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ABSTRACT

Companies and practitioners working in the civil construction sector are more and more aware and motivated
to develop and adopt sustainable building materials, possibly obtained from renewable and locally available
resources. As part of this common effort, special attention is being paid to an emerging class of materials
generally referred to as bio-based composite systems.

In this context, this paper investigates the mechanical properties of a Textile-Reinforced Mortar (TRM)
system produced with Flax textile embedded within a hydraulic lime-based mortar. The research aims at
revealing the influence of either the reinforcement amount and the applied pre-treatment of the textile on the
resulting tensile response and the cracking patterns exhibited by these TRM systems. The analysis of the results
presented herein allows to have a comprehensive overview of the feasibility of using flax textiles for

strengthening a retrofitting of existing structures.
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2 Textile Reinforced Mortars, Plant-fibers, Fiber treatment, Crack formation
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1.INTRODUCTION

Existing masonry buildings are generally characterized by a significant vulnerability, notably toward
seismic events, which requires great attention from both practitioners and researchers in the field of
structural engineering [1][2].

In the last decades, the use of composite systems became more and more common in
strengthening intervention, as they established themselves among the most attractive retrofitting
techniques [3]. Basically high-strength fiber fabrics or grids are attached through either organic
(polymeric) or inorganic (mortar-based) matrices on the external faces of existing elements [4][5].

Among the composite systems, Textile Reinforced Mortars (TRMs), produced by adopting
cement- or lime-based mortar matrices, are particularly suitable for strengthening masonry elements,
due to their mechanical properties and to the material affinity to the materials traditionally adopted in
existing constructions [6][7]. Several other acronyms, such as Fabric Reinforced Cementitious Matrix
(FRCM), Textile Reinforced Concrete (TRC), Cementitious Matrix Grid (CMG), Inorganic Matrix
Grid (IMG) or Composite Reinforced Mortar (CRM), are adopted in the literature to define the same
kind of inorganic-matrix composite systems [8].

The use of TRM systems is considered to be an efficient, practical, and cost-effective solution
for seismic retrofitting and repair of structures. This popularity lies in the reversibility and versatility
of the interventions, with a wide selection of solutions combining large numbers of fabrics and
mortars available on the market [9].

Several experimental studies were carried out in order to respond to the need for a
comprehensive definition of TRM mechanical behavior and for qualification procedures [10]. Tensile
tests on composite samples and shear bond tests on composite strips applied to masonry substrates
were carried out by adopting different reinforcement solutions comprising carbon [11], steel [12],

glass [13][14], basalt [15][16] and PBO fiber grids [17][18]. Significant attention was also paid to
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assessing the durability of TRM systems, with the aim to define the mechanical properties of the
composite in the long term and under the exposure to environmental actions [19][20][21].

During the last decades, the awareness towards environmental issues has been increasing
significantly, as the mitigation of environmental impacts of human activity is getting more and more
relevant in all the industrial fields. Among the others, also in the building sector, “greener” solutions
are being implemented with the aim to reduce the demand of energy, the use of raw materials and the
emission of green-house gases [22][23][24][25].

The use of plant fibers in composite systems, in lieu of industrial ones, represents a promising
solution to implement low environmental impact materials, falling within the class of the bio-
composites. Dicker et al. [26] carried out a comprehensive comparative analysis on the use of “green”
conventional composites, taking into account several aspects, such as density, strength, cost and
embodied energy. It was found that, for composite systems of similar mechanical performance, in
absolute terms, the embodied production energy of synthetic fibers is ten times higher than natural
fibers, whilst the production of synthetic composites requires around five times more energy than
green ones.

Therefore, several studies were carried out to investigate the mechanical properties of mortar-
based composites comprising several types of plant fibers, such as jute, sisal, coir, flax, hemp, and
curaua [27][28][29]. Pull-out tests of the fiber yarns from the matrix were carried out to analyze the
bond behavior at the textile-to-mortar interface [30]. TRM specimens and TRM strips bonded on
masonry substrates were implemented with the aim to investigate the tensile and shear-bond
responses [31]. The efficiency of natural (plant-fiber based) TRMs as external strengthening systems
of masonry elements was investigated by means of tests at the structural scale aiming at assessing
both the in-plane shear capacity, by means of diagonal compression tests [32] [33], and the out-of-
plane flexural strength, by means of eccentric load compression tests [34]. The experimental
investigations showed a promising mechanical response of Natural TRM composite systems, in

several cases with a good exploitation rate of the entire dry textile strength. Moreover, mechanical
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tests on structural elements showed a significantly beneficial influence of the composite system on
the overall capacity of the composite member. However, few discrepancies were observed with
respect to the mechanical response of conventional TRMs. The tensile response of Natural TRM
systems was characterized by large deformations, with a transition zone between the first elastic
branch and the final hardening response characterized by a significant drop in load corresponding to
the occurrence of cracks due to the highly different stiffness values between textile and mortar [35].
Consequently, also the developed crack openings attained significant values. As expected, the
reinforcement volume ratio controls the efficiency of Natural TRMs, with a significant enhancement
of the mechanical tensile strength for values higher than 3 % [36].

