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Abstract: Sustainability is of fundamental importance for the construction industry: in recent decades
researchers focused on supplementing building components with multiple natural fibres, evaluating
their mechanical performance and application fields. In this field, the common plasters are usually
equipped with glass fibre mesh to avoid crack patterns due to shrinkage. Natural fibres, thanks
to their high tensile resistance, can represent a green solution to solve this problem. In particular,
this work investigates the properties and the mechanical characteristics of a biocompound obtained
with hemp fibres. The first phase aims at identifying the ideal mixture between hemp fibres and
mortar to improve workability and avoid altering the water/lime ratio. The performed physical
tests provide useful information for the evaluation of the consistency and the workability of the
compound. Based on these preliminary results, 10 combinations of 3 parameters, namely fibre
diameter, percentage of hemp fibre in the mortar and length of the hemp braid fragments, are tested.
Among the mechanical properties, bending, compressive and tensile behaviours are evaluated. For
each test, the performances of fibre-reinforced samples are compared to reference specimens. From
compressive tests it is noted that the best performances were obtained from fibres with diameter of
1 mm and length of 2 cm. On the other hand, from flexural tests, it is seen that braids with a length of
2 cm provide an average bending stress about 13% less than that of the control specimen. Contrarily,
braids with a length of 3 cm give a mean increase of bending stress of about 8% compared to the
control specimen.
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1. Introduction

Environmental sustainability is a topic of great interest in the construction industry,
which is responsible for great primary energy consumption and CO, emissions [1]. Thus,
over recent decades, new materials have been investigated and proposed as alternatives
to standard ones to support more sustainable practices in civil engineering. The general
aim to employ components derived from renewable sources or with a biodegradable
disposal process, to replace the use of materials that are toxic to humans or pollute the
environment [2]. In particular, the scientific community has shown interest in investigating
the mechanical performances of natural fibres in composite materials (NFCs) for their
minor environmental impact and low cost [3]. Plant-based fibres are the most suitable for
structural applications due to their high strength and stiffness [4]. Recent studies have
focused their attention on the mechanical characterization of many species, including
jute [5], hemp [6-8], flax [9], bamboo [10], kenaf [11] and ramie [12]. Flax, hemp and ramie
fibres have the highest Young’s moduli and tensile strengths [3]. In particular, hemp is
characterized by tensile strength of about 690 MPa, Young modulus of 30-60 GPa and
failure strain of about 1.6% [13,14].

With a simple processing of its fibers, thanks to its mechanical and physical properties,
hemp can be employed in the production of bricks, blocks, panels, plasters, coats and
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screeds, used for a great variety of applications in new and old buildings [15]. Eco-friendly
construction materials were previously developed by mixing hemp fibres with lime [16],
pozzolan matrix [17], concrete [18], or other natural components such as starch [19]. Fur-
thermore, hemp fibres are widely employed for their thermal and acoustic insulation
properties, low density and mechanical resistance [20].

From an environmental perspective, hemp cultivation has numerous advantages. As
the plants are not damaged by insects and rodents, they do not require insecticides and
pesticides. Furthermore, it has been shown that a hectare of hemp cultivation absorbs a
quantity of CO, four times higher than a forest in the same area [21]. The fibres are obtained
by macerating the stem of the Cannabis sativa plant, which can reach a maximum height
of 5 m. The elementary fibres, called cells, are joined together by pectin bridges to form
the fibre bundle, characterized by an average diameter of 25 pm and an average length
of 25 mm.

The wide employment of natural fibres, including hemp, remains challenging cur-
rently. Many factors affect the mechanical performances of NFCs [22-25], including the
selection of fibres and matrix, as well as their manufacturing process [20]. The unsatis-
factory reinforcement level reported by studies on natural fibres in comparison to glass
fibres is often motivated by compatibility and adhesion issues between the fibres and the
matrix [26,27]. Investigations focused on improving the mechanical performance of hemp
concrete are very limited. Currently, only the mechanical characterization of hemp concrete
is studied. In the view of applying the research results to the industrial manufacturing, a
further element to be considered is the reduction of processing. The choice of materials for
engineering purposes relies on the interplay between price, processibility and performance.
This interaction should be carefully taken into account for any material system [28].

With these limitations and research gaps in mind, this study aims to employ low-cost
hemp fibres with reduced manufacturing or prior transformation to explore the perfor-
mances of a new reinforced hydrated lime. It integrates a previous work aimed at measuring
the tensile strength of hemp stems [29]. Other than the environmental benefits of lime,
which represents a widely employed material in the present Italian construction industry,
as well as in historical buildings, this binder is the most compatible with hemp due to the
increased water absorption [30]. This research aims at evaluating the interaction of hemp
braids with hydrated lime to replace the use of ordinary glass fibre meshes employed to
limit the negative shrinkage effect caused by cracks in the binder material.

