness thatricreases up to a constant value before failure. For this reason, the
Youngo6s modul inthe linear brangH withinl thee steess range from 20

% to 50 % of the maximum strength.

Figure3.8 shows the tensile response of the filaments in terms of stireés. The
crosssection area considered to get the stress values of filaments was obtained by
assuming a circular section angldonsidering the diameter value reported @ble

3.1.
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Figure 3.8: Tensile stresstrain diagram othe flax filament series.
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The stressstrain response of the other series of specimens is shdviguire
3.9. The crosssection area considered to get the stress values for all the types of
samples was obtained from tveue estimated from the threads of the Flaseries,
knowing that a thread coisss in two twisted yarns, and the 2 cm and 6 cm flax strips
were respectively characterised by 8 and 24 thre@ds. main values of the
mechanical properties obtained from the tensile tests, with their respective
coefficient of variation, are listed ifable3.2.
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Figure 3.9: Tensile stresstrain response of the different flax specimens: a)¥ak)
Flax-T; c) Flax fabric 2 cm; 4) Flax fabric 6 cm.
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The mechanical parameters that arose from the experimental tests on the
filaments assume valugmrtially out of the range of values found in literature for
flax, and more generally, plant fiorg69]. Speci fi cal | vy, the Young?os
presents lower valuesthis might be due to the manufacturing process of the
filament roving from which the saples were extracted, thatay havemade the
fibres to be subjected tlistortion

Table3.2: Mechanical properties of flax samples tested in tension.

Direction N%Tb' Py fi E SV

spec. Mean Co.V. Mean Co.V. Mean Co.V. Mean Co.V.

N) () (MPa) (%) (GPa) (%) (%) (%)

filament - 10 0.29 35 411 35 151 21 266 18
FlaxY Weft 15 37 16 293 16 1161 10 358 12
FlaxT Weft 12 88 13 345 13 853 6 6.14 9
FlaxT Warp 14 92 10 361 10 10.07 7 520 11
Fabric2em  Weft 14 476 9 233 9 4.39 8 827 6
Fabriceecm — Weft 5 1759 7 288 7 825 10 556 6
Fabricécm Warp 5 1744 4 285 4 9.81 3 463 5

Thetensile tests carried oan different kinds of threads and fabrics confirm
that flax fibres, as all other types of plant fib{@®], present variability of the
mechanical progrties both among samples of the same size and in terms of main
values among the differesteries of specimend.ensile strength assumes values
varying in the range a290-+ 360 MPa concerning the threads and 23290 MPa
concerning the fabric strips. TRkoungds modul us assumes val ue:
range of 8.3- 11.6 GPa in both the threads and fabric specimens except from the
series Flaxfabric-2cm in which significantly lower values of stiffness were
observedSuch inconsistency may be attributed to refficient clamping system
adopted during the te§tor thisreasonfurther analysis would be neededyt more
certain values oftiffness and strain parameters concerning tlae-fabric-2cm
series Both strength and stiffness resulted to be lower wédpect to the values
deriving from the tests on the flax filameng&uch trend is in line with research
carried out by using flax textile in which a loss of stiffness is recoadedell by
increasing the size of the samp]8g]. Alsothe strain at failure, varying in the range
3.6+ 6.1 %, is in linewith similar studies invhich the analysis was conducted at the
level of thread rather than of the single filaments.

In Figure3.10themeanvalues of the strength of differesgries are compared.
The filaments get the highest strength value, equal to 411 MPa, white¢hds of
the series FlaX, assume a ganvalue of strength equal to 354 MPa. The latter,
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being assessed dhreads meant to reinforce matrices, can be cermidas the
nominal strength of the textiladopted as reinforcement in inorgamuatrix
compositesThe lower strength observed in the flax stripey be attributed to a nen
uniform stress distribution in the different threads, yarn and filaments constituting
the fabric. However, this aspect, seems to provide greater uniformity in the
mechanical response of the mateaal confirmed by the coeffiai of variation
associated to the tensile strength that significantly decreases by increasing the size
of the specimenliable3.2). The mechanical behur of the series Flax fabrigcm
is the most representative of the textile adopted in TRM applicatems for
instance in Flax TRM tensile tests). The tensile response of the strip is characterised
by an initial lower stiffness up to a qudisiear braanch in which thestressstrain
curve slope is constarfigure3.9d). The less stiff initial brancls due, as discussed
in the literature review sectioo the microstructure of the filamentsnd to the
arrangement of the filaments within the yariewever, a third contribution is due
to the structure athe fabric itselfcharacterised by yarns differently loaded due to
the nonuniform distribution otthe stresses. The meaxial strain corresponding to
thefailure is equal to 5%. It is important to underline that this value take into account
also of the initial less stiff behaviour of the textile. In the applications, such
behaviour can bmodified inorder to have a linear elastic response of the textile.

The experimental analysis showed above provithesmain mechanical
parametergoncerning the flax textile. Such valua® of fundamental importance
in designing process of compositaterials reinforced with flax fabric.

700 -

600 -

& 300
% 200 ]
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04

Filament Flax-1Y Flax- T Flax fabric- Flax fabric-
2cm 6cm

Figure 3.10: Tensile strength of different sized falx samples.

3.3 Durability of flax fibres

The flax textile under consideration is meant to be used as reinforcement in
composite systems with different kinds of binders (mainly lime and cement) as
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matrix, depending on the field of application of the compoBitease the system is
used as reinforcement of existing masonry buildings, it is required the use of
materialsto beas consistent as possibh the ones the masonry structure is made
of. In such cases, the use of hydraulic kbased mortars is recommended. In many
other cases the use of cembatedmatrices mayemore appropriate.

The use of plant fibres in cemtbased materials gives rise to several
problems in terms of durability. The two mainesuy effects that arise in such
alkaline environments are the alkaline hydrolysis and the mineralisation process of
fibres constituent$101]. As known plant fibres are characterised by three main
components:

- cellulose, the main structural component;

- hemicellulose, generally present along with cellulose in almost all plant

fibres;

- lignin, a binding phase for cellulose.

The high alkaline water content of the pores leads to the dissolution of
hemicellulose and lignin and causes the alkaline hydrolysis of cellulose cells
reducing the degree of polymerisation and the strength offitres. The
mineralisation process, instead, is the result of the migration oftiym@oducts,
mainly Ca(OH), into the voids and lumen walls of the fibre strucfu@.

3.3.1 Methods

With the aim of stuging the durability performance of flax fibres considering their
application in inorganic matrices, in this section threstragprotocols are presented.
They consist in putting flax threads in spec#itvironments and in testing them after

a period of exposurdfter the removal from the exposure environment the samples
were dried in environment conditions for 24 hours before being t&83tedsamples
were flax threads, defined before as Flaxl5 cmlong, and they were tested in
tensbn by means of a SANS Universal Testing Machine having a capacity of 10 kN,
in displacement contrahodewith a rate of 4 mm/min by usingl@ad cell of 1 kN.

The gauge length during the tesais 100 mm. Each series of specimens was
chaacterised bya number of samples between 12 and e tensile strength
obtained by testing the specimens of series-Flavas considered as a reference
value.SEM analsis was carried out on representative specimens to deeply
investigate the state of the fibres after the exposure pefibdsmplementation of
ageing protocols, théests and the SEM analysis wesecutedht the Department of
Industrial Engineering of Uwersity of Salerno.
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3.3.1.1 Ageing protocol 1

According to acceptance criteria reportedthie literature [57], fabric reinforced
cementitious matrix composite systems aeguired to comply with various
limitations related to the durability of the materi@pecifically, three different
ageing environments have to be considered for the samples to be exposed; exposure
time and target limits in terms of strength deage al® defined.
The different environments consisif water, saltwater(to reproduce the
marine environmeftand alkali waterAs a preliminary step of a more detailed study
to be carrieadut on the entire composite, fibres were exposed to these environments
to check their sensitivity on that. A period of exposure of 1000 h was chosen. The
ageing conditions are listed in detail as follow:
- Flax-T Water 1000the threads were immersed in 500 ml of deionised
water for a period of 1000 k42 days);
- Flax-T Salt100Q the threads were immersed in 500 msaline solution
of deionised water with a concentration of 3.5 % in weight of NaCl for a
period of 1000 h~42 days);
- Flax-T Alk 100Q the threads were immersed in 500 néiddline solution
with a pH of 9.5 btained by adding taleionised wateNaOH with
concentration of 0.32% in weightr a period of 1000h~@2 days)
All the abovementionedageing conditions were performed at laboratory
temperature and relative humidity (20 and 50 %, respectively).

3.3.1.2 Ageing protocol 2

The ageing protocol 2 represents a preliminary study aiming at assessing the decay
of mechanical properties of flax threads once embedded in m@tatbe basis of
similar studiesn the literaturg81], flax fibres were embedded freshmortar, then
removel after agiven period obembedmentand tken tested in tension to check any
loss of strength. Two types of modavere chosen:

- ahydraulic limebasedmortar: a structural grout of natural hydraulic lime

for the impregnation of fabrics for structural reinforcement provided by
the company Innovation s.r.l. with the nameé~tdCALX NH_5%;

- a cemenbased mortar: a mortar based on laytic cementbinders for

bonding and embedment of fabrics providigdthe company Innovation
s.r.l. with the name dfimisteel LM Ste0217.

Both mortars are suitable to be used as matrices in fibre reinforced composite
systems.For each type of mortar tleeseries of flax threads were considered
respectively having a time of exposure of 7, 28 and 56 days. This method allows
monitoringthe loss of strength with the time of exposure. According to the technical
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data sheets provided by manufacturers the comipeestrength of the mortars
employed wasrespectively 15 MPa for the hgraulic lime-based andl5 MPa for
the cemenbased. The aing conditions adopted are listed in detail as follow:
- Flax-T H-lime (#2856 days) the threadsvere embedded in hydraulic
lime mortar for a period of 7, 28 and 56 days;
- Flax-T Cement (28-56 days) the threadsvere embedded in cement
mortar for a period of 7, 28 and 8ays.
Both aging conditionsvere performed at laboratory temperature and relative
humidity (20°C and 50 %, respectively).

3.3.1.3 Ageing protocol 3

The aging protocol 3 considered a specific water solution, appropriately designed
to reproduce hydraulic limer cementbased mortar conditiorid1]. Two solutions
were considered differing in the type of chemical components. Controlled
temperature conditions were chosen to reproduce an acceleratefigcess. The
ageing conditions are listed in detail &dlow:

- Flax-T Environment A (28-56 days) the threadsvere immersed for a
period of 7, 28 and 56 days in solutidrotight to reproduce hydraulic
lime conditions (16 wt% of Ca(Okl)n distilled water pH=12.37). A
closed container with fibres immersediie solution was kept at 5&;

- Flax-T Environment B (28-56 days) the threads were immersed for a
period of 7, 28 and 56 days in a solution thought to reproduce cement
conditions(16 wt% of Ca(OH), 1 % of Na(OH) and 1.4 % of K(OH) in
distilled water, pH=13.1)A closedcontainer with fibres immersed in the
solution was kept at 55 °C.

This aging protocol was conceived to reproduce the real decay of mechanical
properties of the fibreim the long termonce embedded inorganic matrices

3.3.2 Results and discussion

Figure3.11 shows the stresstrain response of the series of specimens subjected to
the a@ing protocol 1. Specifically, the tbe graphs concern the threads immersed
for 1000 h respectively in watesaltwaterand alkaline solutionThe threads were
extracted from the fabric in the warp direction, therefore, the seriesTRlatp was
considered as a control series representiegésponse before theeawy process.

The main values of the mechanical properties, with the respective coefficient of
variation, are listed ifTable 3.3. According to the aging protocol 2samples
embeddeckitherin a cementor in ahydraulic limebased mortar were tested after
aconditioning period of 7, 28, and 56 days. The tensile respans&rms of stress
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strain, for each conditioning environment and for each conditioning period, is shown
in Figure3.12 andFigure3.13. The main values of the mechanical properties, with
the respective coefficient of variation, are listed able3.4.

The results of stress strain curves concerning the specimens subjected to the
ageing protocol 3 are shown iRigure 3.14 and Figure 3.15. Tensile tests were
respectively performed after 7, 28 and 56 days. Due to the high degradation of the
specimens subjected the Environment A for a conditioning period of 56 days,
tensile response was recorded concerning this series. The main values of the
mechanical properties, with the respective coefficient of variation, concerning the
samples agenh Environment A and B are listed frable3.5.
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Figure 3.11: Tensile stresstrain diagrams oflax threads subjected to eigg protocol 1
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Table3.3: Mechanical properties of flax samples subjected @rapprotocol 1.

Pu ft (S
Mean Co.V. Mean Co.V. Mean Co.V.
N) (%) (MPa) (%) (%) (%)
Flax-T Control - 12 92 10 361 10 520 11
Flax-T Water 1000h 12 96 11 377 11 6.08 13
Flax-T Saltwater 1000h 13 102 13 401 13 6.29 7
FlaxT Alkaline water 1000h 13 96 9 376 9 6.34 7

Ageing Curing  Numb.
environment  period of spec.

Some of the series are characterised by less than 15 safglespecimens
were discarded due to a not correct execution of theTessile strengthf;, was
calculated based on the nominal cresestion of FlaxT specimens in the unexposed
configuration. The aging protocol 1 represents a preliminary analysis of the
durability of the fibres in view of its application in textile reinforced composites
according to whais suggested by acceptance crit¢&2. As shown irFigure3.17,
no significant reduction in terms of strength was observed for eastiteoning
environment considered, with respect to the reference seriesneXposed
specimensA similar behaviour was observed in another study available in the
literature[44], in which the small strength variations recorded after the conditioning
period were attributed to causes of statistic natAre.appreciable increase of
deformability was indeed observedth largermain values of the ultimate straing,.

This experimental evidence mbg attributed t@ome material degradation (weight
loss)leading to thdoosening of the twisted yarn, and, hence, to larger strain values.

Table3.4: Mechanical properties ofdx samples subjected toeigg protocol 2.

: _ Py fi €u
Ageing Curing  Numb.
environment  period of spec. Meéan Co.V. Mean Co.V. Mean Co.V.

(N) (%) (MPa) (%) (%) (%)

FlaxT Control - 12 92 10 361 10 5.20 11
FlaxT Hydraulic 7days 15 78 10 306 10 345 7
FlaxT lime mortar 28 days 12 75 8 295 8 368 9
FlaxT 56 days 15 75 6 293 10 344 9
FlaxT Cementitious 7days 15 72 10 284 10 334 9
FlaxT mortar 28 days 14 71 10 280 10 345 12
FlaxT 56 days 15 67 13 262 13 3.04 11

Although representing a preliminary study that precedes an investigation at
the level of the composite material, this analysis highlights the low aggressive nature
of the conditioning protocol that does not trigger angiragjphenomena. A longer
immersionperiod and/or higher temperature conditions may enhance the efficiency
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of the aging protocol applied on the flax threads and possibly also on the composite
system itself.
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Figure 3.12. Sressstrain curvesof threads in hydraulic limenortar (@ageing protocol 2).

The mean values of the tensile strength of the specimens subjected to the
ageing protocol 2 are shown ifigure 3.18. A moderate loss of strength was
observed in hydraulic lime and cement matrices conditioning environments.
Concerning the decreasing deterioration over time in both cases the damage seemed
to mainly occur during the first days of the mortar hydration process and to stop then
up to 56 days. The reduction of tensile strength consisted of about the 16 % in case
of hydraulic limebased matrix environment, and of about the 22 % in case of
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cementbased matrix. Besides the short exposure time, the results seem to confirm
that the cement mortar environment is more aggressive than the hydraulic lime one
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Figure 3.13; Stressstrain curves of threads in cemeitiis mortar (aging protocol 2).

It is worth to highlight that such slight decay of strength may also be partially
attributedto a superficial damage of the bundle as a consequence of an abrasive
effect when fibres were extracted from the hardened mortar prior timgt€sirther
investigation, complyingvith long termexposuregonditions, are needed to deeply
define the ageing ofdx fibresdue to theaggressienessof the mortarhydration
products.Aiming atinvestigaing in depth the degradation phenomena a Scanning
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Electron Microscope analysis was performEgyure 3.20 and Figure 3.21 depict
filaments comprising flathread, after 28 days of immersion in hydraulic lime and
cement mortars, respectively. For comparisam,unexposedeference sample is

shown inFigure3.22

500 ——T7days
Flax-T 1 EnvA

400 A
T
o
=,300
7]
[72]
o
n

6 8 10

Figure 3.14: Sressstrain diagram of flax threads in Environment A deug protocol 3)

The pictures show the widespread presence of hgdrptoducts on the flax
filamentso
and matrix. Due to the alkaline hydrolysis process, the external wall of the filaments
is clearly damaged with respect to the 1aged filamentsgausing on a global scale
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Table3.5: Mechanical properties of flax samples subjected ®@ragprotocol 3.