Conversely, several drawbacks were observed also in terms of durability mainly due to the high
sensitivity of plant fibers to the aggressive alkaline environments of either cement- or lime-based
mortars [35][37][38][39]. Few treatments were proposed in the literature to address both mechanical
and durability issues related to the use of plant fibers in TRM composites. The use of coating systems,
for instance by epoxy resins, may serve to protect the fibers from the alkaline attack preventing the
direct contact with the mortar and, at the same time, as a bond promoter enhancing the mechanical
response [31][32]. Polymeric treatments of plant fibers may improve both tensile strength and
stiffness of plant fibers [39]. Hornification processes, comprising of hot water washing cycles, which
reduce the cross section of fibers, may lead to similar improvements in terms of tensile response [40].
Alkali treatments, based on fibers immersions in calcium hydroxide solutions, entails the removal of
the external layers of the fiber structure (hemicellulose and lignin from fiber wall), and the increase
of the roughness by calcium deposition, resulting in a positive influence on the fiber-to-matrix bond
[40].

The present study aims at investigating the tensile behavior of Natural TRMs made of flax
textile and hydraulic-lime mortar matrix. Specifically, the experimental analysis was conceived to
influence the composite efficiency from two different aspects. At first, the influence of the textile

volumetric reinforcement ratio was studied by implementing two reinforced configurations



comprising either of one or two layers of flax textile. Then, the effect of a polymeric impregnation
treatment of the textile was observed by performing TRM composites comprising either of one or
two layers of impregnated flax textile.

The paper confirms the promising performance of Natural TRMs, as they represent a technically
competitive, environmentally and economically advantageous alternative to the conventional
composite systems. Moreover, it shows that significant improvements in the mechanical response can

be obtained in terms of both capacity and crack pattern developed in tension.
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2.MATERIALS AND METHODS

2.1 Textile

The textile reinforcement employed for producing the TRM composites analyzed hereafter consists
of a bi-directional flax fabric (commercialized by the “Innovation s.r.l.” company and labelled
FIDFLAX Grid 300 HS20 ® [41]) characterized by a grid comprising of 4.3 yarns per centimeter (in
both directions) and a clear opening size of about 3 mm (see Figure 1). The yarns of the flax textile
are characterized by an average cross section equal to 0.25 mm? (coefficient of variation “cv” equal
to 17 %), tensile strength of 354 MPa (cv = 11 %), elastic modulus of 9.4 GPa (cv =7%) and strain at
failure of 5.6% (cv =10 %) [38]. In addition, each elementary flax filament constituting the yarn
presents an average nominal diameter equal to 16 um (cv 29 %) and a density of 1.2 g/cm?.

The flax textile was employed in both non-impregnated and impregnated conditions. As a
matter of principle, one of the main issues related to the use of natural reinforcement is its geometric
stability during casting, which can be compromised due to the high flexibility of these types of
reinforcement [36]. For these reasons, textile impregnation would be desirable and, it is more and
more common to employ this kind of natural reinforcement in either lime- or cement-based mortars.
In fact, this treatment mitigates a loss of geometric stability and, in some cases, enhances the bond
between matrix and reinforcement, and increases the durability of the natural composite system [31].

In the present research, the impregnation treatment was based on applying a polymer coating
on the flax textile. Specifically, the coating substance (XSBR Latex, commercial name “NTL-218"
produced by Nitriflex [42]) consisted in an aqueous solution with a styrene-butadiene polymer
characterized by a solid content of 49 £ 1 % of weight, a pH of 9 + 0.5 and a viscosity of 50-350
mPas. The styrene butadiene polymer was adopted since beneficial effects were observed, both in
terms of tensile strength and bond adherence with the matrix, when applied on plant fibers filaments
[39]. The treatment was carried out by brushing the substance on flax fabric portions of 350 x 600

mm? (Figure 2a). During the treatment, the textile was arranged in wood frames to guarantee a correct
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tensioning of the yarns. The flax textile portions were treated at ambient temperature conditions
(Figure 2b) then released of the excess liquid and dried in a ventilated chamber for 24h at a controlled
temperature of 38 + 2 °C and with a wind velocity of 0.5 m/s. Finally, impregnated flax strips (60
mm large) were cut from the treated textile (Figure 2c).

The textile reinforcements were mechanically characterized by means of tensile tests carried
out on the following two series of specimens:

- Flax Textile: comprising 5 specimens of 60 mm large and 500 mm long flax textile strips
(containing 12 flax yarns);

- Impregnated Flax Textile: comprising 5 specimens of 60 mm large and 500 mm long
polymer coated flax strips (containing 12 flax yarns);

The tensile tests were carried out in a Shimadzu (model AG-Xplus) universal testing machine,
characterized by a 10 kN maximum load capacity, with a displacement control (4 mm/min) [38]. Two
aluminum plates were glued to each edge of the specimen for a length of 100 mm, leaving a gauge
length of 300 mm. Extensometer was placed at mid-length to detect the elongation of the strips during
the test, over a length of 200 mm (Figure 3). The textile mechanical characterization was conducted

according to the standard 1SO 13934-1 [43].

2.2 Mortar

The composites analyzed in the present research were prepared by employing hydraulic lime-based
mortars (commercialized by the Italian company “Innovation s.r.l.”” and labelled FIDCALX NHL5 ®
[44]). Several studies demonstrated a good efficiency of lime-based composite systems for
strengthening and retrofitting existing masonry structures [9].

The hydraulic lime-based mortar consisted of a premixed matrix with pure natural hydraulic
lime binder and selected fine aggregates with a maximum nominal diameter equal to 1.19 mm [30].
The granulometric distribution of the whole particles guaranteed an adequate penetrability of the

mortar within the textile, where the clear opening of the grid was more than 2 times higher than the
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maximum aggregate size. The mortar was produced with an amount of water equal to the 19 % by
weight of the pre-mixed dry mixtures (i.e., binder and aggregates): the resulting water-to-binder ratio
of the mixture was equal to 0.60.