In the experimental activity herein developed and presented, hydrated lime is supple-
mented with hemp braids derived from organic farming with a low environmental impact.
A first experimental campaign is conducted to determine the appropriate composition
of the biocompound to provide optimal physical and mechanical properties. First, the
water absorption degree of hemp braids is studied to determine the amount of water to be
supplemented to the biocompound mixture without altering the optimal water/lime ratio.
Subsequently, the percentages and dimensions of the hemp braids to be supplemented
without altering their rheological capacities are defined through workability tests on the
shaking table. Based on these preliminary tests, the mechanical characteristics of three
different percentages of braids by weight, two diameters and two lengths are consequently
analysed. Bending and compressive mechanical tests are carried out on the specimens
packed with different percentages, diameters and fibres lengths. The results are compared
with control samples (i.e., specimens without the addition of fibres) to evaluate the change
in resistance due to the addition of hemp fibres. Likewise, tensile tests are performed on
four braids of different diameters. The whole experimental setup is summarized in the
flow chart of Figure 1.

The results provide excellent perspectives for the use of hemp braids in construction.
Thanks to their high stiffness modulus and the low specific weight, they allow the improve-
ment of the structural behaviour of plasters without significantly altering the weight of the
elements on which they are applied.
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Figure 1. Overview of the experimental setup.

2. Properties of Materials

The specimens are prepared with the BIOCALCE® premixed for plasters, which is
manufactured by the Kerakoll company. It is a Natural Hydraulic Lime (NHL 3.5), with
properties defined according to the EN 459-1 standard [31]. Due to its characteristics, the
mortar is suitable for the breathable and protective plastering of load-bearing masonry. It
falls within a CS II resistance category according to the EN 998-1 standard [32]. Figure 2
reports the technical data of the used ecofriendly natural mortar.

Type of mortar general purpose rendering/plastering mortar (GP) EN 998-1
Chemical nature of binder pure Natural Hydraulic Lime NHL 35 EN 459-1
Grading 0-25mm EN 1015-1
Apparent density of powder = 1.28 kg/dm’ UEAtc
Shelf life = 12 months from production in the original sealed packaging;

protect from humidity
Pack 25kg bags
Mixing water =5128/1x25kg bag
Consistency of wet mortar 0° =174 mm EN 1015-3
Apparent density of wet mortar = 1.61 kg/dm® EN 1015-6
Apparent density of dry, hardened mortar =14 kg/dm’ EN 1015-10
pH of the mixture 212
Occluded air / Plastering machine occluded air 2 20% EN 413-2
Temperature range for application from +5°Cto +35°C
Maximum thickness obtainable by coat =2cm
Coverage = 13 kg/m? per cm of thickness

Vialues taken at +20 = 2 °C. 65 = 5% RH. and no ventilation. Data may vary depending on specific conditions at the buikhing site.

Figure 2. Characteristics of the BIOCALCE® product manufactured by the Kerakoll company.

The reinforcement fibres are hemp braids produced in Italy from local cultivation and
arranged in a discontinuous manner in the blend. Figure 3 illustrates the two variants of
employed braids, having diameters (d) of 1 mm and 2.2 mm, respectively. The contribution
of braids with lengths of 2 cm and 3 c¢m is separately investigated. Further, three different
weight percentages of hemp fibres (0.5%, 1% and 3%) are investigated.
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Figure 3. Hemp braids with diameter of 1 mm (A) and 2.2 mm (B).

3. Physical Tests
3.1. Imbibition Tests

The amount of water to be supplemented to the mixture is calculated by first assessing
the degree of water absorption of the braids. This is essential to avoid altering the optimal
water/lime ratio and to ensure adequate workability and resistance values, as reported by
the Kerakoll manufacturer.

The quantity of absorbed water is calculated by weighing a sample of hemp braid
soaked in water every day over 5 days and subtracting its dry weight. In this way, the
percentage of weight variation is calculated. Tables 1 and 2 report the initial and final
weights, the difference and the percentage of water calculated for hemp braids having
different lengths and diameters of 1 mm and 2.2 mm, respectively.

Table 1. Water absorbed by 1 mm hemp braids.

Day Il.’litial Fibre Fibre Diameter lfinal AWeight AWeight

Weight (g)  Length (cm) (mm) Weight (g) Fibre (g) H>0 (%)
1 0.9 2 1 1.70 0.8 88.89
2 0.9 3 1 1.80 0.9 100.00
3 0.9 4 1 1.88 0.98 108.89
4 0.9 5 1 1.94 1.04 115.56
5 0.9 6 1 1.97 1.07 118.89
6 0.9 2 1 1.97 1.07 118.89

Table 2. Water absorbed by 2.2 mm hemp braids.

