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Growing environmental awareness is increasingly justifying the development and adoption of sustainable so-
lutions in various industrial sectors. The civil engineering sector is no exception: new materials sourced from
renewable, locally available resources are being developed and explored worldwide. Alongside this widespread
effort, a class of emerging materials is receiving particular attention: bio-based composite systems. This study
investigates the mechanical response of a textile-reinforced mortar (TRM) system that incorporates two layers of

flax and jute fabric into a hydraulic lime-based mortar matrix. Specifically, the bond interaction between the
natural fabrics and the mortar matrix is analysed using direct pull-out tests, as well as by examining cracking
patterns observed in tensile tests on natural TRM systems. These analyses reveal the substantial mechanical
response in both cases, offering insights into the potential application of natural textile reinforcement in restoring
and reinforcing existing masonry elements and structures.

1. Introduction

The loss of human life and historical heritage following the collapse
of masonry buildings in past earthquakes highlighted the need to rein-
force masonry buildings [1-3]. Therefore, in the last decade, the use of a
class of inorganic composite systems, generally referred to as Textile
Reinforced Mortar (TRM), has attracted a significant interest as a
possible solution to strengthen masonry members [4-6]. In fact, they are
emerging as a more appropriate solution for strengthening historical
constructions than the fibre-reinforced polymers (FRPs) due to the in-
compatibility between the resin and the substrates [7].

Among all the textile reinforcement that can be embedded inside
TRM systems, natural fibers are gaining more and more attention [8,9].
In fact, as shown in the literature, the current interest for sustainable
construction materials is fostering research into the use of natural fibers,
also for composite systems [10-12]: the natural fibers are renewable,
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have good economic feasibility and the end of life of natural fibers re-
sults in energy and carbon credits. Available studies in the literature
clearly demonstrate that depending on the type of matrix and reinforced
systems the TRM technology can be used both in concrete and masonry
structures. However, natural TRM seems to be more compatible with
historical masonry structures representing a relevant building stock
Europe and Worldwide [9,10]. As a matter of principle, they also offer a
higher degree of flexibility that prevents over-stiffening effects and they
are more compatible in applications on masonry elements for their
better compatibility with masonry substrates [13-15]. Recyclability and
CO- emissions are some of the main indicators of environmental sus-
tainability in the composite systems [16]. Without mentioning that the
properties of natural fibres include abundantly available, minimal
health hazards during processing and are more affordable than the
synthetic ones for the development countries [17].

It is worth mentioning that the possible use of natural fibers/textile
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in composite systems has the potential to be applied not only to existing
buildings, but also to other types of civil engineering structure and in-
frastructures requiring adequate tensile resistance and/or ensuring
structural stability.

In this contest, different types of plant fibers (e.g., sisal, jute, flax,
hemp, coir and curaua [18-20]) were employed for investigating the
mechanical behaviour of mortar-based composites. The results obtained
in some studies are concordant that fibres exhibit mechanical properties
suitable for structural applications [21]. On the other hand, several
studies highlight how difficult it is to find a theoretical formulation to
assess and predict the resulting response of these types of composites
[22]. Another critical issue has emerged related to the variability of the
natural fibre properties, which has led to a higher heterogeneity in the
behaviour of Natural TRMs when compared to conventional TRMs
[23-25]. Despite their variability, some results proposed in the litera-
ture demonstrate that higher mechanical properties can be achieved by
increasing the volumetric ratio of textile reinforcement [14]. In this
context, studies in the literature on such composite systems have shown
a limited mechanical response, typically characterized by the formation
of a single crack followed by slippage and eventual tensile rupture of the
reinforcing fabric. In light of these critical issues, it is essential to
investigate the influence of certain key parameters, such as the number
of textile reinforcement layers, on the mechanical performance of the
composite [26-32]

1.1. Research significance and novelty

In this context, the present study aims to analyse the mechanical
response of two different natural TRM systems, made with Jute and Flax
textiles, each consisting of two layers of textile reinforcement per sam-
ple, starting from the physical and mechanical characterization of the
individual natural yarns.

It is worth mentioning that the rationale behind selecting two layers
of textile reinforcement (representing the first research significance of
this study) is based on preliminary results proposed by the authors in the
literature [23] in which only one layer of textile was used either for Jute
and Flax TRM: in that case, the authors demonstrated that, for the type
of textile employed in the experimental plan, the overall amount of
reinforcement embedded in the lime-based matrix was not sufficient to
achieve a composite behavior generally characterizing TRM system for
structural applications.