For each casting batch, the key properties of the mortar were measured at both the fresh and
hardened states. More specifically, flow table tests were performed at fresh state (here, the
consistency is expressed in terms of mean diameter d” of the mortar after jolting the table 15 times
[45]) and compressive (fc) and flexural (fr) strengths at the hardened state in accordance with EN 196-
1 [46]. The results of these tests, as well as the number of the tested samples, are summarized in

Table 1.

2.3 Flax Textile Reinforced Mortars

The experimental campaign reported hereafter was aimed at analyzing the role of several parameters
governing the mechanical response of the resulting flax TRM composites, such as:

- number of textile layers embedded within the composite;
- the application of the flax textile impregnation treatment;

Therefore, the following four series of specimens were produced (Table 2):

- Flax TRM-1L: composites produced with one layer of flax textile embedded in hydraulic lime
mortar;

- Flax TRM-1L-imp: composites produced with one layer of impregnated flax textile embedded
in hydraulic lime mortar;

- Flax TRM-2L: composites produced with two layers of flax textile embedded in hydraulic
lime mortar;

- Flax TRM-2L-imp: composites produced with two layers of impregnated flax textile
embedded in hydraulic lime mortar;

Each specimen was cast in its own mold by alternating layers of mortar to layers of textile as

schematized in the images proposed in Figure 4. Each flax strip was arranged by clamping the two

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

edges to make the fabric as taut as possible. For impregnated flax strips this procedure was not
necessary as the textile already had been stretched during the coating treatment. The grid was pressed
by means of a roll to ensure a proper penetration of the mortar within the mesh clear opening spaces.

The produced Flax TRM samples present a nominal length and width equal to 500 mm and 60
mm, respectively. Nevertheless, each series was characterized by its specific thickness as the average
thickness of the specimens varied for each series depending on the number of textile layers, the type
of textile and the type of mortar. For instance, the series of specimens comprising of non-impregnated
flax textile were characterized by a thicker cross section, compared to specimens characterized by the
same number of plies with impregnated textile. This is due to the “stretching” process of the textile
during the manufacturing process that made it harder the specimen casting, with consequent higher
amounts of mortar to guarantee a correct implementation of the composite. Table 2 reports the
number of the tested samples and summarizes the average properties differing for each series, where
tmean represents the average thickness of the specimen of the series, Awxt the area of the textile
comprised in the cross section, and p represents the reinforcement ratio equal to the ratio between the
area of the textile and the area of the composite cross section.

All the produced samples were tested in a Shimadzu (model AG-Xplus) universal testing
machine with a maximum load capacity of 10 kN and a displacement control of 0.3 mm/min, in
accordance with [10] (Figure 5). Each specimen is characterized by a 300 mm gauge length and, for
performing the tests, two aluminum plates were glued at each edge of the specimen over a length of
100 mm, and connected to the loading machine by means of a bolt (see Figure 5), in order to transfer
the tensile load to the specimen by shear stresses without clamping the specimen edges (clevis
configuration) [47].

The external surface of the specimens (60 mm x 300 mm) was treated by painting a white
background on which black dots were stochastically sprinkled, in order to get images for a Digital

Image Correlation (DIC) analysis (see Figure 5c¢). Photos were captured by a camera placed at a focal

11



1 distance of 50 cm. The acquisition rate was of 3.75 photos/min and the resolution of the photos was

2 of 4310 x 2868 pixels (0.08 mm/pix).
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3.RESULTS AND ANALYSIS

3.1 Tensile behavior of Flax-Textile reinforcements

Figure 6 reports the stress-strain curves for both Flax-Textile and Impregnated Flax-Textile strips
subjected to tensile loads. The main parameters describing the textile tensile response are summarized
in Table 3 where Pmax represents the maximum load, while Omax, omax and &max are the axial
displacement, stress and strain corresponding to the maximum load, respectively. Moreover, the
elastic modulus E is evaluated as the slope of the stress-strain curve in the branch comprised between
50 % and 80 % of the tensile strength (omax) for each curve.

The curves shown in Figure 6 highlight that the tensile response of both Flax-Textile and
Impregnated Flax-Textile strips can be divided into two different stages: a first branch in which high
deformation is registered and a subsequent more rigid and quasi-linear branch up to failure.

The untreated Flax Textile strips show a first branch with a significantly low stiffness increasing
up to a quasi-linear response before failure (grey curves in Figure 6). The high deformability of the
strips at low strain level can be attributed to the peculiar geometric arrangement of the fabric. In fact,
the textile is made of yarns comprising several flax filaments that are randomly distributed within the
section, with some of them not oriented in the direction of tensile stresses: they need an initial
displacement to be stretched and start contributing to the axial stiffness. Moreover, the textile strip
includes 24 yarns that are, unavoidably, not uniformly subjected to the same stress level, with a
consequent heterogeneous distribution of the tensile stresses among the bundle. The failure mode is
characterized by a progressive rupture of the flax yarns, occurring for each one in a random section
along the free length of the specimen.

Similarly, the Impregnated Flax-Textile strips also show a first stage in which the stiffness is
lower than the quasi-linear branch up to failure of the textile. However, the initial stiffness is slightly
higher than the one observed for untreated textiles. This is certainly due to the beneficial effect of the

coating treatment: on the one hand, the stretching of the textile during the impregnation

13
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implementation oriented a higher number of fibres in the tensile direction and, on the other hand, the
coating polymer created a link among the filaments leading to a more uniform distribution of the
stress among the flax yarns (Figure 7).

