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Abstract: The use of natural materials, such as natural fibres, in the construction industry is becoming
more frequent. The source of natural fibres should be sought in local plants, such as Spanish Broom
in the Mediterranean area. The fibre treatment process was carried out in 8 different ways with alkali
4%, 5%, 6%, 8%, 10% and 15% NaOH solution, and 5% NaOH and 2% Na2SO3 mixture solution
and seawater. The fibres were tested for tensile strength. No relationship was established between
the concentration of the solution and the tensile strength of the fibres. The influence of the reuse
of treatment solution on fibre quality was monitored by X-ray diffraction (XRD), ATR-FTIR, and
TG/DTG analysis. Fibres with lengths of 1, 2, and 3 cm were added to cement mortar specimens in
amounts of 0.5 and 1 vol%. The flexural and compressive strengths were tested on mortar specimens
after 28 days. For fibres 1 and 3 cm long, 0.5% natural fibre content gives higher strength results:
about 9% for flexural strength and 13.5% and 11.7% for compressive strength in regard to mortar
reinforced with fibres of the same length but with a proportion of 1%. For mortar reinforced with fibre
2 cm long, better results are achieved with 1% fibre content, namely 9% higher flexural strength and
11.2% higher compressive strength compared to mortars with 0.5% fibre content. SEM/EDS analysis
showed that the fibres are integrated into the cement matrix but that there is no strong interaction
with the binder. For examination and 3D visualisation of mortar specimens, a medical device MSCT
(Multi-slice Computed Tomography) was also used. For three consecutive years of Spanish Broom
harvesting, an analysis of meteorological conditions and the results of the mechanical strength of
reinforced mortars is given. For the examined years, the meteorological conditions did not affect the
obtained results. Additional knowledge about the Spanish Broom fibres can introduce this plant to
the application of new sustainable building materials.

Keywords: Spanish broom; fibre treatments; reuse of treatment solution; XRD; ATR-FTIR; TG/DTG;
cement mortar; mechanical strength; SEM/EDS analysis; meteorological conditions

1. Introduction

Reinforcement of cement composites with randomly dispersed short, synthetic fibres
has become very popular because it has been shown that this reinforcement significantly
improves ductility, toughness, tensile strength, and impact resistance of composites, and
the most popular fibres are steel and polymer fibres [1]. Steel fibres have limited use
because of corrosion [2]. Although synthetic fibres do not have corrosion problems, their
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production is expensive and energy-intensive [3]. Therefore, recently more and more focus
has been directed to natural fibres, whose extraction requires a low amount of energy, has a
low environmental impact, and which are available [2]. Natural fibres are animal-based,
mineral-derived, and plant-based fibres. Most common plant fibres like ramie, cotton,
kenaf, flax, sisal, hemp, jute, bamboo, abaca, sugar palm, etc., have attracted a number of
material researchers [4–15].

Some of the mentioned authors used their fibres untreated, while others treated them.
Plants are mainly composed of lignin, cellulose, and hemicellulose. For the purposes of
reinforcing the composite, it is desirable that the fibres have the lowest lignin and high
cellulose content because such a composition leads to higher tensile strength [16]. The
presence of cellulose, which is hydrophilic in nature, may affect the interfacial bonding
between the fibres and composite matrix [17]. The purpose of the treatment is to improve
the contact zone between the fibre and the cement paste, to improve the thermal stability of
the fibres, and to improve the dispersibility of the fibres in the cement composite [18–21].
When it comes to fibre treatment methods, anhydride modification, organosilane treatment,
and various coupling agents have been used, although alkali treatment has been found
to be the most feasible [16,17,22,23]. Alkali treatment of fibres increases the crystallinity
of cellulose which can lead to an increase in fibre strength [18,24,25]. Commonly used
alkaline solutions for fibre treatment are NaOH and Na2SO3 [18]. Various authors have
used different concentrations of NaOH, usually between 1 and 15%, and have different
conclusions about which treatment is most effective. The best treatment in terms of kenaf
fibre mechanical properties for Alavudeen et al. [26] is 10% NaOH treatment for 8 h at
room temperature; for Yousif et al. [27] is 6% NaOH for 12 h at room temperature, while
for Edeerozey et al. [28] it is 6% NaOH at 95 ◦C. Aravindh et al. [29], in their review of the
effects of various chemical treatments on the mechanical properties of biofibre-reinforced
composites, found that treatment with 5% NaOH is the most effective and economical
treatment. Some authors used solutions containing 5% NaOH and 2% Na2SO3 [18,30,31]
and 2.5% NaOH and 2% Na2SO3 [30,31] for fibre treatment, while the authors in [18,32,33]
treated fibres with seawater as the most economically and ecologically acceptable solution.