Day Ir'litial Fibre Fibre Diameter lfinal AWeight AWeight

Weight (g)  Length (cm) (mm) Weight (g) Fibre (g) H,0 (%)
1 4.92 2 22 10.35 5.43 110.37
2 492 2 22 10.66 5.74 116.67
3 492 2 22 10.85 5.93 120.53
4 4.92 2 22 10.95 6.03 122.56
5 492 2 22 10.98 6.06 123.17
6 492 2 22 10.98 6.06 123.17

The saturation curves processed on the braids with two diameters (1 mm and 2.2 mm)
after 6 days of saturation are shown in Figure 4.
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Figure 4. Saturation curves of hemp braids with diameter of 1 mm (A) and 2.2 mm (B).

3.2. Workability Tests

Among the multiple available test methods, the workability of the mixture is herein
measured with a shaking table. The purpose of the test is to verify the spread of mortar, as
the material flows when vibration is applied. The spread is directly related to the mortar
consistency. The laboratory tests are carried out according to the procedure reported in the
UNI 7044 standard [33]: (I) The cone (upper diameter 70 mm, lower 100 mm) is positioned
in the centre of the shaking table; (II) The cone is filled with mortar in three steps, each
of which is tamped with a metal pestle, and the surface is then levelled; (III) The cone is
removed and 15 vibrations, one per second, are applied to the mixture; (IV) The spreading
of the mortar is given by measuring and averaging two orthogonal diameters. Table 3 and
Figure 5 report the results of the workability tests on the analysed mixtures.

Table 3. Spread values of control specimens and specimens supplemented with fibres.

Acronym Braid Length (mm) Diameter (mm)  Braid Amount (%) Spread (mm)
Control / / / 180
SP_01 20 1 0.5 160
SP_02 20 1 1 155
SP_03 20 1 110
SP_04 30 1 0.5 155
SP_05 30 1 1 155
SP_06 30 1 3 100
CR_01 20 2.2 1 155
CR_02 20 22 3 100
CR_03 30 22 1 100

The spreading diameter of control specimens is equal to 180 mm and is negatively cor-
related to the percentage of fibres. Thus, as the percentage of fibres grows, the workability
decreases. In particular, the trend lines highlight an abrupt reduction in workability with
the addition of 3% hemp braids with a diameter of 2.2 mm. Thinner braids display a minor
reduction, despite a decaying trend line. It is overall acceptable to obtain a workability
reduction that does not fall below 140 mm of spread. Therefore, according to the obtained
results, it is recommended to avoid more than 2% of hemp fibres.
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Figure 5. Workability curves for fibres with length of 20 mm (A) and 30 mm (B).

3.3. Nomenclature and Characteristics of Specimens

Once the optimal water/lime ratio is established, before the components are weighted
by mixing lime and after hemp fibres are gradually integrated in the mixture (Figure 6).
Later on, prismatic specimens (40 x 40 x 160 mm, Figure 7) are prepared according to the
procedures for cementitious mortars reported by the UNI EN 196-1:2016 guidelines [34].

Figure 7. Overview of the control, d = 2.2 mm braids (A) and d = 1 mm braids (B) samples.

A total of 27 specimens (Figure 7) with different fibre percentages were prepared:
(I) 3 control specimens consisting of premixed mortar and water, which represent the stan-
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dard reference of the study; (II) 18 specimens reinforced with 1 mm-diameter hemp braids.
The percentage of fibre changes between 0.5%, 1% and 3%, whereas the length of the braid
between 2 and 3 cm; (I1I) 9 specimens reinforced with 2.2 mm-diameter braids. The samples
are abbreviated as follows: (I) CNTL, (II) SP and (IIT) CR. Three samples per combination of
variables are prepared. The characteristics of the specimens are reported in Tables 4 and 5.

Table 4. Mix design of control samples (without fibres).

. Water = 20.4% Water . . Fibre
. Premixed . Fibres Fibre Length .
Acronym Premixed Type Weight (¢) of Premixed Absorbed by (%) (mm) Diameter
ghtils Weight (g) Fibres (g) ? (mm)
CNTL _01 KERAKOLLCSII 454.14 92.65 - - - -
CNTL _02 KERAKOLL CSII 454.14 92.65 - - - -
CNTL _03 KERAKOLLCSII 454.14 92.65 - - - -

Table 5. Mix design of specimens.

Fibre Fibre Fibre Premixed Water = 20.4% Water
Acronym PerCﬁntage Length Diameter Weight (g) of Pfemixed Ab?orbed by
(%) (mm) (mm) Weight (g) Fibres (g)

