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Abstract: The present work aims to characterize the mechanical behavior of a new composite
material for the conservation and development of the vast historical and architectural heritage that
is particularly vulnerable to environmental and seismic actions. The new composite consists of
natural hydraulic lime (NHL) -based mortar, reinforced by sisal short fibers randomly oriented in
the mortar matrix. The NHL-based mortar ensures the chemical-physical compatibility with the
original feature of the historical masonry structures (mostly in stone and clay) aiming to pursue
both the effectiveness and durability of the intervention. The use of vegetable fibers (i.e. the sisal
one) is an exciting challenge for the construction industry since they require a lower degree of
industrialization for their processing, and therefore, their costs are also low, as compared to the
most common synthetic/metal fibers. Beams of sisal-composite sizing 160x40x40 mm?3 with a central
notch are tested in three-point bending, aiming to evaluate both their bending strength and fracture
energy. Also, tensile tests and compressive tests were performed on the composite samples, while
water retention test and slump test were performed on the fresh mix. Finally, the tensile tests on the
Sisal strand were carried out to evaluate the tensile strength of both strand and wire. A final
comparison with unreinforced mortar specimens shows that the proposed composite ensures great
workability and good performances in term of ductility and strength and it can be considered a
promising alternative to the classic fiber-reinforcing systems.

Keywords: masonry; composite; short fibers; natural hydraulic lime; sisal; three-point bending test;
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1. Introduction

Masonry structures constitute a significant part of the most valuable existing
historical and artistic real estate heritage around the world. These structures are
particularly vulnerable to environmental and seismic actions, as highlighted during recent
calamities (e.g. Kashmir 2005, L'Aquila 2009, Christchurch 2011, Emilia 2012, Amatrice
2016). Under earthquake excitation, masonry structures are subjected to multi-directional
ground motions, which causes in-plane and out-of-plane loads and eventually provokes
their collapse [1-8]. In the last decade, there has been a growing demand in protecting
masonry heritages because of decades of studies and investments in this field as well as
the necessity to maintain and to pass them to future generations.

Nowadays, fiber-based strengthening systems are commonly adopted for the repair
and reinforcement of historic masonry structures as an alternative to traditional systems
(i.e. reinforced drilling or steel-reinforced concrete plaster). Despite the development of
the fiber-based strengthening system began in the 1960s [9], this technology has been
commonly adopted for masonry only in the last decade because of the increasingly strict
rules required by conservation committees for heritage preservation. Indeed, the
efficiency of the strengthening system is now required in combination with low
invasiveness of the strengthening solution and high compatibility with the original
structures.
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Among modern and innovative solutions of intervention on existing structures,
composite materials, such as the Fiber Reinforced Polymers (FRP) [10] or the Fiber
Reinforced Cementitious Matrix (FRCM) [11,12], have been increasingly considered for
the strengthening of both modern and historic masonry constructions (buildings, bridges,
towers) and individual structural components (walls, arches and vaults, pillars, and
columns). These technologies comprise the use of composites material characterized by
uni or bi-directional long fibers. These materials are proven to be effective in increasing
the load-carrying capacity of masonry elements and improving their structural behavior
through a reduction of critical brittle failure modes. Most importantly, the increase in
strength is obtained with a lower increment of the structural weight, as compared to the
traditional ones (e.g., steel-reinforced concrete plaster). For the global strengthening of
historical masonry, the use of the FRCM is more adequate than the use of FRP because of
the irregular surface of the masonry substratum and the typical disaggregation failure of
that structure [13-17] as well as the issues of the FRP related to the use of epoxy adhesives
(incompatibility with the original constituent material of the masonry structure,
reversibility of the intervention, durability) [18,19].

A common disadvantage of both the FRCMs and FRPs concerns the orientation of
the fibers in specific directions: the FRCMs are characterized by fiber strands oriented in
a bidirectional way; the FRPs are characterized by a prior defined fiber direction (usually
along the diagonal and the edges of the walls). It is worth noting that fibers activate their
excellent tensile properties along their axial direction, whereas they have negligible
properties in the other directions (e.g. [20]). However, tensional states induced by seismic
events do not act in a single and defined direction, and therefore the classic fiber-based
systems may not be very efficient.

The present work is part of a larger research program that investigates the
repair/strengthening systems for the historical and architectural masonry heritage
through sustainable composite materials by replacing: (i) the cementitious nature of the
classic strengthening system with the lime-based material; (ii) the most used inorganic or
synthetic fibers with organic natural ones. In particular, the new composite was
developed by using a natural hydraulic lime (NHL) mortar, reinforced by short sisal fibers
randomly oriented in the mortar matrix.

Using NHL-based mortar aims to ensure the chemical-physical compatibility with
the original feature of the historical masonry structures (mostly in stone and clay) to
pursue both the effectiveness and durability of the intervention [21-23]. Indeed, the NHL-
based mortar is considered a promising alternative to cement materials when high
compatibility with historical substrates is strictly required. The proposed composite is
conceived to be applied as a coating on masonry surfaces, presenting greater advantages
in terms of easiness and time application in situ, as compared to the other classical fiber-
systems. Suffice it to say that it can be applied in a unique phase, consisting of the
application of a single layer of the product to the masonry surface. This would consistently
reduce the cost and the impact of seismic and energy retrofit of built heritage.

Incorporation of fibers into mortar/concrete materials can significantly improve the
tensile strength, ductility, toughness, and durability of the material by preventing or
controlling the initiation and propagation of cracks [24] thanks to the fiber bridging
mechanism.

Furthermore, the introduction of short fibers reduces the use of the cement/lime
materials with a consequent reduction in production (and soil consumption) and energy
consumption. Indeed, the cement and lime production processes are energy-intensive and
produce plenty of COs.

The mechanical behavior of lime-based mortar (reproducing the compositions of
historical one) and reinforced by randomly oriented short glass fibers was investigated in
[23]. The results obtained with various types/content of fibers in binders highlighted that
composites ensure increased strength and excellent ductility capacity, thus making them
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a promising alternative to traditional (long) fiber reinforcement systems, even for ancient
constructions.

The use of the fibers of different nature (steel, carbon, aramid, plastic, glass, cast iron,
polypropylene, polyacrylonitrile, polyolefin, etc.) is usually adopted for high-
performance applications, such as automobiles and aircraft industries, and is greatly
increased for concrete structures (e.g., industrial concrete slabs, structural or
nonstructural precast elements, and tunnel coatings).

However, the high-performance of composites with metallic/synthetic fibers are
difficult to recycle as the separation of the components is quite difficult to perform. This
has often led to unsatisfactory disposal of those materials that cause vast environmental
impact [25-27]. Furthermore, it is worth noting that these materials are non-renewable
resources.