It is worth mentioning that the Impregnated Flax Textile strips exhibited a tensile strength
approximately 20 % lower than the companion untreated flax grid. This evidence is attributed to the
fact that, as also demonstrated in a previous research [30], the impregnated textile behaves as a
“polymeric composite” (See also Figure 7) in which the amount of coating substance strongly governs
the failure mode, characterized by a progressive simultaneous sliding of the filaments within the
yarns, rather than by an abrupt rupture of the bundles, which is observed for the untreated textile.

In terms of stiffness, no significant differences were observed for both untreated and
impregnated textiles in the quasi-linear branch. The lower value of strain at failure observed in the
Impregnated Flax-Textile strips is due to both the more “rigid” behavior at low strains and the lower
tensile strength. As a matter of fact, the impregnation treatment, although slightly reducing the tensile
strength of the textile, resulted in a beneficial effect on the coated grid as the yarns were sufficiently
stretched already in the unstressed configuration: this phenomenon increases the capacity of
exhibiting higher tensile stresses at low strain values and confers an overall lower deformability to
the impregnated fabrics.

Tensile stress-strain response of Flax-Textile series was characterized by s significant
variability. This aspect, typical of plant fibres textiles, is due to the nature of the flax filaments, and

to their arrangement within the threads [38].

3.2 Tensile response of Flax-TRMs

The stress-strain curves obtained for the tested composites are summarized in Figure 8 for the TRM
reinforced with either 1 and 2 layers of flax grids. It is worth mentioning that the axial stresses were

evaluated by considering them uniformly distributed over the entire composite cross section and,
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similarly, the axial strain was computed as the mean deformation of the composite over the entire
gauge length (equal to 300 mm as described in section 2.3).
The curves plotted in Figure 8 show that the typical response of TRM specimens subjected to

tensile loads is characterized by a tri-linear behavior in which three stages can be identified:

- Stage | in which the mortar is uncracked, and the response is linear up to the occurrence of
the first crack, corresponding to the achievement of the axial stress equal to the mortar tensile
strength;

- Stage Il characterized by a multiple crack development: the number of the cracks, the distance
between them and the crack openings depend on several aspects such as the mechanical
properties of either textile and mortar, the interlocking behavior between fibers and matrix,
the textile reinforcement ratio, the geometry of the specimens and the boundary conditions
reproduced during the test;

- Stage I11 which starts once the crack pattern has completely developed and it is characterized
by a nearly linear branch up to the failure: the response in the Stage 111 is mainly governed by
the textile and the stiffness of the composite assumes values similar to that of the fabric alone
tested in tension [10].

Two failure modes can be observed [10]:

- rupture of the textile in a casual cross-section in proximity of one of the gauge length edges
(mode A);

- slipping of the textile in the anchored zones (mode B).

The stress-strain curves reported in Figure 8 can be identified by means of some relevant
parameters such as normal maximum stress omax, the strain at failure (smax) corresponding to the
maximum load (Pmax) and maximum displacement (dmax) respectively, and, the maximum stress
achieved in the textile at failure (omaxtext) and the failure mode (either A, or B). The average value, as

well as the coefficient of variation (cv) obtained in the present study, are summarized in Table 3.
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Moreover, Figure 9 reports the average values obtained for the following relevant parameters
identifying the overall response of TRM subjected to tensile loads:
- the parameter o1, which represents the stress corresponding up to the occurrence of the first

crack, at the transition point between Stages | and Il (see Figure 9a);

- the parameter &, which represents the main value of the strain corresponding to the transition
point between Stages 11 and I11 (see Figure 9b); the transition point between Stages Il and 111
corresponds to the point in which a remarkable change in the stress-strain curve slope occurs,

notably at the end of the crack development process;

- the exploitation ratio, defined as the ratio between the maximum stress within the textile
achieved during the test and its tensile strength (omaxtext/fttext In Figure 9c), which is an

important parameter quantifying the efficiency of the composite system.

3.2.1 Influece of the number of textile layers

The stress-strain response concerning the series Flax TRM-1L (Figure 8a) is characterized by a first
linear branch followed by either one or two significant drops in load, corresponding to the occurrence
of cracks in the matrix. A premature failure mode occurred due to a slipping of the textile in one of
the gripping areas of the specimens.

The stress-strain curves concerning the series Flax TRM-2L (Figure 8b) exhibited a behavior
comparable to the typical tri-phase response of TRMs in tension described in Section 3.2. For this
series, the failure mode was characterized by the tensile failure of the textile in one of the sections in
proximity of the plates in the gripping area. Unavoidably, due to absence of clamping systems at the
edges of the specimens, a partial slipping of the textile in the gripping areas must have occurred as
well.

In both series a significant drop in load was observed in correspondence to the occurrence of a

crack within the matrix. This behavior, in line with similar studies on TRM composites in which plant
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fibers were adopted as reinforcement [35][36], diverges from the typical response of TRMs in which
conventional reinforcing textiles are adopted. This is attributed to both the lack of straightness of the
textile (especially in the case of no treatment) and the lower stiffness of plant fibers. Consequently,
at low strain levels, the load is mainly borne by the mortar, which leads to premature crack formation
in the mortar matrix.

The experimental results showed that by increasing the reinforcement ratio (o) from 1.3 (for
TRM-1L) to 2.3 (for TRM-2L), the resulting TRM tensile response changes, moving from a failure
mode due to the slip of the textile in the gripping areas (mode B), to the tensile failure in the
reinforcement (mode A). This gain of efficiency can be appreciated in terms of fiber exploitation that
attained a value of 36 % in the series TRM-1L and 60 % in the series TRM-2L (see Figure 9c).