SP_01,0.5%,1=2cm,d =1 0.5 20 1 454.14 92.65 2.70
SP_02,0.5%,1=2cm,d =1 0.5 20 1 454.14 92.65 2.70
SP_03,0.5%,1=2cm,d =1 0.5 20 1 454.14 92.65 2.70
SP_04,0.5%,1=3cm,d =1 0.5 30 1 454.14 92.65 2.70
SP_05,0.5%,1=3cm,d =1 0.5 30 1 454.14 92.65 2.70
SP_06,0.5%,1=3cm,d =1 0.5 30 1 454.14 92.65 2.70
SP_01,1%,1=2cm,d =1 1 20 1 454.14 92.65 5.40
SP_02,1%,1=2cm,d=1 1 20 1 454.14 92.65 5.40
SP_03,1%,1=2cm,d =1 1 20 1 454.14 92.65 5.40
SP_04,3%,1=2cm,d=1 3 20 1 454.14 92.65 16.20
SP_05,3%,1=2cm,d =1 3 20 1 454.14 92.65 16.20
SP_06,3%,1=2cm,d =1 3 20 1 454.14 92.65 16.20
SP_01,1%,1=3cm,d =1 1 30 1 454.14 92.65 5.40
SP_02,1%,1=3cm,d =1 1 30 1 454.14 92.65 5.40
SP_03,1%,1=3cm,d =1 1 30 1 454.14 92.65 5.40
SP_04,3%,1=3cm,d=1 3 30 1 454.14 92.65 16.20
SP_05,3%,1=3cm,d =1 3 30 1 454.14 92.65 16.20
SP_06,3%,1=3cm,d =1 3 30 1 454.14 92.65 16.20
CR_01,1%,1=2cm,d =22 1 20 2.2 454.14 92.65 5.59
CR_02,1%,1=2cm,d =22 1 20 2.2 454.14 92.65 5.59
CR_03,1%,1=2cm,d =22 1 20 2.2 454.14 92.65 5.59
CR_04,3%,1=2cm,d =22 3 20 2.2 454.14 92.65 16.78
CR_05,3%,1=2cm,d =22 3 20 2.2 454.14 92.65 16.78
CR_06,3%,1=2cm,d =22 3 20 2.2 454.14 92.65 16.78
CR_011%,1=3cm,d=22 1 30 2.2 454.14 92.65 5.59
CR_02,1%,1=3cm,d =22 1 30 2.2 454.14 92.65 5.59
CR_03,1%,1=3cm,d =22 1 30 2.2 454.14 92.65 5.59
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3.4. Shrinkage

The specimens are measured with a gauge (Figure 8) to estimate any shrinkage phe-
nomena after 28 days of mortar curing.

Figure 8. Measurement of the specimen’s dimensions.

With the exception of isolated cases, no evident variations in the dimensions were
observed. The results are listed in Tables 6 and 7.

Table 6. Measurement of control specimens after curing.

Acronym Base (mm) Height (mm) Depth (mm)
CNTL_01 40 40 160
CNTL_02 40 40 160
CNTL_03 40 40 160

Table 7. Measurement of specimens after curing.

Acronym Base (mm) Height (mm) Depth (mm)
SP_01,0.5%,1=2cm,d =1 40 40 160
SP_02,0.5%,1=2cm,d =1 40 40 159.5
SP_03,0.5%,1=2cm,d =1 40 40 160
SP_04,0.5%,1=3cm,d =1 41 40 160
SP_05,0.5%,1=3cm,d =1 40 41 160
SP_06,0.5%,1=3cm,d =1 40 41 160

SP_01,1%,1=2cm,d =1 40 40 160.5
SP_02,1%,1=2cm,d =1 40 41 160.6
SP_03,1%,1=2cm,d =1 40 40.5 160
SP_04,3%,1=2cm,d =1 40 41 160
SP_05,3%,1=2cm,d =1 40 41 160
SP_06,3%,1=2cm,d =1 40 41 160
SP_01,1%,1=3cm,d =1 40 40.5 160
SP_02,1%,1=3cm,d=1 40 40.5 159.5
SP_03,1%,1=3cm,d=1 40 40 159.5
SP_04,3%,1=3cm,d =1 40 41 160

SP_05,3%,1=3cm,d =1 41 40 159.5
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Table 7. Cont.

Acronym Base (mm) Height (mm) Depth (mm)

SP_06,3%,1=3cm,d =1 41.5 40 159.5
CR_01,1%,1=2cm,d =22 40 40 159.5
CR_02,1%,1=2cm,d =22 40 40.5 160
CR_03,1%,1=2cm,d =22 40 40 159.5
CR_04,3%,1=2cm,d =22 40 41 160
CR_05,3%,1=2cm,d =22 40 40.5 160
CR_06,3%,1=2cm,d =22 40 41 160
CR 011%,1=3cm,d=22 40 41 160
CR_02,1%,1=3cm,d =22 40 40.5 160
CR_03,1%,1=3cm,d =22 40 40.5 160

4. Mechanical Experimentation
4.1. Bending Tests

After curing, the specimens are subjected to a three-points bending test, as regulated
by the UNI-EN 772-1 [35] and UNI-EN 771-1 [36] standards for bricks. The test consists on
the application of a concentrated load in the middle of the specimen, which is constrained
at the extremities by two cylindrical supports (Figure 9). The distance between the support
is equal to 100 mm and the specimen is perfectly centred inside the testing machine.

Figure 9. Testing machine used for bending test.