On the other hand, thanks to the possibility to determinate the
relevant mechanical properties (i.e. stress-strain curves) by means of
tensile tests run in accordance with international guidelines. Moreover,
the resulting performance of the tested natural TRM composites have
also been investigated through the analysis of crack patterns, repre-
senting a fundamental parameter for practical applications.

Furthermore, the analysis proposed herein also included the study of
the bond stress at the interface between the matrix and reinforcement of
the Natural TRM system, investigated both directly, through pull-out
tests, and indirectly, through the analysis of the distribution and
width of cracks. This represents one of the key relevant aspects of the
present study: as a matter of principle, these parameters are key ele-
ments for evaluating the overall behavior and efficiency of different
types of natural TRMs.

The present paper is structured as follows: the following “Section 2”
describes the materials and methods adopted during the experimental
activities; then, “Section 3” summarises the key experimental results and
proposes a detailed analysis of the cracking pattern and, consequently
the bond interaction among the natural textile and the surrounding lime-
based matrix.
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2. Materials and methods
2.1. Jute and flax textiles

The natural reinforcements employed in this study to analyse the
Natural TRM systems are obtained from bi-directional Jute (Fig. 1a) and
Flax (Fig. 1b) textiles.

The natural textiles under consideration are characterized by fila-
ments ordered in yarns, which can be considered as the fundamental
element of the mesh. Physical and mechanical properties of the yarns
(20 samples for both types of source are considered in this study) were
evaluated in accordance with different reference standard in order to
obtain: (i) the tensile strength (BS ISO 3341:2000 [33]); (ii) the linear
density (EN ISO 1889: 2009 [34]); (iii) density (ASTM D8171-18 [35]
and [36]) from which it is, then, possible to evaluate their cross section
area (as also describe in [23]); (iv) as well as the number of yarns for cm.
The main results obtained for the natural yarns under consideration are
summarised in the following Table 1.

In addition, Fig. 2 proposes some representative Scanning Electron
Microscope (SEM) images highlighting the cross section representative
shape/geometry and the lateral surface for Jute (Fig. 2a) and Flax
(Fig. 2b) yarns: the proposed images remark the relevant heterogeneity
generally observed for natural yarns/textile which also can further
explain, for instance, the relevant range of variation of the yarn strength
under tensile load as reported in Table 1.

The results related to the physical properties of the natural yarns
highlight that the density of the Flax textile is slightly higher (around
5%) than the Jute one (Table 1). Moreover, “the number of yarns for cm”
is higher (around 50%) for Flax than Jute. On the other hand, the Jute
fibers are characterised by a significantly higher cross section being
almost 3 time greater than the Flax yarns (see also Fig. 2). Consequently,
also the linear density (expressed in Tex = [g/km]) is significantly
higher (around 3 time) than Flax (Table 1).

For each type of textile, five strips 60 mm in width (corresponding to
29 and 39 yarns for Jute and Flax, respectively) and a gauge length of
400 mm, were obtained and tested under tensile loads (Fig. 2). Tensile
tests executed in displacement control with a loading rate of 0.50 mm/
min, tab length equal to 100 mm, total length equal to 500 mm,
considering, however, half the portion from the center of gravity of the
tab in accordance with the reference standard [38].

The tensile tests were performed at the Structural Engineering
Testing Hall (Str.Eng.T.H.) Laboratory of the Department of Civil Engi-
neering of the University of Salerno (Italy) by means of a Zwick Roell
Schenck Hydropuls S56. Finally, samples of natural textiles were also cut
to realize the strips which have been employed for manufacturing the
Natural TRM composite specimens as described in the following
“Section 2.4”.

2.2. Mortar

The inorganic matrix employed here is based on the use of a pre-
mixed hydraulic lime-based mortar [39] incorporating fine aggregates
characterised by a nominal (maximum) diameter equal to 0.6 mm. The
dry mortar was mixed and produced in accordance with the following
steps: initially mix the dry raw materials (fine aggregates and lime-based
binder) with 3/4 (75%) of the total amount of the required water and
then, gradually add it until a smooth mixture is formed. The adopted mix
composition is composed as follow: for each kg of lime-based dry
mixture (made of NHL 3.5 lime and fine aggregates), 22% in weight of
free water are used. Once the mortar was produced, part of it was
employed to produce six samples (160 mmx40 mm x 40 mm) for the
mechanical characterisation (compressive strength tests and bending
tests) in accordance with the EU reference standard [40]. The average
compressive strength of the mortar was found to be equal to 8.90 MPa,
meanwhile the average flexural equal to 4.80 MPa.
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Fig. 1. Representative samples of (a)Jute and (b) Flax textile.