With respect to the series TRM-2L, although the rupture of flax yarns occurred, the maximum
average stress in the textile was lower than its tensile strength. Such a discrepancy is due to the
different loading conditions of the textile when tested on its own and when it is restrained by the
surrounding mortar. Moreover, a local slippage of the textile at the edges of the TRM samples may
have occurred, whereas in the case of the sole textile tested in tension, the use of resins to anchor the
strips prevented such a phenomenon

The normal stress corresponding to the first crack (o1) was higher in strips with more textile
layers (Figure 9a). This parameter is related to the tensile strength of the matrix, which can be

assumed in the range of 2.1+2.8 MPa. In both series, the mean value of o1 was lower than the tensile

strength of the mortar. This evidence is attributed to the fact that the presence of the textile within the
composite creates a local concentration of stresses in proximity of the fiber yarns, with a consequent
discrepancy with the ideal uniaxial direct tensile conditions. This local effect seemed to be more
relevant in TRM-1L series than in the TRM-2L ones. As a matter of fact, a wider spread arrangement
of the textile within the composite creates a more uniform distribution of the normal stresses through

the cross section.
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In terms of maximum load capacity Pmax, @ significant increase was observed: a maximum load
of 3.3 times higher was attained in the TRM-2L series when compared to the TRM-1L ones (Table
4). This aspect highlighted that the mechanical behavior of the composite, notably the failure mode,
can be changed by increasing the amount of textile, hence leading to a more efficient composite
system.

The stress-strain curves for either the Flax TRM-1L-imp (Figure 8c) and Flax TRM-2L-imp
(Figure 8d) highlight that, due to the lower stiffness of the textile (with respect to the mortar) at low
strain levels, the Stage Il was characterized by a significant drop in load corresponding to the
occurrence of a crack within the matrix. In both series the failure occurred with the rupture of the
textile yarns (mode A).

One of the specimens of the series Flax TRM-2L-imp was characterized by a significantly stiffer
stronger response when compared to the other specimens. This behavior can be directly attributed to
the impregnation treatment adopted. Specifically, the impregnation treatment was manually carried
out and applied on several textile portions. Such procedure, adopted without having at disposal
standardized industrial techniques, unavoidably led to a heterogeneity among the textile strips. In
fact, as shown in the literature relatively small difference in the coating thickness may produce strong
effects in the final performance of the textile [48]. In order to reduce the influence of such variability
in the composite behavior, the TRM specimens were prepared by uniformly distributing the flax strips
deriving from the different portions, among the various specimens and series. The better performance
exhibited by this specimen can be attributed to the use of flax strips characterized by an impregnation
treatment realized in a more efficient manner.

By comparing the average values of the strains & and &max in Figure 9b, no significant
differences are observed, highlighting the fact that although increasing the fiber reinforcement ratio
p from 1.6 to 2.5, no significant changing is obtained in terms of stress-strain response. This is also
confirmed by referring to the main value of the fiber exploitation ratio as equal to 67% and 65% for

the TRM-1L-imp and TRM-2L-imp series (Figure 9c), respectively. In terms of the normal stress
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corresponding to the first crack oz it increased by increasing the number of textile layers (Figure 9a).
This trend, in line with what was observed in the non-impregnated textile TRM specimens, can be
explained with the same considerations discussed for those series. With respect to the capacity of the
composite in terms of maximum load Pmax, @ value of about two times higher was obtained by
doubling the amount of textile (Table 4). The linear relationship between the reinforcement amount
emphasizes that, in the case of the impregnated textile, the fiber reinforcement ratio p of the Flax
TRM-1L-imp series was enough to properly exploit the strength of the composite, leading to the same

failure mode of the specimens of the series Flax TRM-2L-imp.

3.2.2 Influence of textile impregnation treatment

The stress-strain response of Flax TRM-1L (Figure 8a) and Flax TRM-1L-imp (Figure 8c) series
emphasized a different mechanical behavior of the two systems showing that the use of impregnated
textile affected the mechanical behavior in tension. Flax TRM-1L specimens are characterized by the
development of either one or two cracks (Figure 8a), and by a failure mode due to the loss of textile-
to-matrix bond in the gripping areas, while Flax TRM-1L-imp specimens are characterized by a clear
three-phases response with a much higher number of cracks developed in the Stage Il, and a failure
mode with the rupture of the textile (Figure 8c).

The use of impregnated textile led to a general improvement of the mechanical response of the
composite. The maximum load capacity Pmax Of the TRM-1L-imp series was 1.5 times higher than the
mean value concerning the TRM-1L series (Table 4). The beneficial effect of the impregnation can
also be appreciated in terms of the exploitation ratio, that assumed a value of 1.9 times higher in the
TRM reinforced with the impregnated textile when compared to the reference one (Figure 9c).

In terms of normal stress corresponding to the first crack o1, a significant reduction of about
37% is observed in the series reinforced by the impregnated textile with respect to the reference one
(Figure 9a). This evidence can be explained by the tensile stress-strain response of the textile (Figure

6) in which it can be observed that being equal the strain, the impregnated textile is capable to bear a
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higher load. Therefore, it can be asserted that in the Stage | the contribution of the impregnated textile
in the TRM is more significant than that exhibited by the dry textile. As a consequence, the
phenomenon of local concentration of normal stresses in the proximity of the textile is more
pronounced in the TRMs with impregnated textile with a consequent occurrence of the first crack at
lower stress values.