The mechanical tests are performed under displacement control using a 10 kN load
cell with a speed of 0.05 mm/m. The test provides values for the load F and the rela-
tive displacement 5. The flexural strength, in accordance with the diagram showed in
Figures 10-12, is given by the following equation:
_ 3FL

2.d;-d3
where: f = tensile failure strength due to bending, F = maximum applied load, L = distance
between supports, d; = specimen base, d, = specimen height. The results for all the tested
specimens are reported in Tables 8 and 9.

)

cf
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Architecture 2022, 2

145

STRESS - STRAIN

STRESS - STRAIN

(A . (B
u)) ~— CR_01, 1%, I= 2am z)o e CR_04, 3%, I= 2cm
_ e CR_02, 1%, 1= 2cm __ ———CR_05,3%,1=2cm
& CR_03,1%,1=2am & CR_06, 3%, I=2cm
s 15 2 15
w
E 10 =
V) —
I <
£ 0s 3
x
ﬁ w
a e
'S
0.0
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
FLEXURAL STRAIN (AL/LO) FLEXURAL STRAIN (AL/LO)
(@) STRESS - STRAIN
S 20 e CR_01, 1%, |=3cm
CR_02,1%,|=3cm
T e CR_03,1%, |=3cm
<
4
W 10
’—
v
=)
@& 05
3
w Qo0
0.00 0.05 0.10 0.15
FLEXURAL STRAIN (AL/LO)
Figure 12. Bending tests: stress o/strain ¢ diagram for CR specimens supplemented with d = 2.2 mm
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Table 8. Bending test results for control specimens. The average values (AVE) are reported with the
standard deviation (SD).
AVE SD AVE SD Total P AVE SD
Acronym F (kN) or (MPa) (MPa) & (mm) (mm) Part 1 (g) Part 2 (g) Weight () (KN/m®) (KN/m?)
CNTL_01 0.758 1.78 0.281 208.0 256.0 464.0 17.77
1.58 0.27 17.78
CNTL_02 0.670 1.57 015 0.266 0.01 231.0 230.0 461.0 17.65 011
CNTL_03 0.600 141 0.274 215.0 253.0 468.0 17.92
Table 9. Bending test results specimens. The average values (AVE) are reported with the standard
deviation (SD).
AVE £+ Total AVE +
Acronym F (kN) (N([)-II;a) SD & (mm) AX:I:)D P?r; 1 P?r; 2 weight (kNF/)m3) SD
(MPa) 8 8 ® (KN/m?)
SP_01,0.5%,1=2cm,d =1 0.491 1.151 0.491 197.0 262.0 459.0 17.58
SP_02,05%1=2cm,d=1 0622 1458 130 0.422 045 2010 2490 4500 17.23 1745
— 4 ! 013 — 0.03 0.15
SP_03,0.5%,l=2cm,d=1 0.552 1.294 0.437 232.0 226.0 458.0 17.54
SP_04,0.5%,1=3cm,d =1 0.714 1.673 0.764 246.0 219.0 465.0 17.81
SP_05,05%1=3cm,d=1 0600 1406 138 0.379 0.51 2390 2220 4610 17.65 17.77
I ! ! 026 - 0.18 0.08
SP_06,0.5%,1=3cm,d =1 0.447 1.048 0.377 238.0 228.0 466.0 17.85
SP_01,1%,1=2cm,d =1 0.585 1.371 0.349 224.0 229.0 453.0 17.35
PR - 1.55 048 17.34
SP_02,1%,1=2cm,d =1 0.634 1.486 018 0.431 013 208.0 241.0 449.0 17.20 011
SP_03,1%,1=2cm,d =1 0.767 1.798 0.647 228.0 228.0 456.0 17.46
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Table 9. Cont.