Academic and industrial efforts are continuously engaged to develop new materials
that can provide efficient alternatives to conventional construction materials and improve
the energy efficiency in buildings or can repair and protect existing structures. This new
generation of materials, before an actual market entry, needs to be carefully analyzed,
especially in their long-term performance.

Using vegetable fibers in the mortar (or concrete) is an exciting challenge for the
construction industry since they require only a low degree of industrialization for their
processing and therefore, they are cheap compared to the conventional metallic/synthetic
fibers. Furthermore, the advantage of using natural fiber is that it is readily available and
environmentally friendly.

Natural fiber-reinforced composites are emerging very rapidly thanks to
developments in research aimed to improve the durability limitations, as treatments and
coating systems [27,28]. Natural fibers can replace conventional metallic/synthetic fibers
in several applications [28-40] although they are mainly adopted for non-structural
components such as roofing tiles, concrete masonry blocks, slab for roofing, and
construction of water tanks [39].

The most used natural fibers in the civil engineering field are sisal, henequen,
coconut, flax, bamboo, hemp, jute, ramie, wood, palm, banana, and pineapple. In
particular, natural fibers composites show good mechanical properties, implying reduced
thickness and low weight.

The low elasticity modulus of natural fiber improves the energy absorption of
composites in the post-cracking behavior. Indeed, randomly distributed short fibers in
quasi-brittle matrices (i.e. mortar or concrete) can significantly improve the response to
impact solicitation due to the enormous ability for dynamic energy dissipation [40-42].
The main differences observed for the various natural fibers is well described in [43] in
terms of: (i) hygric, chemical and mechanical structure; (ii) fiber-cement composite
properties and performance; (iii) enhancement of the properties of plant-based fiber
reinforced cement composites.

In the present work, the sisal fibers were adopted, aiming to improve the mechanical
properties of the lime-based reinforcing mortar.

Sisal fiber is a hard fiber extracted from the leaves of the sisal plant (Agave sisalana).
Though native to tropical and subtropical North and South America, the sisal plant is now
widely grown in tropical countries of Africa, the West Indies, and the Far East. Nearly 4.5
million tons of sisal fiber are produced every year throughout the world, especially in
Tanzania and Brazil [37,38]. In general, a sisal plant produces about 200 - 250 leaves and
each leaf (weighing about 600 g) contains about 1000 fiber bundles (about 3% by weight;
it is worth noting that 90% is water) [44]. It is worth noting that the cost of sisal fibers per
unit weight is about 10% of the cost of glass fiber, although the mechanical properties of
sisal fiber are clearly lower than glass fiber [45].

Regarding the mechanical characterization of sisal fibers, a study [37] concluded that
no significant variation of mechanical properties was observed in the tensile test by
varying the fiber diameter. However, both the tensile strength and the ultimate elongation


https://doi.org/10.20944/preprints202107.0431.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 July 2021 d0i:10.20944/preprints202107.0431.v1

4 0f 28

decrease while Young's modulus increases with fiber length. In that research, it was also
highlighted the dependency of the mechanical behavior of the sisal to the test speed.
Indeed, for high strain rates (500 mm/min) one can observe a sudden fall in tensile
strength mainly because of the presence of imperfections in the fiber causing immediate
failure. On the contrary, at very slow test speeds, the fiber behaves like a viscous liquid
because of the internal microstructure of the fiber. The effect of the test speed on the
mechanical properties of the fibers was also found in [38] for other natural fibers (i.e. the
sun-hemp one).

The mechanical properties of sisal fibers obtained from different age at three different
temperature were investigated in [46]. Results showed a decrease of the tensile strength,
modulus and toughness values of the sisal fiber for increasing temperature and mainly
attributed to the more intense removal of water and/or other volatiles originally present
in the fibers, which otherwise act as plasticizing agents in the chains of the cellulose
macromolecule.

Tensile strength of sisal fibers decreases up to 50% if immersed in a PH12 solution
for 28 days [40]. Hence, to avoid aging effects in the composites, some approaches should
be adopted, such as an application of a protective coating, high casting compaction for
providing matrix carbonation (with the addition of silica fume if necessary), and use of
clow alkaline binders based on blast furnace slag and fly ash (e.g. [47]). In [40] is well
described the effect of various treatments on the composite properties.

Furthermore, several researchers investigated the properties of composites
reinforced by sisal fibers. In [48] a cementitious matrix reinforced with untreated bi-
directional fabrics of sisal fibers were mechanically characterized by tensile tests
performed on both single yarns and composite strips. Results showed good adhesion of
those fibers with the mortar matrix, demonstrating an appreciable ductile behavior and
moderate tensile strength for such composites.

Cement-based composites reinforced with long unidirectional aligned sisal fibers
under both direct tensile and bending tests aiming to determine the first crack, post-peak
strength, and toughness of the composites were investigated in [49]. Results showed the
potential of the use of that fiber type for semi-structural and structural applications.
Furthermore, it was highlighted that drying shrinkage in the mortar can increase with the
presence of sisal fibers, as the porous nature of the fiber, at the microstructure level,
created more moisture paths into the matrices leading to higher drying shrinkage.

The mechanical behavior of cement mortar reinforced by sisal fiber with different
lengths was investigated in [50]. The results indicated that the introduction of the fibers
leads to a decrease in compressive strength and an increase of the fracture toughness (the
latter proportional to the fiber length), as compared to the plain cement mortar.

From another research [51], it was also highlighted that the addition of short sisal
fibers to cement matrices tends to reduce the peak stress, strain at failure, and elastic
modulus of the matrix and increase the toughness of the matrix. Furthermore, the elastic
properties (peak stress, elastic modulus, and peak strain) of the composites reinforced
with sisal fiber 50 mm long were smaller than those obtained with fiber 25 mm long. The
toughness index, on the other hand, was less affected by the increase in the fiber length.

A reinforcement consisted of sisal fibers yarns impregnated with a water-based resin
and embedded in an inorganic matrix based on natural lime was tested under both tensile
and single-lap shear tests [52]. For the impregnated yarns, the mechanical characterization
of the composite evidenced an elastic-brittle behavior with a higher tensile strength with
respect to dry fibers yarns (difference of about 15%), due to a more uniform distribution
of the stresses among the fibers. In single-lap shear tests, a progressive, the tensile failure
of the yarns was always attained, and no slip was observed at the masonry-mortar
interface. This behavior was due to the adequate bond length (260 mm) that avoided
debonding or sliding failures.

Cement- based composite (with partial replacement of Portland cement by 30% of
metakaolin and 20% of calcined waste crushed clay brick to improve the durability)
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reinforced by long sisal fibers was investigated in [53]. The mechanical response of the
composed was measured under both tension and bending tests. The composites showed
high modulus (more than 30 GPa) at linear-elastic zones ranges and ultimate strengths of
12 and 25 MPa under tension and bending tests, respectively.