In addition to the fibre extraction method, the chemical composition of the fibres is
affected by the plant growing environment, geographical factors, and climate conditions.
The influence of changing weather conditions on fibre quality has been the subject of
research by numerous authors. Lefeuvre et al. [34] tested the tensile properties of flax
fibres of the Marylin variety grown in the same geographical area for three years; it was
determined by statistical analysis that the average tensile properties of the fibres were
relatively constant despite the year of cultivation (although two years recorded a lack of
precipitation). Another study also showed that there was no significant effect of weather
over four years on the tensile properties of flax fibres of the Marylin variety grown in the
same geographical area. Regardless of drought or excess precipitation during the vegetative
period, elementary fibres had reproducible tensile properties over four years [35]. A plant
under the influence of stress caused by a dry period or excess moisture reduces growth and
increases the diameter of the stem. The drought of the soil reduced the rate of growth of flax,
which reduced the number of fibres in cross-sections of the stem by only 16%. However,
this resulted in different fibre lengths in different parts of the stem [36]. Lokhande and
Reddy [37] found that quantitative functional relationships between temperature and cotton
fibre quality are important for improving cotton properties. The fineness and maturity
of cotton fibres, as well as their uniformity, increased with increasing temperature up to
26 ◦C and decreased at higher temperatures, while fibre strength increased linearly with
temperature. The length of cotton fibres increased linearly from 18 ◦C to 22 ◦C; at higher
temperatures, the length decreased [37].

The variety of natural fibres is wide, and the FAO organisation’s idea is that the climate
differs from country to country but that in each climate zone, at least one crop for fibre
production can grow [38]. It is in the interest of each country to examine the local fibre
plant and the possibility of its application, especially if that plant can grow both wild and
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cultivated. Spanish Broom is a bushy plant that is widely distributed in the Mediterranean,
and its use fully meets the mentioned requirements. Spanish Broom was used in the time
of the ancient Greeks, Romans, and Carthaginians, but it lost its significance as a textile
raw material in the 1960s. This paper deals with Spanish Broom and studies the effect
of different treatments on the tensile strength of fibres, as well as the effect of treatment,
length, and proportion of fibres on the mechanical properties of the cement composite.
With regard to chemical treatments with hydroxide, the possibility of multiple uses of
the same solution was examined for purely ecological reasons. The changes in the fibre
structure caused by chemical treatment in a reusable solution were monitored by X-ray
diffraction (XRD), Attenuated Total Reflectance-Fourier-transform infrared spectroscopy
(ATR-FTIR), Thermogravimetry/Derivative thermogravimetry analysis (TG/DTG). For
selected specimens, a medical device MSCT (Multi-slice Computed Tomography) for
quantitative analysis of specimens (ROI, Region of Interest) and 3D visualisation (VRT,
Volume Rendering Technique) were used. Given that the fibres of Spanish Broom are
natural fibres, it is to be expected that their quality varies depending on the meteorological
conditions of the year of growth and development of the plant. The paper presents the
results of the mechanical strength of fibre-reinforced cement mortars from three consecutive
harvest years, and the meteorological conditions for those three years are presented. The
novelty of this paper would be the examination of the influence of the fibre tensile strength
on the mechanical properties of the reinforced cement mortar, the effect of repeated use
of the maceration solution on the quality of the fibres, as well as the examination of the
influence of meteorological conditions on the fibre quality, respectively, on mechanical
properties of the reinforced mortar. Especially because Spanish Broom is still an under-
researched plant for use in building materials.

2. Materials and Methods
2.1. Spanish Broom Fibres

In purpose to reinforce the mortar, it is necessary to prepare fibres because Spanish
Broom fibres are not available on the market, so the authors themselves picked shoots of
Spanish Broom in the summer, as recommended in previous investigations, when a brown
seedpod forms on the twig [33,38], Figure 1a,b.
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Figure 1. (a) Spanish Broom shrub; (b) branches; (c) branches after immersion in the 4% NaOH
solution and under the tap water; (d) same Spanish Broom fibres drying on room temperature.