Table 1
Properties of Jute and Flax yarns.

Parameter Jute textile Flax textile
Linear density [Tex] 268.70 98.10

n° yarns/cm [em’] 4.57 6.75
Density [g/cm’] 1.37 1.44

Yarns cross section [mm?] 0.196 0.068
Average yarn strength - 6max,yarn [MPa] 127.28 481.24

(range of variation) (83.21-176.15) (412.36 - 601.60)

2.3. Pull-out tests for yarns-matrix bond behaviour evaluation

Pull-out tests are conducted with the aim of evaluating the bond
behavior between the reinforcing yarn and the surrounding lime-based
mortar (representing the relevant compound of the Natural TRM com-
posite system under consideration). As a matter of principle, the key
relevant parameters defining the bond adhesion are analyzed by
extracting the yarn from the surrounding mortar: the proposed approach
allows to directly identify the yarn-matrix interface bond for a funda-
mental understanding of the overall response of the TRM composite
system when subjected to a tensile load. The lime-based mortar
employed for this phase of the experimental campaign is the one
described and characterized in the previous paragraph (see Section 2.2),
meanwhile the natural yarns were obtained from Jute and Flax textile
(see Section 2.1). More specifically, a total of 20 yarn-matrix specimens
were produced, 10 for each type of source, with a yarn embedded length
within the matrix equal to 10 mm, as schematically represented in the
following Fig. 4.

The test setup is defined in accordance with established procedures
proposed in the literature [9,25], with the aim to ensure the reproduc-
ibility and consistency of the experimental results. Paper cups are used
as formwork for the test specimens, with holes at the base to allow
plastic straws to pass through to define the anchoring length of the yarn
(Fig. 4). A polystyrene element, suitably shaped and with a diameter
equivalent to that of the formwork, was used to improve the verticality
of the reinforcement and reduce the volume of mortar required (Fig. 4).
The yarn is inserted into the straw and passed through the formwork
cover, maintaining an immersion length of 10 mm. During the pouring
of the mortar, the reinforcement is kept under slight tension, and the test

piece is subjected to manual vibration to promote the compaction of the
matrix and yarn-mortar adhesion. Subsequently, the test specimens are
left curing for 28 days under controlled laboratory environmental con-
ditions in order to ensure a complete hydration of the lime-based mortar
matrix. The pull-out tests are conducted using a Sans Universal Testing
Machine equipped with a 10 kN load cell. The free end of the rein-
forcement is secured to the machine clamps using abrasive paper to
prevent slippage, while the base of the test piece is secured at the sides
using metal clamps to prevent movement (Fig. 4).

The test was performed under displacement control, divided into
three progressive loading phases:

— from 0 mm to 1 mm, displacement rate of 0.10 mm/min;

— from 1 mm to 2 mm, displacement rate of 0.50 mm/min;

— from 2mm until complete withdrawal, displacement rate of
1.00 mm/min.

2.4. Production and testing of natural TRM composite systems

The tensile tests have predicted the use of 20 Natural TRM samples
were prepared, each reinforced with two layers of reinforced. Specif-
ically, a 10-specimen batch was considered for both Jute-TRM and Flax-
TRM series, following established international guidelines [41]. During
casting, each sample was placed in its own mold, alternating layers of
fabric and mortar (Fig. 5). More specifically, rectangular samples
(nominal length equal to 500 mm and a width of 50 mm) were produced
through the following steps: formwork preparation and casting of
lime-based mortar; spreading of a thin layer of release agent, in order to
allow easier removal of the samples after curing; casting of the first layer
of fresh mortar; placing of the first fabric strip and; casting the second
layer of mortar; placing of the second fabric strip and, finally casting of
the finishing layer of the matrix (Fig. 5). The samples were removed
from the molds after 48 h and air cured up to 28 days in environmentally
controlled laboratory conditions before testing.