A comparison between sisal, jowar and bamboo fibers embedded in a polyester resin
matrix and tested under both tensile and bending tests was proposed in [54]. In that
research, the better performance of the jowar fibers was observed, suggesting the idea to
propose that comparison in future research also for mortar-based composite instead of the
polyester resin one.

The mechanical characterization of the proposed composite, defined by a lime-based
mortar strengthened by short sisal fibers randomly diffused in the mortar matrix, was
experimentally performed and discussed in this paper. Beams with dimensions of
160x40x40 mm? with a central notch were tested in three-point bending, aiming to
evaluate both the bending strength and the fracture energy of the composite material.
Then, compression tests were conducted using 80x40x40 mm? prismatic mortar specimens
obtained from the two-half specimens tested in three-point bending.

2. Test campaign

In this study, Sisal fibers derived from Aloe plants were employed. In particular, the
ratio between the length and the average diameter of the fibers and the fiber content on
both the tensile and compressive strengths, as well as the workability of the mixture were
investigated. Authors paid special attention to the fibers selecting, chosen on the base of
their length I1. In fact, is known from the literature that the higher fiber length, the higher
the mechanical properties of the mixture and the lower the workability; in particular, the
negative effects of the long fibers occur in the mixing phase and especially when the
mixture is applied with spraying technique on the masonry surface (almost the unique
possible application of this kind of product).

Following their recent work on the reinforced lime-base mortar with glass fibers [23],
authors have defined two sets test with two different fibers length, 24 mm and 13 mm,
respectively named F1 and F2. At the time, the low spread of this kind of fibers does not
allow an industrial develop than it can provide the fibers according to the needs of the
user. Therefore almost all companies who work in this field provide the Sisal wires under
shape of spiral strand in woven fabric or wrapped in reels, as shown in figure 1.

The spiral strand with 2 mm diameter is carefully cut to the predefined length (24
mm and 13 mm) and unwrapped until to obtain single fibers with an effective diameter
equal to 0.028 mm, measured via stereo microscope as shown in the picture of figure 2.

As opposed to found in [23] about the glass fibers, here the Sisal fibers wouldn’t seem
treated with any impregnation, at least to visual and tactile inspection.

Geometrical and mechanical parameters are summarizing in the following table 1,
where [ is the fiber length, d; is the diameter of the single yarn, d} is the diameters of the
strand, psyp is the density, Ef is the Young's module, f ; is the ultimate tensile strength
and g, is the ultimate strain. The first two parameters and f,; have been directly
evaluated on the fibers and from technical datasheet, while the density is taken from
literature. It is worth to noting that the ultimate tensile strength f; » evaluate by testing,
matches the values from literature.

Table 1. Geometrical and mechanical properties of the Sisal fibers used in the experiments.

Name [f[mm] df[mm] d[mm] Jw [kN/m3] fir[MPa]

F1 24

= 3 0.28 2.0 10.6 130
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Four components have been used to realize the dry mortar: binders, chemicals, fibers
and aggregates, exactly mixed following the same order; water was added as last
component during the mixing phase. The sieve curve for aggregates includes sand with
size ranging from 0.1 mm to 1.2 mm. The mixture ratio design is given in Table 2.

Table 2. Mixture ratio of the mortar.

Family Component %
Lime 30
Binders!
mders Portland cement 70
Fluidizer 0.2
hemicals?
Chemicals Resin 0.1
Fibers? Sisal 0.6, 0.75,1.00
Aggregates? Sand 65
- Water 202 (80)2

1Respect the total weight of the binder
2Respect the total weight of the product

Having been mixed by the mortar mixer, the mortar was cast in the three-gang prism
mould measuring 160 mm in length, 40 mm in height and 40 mm in thickness each and
vibrated according to the standard code EN 1015-11 [55]. As final step, the three samples
are subjected to the slump test (section 3.1) to evaluate the workability. For the next 48
hours the samples were kept moist on the shelves in a conservation room where the
temperature is kept under steady condition (20+2°) and the relative humidity is kept
above 95% by atomization. At the end of this first step, the molds were removed and the
specimens were left in laboratory condition for 26 days with room temperature and
relative humidity of 20° and 60 %, respectively. After 28 days the specimens are subjected
to three-point bending test (section 3.2) and each couple of pieces of the broken sample
were used to determine tensile strength section 3.3) and compressive strength section 3.4).
Testing procedure is explained in the next paragraph.

Test campaign has engaged a total of 53 mortar samples, three unreinforced and 50
fibrous mortar samples (nine samples for each three-fiber content for both length, except
for the set with fiber content 0.75% and fiber type F1 where 5 specimens have been done).

(b)

Figure 1. The two most common shapes of fibers commercially available: (a) woven fabric; (b) reels. They are briefly named
as RM1 and RM2, respectively, in the water retention test.
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Figure 2. 40X magnification of Sisal wire with Leica stereo microscope. Scale in micrometer (1 m=0.001 mm)

Starting from the shapes shown in figure 1, fibers were unwrapped and cutted.
Figure 3 shows the work steps through which fibers were obtained.

a) (b)

Figure 3. Fibers preparation steps: (a) unwrapped of spiral strand; (b) 13 mm short fibers after cutting.

In order to better investigate the effect of the fibers on the mechanical properties of
the mortar, as done in their previous work [23], authors decided to keep the limit of lime
at 30% with the goal to reduce the dispersion of the data. Indeed, it's noted from literature
that the natural hydraulic lime (NHL) is affected by the higher variability of its mechanical
properties respect the cement. Consequently, the mixture obtained it’s more properly
defined as “lime-based”, rather than “pure-lime mortar”.

The effect on the mechanical properties of the mixture was studied using different
fibers density, in particular three percentages of fibers were taken: 0.6%, 0.75% and 1.00%
of the total weight of the product. Table 3 summarizes the aspect ratio of the fibers
compared with the total weight and volume of the single specimen.
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Table 3. Fibers aspect ratio compared with a mortar specimen of dimensions 40x40x160 mm.

Name [s[mm] % respect the total weight Fibers number  Fibers volume [mm?3] % respect the total volume

F1

F2

24

13

0.60 1965 2830 1.0
0.75 2457 3538 1.3
1.00 3276 4717 1.7
0.60 3627 2829 1.0
0.75 4534 3537 1.3
1.00 6045 4715 1.7

Fiber weight and volume of 13 mm length: 8.27®10g/0.78 mm3
Fiber weight and volume of 24 mm length: 15.26@10+# g//1.44 mm?

It is worth notice that unreinforced specimens with the same mix design of the
reinforced ones have been made. Therefore, any increase of mechanical properties of the
fibrous mortar is due only by the fiber content.

3 Performances appraisal methods

Tests are conducted on the fresh and hardened mortar in reinforced and unreinforced
configuration, and on the Sisal fibers in the form of strands. Just the last paragraph refers
to the Sisal fibers, while the other paragraphs refer to the mortar in the mentioned
configurations.