Ageing
environment

Curing  Numb.

period  of spec. Mean Co.V. Mean Co.V. Mean Co.V.

Py

fi

&y

N) %) (MPa) (%) (%) (%)
FlaxT Control - 12 92 10 361 10 520 11
FlaxT Environment days 15 39 12 151 12 248 8
FlaxT A 28 days 12 5 10 21 10 118 9
FlaxT 56 days - - - - - - -
Flax-T Environment days 15 36 11 141 11 269 11
Flax-T B 28days 14 18 12 70 12 189 8
Flax-T 56 days 15 19 12 76 10 166 9
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However, fibre/matrix adhesion is very important in fibre reinforced

composites for stress transfer at the interface both for synthetic and plantifii@es
104.

Thus, even if fibre8mechanical properties slightly decrease, an increase of
surface roughness may improve fibre/matrix adhesion and, consequently, fibre
reinforcedcomposite mechanical properties.
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Figure 3.15: Stressstrain diagram of flax threads in Environment B €augy protocol 3).

The aging protocol 3 consists invb specific water solutions designed to
accelerate the effects of the hydraulic lime and cement mortars on the mechanical
behaviours of the reinforcement. Although the use of high temperatures helps to
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accelerate the degradation phenomena providing information on-éelongt also
creates difculties in quantifying the corresponding time in natural temperature
conditions.

According to[41], 7, 28, and 56 days of accelerated exposure at a temperature
of 55 °C should respectively correspond to about 3, 11, and 20 years in natural
conditions. The nean values of the tensile stremgtconcerning the series of
specimes subjected to the &mng protocol 3 are shown fRigure3.19.

Both series exposed to Environments A and B gltaloss of tensile strength
of about 60 %after 7 days of conditioning. Flax threads exposed to Environment A
for a period longer than 7 days were characterised by a stilesgtequal t®5 %
after 28days and completely disintegrated after 56 q&igure3.16).

Flax threadsexposed to Environment B showed aréaseof the mechanical
properties of aboB0 % after 28 days staying mainly constant up to 56 days. The
degradation of the fibres may b#riouted to the alkaline hydrolysis of lignin and
nontcellulosic constituents of flavaccelerated by the exposure to 55 °C.

Figure 3.16: Degraded FlaxT Env A threads after 56 days of exposure.

Figure 3.23 and Figure 3.24 show SEM image®sf samples exposed for 28
days to Environment A and B, respectively; while a reference sample is shown in
Figure3.25. By comparing the pictures it cdre seen that Environment A resulted
to be more aggressive than Environment B, in terms of impurities, waxes and non
cellulosic compounds removalpmfirmed by the higher amount afegradation
products mixed to solution residu€sgure3.23) compared to FlaX Env-B 28 days
sample Figure3.24).

Moreover as reported in the literatuf@05, increasinghe alkalinity of the
solution an increase of the crystallinity index is obtained, probably due to a better
packing of cellulose chains thankstteeremoval of norcellulosic magrials. Thus,
the higher mechanical properties of FIBXEnwv-B samples can be explained
considering an increase of cellulose crystallinity.
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Figure 3.17: Tensile strength of series belonging to theiag protocol 1.
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Figure 3.18: Tensile strength of series belonging to theilag protocol2.
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Figure 3.19: Tensile strength of serid®longing to the a@ng protocol3.
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Figure 3.20: SEM image of Flax h.lime 28 days sample (5000X).
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Figure 3.21: SEM image of Flax cement 28 days samp&0Q0X).
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Figure 3.22. SEM image of a reference Flaxsample (5000X).
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Figure 3.24: SEM image of Flaxd EnvB 28 days sample (10000X).
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Figure 3.25: SEM image of a reference Fldxsample (D0O00X).
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3.4 Conclusions

The present chapter proposes a comprehensive characterisation of flax textile to be
used as reinforcement in Textile Reinforced Mortar (TRM) composite sysiéms.
main findings of the experimental analysis are summarised lésAfs:

- the flax main threadxhibitsa t ensi |l e strength of 354
modulus of 9.3 GPand a strain at failure of 5.6 %, which is consistent
with other results recently reported in the literature on similar fla@§;

- on the contrary, the degradation of mechanical properties induced by the
three aging protocols consideragas significantly lower than expected;

- specifically, aging protocol 1 (immersiomiwater, saltwater and alkali
water solutions for 1000 h) did not lead to any significant decdkidn
tensile strength of flax threads;

- similarly, flax threads after 7 days of immersion in either hydrdutie
or cement mortar (&ing protocol 2)suffered a reduction in strength of
about 16 % and 22 %, respectively; however, no further reduction was
observed in either cases for longer immersion durations until 56 days;

- conversely, in agng protocol 3, a more significant decaynmechanical
properties was observed with a complete loss of strength in specimens
immersed fo 56 days at a temperature of 55 °C: this was due to the
prolonged exposure at harshemg conditions, in terms of pH and
temperature, that promoted flax fibre dagation;

- finally, SEM investigations proved the good adhesion between fibres and
the investigated matrices (i.e. cement and hydraulic lime) thanks to the
interlocking positions created onto fibres surface as result of alkaline
hydrolysis.

These results daonstrate that the flax fibres and fabrics under investigation
with promising mechanical propertiean be utilised as internal reinforcement for
TRM systems that appear to particularly appropriate in strengthening masonry
structureslin terms of durattity the fibres showed a good performance in shert
term, and significat decreases of strength in accelerated ageing expoduriss.
behaviour can be extended hat of the fabric adopted as reinforcement in TRMs.

Furtherinvestigations are needegerhaps by focusing on fabric treatments
and/or coating, with the airof improving both the mechanical behaviour and the
long-terms performance. Moreover, the mechaniadl durability investigation
needs to be extendedtte Flax TRM systems as whoke confirm the potential of
this kind of sustainable composite system.
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4. Mechanbemdvaaoadr durabi |Filtayx
TRMdensile and shear bond

Once defined the properties of the TRM constituent materialsjortar ad textile,

to get an exhaustive analysis it is necessary to move &rénma t e scaleadf 0
analysis tdhe investigation of the composite itséls widely discusseth Chapter

2, in order to qualify and characterise a TRM composite, it is necessatgriify

its mechanicabehaviour in tension and its interaction with a masonry substrate.
With the aim of providing the mechanical response of the studied Flax TRM system,
an experimental study is proposed atithe 0 mp cscalie of analysiSpecifically,

the results ofensile carried out on Flax TRM coupons, aofishear bond tests on
Flax TRM-to-masonry substrate elemenase presented in this sectidn addition,

in view of a more comprehensive characterisation,jrmtide with whatis proposed

by standards and guidelinethe results of an experimental campaign aimed at
investigating the mechanical performance of Flax TRMs exposed to severg ag
environments, is presented as well.

4.1 Tensile test on Flax TRM systems

4.1.1 Materials

A hydraulic limebased matrix was employed for the production of the Flax TRM
system, as, inecent years, several studies demonstrated the efficiency of using these
kinds of binders for producing composite systems to be implemented as
reinforcement in historical masonry structurg4.3]. Specifically, the prenixed
mortar used in the research, labelled FIDCALX NAI507], is commercialised by
the | talian c¢ o mp[a08].ytcamdistechadaspeemiked mortarwith. | . 0
pure natural hydraulic lime binder and selected inert materials with a maximum
granulometry of 2.5 mn¥igure4.1 shows its grain size distribution curve, obtained

by means of a vibrating test sieve machine for the grains greater than 0.074 mm
[109, and by means of a lasdiffraction particle sizing machine for the finest
particles.As known, in TRM implementation, the mortar penetrabilifighin the

textile is hindered if the maximum aggregate diameter is abgb 2imeslarger

than the fabric clear openingeing the 9% of the aggregates smaller than 1.19 mm
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and being the flax textile clear opening of about 3 mm, it can be considered a

compatibility betweerthe two composite components.

were respectively equal to 3.58 MPa and 8.02 MPa.

assessed on a siaghreadareatensile strength of 354 MPayY o ung 6 s

The mortar was produced by mixing an amount of water equal to 19 % (in
weighi of the premixed formula of binder and aggregates, as recommended by the
manufacturer. The wat¢o-binder ratio of the mixture was equal to 0.60. It was
characterised by a consistency at the fresh sta@@®fmm, according to the EN
10153 [11Q. The mechanical performance of hardened mortar was evalaated,
every TRM reinforcement castinfpr eachmortarbatch at 28 days, in accordance

to the EN 1911 [11]] on prismatic samples in order to gbe flexural and
compressive strengti.he neanvalues of the flexural and compressive strength

< Granulometric curve (0.25m - 2.36 mm)
=100 o
g .
4
a 80

60

40

20 poOOKpO‘

o | Lototmoyoos=? 71|
0.0 0.0 0.0 1.0

Figure 4.1: Grain size distribution curve for limbased premixed matrix powder.

Particlesize [mm]

The textile adopted conssdn the flax fabric described i@hapter 3 whose
physical properties are listed Trable 3.1 andwhosemeanmechanical properties,

9.3 GPa andastrain at failure of 5.6 %.

4.1.2 Methods

Flax TRM coupons were performed, by means of a wet lay up method, according to
the guidelines reported in the ACI 5f88]. The specimens were cast by alternating
mortar layers and flax textile plies. The first layer of mortar, of aBdutm, was
applied on the base of the mould, then the flax strip was placédyp ensuring it
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to be clampe@longtwo edges of the specimens, so thatas keptas stretched as
possible(Figure4.2a). The textile was presseg means of a roller to guarantee full
impregnation of the fabric within the mori@&igure4.2c). The next layer of mortar,
having the same thickness of the first one, was placed dimét.procedure was
iterated for multipliesd configurations in which more than one textile layer were
placedwithin the system, always making sure a layer of mortae toléced between
two fibre stripsto completely fill the grid voidsThe application of the outer layer
of mortar was performed lizoroughlysmoothing itf(Figure4.2b).

Figure 4.2: Flax TRM specimen implementation: a) application of the textile; b)
application of the outer layer of mortar; ¢) pressure application on the textile

Two reinforcement configutimns were taken into account in the present
study: the first one, labelled as HaRM-1L, consisted of a TR characterised by
a thickness of 5 mm and by ofeyer of reinforcing flax textile, with a fibre
volumetric ratio equal to 2.04 %; the second one, labelled asTRd2L, was
characterised by a thickness of 8 mm and by two plies of flax fabric oviergpp
each other by means of a thin layer of momaih a resulting fibre volumetric ratio
equal to 2.55 %.
Two series of specimens, performed by means of the two above mentioned
reinforcement configurations, were considered:
- FlaxTRM-1L-T: specimens characterised by the reinforcement
configuration FlaxTRM-1L, and tested in tensiofigure4.3 a);
- FlaxTRM-2L-T: specimens characterised by the reinforcement
configuration FlaxTRM-2L, andtested in tensiofFigure4.3 b).
The specimens were characterised by a lergth00 mm, of whict800 mm
in the middle represented the free length between the stegltiadgo tle specimen
edgesto transfer the load from the testing machine to TRM. Further details
concerning the two series of specimens are showhalie 4.1, in which fieyiie
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represents the main tensile strength exhibitedldy strips 60 mm large (series
labelled as Flax fabrié cm inChapter 3, andvfthe fibre volumetric reinforcement
ratio. The coupons, characterised by a width of 60 (Rigure4.4a), contaired,with
respect respectively to the FI@RM-1L-T and FlaxTRM-2L-T series, 24 ah48

flax threadgqthe thread to whicleference is madis the one defined as Fkxin
Chapter 3. For each series of specimens three mortar prisms were cast to
mechanically characterise the matifBigure4.4b).

300 tmun
2.5 mun

2.5 mm

Flax-TRM-1L-T Flax-TRM -2L-T

a) b)

Figure 4.3: Flax-TRM coupons tested in tension: HaRM-1L-T, characterised by one
layer of flax textile; FlaxTRM-2L-T, charaterised by two flax textile plies.

Table4.1: Main properties of the tensile test series of specimens.

e Number of ?eCtion Amortar Atexiile frextile
specimens (MM X
P mm) (mn) (mnP) (MPa)
Flax TRM-1L-T 4 5x 60 300 6.1 2.04% 286
Flax TRM-2L-T 5 8 x 60 480 12.2 2.55%

Figure 4.4: a) FlaxTRM-1L-T specimens; b) mortar prisms.

Tensile tests were carried out at the laboratory STRENGTBhofersity of
Salerno by means of a Zwick Roell Schenck Hydropuls, 88 a maximum
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capacity of 630 kN Kigure 4.5b). The tests were executethder displacement
control and the load and the displacement between the clamping wedges of the test
machine were recorded. The displacement was increased monotonically with a
constant rate of 0.25 mm/min.

A gripping system specifically studied for TRMht&gle tests was adopted to
clamp the coupons at the two charged edges for a length of 10(Figore4.53q).
Two stiff steel plates were glued at theyed of the specimens by meansawépoxy
resin, with a bond length of 100 mm, so that the tensile load is transferred by shear
stresses (clevisystem). On the edges of the plates four bolts were placed in order to
eventually apply a compression stresbew needed (clamping system). A further
bolt was placed in the middle with the aim of realising a rotational release in the
specimen planeThe latter was connected to a metallic system that constituted a
hinge allowing the rotations out of plane. The leirsgstem was specifically studied
to prevent bending and twisting moments to be transferred to the specimens in
tension.If needed the two hinges bolts may be tightened to create a perfectly
clamped configuration. In the present study both rotatieere permitted,and no
compression was applied at the edges of the specimens.

In-plane
hinge
Out-of-plane
hinge

Figure 4.5: a) TRM tensile test clamping system; b) TRM tensile tesipsed) surface
treatmentfor Digital ImageCorrelation phobs.

Theexternal surface of the specimeakngthe gauge lengttlwas treated in
order to get, during the test, images to be used for a Digital Image Correlation (DIC)
analysis. The treatment consisted in creatinghsiedbackground on wich black
dots were stochastically spkled by means of a spray céRigure 4.5c). DIC
analysis showed to be an efficient method to study the displatdisld of TRMs
under tensile tes{d5]. During the test the camera for the acquisition of the photos
was placed at a focal distance of 50 drneacquisition ratevasof 3 ph/min andhe
resolution of the photwas of 3454 x 5184 pixels (0.06 mm/pix).
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4.1.3 Results and discussion

Thetensileresponse of Flax TRMg terms of loaetisplacement is shown Figure
4.6 andFigure4.7.
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Figure 4.6 Load-displacement curves concerning Flax TRIN-T specimens.
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Figure 4.7: Load-displacement curves concerning Flax TRMT specimens.

Thetensile response in terms of stragi@in is shown irigure4.8 andFigure
4.9. When the specimen imcrackedit can be assumetatthe entire crossection
is characterisetly a constanhormal stress, whilen the cracked configuration, in
proximity of the cracks, it can be assumiedtthedry textile is charged of the entire
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applied load.Therefore,the normal stresswas assessed with respect to both the
mortar cross section and the dry textile cross secfibe strain waapproximately
evaluated as the ratio between the glaisplacement and the gauge length

1 2 3 4

6 I : 300
Stage | Stage Il : Stage llI

5 i | - 250

4 - 200

Stress [MPa} mortar
w
=
a1
o .
Stress [MPa} dry textile

1 ( L// - 50
0 : : — — . 0
0.0 1.0 2.0 3.0 4.0 50 6.0 7.0
Strain [%]
Figure 4.8: Stressstrain curves concerning Flax TRIL-T specimens.
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Figure 4.9: Stressstrain curves concerning Flax TRRL-T specimens.
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As expected, the mechanical responwss characterised by three stages:

- the first stageepresented the elastic response up to the occurrence of the

first crack

- the second one represented a transition behaviour characterised by the

develgment of several cracks;

- the third was mainly governed by the textile mechanical behaviour.