AVE + Total AVE +
Acronym F (kN) (N([TII;a) SD & (mm) AXEI:)D Pa(ar; 1 P?r; 2 weight (kN';m‘"’) SD
(MPa) & & ® (KN/m?)
SP_04,3%,1=2cm,d =1 0.675 1.582 1.653 2440 1860  430.0 1647
SP_05,3%,1=2cm,d =1 1.283 3.007 213 2.008 1.88 2060 2230 4290 1643 16.44
D, 5%, d 063 _ =P g6 0.02
SP_06,3%,1=2cm,d =1 0.763 1.788 1.974 2110 2180 4290 1643
SP_01,1%,1=3cm,d = 1 0.745 1.746 1.209 2120 2400 4520 17.31
SP_02,1%,1=3cm,d = 1 0.635 1.488 1.88 1.542 1.66 2320 2160 448.0 17.16 17.14
b2, 1%, d ; : 038 % omp : : : : 4021
SP_03,1%,1=3 cm,d = 1 1.021 2393 2.220 2310 2120 4430 16.97
SP_04,3%,1=3cm,d =1 1.078 2507 4185 1830 2260 4090 15.66
— - 202 T 304 15.84
SP_05,3%,1=3cm,d = 1 0.793 1.859 e 2339 s 2070 2060 4130 15.82 o
SP_06,3%,1=3cm,d =1 0.710 1.664 2,600 2120 2070  419.0 16.05
CRO1,1%,1=2cm,d=22 0753 1.76 0.499 2160 2310 4470 17.12
CR 02,1%,1=2cm,d=22 0727 1.70 1.28 0436 0.51 1960  259.0 455.0 17.42 17.39
tadeliis ’ 064 _ 00 go7 0.21
CR 03,1%,1=2cm,d=22  0.158 0.37 0.608 2300 2300  460.0 17.62
CR 04,3%,1=2cm,d=22 0442 1.04 0.621 1920 1850  377.0 14.44
v - 085 — . 048 14.00
CR 05,3%,1=2cm,d=22 0263 0.62 o 0.513 o 1910 1630 3540 1356 o
CR 06,3%,1=2cm,d=22 0385 0.90 0.296 2060 1600  366.0 14.02
CRO11%, 1=3cm,d=22 0565 1.32 0.647 2120 2030 4150 15.89
P - 127 — 056 1593
CR02,1%,1=3cm,d=22 0508 1.19 o 0.448 oo 2310 1890 4200 16.08 on
CR 03,1%,1=3cm,d=22 0548 1.28 0.591 2000 2130 4130 15.82

The stress—strain diagrams (o—¢) are reported for control samples and specimens
supplemented with hemp fibres in Figures 10-12.

The specimens reinforced with hemp braids show response curves similar to those
of control specimens, with the formation of an initial crack coinciding with the material
breakage and, subsequently, with the drop of resistance (Figure 13). After the first crack
in the fibre-reinforced specimens, a stitching effect is exerted by the braids arranged
close to the crack. These counteract the lesion widening, resulting in the improvement of
resistance values.

(A)

Figure 13. Sewing effect of the crack due to hemp braids during the bending test (A) and fibre—
reinforced specimen after flexural collapse (B).

To compare the results of the bending tests on the fibre-reinforced lime mortar with
those on the standard specimens, the trends of the maximum, minimum and average
stresses of the reinforced specimens are reported for different fibre percentages, diameters
and lengths of the analysed hemp braids (Figure 14).
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Figure 14. Variation of the flexural resistance along with increasing of fibre percentage: 1 mm fibres
with lengths of 2 cm (A) and 3 cm (B) and 2.2 mm fibres with lengths of 2 cm (C) and 3 cm (D).

In conclusion, the flexural strength increases with the addition of hemp braids with
a diameter of 1 mm and a length between 20 and 30 mm, at percentages of 1% and 3%.
Instead, when the braid diameter increases to 2.2 mm, there is a tension decay as the
percentage of fibre increases, which is in any case lower than the flexural strength of the
control samples. Histograms in Figure 15 show the average values of bending resistance
for both investigated lengths of braids. From these results it is obtained that braids with
length of 2 cm provide a mean bending stress decrease of about 13% in comparison to that
of the control specimen. On the contrary, braids with length of 3 cm give an increase of the
mean bending stress of about 8% with respect to the control specimen one.
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Figure 15. Histograms of average values of bending resistance for braids with lengths of 2 cm (A)
and 3 cm (B).

4.2. Compressive Tests

The compressive tests are performed on all the specimens, including the two halves
resulting from the breaking of those subjected to bending tests. The results are illustrated
in Tables 10 and 11.

Table 10. Compressive test results on control specimens. The average values (AVE) are reported with
the standard deviation (SD).

Acronym N (kN) oc (MPa) AVE SD (MPa) & (mm) AVE SD (mm)
CNTL _01 11.14 6.96 0.464

6.04 0.64
CNTL _02 9.83 6.14 070 0.652 023
CNTL _03 8.40 5.25 1.019

Table 11. Compressive test results on fibre-reinforced specimens. The average values (AVE) are
reported with the standard deviation (SD).

Acronym N (kN) oc (MPa) AVE SD (MPa) & (mm) AVE SD (mm)
SP_01,0.5%,1=2cm,d =1 6.724 4.203 0.65
o 1_ _ 4.56 0.73
SP_02,0.5%,1=2cm,d =1 7.547 4.717 026 0.90 011
SP_03,0.5%,1=2cm,d =1 7.678 4.799 0.69
SP_04,0.5%,1=3cm,d =1 8.213 5.133 0.97
o 1= _ 4.60 0.79
SP_05,0.5%,1=3cm,d =1 6.224 3.890 0.55 0.74 012
SP_06,0.5%,1=3cm,d =1 7.972 4.983 0.70
SP_01,1%,1=2cm,d =1 5.840 3.650 1.89
o 1_ _ 3.47 0.77
SP_02,1%,1=2cm,d =1 8.103 5.064 1.03 0.76 0.61
SP_03,1%,1=2cm,d =1 4.074 2.546 0.49
SP_04,3%,1=2cm,d =1 5.361 3.351 0.45
o 1_ _ 3.54 0.66
SP_05,3%,1=2cm,d =1 5.585 3.491 0.19 0.82 0.20
SP_06,3%,1=2cm,d=1 6.105 3.816 0.90
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Table 11. Cont.