3.1 Evaluation of the workability

Fresh concrete or mortar properties are generally tested via slump test, the most
widely used test for assessing the workability of concrete of normal consistency (where
slump is ranging from 10 mm to 200 mm).

When the expected values are closely to the upper bound, the flow table test
represent the better method to check the consistency of the mortar.

More specifically, both method aims to assess the consistency of freshly made mortar
immediately before to cast of the batch in the mould, measuring its tendency to flow.

From practical point of view, the test has been performed following the procedure
reported in the code EN 1015-3 [56] and ASTM C1437 [57] and using the Hagermann’s
flow table to shake each batch of mortar.

3.2 Water retention test

The fiber acts as a structural reinforcement for quasi-brittle materials, serving as a
bridge for stress transfer in the cracks that may appear in the mortar matrix. However, the
use of fibers reduces the fluidity of the material, which can cause negative impact in the
workability of the mixture in the fresh state. Among other reasons, the workability
reduction is due to the fact that the fibers partially absorb the water present in the mortar
mixture. Thus, understanding the amount of water retained by the fibers when they are
dispersed in the mortar matrix is fundamental. With this aim, the water retention test,
regulated by the UNI-EN 459-2 [58], is a powerful methodology that can be adopted.

Specifically, in this section two water retention tests are performed on: (i) an
unreinforced lime-based mortar and (ii) the same lime-based mortar reinforced with
natural dispersed fibers. Expressing the water retention (wr) as the percentage of water
which remains in the mortar mixture after short suction time, the difference between the
water retention of the fiber-reinforced mortar and the water retention of the unreinforced
mortar corresponds to the amount of water retained by the fibers.

3.2.1 Technical procedure

The test apparatus consists in two glass plates of 200 mm x 200 mm x 5 mm, one filter
paper plate of 190 mm x 190 mm x 2 mm, a nonwoven tissue of 185 mm in diameter, a
conical plastic ring of 140 mm smaller and 150 mm larger inside diameter and 12 mm in
height. It is worth noting that the temperature and the relative humidity of both the
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apparatus and the test room was verified to be about 20 °C and more than 50 %,
respectively.

For the determination of the water retention, the water fraction W1 of the mixture
has been set to 20%. First, one glass plate was weighted (m1). Second, the weight of the
dry filter plate together with the glass plate was measured (m2). Thus, the nonwoven
tissue was placed on top of the assembly dry filter plate-glass plate and they were
weighted together (m3). Then, the plastic ring with its smaller opening downwards was
put on top of the aforementioned assembly and the total weight was pointed out (m4). At
this point, the mortar was placed in the plastic ring quickly and uniformly and the
assembly was weighted (m5) and covered with a glass plate. Finally, the test arrangement
was inverted and the filter plate was weighted (m6). The mass of the water absorbed by
the filter is given by the difference between m7 = m6 — (m2 —m1). The mass of the absorbed
water was measured at times t1= 3 min, t2= 10 min, t3= 60 min. Three procedures were
carried on for: the unreinforced mortar (UR), the mortar reinforced with natural fibers
Type 1 in the amount of 0.75% of the total weight (RM1) and the mortar reinforced with
natural fibers Type 2 in the amount of 0.75% of the total weight (RM2).

Following figure 4 and figure 5 shown the typical test arrangement and the phases
with which the amount of the absorbed water is determined.

o =200
0170
@150

=140

o 77 7 Z

205

—
| / /
45 e 3

e e ey

Figure 4. Typical test arrangement for determining the water retention of fresh mortar.

R

Figure 5. From the right: glass plate (GP), GP and filter paper plate (GFP), GFP and nonwoven tissue (GFPT), GFPT and
plastic ring (GFPTR), GFPTR with fresh mortar placed.

3.3 Three-points bending test

Three points bending test (3PBT) was performed on several specimens of 160 mm in
length, 40 mm in height and 40 mm in thickness. A notch with thickness t, and depth a
equal to 2 mm and 6 mm, respectively, was fabricated on the mortar sample, resulting
with a notch to beam depth ratio a/d equal to 0.15 [23]. Figure 6 illustrates the scheme of
the load and the boundary conditions related to the beam under 3PBT.
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Figure 6. Pictures of the 3PBT carried out at the LPMS of L’Aquila. (a) Notched beam adopted in the tests; (b) setup of a
specimen with the Zwick Roell hydraulic machine used for applying the load under displacement control.

The nominal distance between the supports was 100 mm, the width d and the
thickness b were equal to 40 mm. The loading P, prescribed in displacement control
conditions, was applied at the midspan of the beam. Two rollers at the bottom
corresponded to the assigned boundary condition and allowed free horizontal movement.

The aim of the 3PBT is to determine the peak bending stress of and the fracture
energy Gf. Several approaches exist to determine the Gf, but the most widely valid
formulation is the one recommended by RILEM, according to which the total energy Gy is
given by the following expression:

_ W0+m-g-60
T (da)

Where W, is the area subtended by the load-deflection curve, m is the weight of the
beam between the two supports, calculated as the beam weight multiplied by 1/L, g is the
gravity acceleration, & is the deformation at the failure condition of the beam, b is the
beam width, a is the notch-depth.

Next, the bending stress ; was computing according to the following equations:

3PL
2b-(d-a)2

It is worth noting that for P = P,,,, the previous equation gives the bending strength.
As already mentioned, all the tests were performed in displacement control condition
by an hydraulic testing machine (Zwick Roell) in the Laboratorio Prove Materiali e
Strutture (LPMS) in L’Aquila University. The samples were subjected to a vertical
displacement imposed by setting a constant velocity of 0.5 mm/min. During the test both
the Force P and deflection d history were automatically recorded by the testing machine.

3.4 Tensile test

In this section, the splitting tests (ST) are illustrated aiming to measure the tensile
strength of the samples. The splitting test procedure, also called Brazilian tests, in an
indirect way of measuring the tensile proprieties of materials. Better than other direct
ways of measuring the tensile capacity of the specimens, splitting procedure has the
advantage that can easily be performed on the specimens, the scattering of data are very
low, the suitable shapes of the samples can have a large variety of configurations, as
cylinders, prisms, cubes. ST provides the sample to be compressed with a load
concentrated on a pair of antipodal points. In this way, tensile stresses are induced
perpendicularly to the applied load, with a magnitude proportional to the applied load.

@

)

O¢=
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When the internal stresses exceed the tensile strength, a crack triggers at the
geometric center of the sample, in accordance with Griffith criterion [59]. If the trigger of
the fracture does not happen in the geometrical center of the specimen, the ST can not be
accepted as representative of the tensile capacity of the sample. Moreover, ST provides
the fracture to be vertical and should be included within the two compressed point where
the external load is applied.