As also reported in the introduction section, the rationale behind
selecting two layers of textile reinforcement is based on preliminary
results proposed by the authors in the literature [23] in that case, in fact,
was clearly demonstrated that the use of only 1 layer was not sufficient
to warrant a composite behavior generally characterizing TRM system
for structural applications.
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Fig. 2. SEM images for (a) Jute and (b) Flax yarns (adapted from [37]).

Each produced sample, characterised by a 50 mm width, corre-
sponds to 46 (23 yarns layer) and 68 yarns (34 yarns for layer) for Jute-
TRM and Flax-TRM, respectively: the overall geometric properties of the
produced natural TRM samples are summarised in Table 2.

All samples were produced using the same molds. However, since
production was carried out manually, the overall thickness may slightly
vary, up to a millimeter. Each sample, therefore, presented a specific
thickness, and the values shown in Table 2 refer to the averages calcu-
lated on 10 samples. In particular, the “average thickness” represents the
thickness of the composite matrix alone, which may vary slightly
depending on the application process and affect both the amount of
matrix and the effectiveness of stress transfer. The differences between
the two types of composites are mainly due to the different thickness
(cross section) of the textiles used (e.g., see also Fig. land Fig. 2).
Furthermore, to limit the influence of geometry on the analysis, the
actual thickness of each sample was measured individually. Indeed,
“textile area within the cross section” indicates the total area occupied
by the fibers/textile in the cross section of the composite and allows the
effective portion of tensile-resistant material to be quantified. The latter
was evaluated by multiplying the area of the single yarn by the number
of strands present in the coupon. Finally, “fiber volume ratio” expresses
in percentage represents the ratio between the volume of the fibers and
the overall total volume of the composite: this represents a relevant

parameter for evaluating the reinforcement density and the mechanical
contribution of the fibers with respect to the matrix.

The tensile tests were executed in displacement control with a
loading rate of 0.20 mm/min (see also Fig. 5). Also in this case, the
tensile tests were performed at Str.Eng.T.H Laboratory of the Depart-
ment of Civil Engineering of the University of Salerno (Italy) by means of
a Zwick Roell Schenck Hydropuls S56. The tested samples were char-
acterised by 100 mm tab length, 300 mm free length and, consequently,
400 mm of gauge length (considering, however, half the portion from
the center of gravity of the tab) for a total sample length of 500 mm (see
also Fig. 5).

3. Results and analysis
3.1. Mechanical and physical properties of the jute and flax textile

The key mechanical (tensile strength, ultimate strain and Elastic
modulus) and physical (mesh density) properties obtained for the nat-
ural textiles under consideration are summarised in the following
Table 3.

The mechanical response of the Natural TRM samples is shown
graphically in Fig. 6, which displays the stress-strain diagrams of the
Jute and Flax textile strips. As expected, the average tensile strength of
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Fig. 4. Test setup for pull-out analysis on yarn-mortar system and definition of embedded length.

the textile strips (see Table 3) is lower than that of the individual yarns
(see Table 1), with a reduction of approximately 15% for Jute and 30%
for Flax. This result is consistent with the usual scale effect, since larger
samples are more likely to have defects that precede failure, as well as
with the non-uniform distribution of stresses between the different
strands of the fabric. The curves shown in Fig. 6 have been reworked in
accordance with the stiffness measured in the elastic range; therefore,
they represent only the elastic behavior of the material, while the initial
phase with higher deformability (which is insignificant and attributable
to the tensioning of the fibers) is not included. The Flax textile reach
higher tensile strength, while the Jute ones show a first part with an
appreciably lower stiffness. The strips’ high deformability at low level of
deformation is associated to the geometric arrangement of the yarns. As
a matter of fact, the textile is formed by yarns incorporating thread that
are diffused variably within the cross-section. The yarns are not aligned
with the tensile stresses, in fact, they always require a starting strain to
be tensioned and lead adding their contribution to the axial stiffness.
Furthermore, there is a various distribution of tensile stresses among the

yarns (29 for Jute and 39 for Flax) because they are not subjected to the
same tension, since they are not loaded to the same stress level.

Flax textiles presented a tensile strength slightly lower than 400 MPa
while in the case of Jute, the textile strength is slightly higher than
100 MPa (Table 3). On the other hand, the strain at maximum load and
the final displacement are quite comparable for both series of natural
textiles (Table 3). Finally, the progressive rupture of the yarns leads to
the breaking of the specimen. The failure, given by the breaking of the
yarns taken place for each sample, is randomly diffused along the
sample’s free length. It is important to note that the axial stresses were
assessed by taking into account their uniform distribution throughout
the area of the specimen’s section and, similarly, the axial strain was
determined by dividing the average displacement of the sample by the
free length of the sample. The stress-strain curves indicate a marked
variability in the mechanical response of the natural textiles, which
appears more pronounced for Jute textiles (Fig. 6).