After harvesting, the branches were cut to the appropriate length (up to 30 cm) and
stored in a dry place. By daily weighing, it was observed that the twigs reached a constant
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weight after 6 days. A total of 7 different solutions were prepared: 4%, 5%, 6%, 8%, 10% and
15% NaOH solution, and 5% NaOH and 2% Na2SO3 mixed solution in a volume ratio of 4:1.
The branches that were planned to be submerged in seawater were sewn into an airy net
together with a 3 kg weight and thrown into the sea at a depth of 2.5 m. They were left there
for 40 days. Previously prepared alkali solutions were stored in plastic containers with a
volume of 15 L and equipped with lids in the laboratory. The branches were placed in the
solution and, depending on the concentration of the solution, removed from it after a certain
number of days. The time of keeping the branches in the solution was checked by pressing
the branch between the fingers. If the fibre is easily separated from the wooden part under
pressure, the branches are removed from the solution, and the next round of branches is
placed in the solution. The reuse of the same solution is performed with the aim of reducing
environmental pollution. The removed branches were washed under water with manual
separation of the fibres from the woody part of the branch, Figure 1c, and the dry at room
temperature, Figure 1d. In solutions with a higher concentration of alkali, it took less time
for the fibres to be ready for separation, but after repeated use of the same solution, the
storage time would be extended. The maceration started on 31 July and continued until
19 December, so the temperature also had an effect on slowing down the process. The
branches were immersed in the solutions between 6 and 41 days. For example, the first
round of maceration in 15% NaOH solution lasted for 6 days, the next two for 7 days and
then for 10 days. ATR-FTIR and thermogravimetry/derivative thermogravimetry analyses
of fibres were presented in previous papers (to be listed). Therefore, the effect of the reuse
of the solution on fibre quality was studied in this paper. As an example, fibres from a 15%
NaOH solution, marked as N15, were shown. Roman numerals I, II, III, IV and V indicate
the number of times the solution was used. BS is untreated Spanish Broom fibre.

2.1.1. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The prepared samples of fibres were recorded using a Spectrum One (Perkin Elmer)
FTIR spectrometer equipped with ZnSe crystal for collecting spectrum by the method of atten-
uated total reflectance, ATR-FTIR. Spectrums were recorded in the range of 4000–650 cm−1

and with a resolution of 4 cm−1. The obtained spectra are shown in Figure 2.
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A very weak absorption band centred at 3725 cm−1 arise from stretching –OH. In the
spectrums of fibres that have been treated with a 15% NaOH solution (N15 I and N15 V)
absorption band, which arises from stretching –OH is moving towards smaller values of
wave numbers centred at 3290–3282 cm−1. This moving of absorption band, which arises
from stretching -OH, indicates that the intra-molecular hydrogen bonding as a dominant
type of hydrogen bonding in the natural Spanish Broom is substituted with intermolecular
hydrogen bonding as the dominant bond after maceration [33,39].

The absence of strong absorption bands in the range of wavenumber 3730–3736 cm−1

in the spectra of samples N15 I and N15 V as a result of the stretching OH group after the
maceration process was carried out suggests a sufficient number of rinses with water.

A moderately strong and broadened absorption band centred at a wavenumber of
2897 cm−1 indicates stretching of the C-H and CH2 bonds. Absorption bands at wavenum-
bers 890, 1100, 1157 and 1418 cm−1 indicate the asymmetric stretching of the C-O-C bond
and symmetric CH2 bending vibration in cellulose, which indicates the crystallinity of
cellulose fibres. The absorption band, which is very important in the context of the crys-
tallinity of cellulose fibres, is 889–893 cm−1 and results from the glycosidic bond between
the C-O-C bond within the cellulose structure in cellulose fibres. The absorption band
occurring at 1416–1418 cm−1 (symmetric CH2 bending) should correspond to the changes
in the environment of the C6 group forming an intermolecular hydrogen bond with O6
in the cellulose structure [33,40]. The absorption band at the wavenumber 1050 cm−1

arise from an asymmetric stretching of a glycosidic ring in line. The absorption band at
1370 cm−1 indicates the stretching of a C-H bond, the absorption band at 1315 cm−1 results
from wagging the CH2 bond, while the absorption band at 1244–1246 cm−1 most likely
results from the OH bending in the plane [41,42]. Absorption bands at 1513–1525 cm−1