In this study, ST is performed on 40 mm x 40 mm x 80 mm prismatic mortar
specimens obtained from the two-half specimens representing the broken pieces of the
3PBT, as shown in figure 7.

L’/2 ;
LI

< >
< >

Figure 7. Setup of the tensile test carried out with the Zwick Roell machine under displacement control at the LPMS of

L’Aquila.

The specimens were loaded at a constant displacement rate of 0.5 mm/min. All the
test were carried on in the LPMS in the L’Aquila University. Both the force P and the
vertical displacement 6 were directly recorded by the test machine.

Then, the tensile stress f, can be computed by using the following equation:

2P
T/ ——
In the previous expression, when the load P reaches the maximum value Pumax, the
tensile strength can be computed.

®)

3.5 Compression test

This section shows the compressive tests carried out on the fiber reinforced mortar
specimens aiming to understand their compressive strength. The dimensions of the
prisms were 40 mm x 40 mm x 80 mm, and this sample were one of the two-half specimens
resulting from the 3PBT.

The detail of the test apparatus, the loading configuration and the assigned boundary
conditions are illustrated in Figure 8.
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Figure 8. Setup of the compressive test carried out with the Zwick Roell machine under displacement control at the LPMS

of L’Aquila.

The distributed load P was applied on a squared area of 40 mm x 40 mm, while the
specimens were placed on a squared area of 40 mm x 40 mm on their bottom side. The
compressive tests were performed in displacement control conditions with a constant
displacement rate of 1 mm/min.

To compute the compressive stress, the following equation can be adopted:

P
frot )

When P=Pwmax the compressive stress represents the compressive strength.
Moreover, using the following equation it is possible to compute the vertical strain
&y

e )

3.6 Tensile test of Sisal strands

This section shows the tensile tests carried out on the Sisal fibers strands, in order to
define the tensile strength. Fifty cm length and 3 mm diameter of fibers samples were used
to determine the tensile strength of the Sisal.

All the specimens have been tested for tensile strength and tensile elastic strains by
means of Zwick Roell testing machine. All the results were recorded by dedicated
software directly in Newton and millimeter units. The average specimens diameter was
measured by means of micrometer and their gauge length were measured by means of a
tape measure. The first tests have failed because the pressure required to avoid the wire
sliding induced fiber tearing and thus the cut in correspondence to the machine clamps.

This means that the sliding failure happened before the maximum strength of the
fiber has been reached. To overcome these drawbacks, the specimen was fixed between
two pieces of wood with epoxy adhesive as shown in Figure 9. This adjustment allowed
to carry out a representative number of tests reaching the tensile failure of the fibers and
therefore characterizing its tensile strength.
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Figure 9. Setup of the tensile test of the strands carried out with the Zwick Roell machine under displacement control at
the LPMS of L’ Aquila. a) in evidence the wooden ends protecting the strands by tearing due to the pressure of the clamps;
b) typical tensile failure of the strands.

4. Test results, discussion and further development

The results of the water retention tests are presented in following three tables and
figure 10, regarding two types of fibers extracted from the woven fabric and reels,
hereinafter briefly called RM1 and RM2, respectively. In particular, table 4 shows the
results for the water retention test performed on the unreinforced mortar (UR), table 5
provides the results of the water retention test performed on the mortar reinforced with
RMI1 dispersed fibers and table 6 reports the results of the water retention test performed
on the mortar reinforced with the RM1 dispersed fibers.

Table 4. Results of the water retention test performed on the unreinforced mortar.

mai mz ms ma4 ms mse mz Wr
[g] (8] [g] [g] (8] (8] (8] [%]
ts 578.76 | 600.69 | 601.35 | 686.49 | 99822 | 23.00 1.07 96.66

t1o 589.03 611.71 612.38 697.81 | 1030.67 24.59 1.91 95.35
teo 581.25 603.62 604.34 689.99 | 1051.61 25.75 3.38 93.20

Table 5. Results of the water retention test performed on the mortar reinforced with RM1 dispersed fibers.

mi m2 ms3 ma ms me myz WTI
[g] (8] [g] [g] (8] (8] [g] [%]
ts 578.72 | 601.14 | 601.77 | 686.91 | 1012.89 | 22.75 0.33 98.23

to 589.02 611.04 611.73 697.18 | 1024.90 22.61 0.59 97.66
teo 590.26 612.35 613.01 698.66 | 1006.49 23.43 1.34 96.10

Table 6. Results of the water retention test performed on the mortar reinforced with RM2 dispersed fibers.

mai mz ms mas ms mse mz Wr
[g] (8] [g] [g] (8] (8] [g] [%]
t3 581.07 | 603.78 | 604.48 | 689.58 | 1042.45 | 23.01 0.30 98.30

t1o 590.06 612.58 613.28 698.68 | 1059.00 23.15 0.63 97.79
teo 578.58 600.48 601.16 686.77 | 1031.52 23.67 1.77 95.74
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Figure 10 shows that the unreinforced mortar (UR) is characterized by a lower water
retention than the mortar reinforced with both dispersed natural fibers, RM1 and RM2. In
particular, the UR water retention is lower respect to RM1 and RM2 for all the considered
times (#1i= 3 min, t>= 10 min, 3= 60 min). Moreover, the two reinforced mortar RM1 and
RM2 show to retain a similar amount of water at times t1 and t2, whereas at time t3 the
mortar RM1 appears to retain more water than RM2. Focusing the attention to the fibers
behaviors, the graph on the right of figure 10 shows that the RM2 fibers (named Frm2 in
this graph) are characterized by a slightly greater water absorption than the RM1 fibers
(named Frmi in this graph) at the initial times t1 and t2, whereas at time t3 F1 shows the
highest water absorption (2.8 % vs 2.5 %).

100 3
¥*
*¥ UR * Frml
L *  RM1|
59 ES RM2 2.5 * * Frmz ¥
o 98t =
& ¥ g 2
5 £
=} S
R Z %
x * ® 15
7] =
= 96 ¥ B
E E 3 g
< * wr
Z 95 g
=
- | 0.5
x*
93 . . . . . 0 . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s]

Figurel10. On the left: results of the water retention test performed on the mortar reinforced with RM1 and RM2 dispersed
fibers. On the right: the fiber water absorbed by the two fibers.

Figure 11 shows the results of the slump tests carried out for the mortar specimens
strengthened by the F1 and the F2 fibers. Three percentages have been used in the analysis
of fresh mortar, starting from 0.6%; for this reason, it was assumed a linear variation of
the slump (indicated by the dotted lines) from the case of the unreinforced mortar (F=0%)
to the reinforced mortar with the lowest content fiber of 0.6%, as no tests were carried out
in that range (0% — 0.6%).
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Figure 11. Slump test results for the fibers F1 and F2 by varying the fiber content F.