Acronym N (kN) oc (MPa) AVE SD (MPa) & (mm) AVE SD (mm)
SP 01,1%,1=3cm,d =1 7.381 4613 0.58
v - 424 0.78
SP 02,1%,1=3 cm, d = 1 6.307 3.942 s 0.87 o
SP_03,1%,1=3 cm, d = 1 6.767 4229 1.05
SP_04,3%,1=3cm,d =1 5502 3.439 0.84
v - 335 0.74
SP_05,3%,1=3cm, d = 1 5.484 3.428 o 0.75 o
SP_06,3%,1=3cm, d = 1 5.112 3.195 0.65
CR_01,1%,1=2cm,d =22 7.99 499 0.698
e - 450 0.55
CR 02,1%,1=2cm,d =22 5.41 338 o 0.438 o
CR_03,1%,1=2cm,d =22 9.37 5.86 0.560
CR_04,3%,1=2cm,d =22 333 208 0.705
CR_05,3%,1=2cm,d =22 5.52 345 2.60 0.882 0.68
o, 5% d 0.57 0.14
CR_06,3%,1=2cm, d =22 415 2.60 0.537
CR_011%,1=3cm,d =22 473 296 0.681
CR_02,1%,1=3cm,d =22 7.64 477 3.66 1.390 0.91
e, 1 d 0.75 0.30
CR 03,1%,1=3 cm, d = 2.2 5.89 3.68 0.913

The stress strain diagrams for both for control and fibre-reinforced specimens are
reported in Figures 16-18.

STRESS - STRAIN
8.0
——— CNTL 01

)
S

—— CNTL_02

)
(=]

CNTL_03

~_

COMPRESSIVE STRESS (MPa
=N W oW
o b b ©o ©

o
o

0 0.01 0.02 0.03 0.04
COMPRESSIVE STRAIN (AL/LO)

Figure 16. Compressive test: stress o/strain ¢ diagram for control specimens.

The results of the compressive tests on the fibre-reinforced mortar are compared with
those of the standard specimens. The graphs in Figure 19 show the trendsA of the max-
imum, minimum and average stresses of the reinforced specimens as the percentage of
fibre increases for each diameter and length of analysed braids. The average compressive
strength for both investigated braid lengths is compared considering the two different di-
ameters (1 mm and 2.2 mm). It is apparent that for both fibre lengths and both diameters the
compressive stress decreases as the fibre percentage increases. This trend is more marked
for fibres with diameter of 2.2 mm and length of 3 cm. Therefore, the best performances are
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achieved with fibres having diameter of 1 mm and length of 2 cm. Histograms in Figure 20
show the average values of compressive strength for both investigated lengths of braids.
From these pictures it is evident that with both lengths of fibres the reduction of the average
compressive stress with respect to the control specimen one is almost the same (about 36%).
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Figure 17. Compressive test: stress o/strain ¢ diagram for SP specimens supplemented with
d =1mm fibres: 0.5% fibres with lengths of 2 cm (A) and 3 cm (B); 1% fibres with lengths of
2 cm (C) and 3 ecm (D); 3% fibres with lengths of 2 cm (E) and 3 cm (F).
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Figure 18. Compressive test: stress o/strain ¢ diagram for CR specimens supplemented with
d = 2.2 mm fibres: 1% (A) and 3% (B) fibres length of 2 cm; 1% fibres length of 3 cm (C).
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Figure 19. Cont.



Architecture 2022, 2 152

(C) COMPRESSIVE STRESS - fibres d=2.2 mm (D) COMPRESSIVE STRESS - fibres d=2.2 mm
7.00 7.00
6.00 * N T A 6.00
5.00 5.00 ®
2 400 2 400
s s ?
o 300 \ ¥ 3.00
=] (=]
2.00 2.00
1.00 1.00
0.00 0.00
000 050 100 150 200 250 300 350 gpoo o050 100 150 200 250 300 350
% fibre length 2 cm % fibre length 3 cm
g o MAX (MPa) g gF MIN {MP3) =——o— oF MAX (MPa) =g oF MIN {MPa)
g F AVE [MPa} oF AVE control (MPa) s 0 F AVE (MPa) - == gF AVE control (MPa)

oC (MPa)

Figure 19. Variation of compressive strength with increasing fibre percentage: d = 1 mm fibres with
lengths of 2 cm (A) and 3 cm (B) and d = 2.2 mm fibres with lengths of 2 cm (C) and 3 cm (D).
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Figure 20. Histograms of medium values of compressive strengths for 2 cm (A) and 3 cm (B) braid
lengths considered.