correlated with the stretching vibration of C=C and 1240–1264 cm−1 assigned to syringyl
ring and C-O stretching in lignin are bands present in the spectra of the samples BS; the
same bands are also present in the spectra of all other samples, but with lower intensity,
suggesting that maceration of Spanish Broom with 15% NaOH solution removes most of the
lignin content as non-cellulosic compounds [43,44]. When comparing the FTIR spectrum of
N15 I and N15 V, it is clear that the efficiency of the solution used (after being used five
times) in the maceration process is still good. Since the maceration process takes 7 days
per individual sample, the fifth maceration was performed after 35 days. During this time,
freshly harvested Spanish Broom is stored in the air. The comparison of the FITR spectra
shows that the success of the maceration process does not depend on whether the herbs
subjected to maceration are freshly picked or almost dry.

X-ray diffraction pattern has been measured at the 3rd generation Empyrean, Malvern
Panalytical. A sample of fibres of Spanish Broom was mounted at the sample holder for
transmission between Kapton foils. On the primary side of the goniometer, a prefix iCore
was mounted, optimised for the constant irradiated surface of 7 mm (automatic divergence
slit, ADS). Measurement was performed by using the X-ray tube with a Cu anode and
applying a voltage of 45 kV and a current of 40 mA. The obtained diffraction pattern was
corrected for divergence slit (ADS to FDS) and for systematic error using the external
Si standard.

Obtained diffraction patterns of the fibres N15 I and N15 V produced by maceration
of Spanish Broom are shown in Figure 3. The structure of obtained materials is a mixture of
crystalline Cellulosic material and an amorphous phase on which a very wide diffraction
maximum is suggested. In all samples, two crystalline phases, Cellulose Iβ and Cellulose
Iα, are found.
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C—CaCO3).

2.1.2. Thermogravimetry/Derivative Thermogravimetry Analysis (TG/DTG)

The prepared fibre samples were recorded on a TG/DTG-DTA instrument, Perkin
Elmer, model Pyris Diamond, in a temperature range of 30–1000 ◦C. The samples were
heated at a heating rate of 20 ◦C/minute in a nitrogen atmosphere as purge gas and with a
nitrogen flow rate of 100 mL/min. The obtained TG/DTG curves are shown in Figure 4.
Obtained TG/DTG curves are normalised at 10 mg of sample. From the shown results, it
can be seen that in a temperature range for the sample BS, the first loss of mass is recorded
in the temperature range of 30–176 ◦C. This first loss of mass in the amount of 7.01 mass.
% is continuous, without clearly stressing other degrees of degradation, and it probably
derives from absorbed moisture and constitutionally weakly bounded water. In all other
samples, this loss of mass happened up to 200 ◦C. The second characteristic loss of mass
in the amount of 5.01 wt.% can be seen in a TG/DTG curve for the BS sample in a range
of 200–285 ◦C. This temperature region is also a characteristic peak in the DTG curve,
which is located at 232.5 ◦C. This loss of mass is the result of thermal degradation of the
hemicellulose. This value of mass loss which is related to hemicellulose is not exactly
determined because the end of the temperature range is overlapped with other thermal
decomposition. That means above 232.5 ◦C, the thermal decomposition starts and lasts
until 418 ◦C with the peak in the DTG curve located at 339.09 ◦C. In this temperature range,
the loss of mass is 55.52 wt.%, where the loss of mass arises from the thermal degradation of
cellulosic fibres [33,44]. In the maceration of the natural plant of Spanish broom, the same
water solution of 15% NaOH was used five times to determine the efficiency of maceration
and to prevent the pollution of the environment by waste disposal. The efficiency of
process maceration can be determined by the content of non-cellulosic materials as residue
in cellulosic fibres after maceration. The beginning of thermal decomposition samples
prepared by maceration in a water solution in which a content of 15% of NaOH (N15 I, N15
II, N15 III, N15 IV, and N15 V) related to the natural plant is shifted at higher temperature
range. So between TG/DTG curves of samples N15 I–N15 V shifting, the beginning of
thermal decomposition at higher temperatures is also visible until the maximum of DTG
curves is shifted but with a very small value. This postponed thermal decomposition visible
into curves of fibres obtained by maceration is a result of removing hemicellulose from the
natural plant as one of the results of maceration.



Buildings 2023, 13, 1910 7 of 25
Buildings 2023, 13, x FOR PEER REVIEW 7 of 26 
 

 
Figure 4. TG/DTG recordings of the N15 I, N15 II, N15 III, N15 IV, and N15 V Spanish Broom fi-
bres. 