The transition point between the second and the third stageef)
correspondso the point, after the lastack, in which the slope of the stredgain
curve tanges Kigure 4.10). In same cases, where the last crack occurred in
proximity of the failure mode, this transition pointasnsidered in correspondence
of thepenultimate crack.

In the elastiaesponsestage,the coupon nmainal uncracked anthe entire
composite bore the applied load. Being the speciamamacterised by a constant
section along the length, the first crackdamly occurrecat any point depending
on geometric imperfections, or concentrations of stress in proximity of the loaded
edgesExcept for the specimen Flax TRIM.-T-4, the other specimens belonging to
the series Flax TRML-T did not present an elastib@sebecause, due to their
thinness, theyerecracked before being tested.

The transition phase was characterised by large displacements and by a
sequence of significamrops in the applied load corresponding to the occurrence of
cracks. Such mechanicesponsejn line with similar research studies in which
plant fibres were employefBl, 82, resulted not consistent with the typical
behaviour exhibited by TRM compositgith high strength synthetic textiles.
Moreover, such behaviour may be also dua twt adequate degree of mechanical
interlock between matrix a@reinforcementThis issue may be solved by correctly
defining the matrix mix design (aggregates granulometrycandistency).

Such behaviour may be attributed to tagpectsOn onehand the (out of
plane) deformability of the textile, due to the abseoicany impregnation treatment,
unavoidably resulted inthe textile not to be uniformly stretched during the
s p e ¢ i imglemsndationeven though great attention was devoted to this aspect
during the manufacturing proces§he latter is a common aspealso in the
conventional TRM coupons when dry textile is adoptdédin the other hand, as
widely discussed ilChapter 3the mechanical response of plant fibre textile loaded
in tension is typically characterised by a lower stiff initial response, duestifisp
macre and micrestructure of the thread#s aresult in the elastic behaviouat
low strain levels, the textilevasonly partially activated while the load is almost
entirely bone by the mortaindeed, in terms of stress, theis approximagly equal
to 50% of the mortar flexural strength (being the latter un overestimafidhe
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uniaxial direct tensile strength of the moyt&onsequently, at the occurrence of the
first crack, leading to partial loss othe contribution of the matrix, theower
contribution of the textile caused significant dsag the load.To qualitatively
deeperunderstand such behavioum, Figure 4.10, the stressstrain response of a
representative specimen (Flax TRM-T4) was compared witthe response of a
representative flax strip tested in tension (series labelled Flax-&dignChapter

3). Such comparisgnalthough being approximated due to thdifferent test
conditions of the two specimens compared (the flax strips were characterised by a
free length of 15 cnand were clampedhe textile within the TRM, in proximity of

a crack,was undera significant concentration of stress overstort length),
emphasisethe discrepancy in terms of stiffness between the TRM and the dry textile
at a low strain levelThe comparison also highlights similarity between the TRM
stiffness in the tind stage, and the dry textile stiffness in the final linear branch,
confirming that, oncecrack saturation has been achieviéee response is mainly
governed by the dry textile.
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Figure 4.10: Comparison between stresain response in tension of a representative
TRM specimen (series Flax TRM-T), and a representative dry textile (series Flax fabric
6cm).

The main mechanical parameters deriving from temsiis on the two series
of specimens, together with theeamvalue and the coefficient of variation for each
series, are listed ifiable4.2. Specifically, Pnaxrepresents the maximum load, digp
represents the displacement corresponding to the maximunslgatepresentshe
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maximum tensile stressssessedith respect to thentire TRM cross sectiomnax
represents the axial strain correspondingpéomaximum stress;exie represents the
maximum tensile stress assessed with respect to the flax textile cross section,
Smadfrexile represerg the exploitation ratio evaluated as the ratio between the
maximum textile stress achieved during the test and the textile stréhgtfailure
mode is reported as well and named as A, wthenfibres failed in a section in
proximity to theendfixtures, with B in the case of eandom section through the
length.As expected, the results from the two series shovbthdbubling the amount

of textile, the maximum capaciiy terms of loadhearly doubledSuch experimental
evidence emphasises two aspedtonfirms the maximum load to be strongly
affected by the amount of textilié points out that by increasing the fibre volumetric
reinforcement ratidnterlaminar shear phenomena were not recorded, hence any
decrease in textito-mortar bond propertieglated to higher concentration of stress
within the cross section occurrdd terms of maximum displacement, and strain, the
two series of specimens exhibited a quite similar trend.

Table4.2: Mechanical paameters oflax TRMs tested in tension.

Specimen Prax dispmax S max Emax Stexile  Smadfrexile  Failure
(N)  (mm) (MPa) (%) (MPa) (%)  ™Mo%
Flax TRM-1L-T-1 1426 15.7 4.75 5.2 233 81 A
Flax TRM-1L-T-2 1161 16.3 3.87 54 190 66 B
Flax TRM-1L-T-3 1249 14.5 4.16 4.8 204 71 B
Flax TRM-1L-T-4 1181 15.7 3.94 5.2 193 67 B
Mean 1255 156  4.18 5.2 205 72 -
Co.V. (%) 10 5 10 5 10 10 -
Flax TRM-2L-T-1 2189 16.8 4,56 5.6 179 62 A
Flax TRM-2L-T-2 2591 17.9 5.40 6.0 212 74 A
Flax TRM2L-T-3 2615  16.8  5.45 5.6 214 75 B
Flax TRM-2L-T-4 2443 16.5 5.09 55 200 70 B
Flax TRM-2L-T-5 2312 14.7 4.82 4.9 189 66 A
Mean 2430 16.5 5.06 5.5 199 69 -
Co.V. (%) 7 7 7 7 7 7 -

The values of stress and strain in correspondentt® two transition points
betweenhte variousstages were evaluated as well angreported inTable4.3.

The neanvalue of the stress corresponding to the occurrence of the first crack
resulted lower to the flexural strength of the mortar (3.58 MPa). Such aspect
attributed to the different loading conditions between the TRM tensile test and the
mortar characterisimn flexural test, and to possible geometric or testupet
imperfection that may anticipate the development of the mortar cracking. With
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respect to the transition point between stages Il and Wa# observeé similar

value with respect to the tworgss in terms of strain, while a sligithigher value

was observed in terms of stress in the Flax TRMT series with respect to the other

one. Such result is distorted by the cross section adopted, i.e. the entire TRM area.
By referring to the dry texe cross section the trend would invert, with slightly lower
values recoded in the Flax TRBL-T series.

Table4.3: Stress and strain correspondingthe different stage transition points.

Specimen S1 €& S2 €2  Sitexile S2textie
(MPa) (%) (MPa) (%) (MPa) (MPa)
Flax TRM-1L-T-1 - - 247 2.9 - 121
Flax TRM-1L-T-2 - - 222 3.3 - 109
Flax TRM-1L-T-3 - - 213 2.7 - 104

Flax TRM-1L-T-4 1.65 0.11 292 43 381 143
Mean 165 0.11 243 33 81 119

CoV.(%) - - 15 22 - 15
Flax TRM2L-T-1 1.56 0.08 3.00 39 61 118
Flax TRM2L-T-2 162 0.09 266 3.6 64 104
Flax TRM2L-T-3 1.37 0.08 299 36 54 117
Flax TRM2L-T-4 1.76 0.11 290 3.6 69 114

Flax TRM2L-T-5 1.50 0.07 250 2.9 59 98
Mean 156 0.08 281 35 61 110

CoV.(%) 9 19 8 10 9 8

Themaximum stress achieved in the textile, in both series of specimens, was
about 70 % of the maximum tensile strengththadf flax textile. No differences
between the two seriga the exploitation ratiwalue, confirmed thahemechanical
propertiesremaned unchangetby increasing the amount of textilalthough the
tensilestrength of the textile was not attained, the failure mode was characterised by
a sequence of sudden drops of the |@dttibuted to the rupture direads Figure
4.11c) (mode B) Sucha discrepancy may be attributed to the different iogd
conditiors of the textile when tested alone withpes to the case in which it is
restrained by the TRM mortaMoreover, during the test the slippage between
mortar and textile may damage the latter. Lastly, as sho@hapter 3 theinclusion
of flax within the limebased mortar causes a slight reduction of its tensile strength.

4.1.4 Analysis of the crack pattern

During the elastic stage, specimens are characterised by a roughly uniform state of
stress along their length until the cracking process starts at the weakest section,
whose position is uncertaifihe subsequent cracks will occur in locations depending
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on this intial random event. In correspondence to a crack, the entire loadestor

the textile. Such load is transferred from the textile to the mortar by means of shear
stress at théibre-to-matrix interface According to this behaviour, the stress within
themortar increases with the distance from a cracked section,aipaine next to

the mortar tensile strengthp as to cause to cracking of the mortar sectidhis
process of transfer of normal stress from the textile to the matrix, mainly depends on
the fibre-to-matrix bond properties, and on thyiantity of interfacial surface
available (i.e. the volumetric fibmeinforcement ratio)n fact, by looking aFigure
4.11aandb it is clearthatthe presence oflarger number of cracks in the specimen
characterised by a higher amount of textile.

Figure 4.11: a) failure mode of specimens Flax TRM-T-4 and b) Flax TRM2L-T-4, ¢)
closeup of fabric threads rupture.

Therefore, thanalysis of the crack pattern, and of the distance between cracks and
their openingmay represent an important tool to better understand the mechanical
behaviour of the TRM and to get information about the interaction between the
composite componentSud investigation was carried out by means of the Digital
Image Correlation (DIC) analysiBy means of aimage processing softwajel?,

the displacment field alonga longitudinal section in the middle of the external
surface of the compositeas obtained for each specimen, and with an interval of 20

s during the entire teshuch analysis was carried out on a portion of the specimen,
200 mm long, pleedin the middle of the free lengtBy selecting significant images,
corresponding to the transition between two different stages, or to the occurrence of
cracksjt is possible to get curves describing the evolution of the displacements along
the specimn and during the test. Figure 4.12 andFigure 4.13 such curves are
shown with respect of two representative specintdriee series Flax TRML-T

and Flax TRM2L-T (curves from all the specimens are shown in Appendix Ag
different coloursrepresent the displacement field in the surface of the specimens.
Each curve represents the imalat corresponds to the strain reported on the right
side.lt can be observed that when the crack occurs, a relative displadesh&aen
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the two sides of thmterested section is recorded. &®sult, each step of the curve
corresponds to the occurrence of a créckhe final configuration, the represented

by the upper curve in the grapthe distance between the cracks can be easily
evaluated being the stance between two consecutives st&agh step represents

the width of a crack. B getting such curve at different values of the straimng
possible to get the order in which the cracks developedi{hendvolution of each
crack opening at differentrain levels.The evolution of the cracks opening during

the test is plotted ifigure4.14 andFigure4.15 with respect of two representative
specimens of the series Flax TRM-T and Flax TRM2L-T. The curves derive

from the displacement field aloraygauge length of 200 mm in the middle of the
sample.During the tests some cracks occurred out of this lehgitmally thestrain
interval between the development of two consecutive cracks is quite constant for all
of them. However, by lookingt Figure 4.14 and Figure 4.15 such a thing is not
verified for all the cracks. This aspect is due to teetbpment of cracks out of the
gauge lengthThe analysis of crack patterhence the mean crack spacing between
the cracks, is not affected by the neglecting of the cracks developed out of the gauge
length.By analysing theyraphs for eachspecimen the mean value of the distance
between two consecutives cractte mean crack spacitlgmea, and the maximum
value of thecrack opening, wax, Were extracted and reportedTiable4.4.
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Figure 4.12: Displacement field of the mean longitudinal sectigpec Flax TRM1L-T-1).
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Figure 4.13; Displacement field of the mean longitudinal section (spec. Flax-ZRW4).
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Figure 4.14: Cracks development of mean longitudinal section (spec. FlaxTIRTAL).
By looking at the mean values of the maximum crack width it is highlighted

that both reinforcement configurations adopted, by respectively using one and two
plies of flax textiles, led to a similamaximum craclopening in correspondente
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the specimen failure. $b evidence was expected being the stress within the textile
not significantly different between the two series of specimens.
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Figure 4.15: Cracks development of mean longitudinal section (spec. Flax2IRTA4).

With respect to the mean value of the distance between two cggks, it
was observed that tileeanvalue concerning the Flax TRIL-T series was linearly
proportional to the analogous distance obseimdtie Flax TRM2L-T series, with
a proportionality coefficient factor equal to thatio between the two volumetric
reinforcement ratiossfo/v (beingvfi andvf; respectively equal t8.04 % and 2.55
%). Such dependence of the distance between craoks the fibre volumetric
reinforcement ratio, emphassshat the two series of specimens were characterised
by the same fibro-matrix bond behaviour.

A method to analyse the development of the cracks of TRM in tensile tests,
consists in tracing thevoluion of themean distance betwedme cracks during the
test[113. Figure4.16 shows such curve with respect to a representative specimen
of the series Flax TRA2ZL-T, evaluated as garithmic interpolation oflescreet
data The graphshows that with the occurrence ofacks during the test, theean
distance between them decre;sentil the end of the testat which the value
corresponds to theem distancabmean IN Figure4.17 thedevelopment of the aan
crack spacingis plotted for each specimefor both series. As expected, he
comparison shows that the specimehthe series Flax TRAZL-T, in the final part,
resulted to be below the curves concerning the other s8reh. trend pointed out
that, taken a generic value of the strain, the specimens reinforced by a higher amount
of textile exhibited a higher number of crackeghis aspect is fofundamental
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importance in the assessment of the efficiency of the composite: the higher is the
number of cracks developed, tim@re the system responds asoanposite material

in which stress and strain are distributed along the entire couporthartbps of
strength observed in the second stage reducesibeir

Table4.4: Analysis of cracks main parameters.

Specimen do,mean Wmax t
(mm) (mm) (MPa)
Flax TRM1L-T-1 47 2.03 0.23
Flax TRM-1L-T-2 55 2.33 0.18
Flax TRM-1L-T-3 44 2.26 0.26
Flax TRM-1L-T-4 57 2.70 0.26
Mean 51 2.33 0.23
Co.V. (%) 12 12 16
Flax TRM2L-T-1 40 2.22 0.21
Flax TRM2L-T-2 31 2.48 0.29
Flax TRM-2L-T-3 40 2.80 0.21
Flax TRM2L-T-4 39 2.19 0.29
Flax TRM2L-T-5 45 2.07 0.21
Mean 39 2.35 0.24
Co.V. (%) 13 12 19
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Figure 4.16: Mean crack spacing as a function of the strain (spec. Flax-PRNI-4).
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Figure 4.17: Mean crack spacing as function of strain (series Flax TRM and2L-T).

By analysing the crack pattern at the end of the test for gzatimenit is
possble to get information about the shear stress at thetfibmaetrix interface. An
approximatedestimation model is proposed as follow

In the elastic phasedan be assumed that at any time the applied force, F, is
in part bore by the matrix and in part by the text{lEquation4.1):

o , a6 , 4o Equation4.1

wheresn ands: representhe normal stress in the matrix and the textilg,aAd A

are thecrosssection area of the matrix and the textile. By assuming nuB the
correspondence to the crack, and by assuming the shear stress transferred from the
textile to themortar to beconstant along the z, the stress distribution in the damaged
area in proximity to the crack takes #ygproximatedorm showed irFigure4.18.

Cracked Z— I Uncracke:
section — section

Figure 4.18 Normal and shear stress approximated distributions in the proximity of a
cracked section.