As a matter of the fact, a coefficient of variation of the maximum load
(an indicator of the variability of maximum load values among samples)
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Fig. 5. Production, testing and schematic representation of the Natural TRMs.

Table 2
Geometrical properties of the produced Jute-TRM and Flax-TRM composites.
Parameter Jute-TMR Flax-TRM
Average thickness [mm] 9.50 8.60
(range of variation) (8.80-10.50) (8.30-9.20)
Textile area within the cross section [mm?] 9.02 4.62
Reinforcement volumetric ratio [%6] 1.90 1.07
Table 3
Mechanical and physical properties of Jute and Flax textiles.
Parameter Jute textile Flax textile
Average tensile strength (textile) - 6max textie ~ 112.30 375.19
[MPa] (90.05-134.80) (329.30-397.60)
(range of variation)
Average strain at maximum load (textile) - 1.85 0.93
€max,textile [%0] (1.58-2.01) (0.77-1.37)
(range of variation)
Average ultimate strain (textile) - €gna [%] 1.76 1.13
(range of variation) (1.54-2.16) (0.98 - 1.32)
Elastic modulus (textile) - E [GPa] 14 43
Mesh density [g/m?] 320 125

is observed to be 14.70% for Jute and 7.28% for Flax samples. This
aspect is related to the origins of these textiles, their production chain,
and to their arrangement within the threads. In fact, it is a typical
behaviour for all the natural textiles used in natural composite systems.

Finally, the elastic modulus was calculated (for each curve) as the
slope of the elastic phase that best approximates the stress-strain curve
in the elastic field, between the values of 40% and 60% of the tensile
strength. The experimental results show that the Flax textile is signifi-
cantly more rigid than the Jute one since the Flax elastic modulus is

Stress [MPa]
F
2

— Jute Textile
----- Flax Textile

0% 1% 2% 3% 4%
Nominal strain [%]

Fig. 6. Stress-strain curves for Jute and Flax textiles under tensile loads.

almost 4 times higher than Jute (Table 3).

3.2. Tensile response of the Natural TRM composites

The following Fig. 7 schematically reports the typical stress-strain
curve generally observed for TRM subjected to tensile loads, which is
characterized by the three clearly identifiable stages described below:

Stage I: during the first part of the stress-strain curve the reaction is
linear until the development of the first crack; the first crack corresponds
to the reaching of a tensile stress equal to the mortar tensile strength. In
this phase, the mortar is uncracked, and the behaviour of the composite
system is similar to the behaviour of the mortar;

Stage II: the second phase of the chart is characterized by the
development of various cracks. During this stage, the shape and
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evolution of the curve are mainly affected by the matrix mechanical
properties, the amount of textile reinforcement, the specimen geometry,
and the boundary conditions acting during the test; this stage allows
evaluating the efficiency of the TRM and inferring relevant statistics. In
fact, it is possible to derive the number of cracks, the crack path, and
some information like the crack spacing and the crack width.

Stage III: The last step starts when the last crack has appeared, and it
is defined by an almost linear branch until the breaking: the textile
governs the behaviour of the composite in the Stage III and the axial
stiffness of the tends to the one of the reinforcing fabrics only.

Fig. 8 represents the textile stress-strain curves for each series of the
Jute-TRM and Flax-TRM systems analysed herein. The graphs proposed
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Fig. 8. Stress-strain response under tensile loads for (a) Jute-TRM and (b) Flax-
TRM composites.
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in Fig. 8 highlights that the strain-hardening response in more evident in
the case of Flax-TRM series (Fig. 8b) than in the case of Jute-TRM series
(Fig. 8a). Aa a matter of principle, the tensile tests show a clear differ-
ence between the mechanical response of the two series of natural TRMs
analysed herein.

In both cases, the first stage develops up to an average range of 0.4%
- 0.5% of average axial strain with the first crack occurring at stress
levels of about 2.00 MPa (average value ranging between 1.90 MPa and
2.10 MPa). As also well confirmed in the literature [43], the average
value of the first crack strength (matrix side) is lower than the tensile
(and flexural) strength of the mortar (measured in accordance with
standard methods for mortar). This result can be attributed to the fabric
embedded within the composite system that causes local concentration
of tensions close the yarns.