In the figure, the series prepared into 15 wt.% NaOH is shown in which the structure 
of cellulosic materials into the structural form of Cellulose Iα and Cellulose Iβ is devel-
oped. Loss of mass in the range from the beginning of measuring up to 105 °C arises from 
losing mass of free water which is in the range from 5.89 up to 6.45 wt.%. The highest loss 
in mass happens in the range, which is characteristic for cellulosic materials in the range 
from 275–409 °C (peak in the DTG curves is in the range from 367–372 °C). The shift of the 
DTG maximum at higher temperatures indicates that the time of treatment with the alkali 
solution increases the thermal stability of cellulosic fibres. Loss in mass for samples N15 
I, N15 II and N15 III, N15 IV and N15 V in this temperature range is between 55.73–61.12 
wt.%, while the sample BS is decomposed in the range of 200–411 °C and loss in mass is 
61.23 wt.%.  

The third characteristic temperature range of the loss of mass is in the temperature 
range of 408–737 °C for the sample N15 with mass loss in the amount of 32.34. Measured 
loss of mass arises from the thermal decomposition of the lignin, where the breakdown of 
aliphatic hydroxyl groups (R-COOH) happens on the side chain of the lignin. In all other 
samples denoted as samples N15 I, N15 II, N15 III, N15 IV, and N15 V obtained after a 
longer time of exposition, the alkali environment in the process of maceration doesn’t 
show loss of mass in this temperature range. This obtained data suggest that the time of 
exposing plants to the process of maceration by using the water solution of the 15% NaOH 
influences the decrease of the content of lignin and also that the same alkali solution can 
be used for at least five preparations. 

2.1.3. Mechanical Properties of Spanish Broom Fibres 
After repeated use of the fibre treatment solution, fibres treated in the same solution 

were mixed. To determine the mechanical properties of Spanish Broom fibres, the fibres 
were taken by random selection. The stress–stroke diagram for fibres was determined us-
ing a Shimadzu universal tester of 50 kN capacity and loading the samples at a rate of 
extension 1 mm/min according to nHRN EN 14889-2 [45]. Figure 5a represents the fibres 
after treatment in the appropriate solutions, and Figure 5b shows a representative stress–
stroke diagram for the fibres used in this paper. The fibres are marked according to the 
solution in which they were treated: N4 are fibres treated in 4% NaOH solution, N5 are 
fibres treated in 5% NaOH, etc., N5S2 is the designation for fibres treated in 5% NaOH 
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In the figure, the series prepared into 15 wt.% NaOH is shown in which the structure
of cellulosic materials into the structural form of Cellulose Iα and Cellulose Iβ is developed.
Loss of mass in the range from the beginning of measuring up to 105 ◦C arises from
losing mass of free water which is in the range from 5.89 up to 6.45 wt.%. The highest
loss in mass happens in the range, which is characteristic for cellulosic materials in the
range from 275–409 ◦C (peak in the DTG curves is in the range from 367–372 ◦C). The
shift of the DTG maximum at higher temperatures indicates that the time of treatment
with the alkali solution increases the thermal stability of cellulosic fibres. Loss in mass for
samples N15 I, N15 II and N15 III, N15 IV and N15 V in this temperature range is between
55.73–61.12 wt.%, while the sample BS is decomposed in the range of 200–411 ◦C and loss
in mass is 61.23 wt.%.

The third characteristic temperature range of the loss of mass is in the temperature
range of 408–737 ◦C for the sample N15 with mass loss in the amount of 32.34. Measured
loss of mass arises from the thermal decomposition of the lignin, where the breakdown
of aliphatic hydroxyl groups (R-COOH) happens on the side chain of the lignin. In all
other samples denoted as samples N15 I, N15 II, N15 III, N15 IV, and N15 V obtained after
a longer time of exposition, the alkali environment in the process of maceration doesn’t
show loss of mass in this temperature range. This obtained data suggest that the time of
exposing plants to the process of maceration by using the water solution of the 15% NaOH
influences the decrease of the content of lignin and also that the same alkali solution can be
used for at least five preparations.