103



Giuseppe Ferrara Flax TRM composite systems for strengthening of masonry:
from the material identification to the structural behaviour

Moving along the zit can be assumetiatthe amount of force transferred
from the textile to the matriis equal to the integral of the shear strestéong the z
(Equationd.2):

.5 @0, O T Equation4.2
Where p represents the lateral surface per unit length of the filassessed in
Chapter 3. do can be diined asthe distance z so that the maximum tensile strength
is achieved within the mortas (=f;m, beingfim the uniaxialtensile strength of the
mortar). By substitutind=quation4.1 in Equation4.2 the following relationship
between the stressand the distance, is dbtained Equation4.3):

t QB TND Equation4.3

By assumingdo as the smaller distance betwesvo consecutive cracks
(assessed by means of DIC analydig)adoptingequation4.3 an estimation of the
shear stresat the fibre to matrix interface, can becalculated The values of such
estimation are shown ifiable4.4. According to the results obtained, tteear stress
assumed almost the same value for the two series of specimens

It is worth pointing out thatthe shear values assessed represent an
approximated estimation, due the hypothesisidered with respect to the
interfacial stress distributionm fact, in the in the Stages Il and Il there is a strain
incompatibility between matrix and fibres, duethe reative displacements and
damaging of the interface surface. Moreover, in this configuration the shear stress
distribution is far to be constaover the z directionHowever, the same order of
magnitude of the shear stress with respect to the two series of specimen confirms
that no significant changes in terms of bond properties occurred in the TRM system
when the amount of textile was increased

4.2 Shear bond test on Flax TRMto-masonry systems

4.2.1 Materials and Methods

Shear bond (SB) tests were carried out by adopting the damlehear test
configuration aiming to reproduce an intermediate ciadkiced failure mode,
characterised only by shearestses distributedn the interfacial surfaces of the
system components. In order to be consistent stiitlies present in the literature,
the recommendations of the Committee TC 250 CSM RIUBE] were respected
in the definition of the experimental setup and the mechanical paranuténe
study.
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The specimens consgstof prismatic masonry substratssmprisingfive clay
bricks and four 10 mathick mortar joints, externally strengthened by Flax TRM
strips. In line with the tensile characterisation, two series of specimens were
considereqTable4.5):

- Flax TRM-1L-SB: specimens characterised fiye bricks masonry
element externally strengthened by the compositinénreinforcement
configuration FlaxTRM-1L, subjected to shear bond t€sigure4.19);

- Flax TRM-2L-SB: specimens characterised Wive bricks masonry
element externally strengthened by the composite in the reinforcement
configuration FlaxTRM-2L, subjected to shear bond t@Sigure4.19).

Two of the specimens of the series Flax TRMSB were discarded because

of an incorrect recording of thaisplacementsluring the testThat is why there is
an inconsistency in the numbdrapecimens of each series.

Flax-TRM-1L-SB

20mm

30mny l:ﬁ*La) .L_ N ,J 5 0;;

250mm_

120mm

ol /
ir\ 95 120mm
250mm

Figure 4.19: Flax TRM-to-masonry specimerssibjected to shedondtest Flax-TRM-1L-
SB characterised bpnelayer of flax textile; FlaxTRM-2L-SB with two layers.

The Flax TRMstrips, with a bond length of 260 mm, were placed centrally
along the vertical axis of the prism and at a distance of 20 mm from the upper side
of the support. The textile free length at the loaded edge of the specimen was of 300
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mm. The reinforcement wagpplied on the masonry elements by adopting the same
manufacturing process utilised for tensile test specimens.

The c¢clay bricks, bel onging to the commerc
produced by San Mareberreal, Valenza AL, Italy114], were 250 mm long, 120
mm wide, and 55 mm thick, with a compression strength (perpendicular to the larger
face) of 18 MPa (manufacturer technical specifications).

The bed joints of the masgnronsisted of a low strength hydraulic lisnased
mortar, specifically designed to be representative of mortar that can be typically
found in existing masonry buildings. It was characterised by the volumetric
composition suggested by the Italian Guidedified], in order to reproduce a low
strength hydraulic lime mortar, consisting of 2 parts of binder, 4 parts of sand, and
1.3 parts of water.

The main mechanical properties, assessed accordstangard specifications
[111], consisted in a compression and flexural strength respectaelst t02.45
MPa(Co.V. 14 %) and 0.50 MPa (Co.V. 37 %).

Table4.5: Main properties of theshear bondest series of specimens.

Series Nug;ber SCTSIIII\CAJH Amortar Atextile o ftextile
specimens (mm xmm)  (mnv) (mn?) (MPa)
Flax TRM-1L-SB 3 5x60 300 6.1 2.04% 286
Flax TRM-2L-SB 5 8 x 60 480 12.2 2.55%

Theflax textile mechanical properties were showapter 3 Thehydraulic
lime-based mortar adopted to perform the Flax TRM systems was characterised by
a compression and a flexural strength respectively equdl.5 MPa (Co.V. 8 %)
and 3.56 MPa (Co.V. 5 %assessed after 28 days of curing fromctisting.

Theexperimental investigation was performed at the Laboratory of Composite
Materials for Constructions (LMC2) of the University Claude Bernard Lyon 1.
Singlelap shear tests were carried out by usingwick/Roell 1475 electre
mechanical testing machine, wittb@ kN capacity irtensionand compression, in
displacement control using a crdssad rate 0f0.3 mm/min. A steel system,
consisting of two metallic plates connected by four threaded rods, locked the
masonry prisms so that no rotation of the reinforcedtsatecould occur (Figure
4.20). Steel plates bonded to the end of the flax textidee placedy a clamping
steel device. In order to avoid loatceantricity and, consequentlygut-of-plane
tensile stresses (peeling) at the interface between the masonry substrate and the
reinforcing system, each specimen was duly placed to effzafrthe textile was
aligned with the direction of the load, with no intienal eccentricity. Moreover, a
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hinge was placed between the clampinglsdegice and théeadof the universal
machine so that no bending moments could be transmitted to the Flax TRM system.

textile

metallic plate
omega device

LVDTs

masonry substrate

Flax TRM system

metallic plate

Figure 4.20: Shear bond test seip.

In order to record possible slipping of the textile within the mortar matrix, an
aluminium dewi deo,r ndameds hfape, was bonded to
distance of 5 mm from th&@RM edge. Tw displacement transducers (Linear
Variable Differential Transformer, LVDTSs) bonded to the masonry substrate, were
used to monitor any motion of tifi\d plateduring the test.

4.2.2 Results and Discussion

The shear bond test response is expressed in termessssipp curves Figure4.21
andFigure4.22).

The normal stress,, was obtained by dividing the applied load for the cross
section of textile; the slipping, s, of the textile within the mortar matrix was
computed as the average value among the two displacements recorded by the
transducers, LVDTs, mént o r i Wog d ehvei chie .

The main parameters obtained from the tests are shovahie 4.6. Pnax
represents the maximum loadasrepresents the correspding main displacement
of W ed dismixis the,corresponding normal main stress within the textile. In
order to quantify the fibres exploitation, the ratio between the maximum st¢gss,
and the tensile strength of the textileif, is rerted as well for each specimen.

The stresslisplacement curves show that both the series of specimens exhibit
the same trend characterised by a linear elastic branch up to the achievement of the
maximum capacity. Such response may be interpreted as #neimr of the linear
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el astic deformation of theWwt a@axtviilce @adt itcre
TRM system, and possible relative displacements between mortar and fibres within

the composite. The post peak phase is mainly characterised by a sezfudnops

of the load due to the rupture of the single flax threads until the failure of the

specimen.
-l-]
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Figure 4.21: Stressslip curves of shear bond tests concerning the Flax -TRIB series.
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Figure 4.22: Stressslip curves of shear bond tests concerning the Flax -PRMB series.

For all specimens the failure mode consisted in the rupture of the flax threads
in the free length of the textile (medkE) Figure4.23a). Such rupture did not involve
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a specific cross section: it was rather due to a process of redistribution of the stress
within the tetile after each thread rupture; at each step, the most charged thread
randomly failed at the weakest point of its lendiigure4.23b shows a closep in

which few threads already failed while the others were stretched due to a
concentration of stress.

Table4.6: Mechanical parameters of Flax TRid-masonry systentested inshear

Pnax  Smax  Smax  SmadTtexile Failure

Specimen
(N) (mm) (MPa) (%) mode
Flax TRM-1L-SB-1 1379 4.0 226 79 E
Flax TRM-1L-SB-2 1355 2.7 222 77 E
Flax TRM-1L-SB-3 1325 3.3 217 76 E
Mean 1353 3.3 221 77 -
CoV.(%) 2 21 2 2

Flax TRM-2L-SB-1 2598 2.6 212 74 E
Flax TRM-2L-SB2 2551 2.6 209 73 E
Flax TRM-2L-SB3 2572 3.1 210 73 E
Flax TRM-2L-SB-4 2530 3.4 207 72 E
Flax TRM-2L-SB5 2604 3.4 213 74 E
Mean 2571 3.0 210 73 -

CoV.(%) 1 13 1 1 .

Both series of specimens achieved an exploitation dflites of about 75 %.
Although the fibres achieved tensile failure, the mean maximum stress never reached
the value recorded during the dry textile tensile tests. Such behaviour, already
showed also in the case of tensile tests, may be attributed topgecisasn one side
the free length is of 300 mm, while the dry textile was tested with a gauge length of
150 mm, as also shown in Chapter 2 the higher is the size of the specimen, the higher
is the probability of having geometric and mechanic imperfectian]ower is the
tensile capacity; on the other side, while in dry textile tensile tests the fabric is
perfectly clamped at both the edges, in the case of shear bond test one of the sides is
embedded in the mortar, allowing for deformation of the teatde within the TRM
system, hence causing a lower strength.

It is worth to notice that the average tensile capacity observed in shear bond
tests is slightly higher of that exhibited by composite specimens tested in tension,
even if the same geometry of thiax TRM system was adopted. Such experimental
evidence may be explained by the fact that in tensile tests the distribution of the stress
within the composite during the test create a damage at the matrix to fibre interface
with a deterioration of the thads that result in a lower global capacity of the system.
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a)f

Figure 4.23; a) failure mode of a representative specimen (Flax TRM5B5); b) close
upof the flaxt h r efailaresidthe free length.

The sheabond test showed that, among thitéerent capacities associated to
the possible failure mechanisms, i.e. loss of bond strength at the-tbRMbstrate
interface, loss of bond at the textile to mortar interface, loss of strength of the textile
in tension the one associated to the latter is the low@n one hand, this aspect
emphasisethat such failure mode is the most brittle, heitdeas to be properly
considered on the analysis of the global behaviour of structural elementatethat
often required to exhibit a ductile behaviour. On the other laruha failure mode
allows to increase the load capacity of the system by increasing the textile amount
since thegood adhesion at the fibte-matrix interface does not lead to a premature
failure of the system due to the slippage of the textile within the mortar. The latter,
in fact, results as one of the mdimitations showed by most of high strength
synthetic fibres (such as carbon and basatt)l in such cases, the improvement of
the textile-to-mortar bond, by means of fibre treatments or matrix modifications,
resulsto be a challenging task.

4.2.3 Determination of the Flax TRM designing conventional strength

As also discussed iparagrapt®.1.4 according to Italian guidelines for designing
of rehabilitation interventions by means of TRMH], a conventional strength, to
be used for designing and verification problepsa) be derived by the mechanical
characterisation strengt@pecifically,such strength consistéa value of the normal
stress Sim.conv COrresponding tahe maximum strength deriving from shear bond
tess, and in avalue of the axial strair@imcony, COrresponding tehe value of the
strain corresponding to the stress conv iN the stresstrain tensile response of the
dry textile. By considering both series of specimens the conventional maximum
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stresssim,conv, results equal to 215 MPa. The conventional strain is assessed as the
average among the valuesrresponding to all the stressain curves of the series
Flax-strip-6cm analged inChapter 3(Figure4.24).
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Figure 4.24: Determination of Flax TRM conventional strengitcording to[61].

The conventional strai®m conv, assumes the mean valueld8%. However,
within the instructions it is assuméthtthe tenge textile responsés linear. In the
case of plant fibres, a less stiff branch is typically exhikdteldw strain levelsdue
to the morphology of the fibres at a microscale, and of the textile on a macroscale.

Being this stiffness, &£determined in the linear branch, it is necessary to
define amodifiedvalue of the limit straing*, as the difference between strain values
e ande; (Figure4.25), so that the product between the conventidirat strain and
the mean stiffness results to be equal to the conventional limit &S
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Figure 4.25: Modifiedvalue of the conventional limit strain assessed by comparing shear
bond test and flax tensile test representatésponss.
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The graphical assessment of the conventional strain is shokigure4.25
where, to make the image clearer, two representative specimens are plotted: a shear
bond test response characterised by a maximum stress of absut ke and a
flax textile tensile response characted by a linear stiffness of about E

The outcoming mean values are: conventional limit st®gsony, Of 215
MPa; a mean dry stiffness of the textile, & 9.03 GPaGhapter 3; and a modified
conventional limit straing*, equal to 2.4 %.

4.3 Durability

The durability of plant fibrebased TRMs represents one of the main concerns that
feedsscepticismin the use othe composite system. Such distrgsiems to be due

to a lack of knowledge rather than éghaustivescientific outcomesThis is tte
reason why, witltheaim of providing a comprehensive analysis oféffectiveness

of Flax TRMs, such aspeciwas addressed within the studyowever, being
mechanical aspects the core of the discussiomability issues were boarded wéh
secondary &ntion, with the aim of at least proving Flax TRMs to comyiih the
existing standards and guidelingss a consequence of tlagging investigation
conducted on flax threads, and discusséchapter 3in this paragraph the attention

is focused direcyl on Flax TRM coupons.

4.3.1 Materials and Methods

The qualification procedure adoptemnsisted in theexposureof Flax TRM
specimens in specific amg conditions choseaccording tahe acceptance criteria
ACA434[57]. The durability performance was computed by comparing the tensile
behaviour of the specimens tested after the period of exposure, with the response of
referencespecimens stored in ambient conditions.

The composite material components (namely, the mortar matrix and the flax
threads) were subjected to the same treatments to quantify their influence in the
global responsé hefollowing ageing protocos were adopted

- Ambient: the specimens were stored in ambient conditions for 3AA5h (

days) and were used as reference;
- Water: the specimens were immersed in deionised water for a period of
3000 h (125 days)

- Saltwater: the specimens were immersed for a period 6030 (125
days) in a saline environment consisting in 3.5 % d@ght of sodium
chloride (NaCl) aqueous solution, that
ocean seawater average salinity;
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- Alkaline solution: the specimens were immersed for a period of 3000 h
(125 days) in an alkaline environmewith 9.5 PH level, reproduced by
adding sodium hydroxide (NaOH) to the deionised water.

For each conditioning environmemt line with proceduresfdhe literature

[44], thefollowing specimens were considered:

- FlaxT: consisting in flax threads tested in tension with a gauge length of
100 mm (the same type of specimen adopté&thiapter 2 (Figure4.26a);

- H-Lime-Matrix: consisting in mortar prisms (40x40x160 fntio be
tested in bending and compression in accordance to the EN [196]
(Figure4.26b);

- Flax TRM-1L-T: consisting of TRM coupons reinforced by the
configuration Flax TRMLL, characterised by 5 mm of thickness, 60 mm
of width and ®0 mm of length(of which 300 mm ofjaugelength, and
tested in tesion (Figure4.26c).

The main characteristics of all series of specimens, curing conditions and the
respective type of test are listedTiable4.7. Tensile tests on fibres and bending tests
on mortar, were performed by means of a Universal Testing Madby using
respectively a 1 kN load cell, with a displacement rate of 4 mm/anguie4.27a),
and a 5 kN load cell, with a displacement rate of 0.2mim(Figure4.27b).

Figure 4.26: Specimens tested for durability analysis: a) Flax) H-Lime-Matrix; c)
Flax TRM1L-T.

The immersion of the Flax TRM specingin the different solutions was
performed by taking care of avoiding the direct absorption of water through flax
textile. To this purpose, the two edges of the specimens were sealed by means of
silicon before the immersion in the water solutidrigre4.28). Tests were carried
out at the Department of Industrial Engineering of University of Salerno.

Mortar compression testBifure4.27c) and TRM tensile test${gure4.27d)
were carried out by means of a Zwick Roell Schehtydropolus S56, with
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maximum capacity of 630 kN, respectively with a displacement rate of 0.3 mm/min
and 0.25 mm/min, at the Strength Laboratory of University of Salerno.

Table4.7: Series of specimen congiddin the experimental durability analysis.