Consequently, this discordance is evident in the comparison with the
ideal uniaxial direct tensile conditions. Other relevant studies in the
literature [44] point out that the resulting stress values at the transition
point between stages I and II are always lower (between 15% and 60%)
than the tensile strength of the mortar and, this variation is affected by
the type and amount of reinforcement as well as to the geometrical
properties of the whole composite.

Once the first crack occurs, the cracking stage starts and runs up to
2% of deformation in the case of Jute-TRM series (Figs. 8a) and up to 3%
of deformation in the case of Flax-TRM series (Fig. 8b). The stress drops
reported in the figures represent the crack formation. In the case of Jute
textile, 6-13 cracks occurred while in the case of Flax textile the average
number of registered cracks is slightly higher ranging between 10 and 16
(Fig. 9) as also reported in Table 4.

It is worth mentioning that during this stage, as expected, the stiff-
ness of the stress-strain curves tends to decrease (drop-by-drop) up to
reaching the textile stiffness measured in the tensile tests proposed in the
previous subsection. Furthermore, in both cases, the exploitation ratio,
defined as the ratio between the maximum TRM tensile stress and the
tensile strength of the reference yarn (Table 4) reached significantly
high values: around 98% in the case of Jute-TRM composites and 65% in
the case of Flax-TRM composites. The higher exploitation ratio observed
in Jute-TRM composites cannot be directly attributed to the reinforce-
ment ratio (slightly below 2% for Jute and slightly above 1% for Flax)
but rather to the smaller relative difference between the tensile strength
of Jute yarns/textile and that of the mortar.

In comparison with other data available in the literature [26-31], the
results obtained herein demonstrate that by optimizing the reinforce-
ment ratio (higher than 1% in both Jute-TRM and Flax-TRM series) it is
possible to achieve an efficient composite system with a significant
numbers of cracks formation and, consequently, presenting high effi-
ciency of the whole composite system.

3.3. Cracking pattern

Investigating the crack process development in the TRM during the
tensile tests, both in terms of crack spacing and width, gives the possi-
bility to have another relevant information on the possible application of
Jute/Flax-TRM composite systems. Moreover, the analysis of crack
pattern and its development is of interest also for evaluating the possible
durability issue related to the application of this strengthening com-
posite systems. As a matter of the fact, the crack spacing represents a key
parameter for evaluating the efficiency of a TRM system, as it provides
insights into its behavior as a bi-phase composite. More specifically,
stress—strain curves exhibiting a stiffer behavior are typically associated
with a shorter crack spacing, indicating the formation of a higher
number of cracks. The crack spacing is plotted point by point, consid-
ering the average distance between two consecutive cracks corre-
sponding to the strain at each crack. In this aim, Fig. 10 shows the
evolution of the crack spacing for the two series under investigation.
Both Fig. 10a (Jute-TRM series) and Fig. 10b (Flax-TRM series)
demonstrate that in all cases a regular trend is registered. This is more
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Fig. 9. Representative crack formation for TRM composites: Flax-TRM.

Table 4

Mechanical response of Jute-TRM and Flax-TRM composites.
Parameter Jute-TMR Flax-TRM
Average textile stress at maximum load - 121.39 295.18

Gmax,TRM [MPa]
(range of variation)

(113.51-126.32) (249.08-374.21)

Exploitation ratio [%] 95 61
(range of variation) (72—136) (60—62)
Minimum number of cracks - Nerack, min 6 10
Maximum number of cracks - Derack, max 13 16
Average crack spacing at final stage [mm] 52.23 27.75

(range of variation) (33.33-80.00) (25.00 - 36.36)
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Fig. 10. Crack spacing charts for (a) Jute-TRM and (b) Flax-TRM composites.

apparent for the Flax-TRM series where all the samples reached an
average final value below 30 mm (Table 4). On the other hand, the final

values in the case of Jute-TRM series is higher than Flax and also the
variability for the Jute samples is more marked: this can be attributed to
the lower average number of cracks registered for this series (Table 4).