Regarding the TRM with 2 textile layers, the Flax TRM-2L (Figure 8b) and Flax TRM-2L-imp
(Figure 8d) series show a stress-strain curve characterized by the three stages, in which the
occurrence of cracks causes significant drop in loads and the failure occurs with the tensile rupture
of the textile in a section in proximity of the gripping area. Pmax Value was about 10% lower in the
TRM-2L-imp series when compared to the TRM-2L one (Table 4). This is due to the lower tensile
strength of the impregnated flax textile with respect to the dry textile. Indeed, the two systems showed
similar efficiency in terms of exploitation ratio, with a main value of 59% and 65% respectively for
the series TRM-2L and TRM-2L-imp (Figure 9c).

The series of specimens reinforced by the impregnated textile exhibited a mean value of the
stress corresponding to the occurrence of the first crack of about 30 % lower than the reference series
(Figure 9a). This result is in line with what had been observed in the series of specimens reinforced
by one layer of textile and may be explained with the same considerations made for them.

The TRM-2L-imp specimens exhibit a higher number of cracks developed at lower strain levels.
The average value of & was much lower in the composite reinforced with the impregnated textile of
about 45% (Figure 9b). Moreover, the load drop corresponding to the occurrence of a crack was
much lower in TRM-2L-imp specimens than in the TRM-2L ones. These aspects are due to a stiffer
response of the impregnated textile at lower strain, with respect to the dry flax textile, and to a better
fiber to mortar bond behavior provided by the impregnation.

As a general consideration on the effects of the impregnation treatment, by comparing TRM-2L
and TRM-2L-imp series, characterized by the same failure mode, the results concerning the specimens

with the coating treatment present larger variability (Table 4). This experimental evidence is due to
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the coating strategy adopted resulting in a non-uniform level of impregnation for all the textile strips.
In fact, according to the literature, thicker coating layers may hinder the full exploitation of the
bundles’ tensile strength (due to a telescopic failure), and promote softening plastic behaviours of the
composite [48]. Therefore, it is worth emphasising that although the textile treatment causes a general
beneficial effect on the tensile behaviour Flax-TRMs, in order to make the material suitable for

applications a more reliable coating strategy is needed.

3.3 Analysis of the crack pattern

The present section analyses the crack development on Flax TRMs during the tensile tests, which

provides relevant information about the actual efficiency of Flax TRM composites systems.

3.3.1 Crack spacing

An overview of the crack formation patterns in the tested TRM systems is presented in Figure 10: in
accordance with the results discussed in the previous section. It is remarked that the number of cracks
(which, in principle, is related to both the quality of the adhesion between matrices and fibers and the
amount of reinforcement [49]) increases by both increasing the numer of textile layers as well as by
impregnating the flax textiles.

Furthermore, a more fundamental analysis is presented based on the Digital Image Correlations
(DIC) analysis executed during the tensile tests. A representative example of this analysis is shown
in Figure 11. The implementation of a DIC analysis leads to identifying the load level at which cracks
open, the evolution of crack numbers (and, hence, average spacing) and their width development up
to failure. Figure 12 shows, for each series, the evolution of crack spacing during the tests in
correlation with the axial strain.

Significant differences are observed in terms of crack developments between the two series of
TRM with 1 textile layer (Figure 12a). TRM-1L specimens are characterized by the formation of
either one or two cracks, while TRM-1L-imp specimens are characterized by a well-defined Stage 11

in which several cracks develop. Moreover, the load drop corresponding to the occurrence of a crack
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is far less significant in the TRM-1L-imp specimens than those of the reference series. Figure 12a
clearly shows this different behavior. Due to the development of several cracks developed at lower
strain values, the average crack spacing of TRM-1L-imp specimens steeply decreases when compared
to that of the TRM-1L specimens. This aspect, together with a less significant drop in load
corresponding to each crack occurrence, makes the TRM-1L-imp specimens behaving more
efficiently as a composite system when compared to the TRM-1L specimens in which the tensile
response seems to be alternatively exhibited by either the textile or the matrix, rather than by the
entire composite system.

The analysis of the crack pattern presented in Figure 12b also emphasizes the lower
deformability of the TRM-2L-imp composites. The group of curves representing the crack spacing as
a function of the axial strain, concerning the TRM-2L-imp series are characterized by a steeper trend
with a closer crack spacing, indicating the higher number of cracks developed. Also, the use of the
impregnated textile leads to developing a denser crack pattern (Figure 10), which occurs at lower
strain values, anticipating the beginning of the Stage Ill, in which the composite is supposed to

contribute to the strength of the reinforced structural element.

3.3.2 Crack width

Another fundamental parameter that points out the efficiency of TRM composite systems is the
average crack width. In view of feasible applications of the TRM composite for structural elements
retrofitting and strengthening, it is important to focus the attention on the crack pattern. The crack
openings expose the textile to the external environment conditions and, hence, represent a relevant
aspect for the durability of the whole composite system.

As already mentioned, the crack width was evaluated through a DIC analysis, but, due to the
peculiarity of the TRM analyzed in the present research, a simplified approach is presented herein to
estimate the average value of the crack width for each specimen. Specifically, the mean crack width

(wm) at each strain stage () can be evluated by adopting the following equation:
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(6-2) |

cracks,&

W, (€) =

with &< E< & (1)

where &1 is the strain value at the transition point between Stages | and I, L is the free length of the
specimen, Neracks,e 1S the number of cracks developed along the free length at the generic deformation
stage (&). This relationship was obtained by assuming that the entire elastic deformation of the matrix
to be exploited during the Stage I, and that in the next Stages Il and I1l, the axial displacement is
entirely due to the deformation of the textile. This assumption well suits the case in which the flax
textile is characterized by a significantly lower stiffness with respect to the hydraulic lime mortar
matriX. The accuracy of the adopted procedure is confirmed by comparing the average crack width
development obtained with both the presented eq. (1) and the DIC analysis (Figure 13).