Series Conditioning Conditioning n° of Geometry  type of test textile
environment  period  spec. section
Flax T-Amb Ambient 3000 h 14
Flax T-W Water 3000 h 14 150 . 0.25
Tensile test 2
Flax T-S Salt 3000 h 14 mm m
Flax T-Alk Alkaline 3000 h 14
H-Lime-Matrix-Amb Ambient - 3/6 A0x40x160 Threepoint
H-Lime-Matrix-W Water 3000h 3/6 mm?/  bendingtest/
H-Lime-Matrix-S Salt 3000h 3/6 ~40x40x40 Comtpfetss'on
es|
H-Lime-Matrix-Alk Alkaline 3000 h 3/6
Flax TRM-1L-T-Amb Ambient - 5
Flax TRM-1L-T-W Water 3000 h 5 5x60x500 . 6.12
e Tensile test mme
Flax TRM-1L-T-S Salt 3000 h 5 m
Flax TRM-1L-T-Alk Alkaline 3000 h 5

b)

Figure 4.27: Test seup of series: a) Flax T; b) #lime-Mortar (bending); c)H-Lime-
mortar (compression); d) Flax TRWL-T

a)

Figure 4.28: a) Flax TRM1L-T edgebefore sealing; b) sealing of the edge.
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4.3.2 Results and Discussion

The effect of application of the eigg protocols on the flax threads is analysed in
terms of tensile strengtB; may Of the corresponding straiBqax, and of stiffness, E
(Table4.8) (Coefficient of variation in round bracket$h terms of strength a slight
increase of the mean maximum stress was observed in the seri@s\WlaxThe
series Flaxt-S and FlaxT-Alk exhibited a slightly less stiff response.

The effect of different environmental exposures on the mortar is analysed in
terms of compressioB . max and flexural strengtlsmax Of the mortar prismérable
4.9). The specimens aged in water and in alkaline sol@idvibiteda compression
strength slightly higher of that shown the reference series.

For both TRM components it can be affirmed that no significant changes were
broughtby the application of the durability protocols, afedv variations of the
mechanical properties may be attributed to the statistical variabiliheatsults.

Table4.8: Parameters concerning the Flaxspecimens.

Series Stmax Emax E
(MPa) (%) (GPa)
283.67 3.3 9.07

Flax T-Amb
(19) (12) (12)
Flax TW 309.38 3.5 9.13
(12) (13) (7)
Flax T-S 294.02 3.6 7.98
(12) (7) 9
Flax T-Alk 267.74 3.7 7.09

9) (8) (11)

Table4.9: Parameters concerning the-Hme-Mortar specimens.

Series Sf,max Scmax

(MPa) (MPa)

H-Lime-Mortar-Amb 4.81 11.79
®3) 4)

H-Lime-Mortar-W 4.05 13.73
(5) (5)

H-Lime-Mortar-S 4.54 12.21
) (7

4.39 14.10

H-Lime-Mortar-Alk
(16) (7)

115



Giuseppe Ferrara Flax TRM composite systems for strengthening of masonry:
from the material identification to the structural behaviour

The TRMs response is shown in terms of ststssn curves for each series
of specimens: the reference specimensnmbient conditionsHigure 4.29), the
specimens aged in watéfigure4.30), the specimens immersed in saltwakég(re
4.31), and the specimens exposed to alkaline environrkénire4.32).
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Figure 4.29: Stressstrain curves of the series Flax TRM-T-Amb.
6 1 - 300
- 250
= 2
3 g
5 - 2008
£ 2
w °
s - 150'03?
@ =
]
g - 100 ©
7 2
(7]
- 50
O T T T T T T T 0
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0

Strain [%)]

Figure 4.30: Stressstrain curves of the series Flax TRM-T-W.
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As expected, the response was characterigéodiriphase behaviour widely
discussed imparagraph4.1.3 The main mechanical parameters concerning Flax
TRM tensile tests for the different ageing environments, are showrabig4.10
andTable4.11).
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Figure 4.31: Stressstrain curves of the sies Flax TRM1L-T-S.
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Figure 4.32: Stressstrain curves of the series Flax TRM-T-Alk.
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In line with the mechanical response exhibited by the TRM components, no
significant changes were observed alsdhe behaviour of the whole composite
tested in tension. More in details, the three environmental exposures conferred to the
composite a slight increase of maximum strength. In fact, the textile exploitation
ratio (assessed with respect to the-aged texte), of about 70 % in the reference
series, gets values included in the range between the 80 % and 85 % in the aged
series. It is worth highlighting that the exploitation ratio of the series Flax-IRM
T-Amb, tested after 124 days, was the same of tieeotiserved in the series Flax
TRM-1L-T (paragraph4.l), tested after 28 days. Such aspect confirms that no
significant degradation of the textile inmtact with the hydraulic lime mortar occur
in the period between 28 and 124 days.

The low increase in the mortar strength ledrémsition poins between the
stage | and |land between the stagiksand lll, characterised by higher stress,
and s,. Suwch experimental evidence may be attributedthe fact that the
conditioning in watefacilitates the hydration processes of the mortar.

Table4.10: Parameters concerning the Flax TRM-T specimens.

Series Prax diSpmax S max Emax Stexile  Smadfrexiile

(N) (mm) (MPa) (%) (MPa) (%)

o rmwiLTan, 1224 136 408 45 200 70
(13) (8) (13) (8) (13) (13)

orrwiLry 1380 150 460 50 226 79
(7) (16) (7) (16) (7) (7)

TRl 1540 144 513 48 252 88
(7) (4) (7) (4) (7) (7)

1468 14.4 4.89 4.8 240 84

Flax TRM-1L-T-Alk
(©) (6) (©) (6) (©) )

Table4.11: Stress and strain correspondingtte different stage transition points.

S1 € S2 & t
(MPa) (%) (MPa) (%) (MPa)
1.85 0.1 2.87 34 0.24

Series

Flax TRM-1L-T-Amb

(15) (23) (12) (11) (18)
f TRMILT 213 01 329 36 017
(34) 11 (16) (6) (18)
f TRMILT.s 312 01 373 36 021
11 12 8 (13) (32)
o TRMALTAK 258 01 351 36  0.23
(16) (29) ) ) (18)
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Thetypical failure mode of the specimens was characterised by a sequence of
sudden drops of the load, corresponding to the mortar cracks, up to the rupture of the
textile in one of the cracked sectiorsgure 4.33) (modes A andB). It can be
observed that in all specimens the distance between two consecutive cracks is
roughly the same. Consequently, being the amount of textile, and the specimen size,
the same for all samples, it can be affirmed that also the interface behavioarr at t
fibresto-matrix interfacedid not significantly change after the application of the
ageing protocol. InTable4.11 the nmean fibre-to-matrix interfacal shear stressg,
assessed with the simplified model proposegkiragraph.1.4 is reported for each
series of specimens. It can be seen thaigmificantdifferencesvere observed.

Figure 4.33; Failure mode of representative specimens of the series: a) FlaxIIRM
Amb; b) Flax TRMLL-T-W; c) Flax TRM1L-T-S; d)Flax TRM-1L-T-Alk.

As amatter of fact, ot having experienced any decrease of strefitgthn be
affirmed that the investigated Flax TRM systearposed to conventional protocols
provided by AC43457], complies with the acceptance criteria generally considered
for qualifying composite materials.

4.4 Conclusions

The present chapter aims at pramglan exhaustive mechanical characterisation of
the Flax TRM systeranderinvestigation, at the ate of analysis of the composite.

Both tensile behaviour and the shear bond performance with a masonry substrate
were consideredVioreover, the characterisation was enriched wittreliminary
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experimental analysis of the durability of Flax TRBMmpositesThe main findings
of the experimental analysis are suatised as follow

- Tensile tests carried out on Flax TRM coupons showed that the response
in tension ischaracterised by the typical #& stages. However, unlike
what is observed in high strength fibre baseBMs, the stresstrain
response of Flax TRMs exhibited significant drops of the stress in
correspondence to crack occurrence, duehéolow initial stiffness of
plant fibre textile, to bond properties at the fikieematrix interfaceand
to the utilised mortar mix design

- All specimens tested in tensierhibited a failure mode characterised by
rupture of the fibres, with an exploitation ratio of abé0t% due to the
different lcad conditions of the textile when tested alone with respect to
the case in which it is restrained by the mortar

- By varying the fibre volume fraction no reduction in strength was
observed, showing that the textile grid was well designed allowing the
mortar to correctly penetrate through the voi8sich statement was
confirmed byanalysing thdibre-to-matrix shear stress assessed by means
of a simplified model

- Digital Image Correlation analysiwas confirmed to be a suitable and
powerful technique to deeply investigate the failure mechanisms of TRMs
in tension

- With respect to the Flax TRNb-masonry substrate shear bond behaviour,
the experimental evidences showed an elastic respbttsetextile in the
free length of théoadededge ending up in a rupture of the textile in such
area. This behaviour, occurred in battinforcement configurains,
emphasimg that the system is characterised by a good adhesion at the
fibre-to-mortar interface with respect to the tensile strength of the flax
textile itself and that a bond length equal to 260 mm is adequate for
preventing TRMto-masonry debond;

- The experimental investigation carried out to analyse the durability of
Flax TRM composites showed that the system, exposed to a conventional
ageing protocol, complies with the acceptance critguimposed by
standards in the field.

The promising outames of the comprehensive investigation carried out at the

composite scale of analysencourage the employment of Flax TRM systems

as reinforcement of structural masonry elemeBiqerimental studiewith

the application of such composite system on airat elementsare needed

in order to confirm the potential of the strengthening techniquepertaps

to highlight the limitations of the systerfihe latter is a fundamental aspect:
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the experimental study, together with the encouraging repoitgedout that
there is still room for improvements of the mechanical performance of plant
based TRMsThe definition of thecrucial aspects on which it is necessary to
focus the attention plays a key role in thecess of improvement and
refinement of the refiorcing technique.
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5. Mec hamiehalvafoumasonry wall s ex
strengtyheeneadk BT RM composites

As shown irthe previous chapters, the use of plant fibres as reinforcement in-mortar

based composites represents a promising solution to improve the sustaiagthiéty

material. However, due to thespecific mechanical propertiesf glant textiles

inferior in regar d.e fower direngtm ane stiffnresshpme | 6 ones,
differences in the mechanical behaviour emerged with respddRNb composite

performed by conventionagxtiles. Therefore, further studies are needebetter

understandhe behaviouof thesetypesof TRM as a possible technolagi solution

for enhancing shear capacity of masonry walls.

To respond to this need, this chapter reports experimental observations
obtained on clayrick masonry walls externgl strengthened by the Flax TRM
systemsunderstudy. Specificallythe reinforcedmasonry structural elemendse
subjected to diagonal compression tests in order to assess the contribution of the
intervention to the shear capacity of the systefterAlisussing the experimental
evidence into detail, @aomparisonof results with similar studies present in the
literature, and with modelsroposed by standards in this alissshown as well.

5.1 Methods

Masonry assemblages externally strengthened by M systems were subjected
to diagonal compression tests in order to assess the diagonal shear (or tensile)
strength. The test consisted in loading the wall alongdisigonal, thus causing a
diagonal temion failure with the specimen splitting aparpendicularto the
direction of load. The testvere carried out at the Laboratory adi@posite Materials
for Construction (LMC2) of the University Claude Bernard Lyon 1.
Three different series of specimamere considered-{gure5.1):
- the first one, labelled as USW, was characterised by unstrengthened walls
and was conceivedo as to obtaithe referencenechanical behaviour;
- the second one, labelled as W, was characterised by walls externally
strengthened by the system Flax TR
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- The third one, labelled as S@, was characterised by walls externally
strengthened by the system Flax TR

The TRM einforcement system and the masonry substrate were performed
with the same characteristics of thgecimens subjected to tensile and shear bond
test, whose experimental outcomes are discuss&hapter 3 The bricks were
arrangedn the running bond pattern,naonolayer configuration characterised by a
single row of bricks in thickness of one hea@lle low strength hydraulic limkased
mortar adopted fowall bed and head joints was characterised by aristrength
of 0.94 MPa (Co.V. 20 %) and by a compression strength of 4.11 MPa.(€b.V
%). The main mechanical properties of the hydraulic lime mortar utilised as matrix
of the Flax TRM systems consisted in a flexural strength18 MPa (Co.V. 13 %)
and a compression strength of 11.13 MPa (Co.V. 8 %).

Figure 5.1: Specimens subjected to diagonal compression test: UnStrengthened (USW),
Flax TRM1L Strengthened (S\M.) and Flax TRM2L Strengthened (S@L) walls.

In both reinforcing configurations the strengthening system was applied
uniformly to all the wall surfacand symmetrically on both sides of the masonry
elements.The installation of the FlaXRM reinforcing system consisted in the
application of the first layer of mortar on the masonry surf&igufe 5.2a), the
application of the textile by ensuring it to be properly tight emdbeddedvithin the
matrix (Figure5.2b), the application of the next mortar layer and possible application
of further flax textile layers, application and smoothing of the external layer of
mortar figure 5.2c). Table 5.1 lists the main properties of the three series of
specimens considered, indlag the reinforcement rate defined as the maximum
capacity in tension of the textile included in a TRM strip one meter wide.

Figure5.3 depicts the appatus adopted to carry out the diagonal compression
tests.
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RO AT | A

Figure 5.2: Application of the Flax TRM system: a) application of the first layer of mortar;
b) application of thdlax textile and impregnation in the matrix; c) application of the last
layer of mortar and smoothing of the surface.
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Figure 5.3: Test seup of Diagonal Compression Tests.

Thetest machine, with maximum compressive lead capacity of 500 kN, was
equipped by a load cell placed along the loadingtaxiscord thdéoad valuegluring
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the test. The test wastied out in displacement control with a rate of 2mm/min.
The load was transmitted to the specimen by means of two losliasg placed at

the two edges of the vertical axis. The loading shoe consisted of a steel device
characterised by a high stiffne§9(mm of thickness), and by a length of bearing of
150 mm specifically designed to avoid excessive local stress in the bearing zone and
in correspondenc® the mortar bed joints present in the loadethers of the wall.

The loading shoe was connectedtlie masonryassemblage by means of a high
strength fassetting cemenbased mortar. The walls were instrumented by means of
two linear displacement transducers, with aggalengthof 1000 mm, to measure

the shortening of the vertical diagonal and theglkening of the horizontal one
under load.

Tableb5.1: Properties of the three series of specimens tested in diagonal compression.

Series ™ Masonry Wall size Reinforc. Type of  thick. Rr(:g'
spec. type txwx h (mn?) type mortar (mm)  (kN/m)
usw 3 clay brick 121031030 - - - -
SW-iL 3 clay brick 12k103%1030 Flax TRM-1L hydraulic lime 5 31
SW-2L 3 clay brick  12x103%1030 Flax TRM-2L hydraulic lime 8 62

Oneof the two sides of the walls waieated in order to getluring the test,
images to be used for a Digital Image Correlation (DIC) analys$is. treatment
consisted in a hite background on which black dots were stochastically sprinkled
by means of a spray cafhe camera was placed afocal distance of 260 cm. The
acquisition rate was of 2 fhand the resolution of the images was of 2560 x 2048
pixels (0.51 mm/pix). The analysed surface size was of 1 m XFigure5.4).

Figure 5.4: Digital Image Correlation equipment for walls tested in diagonal compression.
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5.2 Results and discussion

5.2.1 Failure mode

As expected, the failure mode was characterisatidyevelopment of cracks along

the loaded vertical diagonal, due tsteessconcentratiorin correspondenct the
tensile principal direction. The unreinforced walls were characterised by a brittle
failure mode with the splitting of the two parts of the wall by means oqpfeest
vertical cracks that mainly followed the mortar bed joints and in some parts broke
the clay brickgFigure5.53).

The same crack development trend was observedthe externally
strengthened walls in which tleeacksspread to the mortar matrix of the HakRM
system adopted={gure 5.5b). During the pospeak phase, the rupture of the flax
threads was observed iarcespondence of such transversal cracked surfaces in both
the reinforced series of specimens, 3Wand SW2L (Figure5.6). This aspect is
consistent wh whatwasobserved in the characterisation tests at local scale, tensile
and shear bondests, in which in both the cases, the ultimate failure was mainly
governed by the tensile capacity of the flax tex{bapter 4.

a)

Figure 5.5: Failure modes: a) USW representative specimen; b) SW representative
specimen; c) failure for local debonding (Specimenr1dvi).

This behaviour, although being due to the relatively low tensile capacity of
flax fabric (for insance compared to the more common high strength fibre textiles),
emphasised that the system was characterised ®ffective bondbetween its
components, i.e. good properties at both FRMNnasonry and fibreto-mortar
interface surfaces. Also, thiehaviour did not change by increasing the amount of
textile, leaving room for the possibility of further investigations aimed at improving
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the global shear capacity of the system, by increasing even more the amount of textile
reinforcementOnly in one cae, specimen SWL-1, local debonding phenomena
were observed, with a detachment of the HI&M system from the masonry
substrate in one of the edges of the wilf(re 5.5¢). This behaviour, due to its
isolated nature, may be attributed to possible inaccuracy during the installation of
the TRM composite to on the wétlat led to a local buckling of the reinforcing layer.