The curve trend in the figure 11 shows a first part between 0 and 0.6% where the
workability of the fresh mortar gets worse for both fibers by increasing the fiber content,
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but is more evident for the fiber F1. For the F2 case, it is observed that no substantial
difference in terms of slump by comparing the unreinforced case (0% of fibers) and the
case with 0.6%.

In the range of 0.6 - 0.75% the slope of both curves inverts the sign and increases in a
considerably matter, then come back to decrease for fiber content beyond 1.0%.

As a general remark, one can be note that the variation for all fiber content range 0-
1.0% is characterized by a very small reduction of the slump for both types of fibers; in
particular, we denote 3% for the type F1 and 7% for the type F2, against other type of
fibers, for example the glass one for which the variation reaches 20%.

For the case of fresh mix strengthened by synthetic fibers, one can ben notes a
constant decrease of the slump test values, relates to the compaction induced by the
increasing of fibers percentage; in the present work where the natural fibers have been
used, the greater water retention may have mitigated the compaction effect.

For the range 0.6-0.75% the increase for both fibers could be depending from the
greater effect on the mix viscosity by the water absorption of the fibers respect to the
compaction effect induced by the increase of the fiber content; beyond 0.75% the second
one influences more than the first.

Moreover, the constant relative difference between the two fiber types may be due to
their different aspect ratio. Indeed, the aspect ratio is inversely proportional to the number
of fibers, so for the same fiber content F, a higher value of the aspect ratio leads to a lower
number of fibers per unit volume of the fresh mix, as reported in the table 3. Hence, in the
case of the natural fibers, the lower the number of fibers, the lower the workability of the
product. Since the F1 fiber is characterized by the higher aspect ratio, as compared to the
F2 fiber, one can observe a lower workability of the fibrous mortar.

This behavior can certainly be of interest, but to be extended as general rule must be
further investigated.

However, it is also worth noting that the variation found for the slump values is
certainly affected by scattering, that can be strongly reduced by a larger test campaign.
Because of these remarks, we can assume that the workability of mortar mixed with
natural fibers can be substantially independent from the fibers content.

The following figure 12 shows the relation between the Bending strength o and the
deflection of the prismatic specimen subjected to three-point bending tests (3PBT) with
different fiber contents: it is recalled that 9 specimens are tested for each fiber content and
both fibers F1 and F2. For the unreinforced case and the fiber content 0.75% with fibers
type F1, 3 and 5 specimens are tested, respectively, for a total amount of specimens equal
to 53.

In particular, the figure 12a illustrates the results of three tests on three unreinforced
mortar specimens, with the mean value of the maximum Bending stress equal to 3.62 MPa.
Moreover, the post peak behavior is characterized by a sharp brittle failure, as one would
expect from unstrengthened mortar.

Conversely, the Figure 12b-d depicts the performances of the prismatic specimens in
the reinforced configuration, by using two fibers (F1 and F2) and three different fiber
content, according to the order 0.6%, 0.75% and 1.0%.

For a fiber content 0.6% one can see that the mortar strengthening by fibers, already
with the lower content of fibers, gives important performance increasing for both Bending
strength and ductility, especially for the fiber F1. It is worth noting the high level of the
residual Bending stress after the peak, roughly equal to 50% and 30% of the peak for fiber
type F1 and F2, respectively.

For a fiber content equal to 0.75% the two types of fiber show no strong differences
in term of Bending stress, meanwhile the ductility is significantly different, decreasing for
the fiber F1 and increasing for the fiber F2 respect the case 0.6%.

For the last case with the fiber content of 1.0%, one can see that the highest increasing
of both Bending stress and ductility performances, especially for the fiber F1, that shows
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a very small decrease of the residual bending stress after the peak, estimated equal to only
10% and then goes on up to the final displacement by small decreasing of stresses.

From the remarks of these results, it can be deduced that: i) the increasing in fiber
content increases the peak of bending stress of shorter fiber F2 and the ductility of fiber
F1; ii) highest values of fiber content reduce by a lot the brittle behavior of the mortar
reinforced with fiber F1; iii) though the fiber F1 has less fibers per unit volume and one
would expect less bending strength, it shows the highest value of the bending strength.
This may be due to the greater superposition of the longer fibers that cover better all the
length of the specimen, ensuring a greater number of fibers in the cracked section respect
the smaller ones.
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Figure 12. Bending strength o, related to the vertical displacement in the 3PBTs for: a) unreinforced case (UR). Reinforced
cases by assuming two fiber types (F1 and F2) with fiber contents equal to: b) 0.6%; ¢) 0.75%; d) 1.0%.

Further information to better understand the influence of both fiber content and fiber
type on the bending strength of the strengthened mortar are shown in the figure 13. In
particular, the Figure 13a allows to evaluate the benefit of the reinforcement in term of
bending performance of with respect to the fiber content, by using the equation (2) for P=
Prax.

Despite many uncertainties affect the scattering of the results (mixing time, failure
mechanism, the order with which the components are added in mix), the improvement of
bending strength is clear.
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Moreover, figure 13b shows the trend of the fracture energy Gf, as the fiber content
F varies. Gt is computed by using the equation (1), that takes into account the amount of
energy dissipated to generate cracks per unit area, until to bending strength is reduced to
almost zero. In this case the fracture energy shows no strong difference between the two
fibers F1 and F2, while just for the fiber content greater than 0.75% starts to invert the
trend.

In particular, starting from the fiber content equal to 0.8%, the F1 fiber begins to
provide an ever-greater fracture energy, while the curve regarding to the F2 fiber shows
the opposite trend; for fiber content equal to 1.0% the fracture energy computed for the F1
is equal to 1.85 times the one computed for the fiber F2. It is worth noting the following
experimental evidences: i) the slope of the curve related to fiber F1 shows a slope
significantly greater than the one of the fiber type F2; ii) the curves in the two graphs of
the figure 12 have two intersections in the same fiber content range.
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Figure 13. a) Bending strength of and b) fracture energy Gf measured in the 3PBT for two fiber type F1 and F2 with
different fiber content.

The following figure 14 shows the relation measured between the tensile stress o
and the deflection § obtained for the unstrengthened and strengthened mortar specimens
under the Brazilian Test (BT).

Itis recalled that these tests were performed on one of the two half parts in which the
specimens were broken from the previous 3PBTs; the final number of specimens is 53 (half
specimens).

For the unreinforced case of figure 14a, the average value of the tensile strength is
equal to 1.75 MPa. If compared with bending strength computed for the 3PBTs, this last is
2.07 times higher than the tensile strength.

As already denoted for the unreinforced specimens under the 3PBTs, the failure
behavior is also in this case brittle, though it shows a greater displacement capacity. This
phenomenon may be due to different engaging of the section, partialized in the 3PBT and
fully reactive for tensile one.