Figure 14 reports the curves obtained by eq. (1) for each specimen as a function of the
corresponding axial strain. The crack width of the TRM-1L-imp specimens is much lower than that
exhibited by the TRM-1L specimens (Figure 14a). This is due to the lower deformability of the
impregnated textile, and to the development of a higher number of cracks. The curves plotted in
Figure 14b for the TRM-2L and TRM-2L-imp, yet emphasizing a variability in the results concerning
the two series, show that the group of specimens in which the impregnated textile was adopted are
characterized by crack openings lower than those exhibited by the TRM-2L specimens. It is worth to
mention that although the two series of specimens failed in mode A, a significantly beneficial effect
was provided in terms of crack opening by adopting the impregnated textile.

Finally, a more comprehensive overview of the results achieved herein is presented in Figure
15 where the mean curve for each series is plotted both in terms of the number of cracks per linear
meter and crack width as a function of the corresponding axial strain. This figure represents the first
step toward a rational practical approach for evaluating the feasibility of using Flax TRM composites

for masonry retrofitting and strengthening.
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3.4 Bond of Flax textile embedded in lime-based mortar

The analysis of the crack pattern led to estimate the average bond stress occurring between the flax
textile and the surrounding lime-based mortar. As a matter of the principle, it can be assumed that
through the specimen length the applied force (F) is partially borne by the mortar and the textile
reinforcement: in fact, by considering the portion of specimen between two consecutive cracks, it can
be also assumed that the load is entirely supported by the textile in proximity of the cracked section,
where the contribution of the mortar is null as the matrix is broken (Figure 16). Then, moving towards
the centre of the cracked composite, the textile contribution decreases due to the transferring of load
to the matrix via shear stress at the textile-to-mortar interface surface. Moreover, if the shear stress is
considered constant along the whole length, the load distribution between matrix and textile presents
the behaviour shown in Figure 16. In addition, assuming that the maximum matrix tensile stress is

equal to its strength, the average bond stress (zm) can be evaluated as follows:

£
= Fimatrc * Ao )
AX- Priax

where:
- fimatrix represents the tensile strength of the mortar (assuming fs matrix="1.1-ft matrix);
- Amgeq is the equivalent cross-section area of the lime-based matrix;

- Ax is the distance between the crack and the section in which the tensile strength of the mortar
IS reached,;

- Priax IS the perimeter of the textile within the cross section.

The latter, is assumed to be equal to the product between the single yarn perimeter (priaxyam),
the number of yarns comprised in the specimen transversal cross section (Nyarn,long) and the yarn length

(lyang,long)-

’ r]yarn,long ’ Iyarn,long (3)

pFIax = pFIax,yarn

The equivalent cross-section area of the mortar is calculated by considering the presence of

both the transversal and longitudinal yarns:
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Flax,textile (4)

ITRM
where:
- V1rm is the volume of the whole TRM composite specimen;
- VElax textile IS the volume of the flax textile within the specimen,
- ltrm is the length of the specimen.
The volume Vriax texile is calculated as follows:

+n -

yarn,trasv ) (5)

VFIax,textiIe = AFIax,yarn '(nyarn,long ’ Iyarn,long yarn trasv

where:
- Ariaxyarn IS the flax yarn transversal cross-section area;
- Nyarn,long @Nd lyarn,long are the number and the length of yarns comprised in the specimen transversal
cross-section, respectively;
- Nyarntransv @Nd lyarn transy are, respectively, the number and the length of yarns comprised in the
specimen longitudinal cross-section.
The value Ax is directly correlated to the distance between two consecutive cracks which was
measured experimentally (Sm.exp):

S
Ax = (6)

Then, by substituting the eq.(6) in eq.(2) and by considering smexp as the average distance
between two consecutive cracks observed in the tested specimens, an approximated estimation of the
mean value of the maximum shear stress attainable at the textile-to-mortar interface is carried out
(Figure 17). The average value of the distance between two consecutive cracks was computed as

follows:

I
TRM
Sm,exp E—— (7)
Neracks — 1
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where Ltrm IS the initial specimen gauge length, and ncrack is the total number of cracks developed
along the specimen.

It is worth mentioning that, with respect to the specimens of the series TRM-1L, the distance
between the cracks was manually measured and only the specimens comprising two cracks were
considered in the analysis.

All the values adopted for each series for the estimation of the bond strength are summarized
in Table 5, while the resulting tm are plotted in Figure 17.

The histograms in Figure 17 clearly show that the impregnation treatment performed on the
Flax textile significantly improves the bond of the reinforcement embedded within the lime-based
matrix. It was found that the = is around three times higher in the case of impregnated TRM series.
The quality of the proposed estimation is confirmed by the fact that the bond strength calculated with
the above-mentioned procedure is almost independent from the reinforcement ratio (i.e., 1 or 2 layers

of flax textiles) but it is governed by the adoption of the impregnation process.
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4.CONCLUSIONS

This study presents the results of an experimental study aimed at investigating the influence of
the reinforcement amount and the impregnation pre-treatment on the resulting performances of
Textile Reinforced Mortars made of Flax textiles embedded within lime-based matrix.