As a matter of fact, the Flax samples are characterized by the for-
mation of more cracks. Both series show a clear stage-of-cracks in which
diverse cracks come out. Furthermore, concerning the Flax-TRM group it
is worth to mention that it presents a steeper trend characterised by
closer crack spacing which is a direct consequence of a higher number of
occurred cracks and a higher strain value. There aren’t significant dif-
ferences in the slope of the two series of curves, and this means that the
number of cracks, in the first phase, is similar. All these findings can be
also attributed to the intrinsic properties of the employed yarns/textile.
In fact, the Flax yarns are characterised by a significantly lower nominal
diameter (0.068 mm?2) in comparison with the companion Jute samples
(0.196 mm?) as remarked in Table 1. In addition, the higher scatter
registered in the case of Jute-TRM samples (for instance, see Fig. 10a)
can be attributed to the more heterogeneous and irregular shape of the
employed yarn characterising the Jute textile (for instance, see Fig. 2).

Furthermore, looking also at some durability-related issues of the
strengthening system, the presence of crack openings represents a
relevant aspect. It is worth to highlight that the average crack width
(wp) can be calculated, at each strain stage (¢), using the following
formula:

€ — E1crack

Wi(e) = L [mm] @

Neracks,e

where:

® £1crack 1S the value of the strain at the appearance of the first crack,
expressed in [%] (definition of Stage 1 as described in “Section 3.27);

e L represents the longitudinal gauge portion of the TRM samples,
expressed in [mm];

® Tcracks,e 1S the number of cracks observed on the gauge length at the
determined strain e.

In this equation it is assumed that the matrix exhausts its whole
elastic deformation before the first crack occurs. During the following
two stages, Stages 2 and 3 as described in “Section 3.2”, the strain is
attributed only to the textile deformation. In this context, Fig. 11 pro-
poses a comparison between the average crack width-strain curves for
the natural TRMs under evaluation.

The average crack width of the Flax is lower than that exhibited by
the Jute specimens for the same deformation level of the TRM com-
posite. This can be associated with the higher nominal diameter of the
Jute yarns (Table 1) although it leads to a significantly higher rein-
forcement ratio in the case of Jute-TRM series (Table 2). The graph
proposed in Fig. 11 describes the first step into a logical pragmatic and
realistic method for evaluating the feasibility of using natural TRM
composites for the strengthening of masonry structure and retrofitting.
As a matter of principle, the main parameter that can be controlled at the
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Fig. 11. Average crack width Jute-TRM and Flax-TRM composites.

design stage is the reinforcement ratio which can guarantee adequate
mechanical performances while at the same time keeping under control
the crack width that can be associated with the durability-related issue.

3.4. Pull-out: comparison of bond strength between direct and indirect
method

One of the main mechanical parameters defining the response of
TRM systems is the average value of the adhesion stress between the
natural reinforcement and the lime-based matrix in which the yarns/
textile are embedded.

In principle, this parameter can either be obtained from direct pull-
out tests (i.e., direct method), or from the TRM tensile test results (i.e.,
indirect method), following the approach proposed in the literature by the
authors of this study [32]. On the one hand, the “direct” evaluation of
the average bond strength is based on pull-out tests and can be estimated
as follows:

Frnax N
T = max.pull 2} (2)
lemb ‘Pyarn MM

where:

® Fraxpun is the maximum pull-out force applied to the yarn, expressed
in [N];

o L, is the embedded length of the yarn in the matrix, in this case
always equal to 10 mm;

® Dyam is the perimeter of the yarn embedded in the matrix, equal to
“w e D” (where “D” is the nominal diameter of the yarn, expressed in
[mm]).

On the other hand, the “indirect” determination of the average bond
stress (7)) is based on assuming that the tensile strength developed at
distance Ax from the crack is equal to the maximum tensile strength of
the mortar matrix:

A N
Tm :ft,malnx m.eq [ ] (3)

AXDrextite mm?

where:

® fimarrix is the matrix tensile strength (by assuming that frmarix=1.1-f;
matrix), €xpressed in [N/mm?]

® Apeq is the equivalent transverse section area of the mortar,
expressed in [mm?] ;

e Ax is the half of the average crack spacing, expressed in [mm];

® Diextile iS equal to the product between the perimeter of the single yarn
and the number of yarns contained in the specimen cross-section: 46
and 64 for Jute-TRM and Flax-TRM, respectively (assuming the single
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natural yarn presents a circular cross section, the single yarn
perimeter is evaluated from the average cross section reported in
Table 1), expressed in [mm].