Again in this case we can see the greater strength of the specimens with fiber F1, thus
with the lower number of fibers per unit volume. This result matches the one obtained in
the case of 3PBT and may confirm the hypothesis done.
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Figure 14. Tensile stress f; related to the vertical displacement in the BTs for: a) unreinforced case (UR). Reinforced cases
by assuming two fiber types (F1 and F2) with fiber contents equal to: b) 0.6%; c) 0.75%; d) 1.0%.

Further information for better understanding the influence of both fiber content and
fiber type on the tensile strength of the strengthened mortar are shown in the figure 14. In
particular, the Figure 14a allows to evaluate the benefit of the reinforcement in term of
tensile strength f, with respect to the fiber content, computed by using the equation (3) for

P:Pmax.
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Figure 15. Tensile strength f; measured in the BTs for two fiber type (F1 and F2) with different fiber content.

Compared with the 3PBT at the same fiber content, the bending strength is 3.25 times
the tensile strength.

Regarding the fiber F2, one can observe a decrease in the tensile strength, although
not marked, up to achieve 1.43 MPa for F= 0.60%; from here the tensile strength goes up
suddenly to 2.04 MPa for F =0.75%, then it keeps almost constant up to achieve 2.00 MPa
for F=1.0%.

By comparing that value with the bending strength computed for the same fiber
content (F= 1.0%) one can see the same difference found for the previous fiber content
0.75% (indeed oy is 3.3 times f;).

Once again from figure 15 one can see the same trend of the figure 13a: the F1 fiber
type leads to the higher performance respect to the fiber F2. It is worth nothing that this
result is reached with the shorter fiber and lower aspect ratio, as compared to the F2 fiber.
This result seems to be against the trend of mortar strengthened by synthetic fibers, for
which the shorter fiber usually gives better tensile strength (also seems logical since the
shorter fibers are almost twice respect the longer ones, reaching higher distribution of the
fibers over the entire specimen and thus higher number of fibers where crack opens).

Since this trend is clear for both bending and tensile strength for all fiber contents,
the phenomenon might be specific for the natural fibers and it may be attributed to the
trend of fibers to agglomerate; this imply that the effective number of fibers drastically
decreases, because just a part is in contact with the mortar on all surface and thus can
exploit the maximum adhesion.

To support this hypothesis, we can observe the trend of fiber F1 in the figure 13a and
15: from the fiber content equal to 0.75% the longer ones begin to significantly decrease
their performance for the decrease of the effective number of fibers (binder effect).

Greater quantity of fluidizer (now equal to 0.2%, see table 3), may improve the
dispersion of the fibers decreasing the binder effect, but this may get worse the
workability.

The following figure 16 shows the relation measured between the compressive stress
f. and the vertical strain €, obtained for the unstrengthened and strengthened mortar
specimens under Compression Tests (CT).

Plots of figure 16a refer to 6 specimens. In this case the mean value of the compressive
strength is equal to 12.76 MPa and one can also see a sudden drop of the strength after
reaching the peak, typical of the quasi-brittle materials.

Figures 16b-d show the relationship between f, and ¢, obtained for the strengthened
mortar specimens tested under Compression Test (CT) for different fiber content
percentage F.
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The tests on strengthened configuration have been caried out on 9 specimens, except
for the set concerning the Fiber F1 with fiber content equal to 0.75%, for which 5 specimens
have been tested. For all the sets of tested specimens one can observe an enhancement of
the compressive strength, even if limited as compared to the contribute offered by the
fibers in the other mechanical properties. Furthermore, on the contrary of the same test
conducted on mortar strengthened with synthetic fibers, one can observe a limited
scattering, especially for the fiber F1 with fiber content 0.6% and 0.75%.

As already remarked for the results in the previous tests, the higher value of fiber
content seems to lead to a lower efficiency due to the lower number of fibers engaged in
the resistant mechanism.
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Figure 16. Compressive stress f. related to the vertical strain &£, measured in the CTs for: a) unreinforced case (UR).
Reinforced cases by assuming two fiber types (F1 and F2) with fiber contents equal to: b) 0.6%; c) 0.75%; d) 1.0%.

Further information for better understanding the influence of both fiber content and
fiber type on the compressive strength of the strengthened mortar are shown in the figure
16. In particular, this figure shows the variation of the compressive strength f,, computed
by using the equation (4) for P=Pmax, as function of the fiber content.

The results obtained in the CTs confirm definitely the trend given by the bending and
tensile strength tests.

In particular, tensile and compressive tests have almost the same shape, to the point
of being almost overlapping in all fiber content range.
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In the case of compressive tests, the shape is a bit different, because the more the fiber
content increases, the more the compressive strength increases, except for fiber content
equal to 0.75% where the strength decreases for the fiber F1 and then it gets back to goes
up.

An important phenomenon that it is worth to note is the better performance for the
fiber F1. Indeed, bending, tensile and compressive strength are significantly higher in this
case and only the slump test leads to better workability, but with quite difference, for the
fiber F2. This means a substantial independence from the fiber content, suggesting the
fiber type F1 with fiber content equal to 0.75% the best balance among the investigated
combinations.
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Figure 17. Compressive strength f. measured in the CTs for two fiber type (F1 and F2) with different fiber content.

The following figure 18 summarizes the results obtained by the 3PBTs, the BTs and
the CTs. In particular, this figure shows the increase, in percentage, in the bending
strength o, fracture energy Gy, tensile strength f, and compressive strength f. as
compared to the unstrengthened case.

In term of absolute value, the best benefit as a result of the introducing fiber therein
the mortar matrix, is observed in the fracture energy spent to open the crack in the
specimens reinforced with fibers type F1 and fiber content equal to 1.0%.

This means that this type of fiber gives highest ductility, coupled with high bending
strength, as depicted in figure 18a-b.

As already noted, the figure 18 shows that the fibers F1 have generally better
performances in term of strength, especially for the fiber content equal to 0.75%, i.e. when
the agglomerate of the fibers is limited, allowing to engage the maximum number of
fibers.

On the contrary, the specimens reinforced with fiber F2 with lower fiber content,
showed a worsening of the tensile and compressive strength, although not in substantial
manner.

After analyzed all the results and compared the different combinations each other,
neglecting the well note sources of uncertainties (irregularity of the cross-section, presence
of micro-cracks, misalignment of the samples respect to their mid-thickness, different
thickness of the specimens, spatial randomness of material properties), we can observe
that the variability of the results in the case of the mortar reinforced by natural fibers may
be due in particular to: i) the spatial orientation of the fiber which could help the longer
fibers to intercept the crack position with higher probability; ii) the tendency of natural
fibers to agglomerate more easily, reducing the number of effective fibers; iii) the higher
water absorption that allows better workability but less mechanical strength.
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As final remark, the use of fiber F1 is more recommendable as the coating in the
retrofitting interventions, while the percentage of fiber content should be chosen
according to the strength and/or ductility that one would want.
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Figure 18. Increasing of the mechanical properties in the case of, a) bending strength of ; b) fracture energy Gy; c) tensile
strength f; and, d) compressive strength f;, respect to the unreinforced case by varying the fiber content. The bars are

coupled by type of fiber and are distinguished by color, black and red for the fibers F1 and F2, respectively, to simplify
the comparison.