Figure 5.6: Failure mode a) specimen SVEL-3; b) closeup of the textile rupture.

5.2.2 Shear stress/s shar strain response

The results of diagonal compression tests carried out on the three series of
specimens, USW, SWIL, SW-2L, are showtin terms of applied load versus vertical

and horizontal displacemen@®\ andDH), respectivelySpecifically, the shortening

of the vertical diagonal and thengthening of the horizontal one are presented in
Figure5.7, Figure5.8 andFigure5.9. In accordance with standards ruling diagonal
compression tesf88], on the basis of the recorded data, load and displacements, the
values of the shear stress, andthe shear strajrg, in the centre of the masonry
assemblage were assessedder thehypothesis of pure shear conditions in the
middle of the panelhy means oEquation5.1 andEquation5.2:

V] Equation5.1
th i

Yo YO Equation5.2
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were Pis the appliedoad, A, the net transversal area of the specinin, the
vertical shorteningDH, the horizontal lengthening and is the gauge lengtbf 1m.
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Figure 5.7: Load-Vertical/Horizontal displacements curveisdiagonal compression tests

of series USW.

150 1 PN e e

180

120

Load [kN]
(]
o

o2}
o
1

w
o
1

> 4 6
D Hmm]

Figure 5.8: LoadVertical/Horizontal displacements curvefsdiagonal compression tests
of series SWIL.
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Figure 5.9: LoadVertical/Horizontal displacements curveisdiagonal compression tests
of series SW2L.

The curves in terms of shear stress, and shear straimg, for all series of
specimens are plotted Figure5.10, Figure5.11 andFigure5.12

1.0 ‘
o B
0.8-*”4|0'4_ i ,,,,,,,
0.3 |
io.z ; |
_06+4--10.1- R SO
© : |
o . 0.0 : !
= | L _0.00_0.03 0.06]
=0.4f1- o T e et
| !
I I I 1
0'2"i”””‘ fffffff SR R
|
i I I ]
0.0 +— ; l l
0.0 0.4 1.2 1.6

0.8
9 [%]

Figure 5.10: Shear stessi shear strain displacements cunafsseries USW.
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Figure 5.11: Shear stress shear strain displacements curves of seriesl&W
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Figure 5.12: Shear stress shear strain displacements curves of seriesZaW

The behaviourof the unstrengthened specimens, USW, elasacterisetyy
an elastic branch followed by a short plastic branch and a brittle failure ofathe w
due to the opening of a crack along the vertical directiEigu¢e 5.10). The
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externally strengthened walls, SW. ard SW-2L, exhibited gpseudeelasto-plastic
behaviour as well, up to the achievement of the maximum capacity. Moreover, in
these cases the end of the elastic phase is due to the development of cracks within
the wall and the mortar of the Flax TRM system in correspondence the loaded
diaganal. Unlike the USW specimens, the reinforced ones exhibited a post peak
phase in which the textile was properly tight and conferred to the system the capacity
of bearing significant loads at high values of displacements. As a matter of fact,
although a considerable strength loss after the attainment of the maximum load
occurred the implementation of the Flax TRM systems over the masonry
assemblageimsures the podtilure integrity of wall, as shown by the residual load
which is sustainedof large values of shear deformatidrhis aspectas known,
represents a fundamental aspect, especially in view of solutions aimed at improving
the structureperformance toward horizontal actions.

The inelastic phase was characterised by a progressiveade of the load
corresponding to the gradual failure of the textile bundles in corresponidetiee
cracks developed along the loaded diagohhk main parameters concerning the
diagonal compression tests carried out on the three series of specinedlisted in
Table5.2 with respect to the single walls and in terms of mean values for each series
together with the corresponding coefficient of atidn. In terms of maximum load,

Pmax the externally strengthened walls, S\l and SW2L, gained an average value
more than two times higher than the one attained by the unstreadtteais, USW.
However, by comparing the two reinforced seriessignificant differences are
observed, even though the amount of textile reinforcement was doubled in the SW
2L series with respect to the SY one. As it might be expected, the textile did not
significantly affect the elastic phase, mainly governed bycthwribution of the
matrix. As a matter of fact, in correspondence of the maximum load the masonry and
the mortar matrix started to crack, while the textissicallyremainedunbroken,
except forfew well-anchored yarns. The textitontribution played m important

role when higher values of straingregained, hence in the post peak phase when
the mortar matrixvasalready cracked.

Similar considerations can be done for the shear modulus G, determined as
the slope of the shear stred®ear strain curve in the elastic phase, which did not
show any significant change between the three series of specimens.

In all strengthened walls, significant load loss was observed immediately
after the achievement of the peak load. However, this load loss, that was of about the
30% of the maximum load in the case of W specimens, halved in the case of
SW-2L (about 15% of the maximum load). Thispect emphasized that in the post
peak phase, at higher values of the strain, the contribution of the fibres got significant
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and a better performance was attained by increasing its amount within the
reinforcement system.

In order to quantify the strain pacity of the system, the coefficiemtwas
considered, defined as the ratio between the shear strain value corresponding to a
loss ofbearing capacity equal 0% of the peak load, in the post peak phase, and
the value of the shear strain correspondinthe maximum load.

Table5.2: Parameters concerning diagonal compression tests carried out on the three
series of specimens: USW, SWand SW2L.

specimen  Pyeak t o peak Cheak G m G G
(kN) (MPa) (%) (MPa) ) @)
USW-1 66 0.39 0.03 2987 - 9 -
USW-2 73 0.43 0.05 1473 - 11 -
USW-3 53 0.31 0.05 2104 - 11 -
mean 64 0.38 0.04 2188 - 10 -
Co.V. 16 16 27 35 - 11 -
SW-1L-1 164 0.97 0.03 2412 4.25 48 881
SW-1L-2 145 0.85 0.05 1460 3.01 51 1552
SW-1L-3 109 0.64 0.05 3560 4.88 19 1019
mean 139 0.82 0.04 2478 4.05 39 1151
Co.V. 20 20 27 42 23 45 31
SW-2L-1 163 0.96 0.07 2335 417 54 1730
SW-2L-2 130 0.77 0.05 1945 4.84 31 2964
SW-2L-3 158 0.93 0.08 2002 4.14 65 3222
mean 150 0.88 0.07 2094 4.38 50 2639
Co.V. 12 12 22 10 9 35 30

The strengthened seri€®\W-1L, exhibited a significant increase of the strain
capacity with respect to théSW series, and a further increase of about the 10% was
attained by doubling the amount of reinforcing textile, in 8\&-2L series of
specimens.

In order to analyse thauctile behaviour until the ultimate conditions of the
specimen, the value of the energy dissipated was determined as thedeghe
loadvertical displacement curve. Specificaly,is the energy dissipated to achieve
the peak loadG represented the energlissipated during the post peak phase
corresponding to the range between the peak load and a load equal to the 30% of it.
It was observed that by doublinige amount of flax textile, the mean value of the
dissipated energy more than doub{Eyure5.13). The analysis of this parameter,
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in line with the others, confirmed the significant contribution of the textile during
the post peak phase.
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Figure 5.13: Mean values of the energy dissipated during diagonal compression tests for
all the series of specimens: a) energy dissipated to achieve the peak load; b) energy
dissipated during the post peak phase.

5.3 Comparison with standards

The aim of this setion is to compare the experimental evidences with the strength
value obtained theoretically by adopting the formulations proposed by standards
concerning the assessment of the shear capacity of masonry elements and masonry
elements externally strengthehéy the application of TRM systemBirst, the
experimental strength of unstrengthened walls was compared with the strength
assessed with respect to the lItalian standard NTC 28918 and specifically
referring tochapter 8 of the explanatory circular concerning the assessment of the
capacity of existing buildings. Secondly, the increase of shear capacity conferred by
the TRM composite experimentaliypserved, was compared with the one evaluated
according to the instructions provided by the GRR 215/18[61] proposedto
design such retrofitting interventions.

The models adopted by the standards provide the shear strength of masonry
elements in direct shear loading conditions while in the present experimenyal stud
the capacity of the wall was assessed by means of diagonal compression tests. For
this reason, beingiot possible to directly compare the shear capacities, the
comparison was carried out: in terms of shear stress attained in the centre of the
masonry elementin the case of unstrengthened walls; in terms ofemsxzof
strengthachievedoy the reinforcems, in the case of strengthened walls.
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5.3.1 Unstrengthened walls

The capacity of unstrengthened walls is expressed in terms of the partabetter
asto, defined as the maximum shear stress attained in the centre of the panel in pure
shearconditions, in absence of compression stress.

Considering diagonal compression test loading conditions several approaches
are available to determine the shear striesg\ccording to the approach followed
by the standard ASTM 518[38] considering the element in the middle of the panel,
with the axis oriented paralldlo the two diagonals with the origin at their
intersection, the two principatress, oriented along these axis, attain the same value,
and the shear stress in absence of normal stegssw, can balefined according to
Equation5.3, where A represents the net area of the wall. According to the approach
described by RILEM T&6-LUM recommendationgl15, the state of stress in the
middle of the panel is the result of an elastic solution considering the wall a
homogeneous and isotropic meamBy that hypothesis the principal stress in
compresion and tension assume different values and the shear stress in absence of
normal stresg,oriLem, IS determined in accordanceBEquation5.4.

V] Equation5.3
Th —
g
+ T80 TO) Equation5.4
h =
o]

We can assume that the experimental maximum value of the shear stress in
the middle of the panel, with respect to the series of specimens URW, is included in
range betweety astm andtoriLem. The theoretical estimation of the shear stress,
was assesslby taking into account the mean values propdmeithe Italian standard
code, according to which the strength of the masonry assemblages is assessed on the
basis of the mechanical properties of the components of the wall. Specifigéily,
the mechanil strength of the bricks and the mortar of the bed jdiaisg known
an estimation of the characteristic compression strength of the masasmdone by
interpolating values proposed thestandard (Table 11.10.1V of thB9]). A mean
compression strength of the masonry equal to 6.3WH#acomputedn function of
this strength, and considering a masonry typology of solid bricks twidnaulic
lime-based mortar, a range of valugs+toz, in whichthe shear stress is included,
was assessed (Table C8.5.1 and Tabl®&A®f the[59], chapter 8 of the explanatory
circular). The values of the shear stress range, concerning both the experimental and
theoretical estimations, are listedTiable5.3. The value of shear stressderiving
from the tests were about 2.5 times the average value assessed by means of the
formulation proposed by the standard code, highlighting that the strength values
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conventionally used in the design phase, in absence of experimental data, guarantee
awide safety margin. This aspect also emphasises that the diagonal compression test
does not perfectly guarantee pure shear conditions.

Table5.3: Comparison of the shear strength between experimental ancktioab results
of unstrengthened walls.

Experimental results Standard model
toastm 0.38 MPa
toRILEM 0.48 MPa

0.10 MP&< to< 0.25 MPa

The theoretical shear capacity of the unreinforced wall, in direct shear
conditions, was assessed according to the modified formulation of TuCasekic
reported in the explanatory circular of the Italian standard NTC 2018, that in absence
of normal stresgakes the following fornfEquation5.5):

0 p& Of Equation5.5
@

where A, is the net area of the wall defined as the product of the length and the
thickness/o is the shear stress in absence of normal stress defined as the mean value
of the range o1+to2 previously assessell|s a corrective coefficient that takes into
accounthe distribution of the shear stress over the section (assumed equal to 1). The
theoretical value of the shear capacity of unreinforced wall in direct shear conditions,
V4, is equal to 31 kN.

5.3.2 TRM externally strengthened walls

Theincrease irstrength experimentally observed by applying the TRM system on
the masonry elements was compared with the increase of strength that can be
theoretically assessed by means of models proposed by standards. According to the
Italian instructions to design TRiMterventiond60], the shear capacity of masonry
elementsloadedin their plane,Vigr, externally strengthened by TRM systems
symmetrically appliedn both the wall sides, uniformly over the entire surface, and
preferably with the fibres oriented in both vertical and horizontal directions, is
calculated as the sum of the contribution of the unstrengthened\iyadind the
contribution brought by thapplication of the TRM composite systévi;. The latter

can be evaluated by means of BEguation5.6:

©Wp T & O0fF W a -5 O Equation5.6

where the produch:t, +-bx represents the area of the equivalent section of the actual
shear reinforcement oriented parallel to the shear faxde;a coefficient that talse
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into account the decrease of tensile test of the fibres when subjected to shear and it
is equal to 0.8;a4 represents the maximum deformation of the textile superiorly
limited by the maximum value attained durithg shear bahtest;E; represents the

dry textile stiffnessThe strain was assumed to be equad*tovhose assessment
procedure ishown inparagrapht.2.3(Chapter 4.

By apgying Equation5.6 to the case of the reinforcement FIlBRM-1L and
FlaxxTRM-2L, considered uniformly applied to both the sides of the itallas
obtained increases of strengithy, respectively equal to 16N and 38 kN. It is clear
that the theoretical approach proposed by standards is conceived so that the TRM
strength contribution linearly increases with the increasing of the reinforcing fibres
amount.The values of the resulting global shear capacitiaghe®fTRM externally
strengthened walls,Vir, obtained by summing the contribution of the
unstrengthened wall strength;, ¥nd the increase of strength provided by the TRM
system, Vi, were respectively equal to 50 kN, for the SWconfiguration, and 69
kN, for the SW2L configuration. The ratio between the strength of the wall in the
strengthened configuration atite strength of the unstrengthened wall are shown in
Figure5.14.

Increase of experimen
strength
[%]
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Figure 5.14: Comparison between the increases of strength deriving from the standard
models and the experimentaimpaign for series SWLL and S\A2L.

It can beobserved that in the case of the reinforcement-FRK-1L the
experimental increase of strength observed is much higher thawadabserved
by applying the theoretical model of the standard. In the case eflS$¥ries, such
difference between experimigl and theoretical results decreadadoth cases the
standard modelasbe conservative providinigwer values of increase of strength.
By looking at the increasef strength concerning the reinforcement sysfdax-
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TRM-2L, we can observe that, conmyao whatis proposed by the standard, the
experimental evidences showed that the increase of strength was not directly
proportional to the increment in terms of fibre textile reinforcement. This
discrepancy in the results emphasizes that the incredise filbre mechanical ratio

by overlapping different textile plies does not necessarily result in the same increase
of strength obtainable with the use of a denser textile grid. Moreoweerns that

the textile arrangement plays a fundamental role ingtbbal behaviour of the
system, especially in the case of the use of plant fibres, already characterised by
issues related to a uniform distribution of the stress between the several fibre
bundles, due to the unavoidable imperfections of the natural datse|f.

The approach of the standard seems to consider the maximum capacity of the
system coinciding with the tensile failure of the reinforcing grid. However, in the
specific case of study, although on one hand the ultimate state was actually
charactased by the tensileuptureof the fibres, on the other hand the maximum
capacity coincided with the end of the phase in which the masonry and the mortar
matrix of the TRM system started to crack, and the textile still remained unbroken.
This aspects, altugh prospecting a discrepancy between the experimental and
theoretical results, also highlighted a limit in the standard model that did not take
into account different failure modes, as the one occurred in the present study, and,
for example, did not takato account the nature, and so the contribution, of the
mortar employed in the TRM system. Probably, further analysis aimed at obtaining
a more elaborated formulation, that would better consider the contribution of all the
components of the TRNb-masony system, may provide a more efficient model
capable to better predict the mechanical behaviour of the entire system.

5.4 Comparison with the literature

This section aims at providing comparison of the results obtained in the present
study withsimilar experimental outcomes from the literature concerning diagonal
compression tests carried out on masonry elements externally strengthened by
TRMs. The analysis was carried out on two levels: a general comparison of the main
mechanical parameters pamned with respect to a large heterogeneous database of
walls, by also focusing the attention on the cases in which plants fibres were adopted
as reinforcement; a comparison with similar studies in which reinforcement
configurations obtained by overlappisgveral textile plies were considered.