5. Tensile Tests on Hemp Braids

Braid filaments are made up of single fibres intertwined in a helical structure (Figure 21).
This structure is a particular characteristic of hemp, which improves the resistance to shear
compared to that of synthetic fibres, such as bundles of glass fibres.

A unidirectional tensile test is performed on braids with four different diameters
(4 mm, 3 mm, 2.2 mm and 1 mm) for a total of 12 samples (3 for each diameter) by means
of a universal machine with displacement control (Figure 22). The samples are made of
braids with a length of 70 cm. Out of these, 50 cm represents the reference length, which is
subjected to the elongation, and 10 cm at each extremity are necessary for anchoring to the
testing machine.

Table 12 summarizes the tensile test results and Figure 23 represents the stress—strain
diagram with reference to the four analysed diameters.
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Figure 21. Electron microscope photo of the hemp yarn with focus on the twist angle of the

individual microfibres.

(A)

4mm

3mm

2.2mm imm

Figure 22. Braids of different diameter subjected to tensile test (A) and machine used for tensile tests
on the hemp braids (B).

Table 12. Tensile resistance of specimens reinforced with braids. The average values (AVE) are
reported with the standard deviation (SD).

Acronym d (mm) A (mm?) F (N) ot (MPa) AVE SD (MPa) E (MPa) AVE SD (MPa)

D4 1 4.00 12.57 683.00 54.4 1137.1

48.7 1950.5

D4 2 4.00 12.57 580.00 46.2 41 1451.1 9371
D4_3 4.00 12.57 570.00 454 3263.2
D3 1 3.00 7.07 197.00 27.87 656.4

27.2 549.1

D3_2 3.00 7.07 182.00 25.7 10 334.4 151.8
D3_3 3.00 7.07 197.00 27.9 656.4
D221 2.20 3.80 240.00 63.1 1948.6

D222 2.20 3.80 230.00 60.5 611'17 1908.7 12893'7
D223 2.00 3.14 234.00 61.6 2051.9
Di1_1 1.00 0.79 121.00 154.1 2362.9

149.0 2894.8

D1_2 1.00 0.79 113.00 143.9 40 3540.3 4873
D1_3 1.00 0.79 117.00 148.9 2781.3
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Figure 23. Stress—strain diagram of the four different diameters under tensile actions.

6. Conclusions

The building industry has a major environmental impact, so the current scientific
research trend is focused on the development of sustainable and renewable resources to
replace polluting and nonrecyclable materials. Within this scenario, this research aims
at developing a lime mortar premixed and reinforced with hemp fibres to obtain a high-
quality biocomposite with suitable mechanical properties. In the perspective of future
applications, this compound could represent an effective solution for the retrofitting of
existing buildings.

The first goal of the research was to define an ideal composition of the biocompound.
Therefore, the water absorption of the hemp braids was calculated to maintain the opti-
mal water/lime ratio of the mortar, as indicated by the manufacturer. According to the
performed tests, the braids absorbed, on average, a quantity of water equal to 1.5 times
their weight. An in-depth study of the soaking of braids could be useful to improve the
workability of the mixture. Concerning this parameter, the spreading tests revealed signifi-
cant variations in the workability of the mixture, as the percentage of fibres (in terms of
weight and diameter of the braids) in the mixture increases. It was found that for thicker
braids (diameter of 2 mm), 1% of fibres in terms of premixed weight represents the best
percentage. However, for thinner strings (diameter of 1 mm), a fibre percentage of 1%
provided an improvement of the mechanical performances.

A total of 30 samples were prepared and 10 combinations of parameters were inves-
tigated. Each combination was tested with three samples. The parameters were: fibre
diameter (1 mm and 2.2 mm), percentage of hemp fibre in the mortar (0.5%, 1% and 3%),
length of the hemp braid fragments (2 cm and 3 cm). After 28 days of curing, specimens
prepared with three different percentages of hemp fibres (0.5%, 1% and 3%) did not undergo
significant changes due to mortar shrinkage phenomena.

For the mechanical characterization of the material, bending and compressive tests
were performed on all specimens. Compared to the control specimens, the flexural strength
of the mortars obtained with the addition of hemp braids increased only for few specimens.
For the specimens supplemented with d = 1 mm fibres, an increase in resistance was
observed in following cases: (I) 3% hemp fibres with length of 2 cm (strength increase of +
18%); (II) 1% hemp fibres with length of 3 cm (strength increase of + 34%); (III) 3% hemp
fibres with length of 3 cm (strength increase of + 27%). For the specimens supplemented
with d = 2.2 mm hemp braids, the resistance was always lower than that of the reference
samples. This occurred also for all fibre-reinforced specimens in the compressive tests. In
particular, it was noted that as the percentage of braids increased the trend decreased, with
reductions varying between 24% and 56%. On the other hand, there was an improvement
of 74% of the average of the ultimate deformations, which denotes a greater ductility of the
fibre-reinforced specimens.
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