The following main points can be concluded:

- the impregnation treatment performed on the dry textiles leads to improve the mechanical
response of the reinforcement when subjected to tensile loads. In fact, although a small reduction of
the tensile strength is registered for the impregnated textiles, the coated yarns are more stretched in
comparison with the untreated textile and this confers an overall lower deformability to the Flax
fabrics;

- the increasing of the reinforcement ratio improves the tensile response of the TRM. When
untreated textiles are employed, the failure mode changes from mode B (textile slipping) to mode A
(rupture of the textile) and by increasing the reinforcement amount, the number of cracks per linear
meter increases while at the same time the crack width is reduced;

- the adoption of impregnated textiles increases the exploitation ratio leading to a significant
optimization of the composite response. When the reinforcement ratio stays unchanged, the presence
of coated flax fabric reduces the crack spacing as well as the crack width;

- the coating strategy adopted, although causing a general beneficial effect in the tensile
behaviour of Flax-TRMs, leads to significant variability in the results. A standardisation method for
the application of the coating on the textile is needed to obtain reliable results;

- the simplified approaches proposed herein for evaluating the crack width developments and
the average bond strength furnish a comprehensive overview on the influence of either the

reinforcement amount as well as the impregnation treatment on the resulting composite behavior;
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- the analysis of the results allowed to estimate the average bond strength of the Flax textile
embedded in a lime-based matrix: the results confirm the beneficial effect of the application of the
impregnation pre-treatment.

The paper, by investigating the tensile behavior of Flax TRMSs, shows that it is possible to obtain
an overall improvement of the mechanical response of the composite system by mean of fiber
treatment. However, it also emphasizes the importance of an accurate coating strategy in order to
have reliable results. In this sense, the encouraging results of the study pave the way for further
investigations aimed at defining a standardized textile impregnation procedure, allowing the
application of a uniform coating layer with required thickness and stiffness. Moreover, research need
to be pursued toward the investigation of the effect of the fiber treatment on other fundamental
aspects, notably related to the durability and structural reliability of the composite system in the long-

term.
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Figure 1. Bi-directional flax textile employed in this study.
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Figure 2. Textile impregnation treatment: (a) polymer coating application, (b) drying of the textile
and (c) impregnated flax strip.
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Figure 3. Tensile test set-up for Flax Textile.
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Figure 4. Schematic representation of the produced Flax-TRMs.
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Figure 5.

(b) (©
Tensile test setup for Flax-TRM composites.
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Figure 6. Stress-strain response of Flax-Textile and Impregnated Flax-Textile strips.
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Figure 7. Representative SEM images for (a) non impregnated and (b) impregnated flax yarns
subjected to tensile tests.
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Figure 8. Stress-strain response for (a) Flax TRM-1L, (b) Flax TRM-1L-imp, (c) Flax TRM-2L and

(d) Flax TRM-2L-imp.
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Figure 10. Crack pattern of representative specimens of (a)TRM-1L, (b) TRM-1L-imp, (¢) TRM-2L,
(d) TRM-2L-imp.
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Figure 11. DIC analysis for cracks analysis performed on Flax TRM.
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Figure 12. Crack spacing vs strain curves for (a) Flax TRM-1L & Flax TRM-1L-imp and (b) Flax
TRM-2L & Flax TRM-2L series.
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TRM-2L & Flax TRM-2L series.
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Table 1. Properties of hydraulic lime-based mortar.

Property symbol value n°tests cv
Spreading [mm] d* 230 4 4%
Flexural strength [MPa] fs 4.2 12 11%

Compressive strength [MPa]  f¢ 9.5 24 12%
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1  Table 2. Flax TRM composites for tensile tests: relevant properties of the different series.

tmean  Atext P

Series n. of spec. textile textile layer (mm] [mm?] [%]
TRM-1L 5 Flax 1 79 61 13
TRM-1L-imp 5 Impregnated Flax 1 6.3 61 16
TRM-2L 5 Flax 2 88 122 23
TRM-2L-imp 5 Impregnated Flax 2 81 122 25
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Table 3. Properties of Flax Textile and Impregnated Flax Textile strips tested in tension.

Prmax Omax Omax Emax E
[N] cv [mm] cv [MPa] cv [%] cv [GPa] cv
Dry Flax Strip 2024 3% 9.7 19% 331 3% 49 19% 125 6%
Imp. Flax Strip 1627 13% 6.2 18% 266 13% 3.1 18% 124 14%

Series
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Table 4. Average properties of Flax TRMs under tensile loads.

Series Prax Omax Omax Emax Omax,text Ncracks Failure

[N] cv [mm] cv [MPa] cv [%] cv [MPa] cv. min max mode
TRM-1L 732 22% 94 21% 15 24% 31 21% 120 22% 1 2 B
TRM-1L-imp 1094 10% 14.3 10% 29 11% 4.8 10% 179 10% 8 11 A
TRM-2L 2402 5% 19.0 3% 46 14% 63 3% 196 5% 6 8 A
TRM-2L-imp 2129 18% 153 13% 44 18% 51 13% 174 18% 8 14 A
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Table 5. Parameters the evaluation of zn.

. Priaxyarn  Nyarn,long Am,eq Sm.exp
Series [mm] [mm? [mm] cv
TRM-1L 4.9 24 463.8 95 21%
TRM-1L-imp 3.1 24 366.6 38 14%
TRM-2L 49 48 504.1 47 19%
TRM-2L-imp 3.1 48 463.3 31 29%
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