In order to have a large database, unavoidably walls characterised by different
building blocks,geometry and reinforcement system with respect to what presented
in this study, were considered as compari€only studies concerning diagonal
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compression tests carried out in laboratory were considered, excluitg tiests,

in order have a uniformity in thest setup. To takeinto account this heterogeneity,

for each series of specimens considered, the main obidséics, such as wall size,
masonry type, TRM adopted and reinforcement configuration, were lisfeabie

5.4. As reported inTable 5.5, several parameters to describe the mechanical
properties oftie specimens were considered as vgeith as thetrength of both the
mortar andhetextile adopted in the TRM systeandthe reinforcement rate (defined

as the maximum capacity in tension of the textile included in a TRM strip one meter
wide, expresseth KN/m). As proposed in similar studigg] the mortar mechanical
ratio, wn and the grid mechanical rati;, representing an index of the contribution

in terms of strength, respectively of the TRM mortar and textile, were considered as
well and computed according Emuation5.7 andEquation5.8:

QD Equation5.7
LFE

QD Equation5.8
[ a—

wheref; is the ultimate tensile strength of the textile gtigdrepresents the capacity
in terms of shear stress of the unstrengthened configuré&tiganyrepresents the
wall section(L-t, as defined irFigure 5.3), fcm is the compression strength of the
TRM mortar, andAmarix represents the mortar matrix sect{@tmariv), As is the total
area of the mesh reinforcement computed as defingd] (it is the product among:
Norientation, @ COEfficient related to the grid orientation equal to 1 for unidirectional
fabric with angle 0°, equal to 2 for bidirectional grids with orientatiogle-90°;
Nside, the number of strengthened sides of the walk the number of grid layers
in each sideter, the grid equivalent dry thickneds;the wall edge lenght

In order to compare the mechanical response under diagmmplession tests
the following parameters were considered: the maximum capacity of the wall in
terms of shear strestszax and the shear modulus, both defined according to the
ASTM E519[38], the ratio between their values in the strengthexmediguration
over the values concerning the unstrengthened reference.ghtysw and G/Gsw,
the ductility, m computed as the ratip/g. between the shear strain at the elastic
limit and at the ultimate configuratiowe(corresponds to the furthermost point at
which shear stress and strain are linearly correlategdending on the shear stress
strain curvet correspondeither to the endf the elastic branch or to the point of
the elastic phase corresponding to the 80% of the peakgdggically corresponds
to a load equal to the 80% of the peak load in the post peaK)phase
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Table5.5: nomenclaturedgted inTable5.4.
Properties
fem compressive strength of TRM mortar
ttrvw  TRM thickness
reinf. conf. TRM reinforcement scheme
fiex. tensile strength of TRM textile
r  tensile strength of the textile per unit wigth
tmax Maximum shear stress in the centre of the panel evaluated
according to ASTM E519
tmax! fusw ratio between the maximum shear stress in the reinforced
configuration over the maximum shear stress of the reference
G elastic shear modulus evaluated according to the ASTM E519
G/Gysw ratio between the shear modulus in the reinforced configuration
over the shear modulus of the reference unstrengthened wall
m  ductility
w;  grid mechanical ratio
W, matrix mechanical ratio
Masonry type:
CB clay brick units
TB  tuff blocks
HCB holed ceramic bricks
CS calcareous stones
ConB concrete blocks
TRM mortar
HL  hydraulic lime mortar
PM  pozzolanic mortar
Cem cement-based mortar
FR short fiber reinfroced mortar
Reinf. Conf.
Unif  TRM uniformly applied over all the surface
(x pl.) number of overlapped textile plies in the TRM (in the absence o
number, a single ply is implied)
Grid  reinforcement with TRM strips oriented parallel to the wall sides
(45° with respect to the load direction)
Diag reinforcement with TRM strips oriented along the two wall

*

diagonals (0°-90° with respect to the load direction)
use of mechanical anchors

Failure mode

C
CS
TRM
Deb
TC

loaded diagonal direction

along the mortar joints

TRM failure, either for textile slippage or textile rupture
debonding at the masonry-TRM interface

toe crushing at the loaded edges
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5.4.1 Description of the database

Severalstudies exist in literature concerning the mechanical characterisation of the
shear capacity of masonstements externally strengthened by TRM composite
systems. Among them only thosemgying with some criteria imposed by the
author were considered in order to be consistent with the experimental activity herein
presented. Nevertheless, the databaseesillited to be quite heterogeneous due to
theintentionof having a large amount of data.

All studies considered concerned externally strengthened walls subjected to
diagonal compression test according to the ASTM HB8P The walls taken ito
consideratiorincluded mostlyclay brick masonry, both in single and double leaf
configurations, and in some cases tuff blocks or other less common biasksry
elements

Concerning the TRM system the most common industrial fibres were
considered, such as glass, carbon, basalt and steel; GFRP and CFRP reinforcement
grids were considered too, as well as few cases in which plant fibres, such as hemp
and flax, were employed.

The matrces adopted were mainly either cementydraulic lime or
pozzolaniebased. In alcasesthe TRM reinforcement was symmetrically applied
on both sides of the wall, and almost in all cases the reinforcement was uniformly
applied all over the surfaceln few cases different TRM reinforcement
configurations, performed by the use of TRM stripdgrthe use of mechanical
anchors, were considered as w@tl thesestudies plant fibres were adopteas
reinforcement in TRMgs

Concerning the failure mode five different cases were considered: toe crushing
at the loaded edges, cracking of masonry althegloaded diagonal, combined
cracking of masonry and sliding along the mortar joints, TRM failure eitherto
textile slippage or rupture, debonding at the TRM to masonry interface. In some
cases, the failure mode resulted a combination of the justanedtmoes

5.4.2 Comparison with the entire database

The comparison was carried out by analysing the relationship between the
mechanical parameters above mentioned with the grid and mortar mechanical ratios,
wm and wi. Each one of the parametérax/tusw, G/Gusw and m was studied
individually by distinguishing the castudied hereifrom the cases in which high
strength fibre textile and plant fibre fabrics were adopted.

In Figure 5.15a and Figure 5.15b the relationship betweetya/t usw and
respectively wn andw: is shown.As already observed in similar studigg, the
graphs confirmed the enhancement of strength capacity to be mainly depending on
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the mortar contribun rather tharon the fibres one. Moreover, the graphs showed

that plant fibore TRM based systems were generally characterised by lower values of

the grid mechanical ratiey. This aspect is mainly due to the lower strength of plant

fibres with respect to the industrial onéss worth emphasising that the only value

out of this range is the one concerning
the double plies flax textile reinforcing configuration.
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Figure 5.15: Effed of the mechanical ratios & and b)w, on the ratiofma fusw

The same comparison was proposed in terms of ductilitin Figure5.16a
and Figure 5.16b. Although in bothcases the datdo not followa clear trend, an
increase of the ductility was observed in the range of greater values of the grid
mechanical ratioy:. Due to the low values of the grid mechanical ratig, no
significant information could be observed in terms relationship between ductility and
amountofplat f i bres. I n the authorbés case of
not significantly affect the parameter of ductilitg,

The comparison in terms of Gi&y (Figure5.17a andFigure5.17b) showed
that by increasing the mortar contributiam,, a quasilinearincreae of the shear
modulus was observed. This trend was also confirmed in the plant fibre TRM based
syst ems. Concerning the author b6swhnwase of
appeared to be too low to register any significant shear stiffnesscentiamt. In all
casesno significant dependence seemed to exist between the fibre mechanical ratio,
ws, and the shear modulus, G.
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Figure 5.17: Effect of the mechanical ratios &}, and b) w, on the ratioGna/Gusw

This aspect, together with the outcomes deriviomfthe comparison in terms
of shear stresstmax, highlighted that the elastic behaviour of masonry walls
externally strengthened by TRM composite systems, is mainly governed by the
strength contribution provided by the TRM mortar matrix, rather than dityaihe
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deriving from the fibre reinforcing gridSuch evidence was expedt it is known
that fibres are activated once the mortar (and the wall) is cracked.

5.4.3 Comparison between wdk strengthened by multiply grids

Aiming at enhancing the shear capacity of TRM externbtindel systems by

increasing the fibrenechanical ratioy, sever al studies, as well a
proposed a TRM composite system by applying overlapped textile plies (herein

labelled as mui-ply grids technique), taking catteata thin layer of mortais always

introduced between the different textile grids. In order to assess the influence of the

multi-ply grid techniqgue on the mechanical behaviour of TRM externally

strengthened wallsspbe ct ed t o di agonal compression test
was compared with other four cases of study in which the same reinforcement

technique was adopted. Specifically, in two studies, similar to ishmbposedn

the thesisthe textile amount &as doubled11§, [126, in other two studies it was

quadrupled11€], [130. The comparison was carried out in terms of maximum shear

stresstmax Shear modulus, G ardlictility, m The ratio between these parameters

concerning the muHply configuration (mp) and the same parameters concerning the

so-called standargly (sp) arrangement {y/t sp, Gnp/Gsp, Minp/Mp) are listed, for each

case of study, imable5.6.

Table5.6: Comparison between walls externally strengthened by TRMs performed with the
multi-ply grid technique.

Case of study 'nC;?iZSSe of tmtsp GmyGsp MMy
Author's case of study X2 1.07 0.85 1.1
Wang et al. 20181[18] X2 1.02 1.79 13.4
Prota et al. 20061R6] X2 1.19 1.49 0.9

Babaeidarabad et al. 20141p]| x4 2.17 1.75 0.2
Babaeidarabad et al. 20143]] x4 1.21 1.32 0.4

In terms of maximum shear stresgay, in the current study it was observed
an increase of the 7% by doubling the amount of textile. This experimental evidence
was in line with whabbserved in similar studies which the 2plies configuration
was adopted. With respect to the cabthe study{116 a significant enhancement
of strength was observdyy increasing the percentage of textile of the%0Uhe
same gain of strength was not attained in the sfa@@ in which the 4plies
configuration was adopted as wall. This discrepanay be due to the fact that in
the study 130 a stiffer masonry was adopted (Jedble5.4): the smaller is the strain
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in the elastic phase, the smaller is the fibres contribution in this phasgms of

elastic shear modulus, G, in all the cases of comparison an increastme$stifas

recorded, with increments in the range of the 30% to the 80%. On the contrary, in

the authordés case of study, the higher amoun
the shear modulufegardinghe ductility, m except for a value largely oide the

mean trend118, no important benefits were observed.

As a matter of fact, with the lingtionof an analysis carried out on a small set
of data, it could baffirmed that by overlapping several textile plies, no significant
benefits were conferred to the system. This result may be due to the fact that the
multi-ply reinforcing technique did not always guarantee the textile to be uniformly
chargedhrough theentire surfacsubjected t@ stress concentration.

Moreover, it is worth underling that the entire analysis was carried out
without taking into account the reinforcing
specific case of study, for examplee tstructure of the flax textile did not allow the
grid to be tied, in a proper uniform way, during the implementation of the TRM
composite system. This may be the reason why, during the elastic phase, the strain
level resulted to be not enough to let thetile immediately contribute to the whole
system strength. The poor capacity to unifigristribute the stress through the
entire textile is a typical aspect mbn-made fibres, even more evident in the case of
plant fibre textiles due to theorphology of the natural threadsnferringto the
fibres lower stiffness at low strain values.

With a view to future applications it may be interesting to investigate the
increase of shear capacity of externally strengthened masonry panels by means of
Flax-TRM composite systems, by varying timortarmechanical ratiown, i.e. by
adopting mortars with higher strength or by increasing the TRM thickness. It may
be interesting also to investigate systems in which higher values of the fibre
mechanical ratiow:, are obtainedby using specifically designed gridehis has to
be done byincreasing the specific surface of the textile in contact with the matrix
ensuring at the same time a good degree of mortar penetration trough the openings
of the textile. Findly, impregnation treatments may make the textile tighter,
facilitating its application within the fresh mortar, and so by adopting a better
collaboration between textile and mortar also on smaller level of deformation.

5.5 Conclusions

This chapter aimed atvestigating the efficiency of the studiethx TRM systems
as strengthening of structural masonry elemértis. experimental evidences were
discussed and compared with the values of strength deriving by the formulations
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proposed by standards in the fiedohd with similar studies from the literature. The
main findingsare summarised as follow:

- the application of the FlaXRM system significantly affects the
mechanical response of clayick masonry walls tested in diagonal
compression, by conferring them aitrease of shear capacity equal to
the 118% in the case of the system characterised by one ply of flax textile,
SW-1L, 136% in the case of the system characterised by two overlapped
flax textile plies, SW2L;

- the failure mode of the walls is charactedi®y the development of cracks
along the vertical loaded diagonal, followed by a gradual rupture of the
fibores with the opening of the cracks. No significant debonding
phenomena are observed at the interface surface between the TRM and
the masonry substeat Moreover, the externally strengthened walls
exhibited a pospeak phase, completely absent in the brittle behaviour of
the unreinforced walls, underlying the significance of the TRM
reinforcement that confera A p deciiitytoto the entire system
consisting in a postailure integrity of the wajl

- nosignificant differences are recorded in terms of maximum shear stress,
tomax between the two series of specimens-8\Wand SW2L, however,
the walls externally strengthened by the Fla&M-2L system ekibit in
the post peak phase a value of the dissipated energmdee than two
times higher than the one exhibited by the walls strengthened by the
system FlaxTRM-1L;

- from the comparison of the experimental results with the models deriving
from the formulations proposed by standaiid the field, concerning the
unstrengthened walls, the shear stress in absence of normal &fress,
deriving from the experimental testeias much higher than the one
deriving by applying the formulation of the standards, confirming the
latteris providedwith a substantial safety margin;

- regardinghesystems externally strengthenedTiBMsit is observed that
the increase of strengtheoreticallydefined § conservative with respect
to the values experimentally defined. Moreover, unlike the formulation
proposed by the standard, in the experimental analysis the increase of
strength is not idectly proportional to the increase of the amount of
reinforcing fibres

- the comparison witltheliterature shows that the results are quite in line
with similar studies, although showing a low value of the mortar
mechanical ratio with respect $gstemsn which high strength fibreare
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adopted. The experimental evidences confirm that the maximum shear
stress,tomax and the shear modulus, G, mainly depend on the mortar
mechanical ratiowm, rather thanon the fibore mechanical ratiow;
whereasregardingthe ductility, m no specific trend is observed with
either of the two mechanical parameters;

- the comparison with studies in which the mpliy technique was adopted
shows that, in line with the other results, no significant increase of both
maximum sheastresstomax and ductility,m is observed by overlapping
several textile plies. As regard the shear modulus, G, unlike the evidences
from other studies, in the present study no increase of the stiffness is
observed by doubling the amounttextile.

As aconclusionthe experimentahvestigation confirmed the potential in the
use of plant fibres, i.e. flax textile, as reinforcement in TRMs to enhance the shear
capacity of masonry assemblages. However, it@fsphasized some limitations in
the use of such technique, mainly related to the bond properties between fibres and
mortar, the amount of either textile and/or mortar employed, the capacity of the
textile to uniformly distribute the stress through all ttressedsection.Therefore,
there is still room for improvements, by studying possible solutions to solve the
mentioned issues, perhaps by investigating fibre impregnation processes to let the
grid respond in a more uniform way, or by conducting parametric studies by varying
the textileamount tareachhigher capacities in the post peak phase.
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6. Obser vadn ontgshsepl acefmiealt d of
strengthened wal | s sSsubjecte
compression test

6.1 Introduction

As shown in the previous chapters, although ptased TRM systems present a
high potential, theyare also characterised by several limitations that prevent their
spreadin the marketMost of the drawbacks are related to the variability of the
properties of plantextiles due to thenature of the fibres and to tlfegric assembly
techniques. A standardisationof textile production techniqse specifically
conceived for applications in TRM compositesuld helpovercome some isssie
such as the stiffening of the fibre bundles, ortkiiekening of the fabridvlany other
aspects are still under investigatiach as coating and impregnation processes,
fibres physical and chemical treatmemifinement of thgeometry of the TRM

These innovative techniquesay lead to improvements in the mechanical
performance of plaAbtased TRM composites. Howeverigttecmically onerougo
carry out experimental investigations on the structural scale of analysis, especially
when several different solutions have to be compared. Therefore, the mechanical
response is ratherssessed on the composite scale of analysis, bysnoéaextile
and TRM tensile testgull-out tess to investigate the fibre-matrix bond, and
shear bond tests to analyse the compdsitibstrate adherence.