It is worth highlighting that in these calculations the equivalent area
of the mortar transverse section Ap, ¢q is determined by considering by
subtracting the textile volume from the gross TRM volume:

VTRM - Vtexrile

Am.eq = [mmZ] (4)

LTRM

where:

e Vygry is the gross volume of the sample, expressed in [rnm3];
® Vieyiile is the volume of the fabric, expressed in [mm3];
e Lygy is the gauge length, in this case equal to 400 [mm].

As explained in a previous study [32] the value of Ax can be assumed
as the half of the average space between two consecutive cracks, which
was calculated during the analysis of data collected during the experi-
mental campaign (Table 4) at the final stage of the test.

All the obtained values related to the bond strength evaluation in
accordance with Egs. 2 and 4 are plotted in Fig. 12. The bar charts in
Fig. 12 clearly show that the main bond strength of Flax textile is
significantly higher than Jute and this can be associated with the lower
nominal diameter and greater stiffness of the Flax yarns. In addition,
being the Flax yarn nominal diameter lower than Jute (Table 1), it is also
possible that the assumption of the circular cross section is less consis-
tent for the Flax yarns and, consequently, the theoretical perimeter of
the yarns evaluated in this section is underestimated, leading to an
overestimation of the resulting bond strength. The very interesting and
relevant result is that the values obtained with the two different methods
are very similar; in fact, for Flax, almost the same value was recorded.
The analytical model, although simplified, assumes that cracking occurs
when the maximum bond stress is reached uniformly across the entire
interface surface. Despite this idealized assumption, the model accu-
rately describes the behavior of the composite, in good agreement with
experimental results.

The average bond strength values reported in Fig. 12 also further
clarify and explain the results summarised in the previous section. As a
matter of principle, as also well stated in the literature [26] this
parameter play a fundamental role in defining the resulting mechanical
response of the TRM system under tensile loads and, consequently,
leading to have a higher number of cracks and lower cracks width as also
highlighted in Fig. 8 and Fig. 11.

O Indirect (Analytical)

B Direct (Pull-Out,
2,5 irect (4 4 2,26 2,29

[ -

2,0

Tw - Mean bond strength [MPa]

0,5

0,0

Jute Flax

Fig. 12. Estimation of main bond strength for Jute-TRM and Flax-
TRM composites.
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4. Conclusions

The present study summarized the results of an experimental
campaign aimed at investigating the mechanical response and the effi-
ciency of two different series of natural TRMs internally reinforced with
Jute and Flax textiles. The following main aspects can be remarked:

— the two types of natural textile reinforcement analysed herein pre-
sent relevant different properties in terms of physical/geometric
characteristics and mechanical performances; in fact, the Flax textile
is characterized by single yarns presenting lower nominal diameter,
higher tensile strength and higher elastic modulus in comparison
with the Jute ones;

— the high (above 1%) reinforcement ratio for both analysed TRM
systems demonstrates the composite behaviour of the improved
samples tested under tensile loads: as a matter of the fact, in both
cases a significant number of cracks was observed, which is the result
of an effective bond interaction between the two composite phases;

— the exploitation ratio was quite high in both analysed cases and
almost close to 100% in the case of Jute-TRM composites: this can be
mainly attributed to higher reinforcement ratio (almost 2%) char-
acterizing the TRMs containing the Jute fabrics;

— an higher number of cracks was registered on average in the case of
Jute-TRM systems, and, consequently also the average crack width
was slightly lower in Flax-TRM systems;

— the average bond strength established between the matrix and the
reinforcement, for both types of fibers, was determined both through
direct and indirect methods by exploiting the results of pull-out and
tensile tests, respectively: the two methods led to highly consistent
results for both the Flax- and the Jute-reinforced TRM systems
considered in the present study;

— it is worth highlighting that the bond strength of Flax textiles was
significantly higher than Jute ones and this can be associated with
the lower nominal diameter of the Flax yarns; moreover, thanks to its
more compact structure, the Flax textiles developed more higher and
more stable adhesion values.

As future step of the present research and with the aim to promote
some possible practical applications, it is relevant to highlight that
further studies are under development to investigate relevant open is-
sues such as: durability and long terms performance of the natural tex-
tiles embedded in inorganic matrix (e.g., applying some possible
coating/impregnation techniques); numerical simulation of the tensile
response of the natural TRM subjected to tensile loads, and experi-
mental/theoretical study masonry elements externally strengthened by
natural TRM also in comparison with traditional techniques already
adopted in the current practice.
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