The following figure 19 shows the last tests carried out on the Sisal strand, with the
aim to evaluate the ultimate strength of both strand and wire.

Tests were carried out under displacement control on two specimens, with
displacement rate set on 0.1mm/sec, a speed enough to catch the failure of the single wire,

with which evaluate, from theoretical point of view, the contribution of the fibers in the
tests performed in the present work.
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Figure 19. Tensile force F measured in the Sisal strand tensile tests for two specimens.

Two tensile tests on the Sisal strand provided results very close to the ultimate
strength given by technical datasheet and literature.

After the peak force, one can see that the force decrease proceeds by small jumps and
it is possible to check that they refer to the failure of single yarn, thanks also to direct view
of the phenomenon. Hence, analyzing the data of the testing specimens for displacement
greater than 6 mm, it was possible to evaluate the average failure tensile strength for a
single wire equal to 8 N. With the nominal area of the single yarn equal to 0.06 mm? (taken
from table 3), one can evaluate the ultimate tensile strength equal to 133 MPa, very close
to both literature (130 MPa) and technical datasheet values (127 MPa). Obviously this
value is affected by strong uncertainties (fibers diameter, for example), but the obtained
results can be judged amazing if we think that they came from just two test.

For the purpose of an analytical evaluation of the contribution of the fibers, that can
also help to better understand the effective number of the fibers that cross the crack, the
following simplify procedure has shown.

As an example, we consider the case of the tensile test, whose results are summarized
in the figure 15.

For the UR case the tensile strength is equal to 1.75 MPa, while for the strengthened
mortar with fiber F1 and fiber content 0.75 the tensile strength is equal to 2.61 MPa.

This means that the contribution of the fibers is 0.86 MPa, the difference of the
previous values. The total tensile force taken by the fibers can be evaluated as, 0.86 - 40 -
40=1376N. Considering the experimental ultimate tensile strength of the fiber equal to
8N, the number of the effective fibers that cross the crack is 172.

Assuming the same number of fibers for any section where the crack opens
(uniform distribution) and a small overlapping among the fibers (equal to 1.5 for both
end), the expected value of the total number for the mortar mix with fiber F1 and fiber
content equal to 0.75 is 2752, which is very close to the real one, as compared with the
values of table 3.

The following figure 20 shows different specimens after the 3PBT, highlighting the
fibers that cross the crack.

One can observe that the specimens with fibers type F2 (figure 20a-b) have a greater
number of fibers, as compared to the ones with fiber type F1 (figure 20c-d).

Sometimes, by direct observation, it has been found also a greater fibers
concentration in the center part of the specimens. Could be interesting to investigate
possible correlations among the design parameters and this phenomenon.
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Figure 20. Cracks after the 3PBTs. a) Fibers F2-0.6%; b) Fibers F2-1.0%; c) Fibers F1-0.6%; d) Fibers F1-1.0%.

6. Conclusions

This work presents a study on the use of the natural fibers Sisal, extracted from Aloe
plants, in the strengthening of masonry buildings and brick structures, especially when
the intervention regards cultural heritage. Indeed, here the attention to the preservation
of the ancient structures is very high and poses important limitations in term of strategies
and materials that can be used.

The study aims to investigate the mechanical properties of the mortar reinforced with
three different fiber content — 0.6%, 0.75%, 1.0% - and two type of fiber, named F1 and F2,
with 13 mm and 24 mm length, respectively.

A total of 53 specimens have been tested at the LPMS of L’Aquila with the Zwick
Roell machine; specimens are tested under displacement control and subjected to 3PBTs,
BTs, CTs. Two Sisal strands have been pulled with the same machine under displacement
control, with the aim to compare the experimental ultimate tensile strength of strand and
yarn with both literature and technical data provided by manufacturer.

Regarding the workability, the slump test had highlighted a substantially
independence from the fibers content of the mortar mixed with Sisal. Indeed, the variation
between the lowest and the highest value of the slump test is 3% and 7% for fiber type F1
and F2, respectively.
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As expected, the experimental results on the specimens at the end of aging, showed
that the addition of short fiber in the mortar, provides a great increase of the mechanical
properties, especially for what regards the ductility, measured by the fracture energy
spent to open the crack. Indeed, one can see the highest increase among all performed
tests, up to 1200% in the case of mortar with fiber F1 and fiber content equal to 1.0%, as
compared with UR case.

The same type of fiber gives again the better performances for bending, tensile and
compressive strength for almost all fiber content, especially for the 0.75%.

Conversely, the specimens characterized by fiber F2 with lower fiber content, did not
show an improvement of both the tensile and the compressive behaviors, although the
decreasing of both the tensile and the compressive strength was not substantial. This
phenomenon can be due to the tendency of the Sisal fiber to agglomerate when the
number of fibers becomes larger; the observed agglomeration can be the cause for the
decreasing in the number of effective fibers and the overall lower strength.

The results also gave important information about the mechanical behavior of the
specimens reinforced with Sisal, highlighting particular phenomena mainly attributable
to the use of Sisal natural fibers.

After analyzed all the results and compared the different combinations each other,
neglecting the well note sources of uncertainties (i.e. irregularity of the cross-section,
presence of micro-cracks, misalignment of the samples respect to their mid-thickness,
different thickness of the specimens, spatial randomness of material properties), we can
observe that the variability of the results in the case of the mortar reinforced by natural
fibers may be due in particular to: i) the spatial orientation of the fiber which could help
the longer fibers to intercept the crack position with higher probability; ii) the tendency of
natural fibers to agglomerate more easily, reducing the number of effective fibers. This
affects especially the mix with higher fiber content; iii) the higher water absorption that
allows better workability but lower mechanical strength.

For what concerns the tensile behavior, the performed tests have showed a significant
increase for both the tensile strength and ductility and it is worth underlying that this
result is remarkable, since this type of retrofitting for masonry structures mostly aims to
carry tensile stresses.

Moreover, the tested material ensures the full compatibility from physical and
chemical point of view with the original material of the ancient buildings.

As final remarks, the use of fiber F1 is more recommendable as the coating in the
retrofitting interventions, especially for historical buildings, while the percentage of fiber
content should be chosen according to the strength and/or ductility that one would want
to reach.

Given the importance of the use of green technology to reduce the carbon foot print
in the world of the building, the authors will focus their next researches on the
geocomposites and other green technology that uses waste material to improve the
earthquake performance of structures, as well as further investigate some phenomena
emerged in this study and still not clear, as the tendency of natural fibers to agglomerate.
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