Therefore it is fundamental to define the parametamswhich it is necessary
to focusat the materials scale of analysie obtain an improvement of the response
on the structural scale. It is necessary, to this purpose, to define a correspondence
between the mechaniaasponsef TRM systemsested at the composite scale, with
the mechanicalesponse of structural element externally strengthened by the TRM

The aim of this chapter is to find a relationship between the strairofietde
external surface of a Flax TRM externally strengthened wall tested in diagonal
compression, anthat of theexternal surface of Flax TRMs tested in tensibine
objective is to define the crucial paramstan which it is necessary to focus during
tensile test in order to have an improvement of the system when applied on structural
elements,
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6.2 Methods

The analysis was carried ohy processing DIC images concerning the diagonal
compression test of a representative specimen, i.e. the specim@h-$VA total

of 26 images, representative of significates of the test, wre processed. Six
images repremt the first phase of the response up to the peak load, the others are
representative of the post peak phase. A picture, the numb&ra&6selected to
represent the very ultimate state of the whlgure 6.1 shows the loadvertical
displacement curve of the specimen-2¥/1, on which the points corresponding to

the selected photos aneghlighted.
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Figure 6.1: Load-vertical displacement curve of specimen-3Mi withthe selected
photos highlighted by yellow squares.

The value of the load, the time dhe photo captudk and the vertical
displacement corresponding to each image, are reporiebla6.1.

The analysisprovides the displacement field on the entire surface of the
specimen However, with the aim of extrapolating parameters to compare to the
tensile test response of TRMs thisanalysis the displacements along the horizontal
diagonal were taken into consideration.

According to the hypothesis of pure shear conditions, such direction
represents the principal stress direction in tendioerefore it is the direction that
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comes closest to thmure tensile conditions reproduced in tensile tddte. scheme

of the images processesl shown inFigure 6.2, where the zone and section of
analysis, the reference systethe loaded corners and the two diagonals are
highlighted

Loaded corner

Loaded corner

Figure 6.2: Scheme of thienages processed by means of @lalysis.

6.3 Analysis

From each image the value of thiethe displacements along the x direction (herein
after referred to asorizontal displacemesgjtcan be derived for all the points of the
horizontal section of analysBigure6.3). When a crack appeson the wall surface,
the displacement curve corresponding to that instant is characterisea by
discontinuityin correspondenc® the abscissat which the cracloccurral.
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By estimating the difference of displacement between points placed at
different edges of the cracthe crack opening can be assessed, and by monitoring
such value for the other photos, the evolution of the crack openings can hedbser
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Figure 6.3: Displacement along the horizontal analysed section for all the selected
pictures.

From image 1 to 6 no discontinigis are shown being the curves referring to
theelastic phase of the response up to the achievement of the peak load. From picture
7 to 15 severatliscontinuities can be observed, representing the development of
several crackin the post peak phase. Fromtpie 15 on an increase of theacks
opening is observed without the occurrence of new cracks.

A further aspect that can be observed is ttiat displacemerst are
concentrated in a zone of about 300 mm in the middle of the length of the horizontal
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sectionof analysisSuch area, referred to as the zone of deformatmmesponds to

the centre of the panel, where the shear and normal stress attain their maximum
values. The displacement curves of sonmearker images, corresponding to
significantchanging in he curve of displacement due to the occurrence of a crack,
are shown more in detail with respect to the central zone of defornzataysed
(Figure6.4).
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Figure 6.4:Displacement along the zone of deformation for significant images.

The horizontal displacement field of the entire surface for the significant
pictures, deriving from the DIC analysis shown inFigure6.5. Such representation
emphasisethe crack development and the concentration of the deformation in the
central zone of the panel.
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Figure 6.5: Horizontal displacemerfteld of photos a)1; b)6; ¢)7; d)9; €)15f)19; g)24;
h)26.

Image 26 Figure 6.5h), not considered in the analysis, wa®wnso asto
represent the ultimate state configuration of the specirBgn.analysing the
displacement in the central deformation zone, it is possitdesess, for each image,
a mean value of the deformatiobyean (ratio betweenthe difference of the
displacements corresponding to the two edges ofdhe of deformatiomndthe
length of this latter300 mm).It represerg an approximatedstimation of the strain
of the most sessedooint of the panelThevalues ofenean, for each selected photo,
arereported inTable6.1. The values ar also plotted ifFigure 6.6 with respect to
the vertical displacement attained during the test.

77 24

emean [%]

0 T T T T

0 2 4 6 8 10 12
DV [mm]

Figure 6.6: Mean strain in the zone of deformation versus vertical displacement.
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Table6.1: Main parameters concerning the selected photos for the DIC analysis.

time Load DV €mean
Photo
(s) (kN) (mm) (%)

1 0 0 0.00 0.00
2 88 39 0.09 0.01
3 172 78 0.20 0.02
4 249 119 0.33 0.02
5 295 144 0.42 0.02
6 333 163 0.54 0.05
7 335 146 0.98 0.34
8 339 116 1.77 0.76
9 344 98 2.29 1.16
10 379 101 2.81 1.49
11 414 106 3.29 1.77
12 449 108 3.82 2.09
13 484 107 4.45 2.48
14 519 109 5.01 2.83
15 554 84 6.55 3.60
16 589 86 7.25 3.92
17 624 89 7.89 4.21
18 659 88 8.51 4.55
19 694 84 9.16 4.95
20 729 87 9.64 5.23
21 764 89 10.16 5.51
22 799 89 10.70 5.81
23 834 90 11.23 6.11
24 870 92 11.78 6.39
25 875 79 12.11 6.40
26 1692 41 25.73 12.19

The mean value of the strain of the deformation zone can be compared with
the axial strain deriving from TRM tensile teslisis worth highlighting that the
boundary conditionef the composite applied to the masonry are not the same of the
conditions of pure t&sion b which the TRM is subjected in tensile tesereover,
along the horizontal direction fothe walls the textile is differently oriented with
respect to the axial direction of tensile coupaatated of an angle db°. Therefore,
it cannot be assoedthata real correspondence between the two different behaviours
exists However, it may still be interesting to compare the straid ghibited by
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the compose in tensile tests, with the strain field of the portion of the sdalitited
in tension

To this purpose, the tensile response of the specimen of the series Flax TRM
2L-T are plotted irFigure6.7. In the graph the e values of the strain and stress
corresponding to the transition between the different stages, are highlighted.

With respect tarable6.1, it can be observed that in the range of photés 1
during the elastic phas# the diagonal compression response, the mean strain is
included in the range of 0.0® + 0.05 %. Being sch valuedessthan thevaluee;

(the mean deformation of the transition point between Stages | and Il in the tensile
test response), it can be assumed imatorrespondence of the elastic branch of
diagonal compression response, the TRddksunderelagic conditions. As a matter

of fact, the TRMmechanically behaves as in the Stage | of the tensile response.
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Figure 6.7: Stressstrain response of specimens of the series Flax-PRM.

It is difficult to find an accurateorrelation with respect to the wall pasdastic
behaviour, due tthegradual loss of the pure shear conditionthe plastic phase.
However, it can be observed that correspondenc® imagel5 a value of
mean straineman, is attainedequal t03.60 %.Suchis results very close to theem
value of the transition point between Stages Il ahddl For the reasons explained
abovesuch similitude in the values does not represent an actual correspondence.
However it maybe assumed than the post peak diagonal compression response,
the TRM within the zone of deformation, exhibits a behavitharacterised by a
range of strainsimilar to thatexhibitedduring Stage 1l in tensile test conditions.
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Therefore,may be rasonable to associate the post elastic behaviour in diagonal
compression, characterised by several drops of loads corresponding to cracks in the
wall, to the response of the TRM in tension during Stage II.

It is also interesting to remark thab the rang of photos 1525 no
development of new cracks is observed, and the existing cracks increase their
opening. Moreoverwithin this range, the response is characterised blygatly
hardening behaviour.

Starting fromthe image 25 a gradual decrease of gieis observed due to
the progressive rupture of the textile along the vertical diag6oah behaviour can
be asociatedto the ultimate configuration of tensile tests corresponding to the
failure of the fibres.

6.4 Observations

With the aim ofoptimizingthe global performance of the system, leaning towards a
diagonal compression test respois&vhich the postlastic response comprises a
hardening phase with an ultimate load higher than the elastiétan@ecessary to
improve the tensile response dRWs.

From the comparison between the tensile behaviour of Flax TRMs and their response
once applied on the structural element, in terndiggflacements, henetrairs, it is
possible taobtaininteresting information.

On the basis of the considerations exmdirbefore, we can define the
parameters on which the attention has to be focused on.

Having shown that the composite behaves in an elastic phase up to the
achievement of the peak load, we can assume that a TRM system characterised by
higher values of the normal stresgtransition point between Stages | andiguld
lead to a higher value of the elastic load in diagonal compression.

Thecorrelation between strains in the post peak phase, with the strain in Stage
II, may lead to assne the post peak drop of load being associated to the significant
drops of load obserde during the tensile test. Therefore, a tensile response
characterised by smaller vafuef the straire;, hence by the developments of cracks
closerto each other, andby higher values of the stress, may lead to elastic
response in diagonal compression characterised by less significant losses.of loads
Moreover, a higher stress level guaranteed bgdequate textile amounts,
proportionated with respect to the unreinfatavall strengthmay everead towards
a hardening behavioim the post elastic phase
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Several technical solutions are availableirntgprove the response, such as
stiffening of the textile, improving of the textite-mortar bond matrix
modifications, ad optimisationof the reinforcement ratio.

Whatever the solution adoptdd, the efficiency o TRM system in view of
applications as reinforcement of structural elements, hasaeabeated with respect
to the considerations reported above.

It is worthy underlying that the analysis proposed in this chap#ther than
defining an accurate correspience between the local and global behaviour,
represents starting point to further investigations, that with similar methods may
find an exhaustive relationship, perhaps by taking into account also thébsinear
test behavioyrbeing the latter moreepresentative to the actual behaviour of the
composite once applied to structural elements, with respect to the tensile one.

A comprehensive model in these terms, would be fundamental in view of
designing formulasimed at assessing the strength of TRMeedlly strengthened
masonry elementstarting from the mechanical properties deriving from the local
scalecharacterisation, i.e. tensile and shHeaind tests.
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7.1 Aim and contents ofthe chapter

As shownin previous chapters, Flax TRMs are characterised by a promising
mechanical behaviour. However, thésestill room for improvementin order to
designand manufactura composite system being competitive, from a mechanical
point of view, with respect tmost common TRMs characterised by high strength
industrial fibresin Chapter 2 within the analysis of the state of the art, it was shown
thatto face subissues and to improve the composite system mechanical response it
is possible to apply fibre treagmts mainly consisting in hornificatidi7g], alkali
treatmentg 132, coating procedurel33, matrix modificationsoptimization of

the textile mesh and of the reinforcement rafibhese treatments, specifically
designed,may improve either the strengtind/or the durability perfornmae.
Moreover, i Chapter 6some considerations were reported in order to define
parameters to take into account daantify the efficiency ofan improvement
techniquepy means of TRMs tensile strength characterisation.

The present chapter aims at asting that by applying some of the
improvement technique available in literature, it is possibledofer a better
mechanical performance to the composite system. Specifically, a fibre impregnation
treatment, and a modification of th@rtar matrix, wer&onsidered.

The aim of the study is to show that by adopting simple technique measures it
is possible tamprove the mechanical response of Flax TRMss important to
highlight that the experimental evidences showed in this chapter represent a
preliminay step toward the definition afatisfying improvement techniques, rather
thanthe proposal of apecific treatment.

The fibre treatment propodeconsised in the application of a lateased
substance othe flax textile.Prior to applyng such treated textile as reinforcement
in TRMs, theproblem of thenfluence of the treatment on tfibre morphology and
strength, and on the fibte-mortar bond behaviour, was address@absequently,
the tensile behawur of Flax TRMs performed by maw® of the treated textile, was
investigated in order tanalyse the efficiency of the treatment. Finathge tensile
behaviour of a Flax TRM, performed by means of the treated textile and by adding
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within the matrix short curaua fibresas assess as waelith the aim of defining the
contribution provided bymproving the mortar matrix.

The experimental activity was carried out at the Laboratory NUMATS
COPPEof the Federal University of Rio de Janeiro (Brazil).

7.2 Influence of the fibre treatment on themorphology and
mechanical behaviour of flax yarns embedded in
hydraulic lime mortar

This section aims at investigating the effect of flax fibres treatment on their
morphology, tensile strength and mo#tadfibres adherence behaviour. To this
purposeflax yarns extracted from a textile and coated by means of a polymeric
material, are subjected to tensile and-oull tests and their response, compared with
dry flax threads, is discussed taking into account the yarns geometry assessed by
means of Scarning Electron Microscope (SEM) images analysis.

It represents a preliminary step to observe the influence of the treatment on
the local behaviour at the fibte-matrix interface, before further analysis to be
carried outat the composite scale by meang BM tensile tests.

7.2.1 Materials and methods

The flax fibre and the hydraulic lime mortar emplogee those whose physical and
mechanical main parameters are show@hapter 3andChapter 4

A Carboxylated Styrene Butadiene Rubber (XSBR) latex was used ttheoat
flax yarns under investigation. Such material was chosen because it has been
demonstrated that the copolymer, largely used in textile industry both with plant and
synthetic fibres can improve the bond between plant fibres and the surrounding
matriceq76].

Although no specific investigations have been carried out in this regard, it is
worth emphasising thafurther analye are requiredo definethe XSBR coating
sustainability impactthe entire system. However, as a first step, it is fundamental
to quantify the benefits of the impregnation in terms of mechanical properties.
Further durabilityand life-cycle assessment analysis may clarify if the eventual gap
in terms of environmental impact is offset by the mechanical benefits, and if more
sustainable coating materials may be employed.

The flax yarns were cut from the fabri€igure 7.1a) and fully immersed in
the polymer in environmental temperature conditigtigure?7.1b), then, the excess
liquid was removed from the external surfaBeg(re7.1c) and the theated fibres
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were dried at a controlled temperature of38°C for 24h. During the drying period
the yarns were arranged in a frame specifically conceived to give them an elongated
and regular shap&igure7.1d).

Figure 7.1: Fibres treatment procedure: a) Flax yarn; b) Yarn immersion; ¢) embedded
yarn; d) Yarn drying.

Concerning the influence of theatment on the morphology dig flax yarns,
high resolution SEM images were detected to analyse the cross section of
impregnated fibreand to compare it with that of dry fibréBhe morphology of dry
fibores and the procedure to assess cross section and perimethbscassed in
Chapter 3 The images were characterised by a magnification of 80X. A total of 30
coated fibres were compared with 30 dry oRégure?7.2 showsthe analysed images
of a representative sample of dry and coated flax yidm@mimages were manipulated
to get the geometric parameters, with the same procstioren inChapter 3 In
order to quantify the irregular geometric shape of fibres, the relative Fibre Intrinsic
Efficiency Ratio (FIER) was assessed for all the specimens. The latter is defined as
the ratio between the actual yarn perimeteraRd the quivalent perimeter, &
defined as the circumference of a circle having the same area of the actual yarn
section[76].

Tensile strengtlivas assessed on both the impregnated andnmaregnated

flax yarns. The followng series of specimens were considered:

- non-impregnatedrl-tensile: it consist®f the yarn representing the main
element of the fabric (labelled &ax T in Chapter 3. The pecimens,
having a length of 70 mm were randomly extracted from the textile
(Figure7.33);
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- impregnatedl-tensile: it consistsof specimens obtained byoating
samples having the same characteristics of thampregnatedr-tensile
threads Figure7.3b).

The ®ries were characterised by 13 to 15 samipiedng a gauge length of

50 mm and clamped in each edge for a lemfjittD mm. The tests were performed
by a micro force machine Tytron 250 with 500 N load cell in displacement control
by using a rate of 4 mm/min.

NUMATS2283

c) d)

Figure 7.2: FIl ax yarnds mor p henpregnsted yatheSEM imdgé; c at i o n:

b) Nonimpregnated yarn manipulated SEM image; ¢) Impregnated yarn SEM image; d)
Impregnated yarn manipulated SEM image.

Pull-out tests were carriedibto investigate the bond behaviour between flax
fibres threads and the mortar. The specimens consist of a hydraulic lime cylinder
with a diameter of 25 mm and a heigtit25 mm, representing the embedded fibre
length. The latter was chosen by ensurirgtémsile failure of the thread was avoided
and the debonding within matrix guaranteed.

The series of specimens tested in jouwit tests are as follav

- nonrimpregnatedr-pullout: it consists of uncoated flax yarns embedded

in the mortarcylinders;
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