2.1.3. Mechanical Properties of Spanish Broom Fibres

After repeated use of the fibre treatment solution, fibres treated in the same solution
were mixed. To determine the mechanical properties of Spanish Broom fibres, the fibres
were taken by random selection. The stress–stroke diagram for fibres was determined
using a Shimadzu universal tester of 50 kN capacity and loading the samples at a rate
of extension 1 mm/min according to nHRN EN 14889-2 [45]. Figure 5a represents the
fibres after treatment in the appropriate solutions, and Figure 5b shows a representative
stress–stroke diagram for the fibres used in this paper. The fibres are marked according to
the solution in which they were treated: N4 are fibres treated in 4% NaOH solution, N5
are fibres treated in 5% NaOH, etc., N5S2 is the designation for fibres treated in 5% NaOH
and 2% Na2SO3, and SW40 is the designation for fibres that were submerged in the sea for
40 days. Fibre properties are listed in Table 1.
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Table 1. Fibre properties.

Fibre
Fibre Diameter

σMAX, [N/mm2] σaverage, [N/mm2]
Average Diameter, [mm] Standard Deviation, [mm]

N4 0.68 0.11 63.54 43.73
N5 0.26 0.09 593.97 314.20
N6 0.44 0.11 208.90 115.49
N8 0.32 0.08 510.49 311.77

N10 0.40 0.16 338.53 188.87
N15 0.26 0.05 522.13 291.52

N5S2 0.62 0.13 159.76 78.76
SW40 0.94 0.09 57.10 39.41

According to Table 1, the maximum tensile strength of fibres is in the range from
57.10 N/mm2 (SW40) to 593.97 N/mm2 (N5). Based on the obtained values, no connection
can be established between solution concentration, fibre diameter, and tensile strength.

2.2. Other Materials and Mixing Proportions

In this study, CEM I 42.5 R was used with a specific gravity of 3.16 g/cm3 and a
specific surface area, according to Blaine, of 3785 cm2/g. The XRD analysis was made,
and obtained diffraction pattern for cement was corrected for divergence slit (ADS to FDS)
and for systematic error using the external Si standard. Quantification of mineral phases
present in the cement CEM I 42.5 R is made by using the Rietveld method, and results are
shown in Figure 6a. The used standard quartz sand CEN-Normasand complies with the
requirements of HRN EN 196-1 [46] and HRN EN 196-9 [47], Figure 6b.

The control mortar (CM) was produced according to HRN EN 196—1: 2016 [46],
with 450 g of cement, 225 g of water, and 1350 g of standard quartz sand. The other
48 fibre-reinforced mixtures have cement, water, and sand in the same composition as the
control mortar, with the addition of Spanish Broom fibres in the amount of 0.5% or 1% of
the total volume. The fibres were stored in airy cardboard boxes and, before preparing
the mortar, were cut by hand with sharp scissors to lengths of 10 mm, 20 mm, and 30 mm
with a possible deviation of 2 mm. The control mortar was prepared using the standard
method in an automatic laboratory mixer, while the other mortars were removed from the
mixer after 30 s + 30 s + 60 s of automatic mixing of cement, sand, and water. Cut fibres
were added to the container, and the mixture was mixed by hand until homogenised. The
marks of the specimens and the composition of the mixtures are given in Table 2. The mark
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consists of the method of fibre treatment, the length of the fibre, and the volume fraction
of fibres in the mixtures. Fibre treatment designations correspond to the data in Table 1.
The mark X in NX replaces the concentration of the sodium hydroxide solution, which
can be 4, 5, 6, 8, 10 and 15%. Mortars were moulded in a three-gang mould on a vibrating
table. They were stored in an air-conditioned chamber at 20 ◦C and 95% of moisture for
24 h. The specimens were demoulded after 24 h and placed in water at a temperature of
20 ◦C ± 2 ◦C, and cured for 28 days.
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Figure 6. (a) Mineral composition of CEM I 42.5 R.; (b) Standard quartz sand grading curve according
to EN 196-1.

Table 2. Mortar specimen composition and labels.

Mixtures Cement [g] Water [g] Standard Quartz
Sand [g] Fibre [g] Fibre Length

[cm]

CM 450 225 1325 - -

NX-1-0.5 *

450 225 1325

4.8 1
NX-1-1.0 * 9.6 1
NX-2-0.5 * 4.8 2
NX-2-1.0 * 9.6 2
NX-3-0.5 * 4.8 3
NX-3-1.0 * 9.6 3

N5S2-1-0.5

450 225 1325

4.8 1
N5S2-1-1.0 9.6 1
N5S2-2-0.5 4.8 2
N5S2-2-1.0 9.6 2
N5S2-3-0.5 4.8 3
N5S2-3-1.0 9.6 3

SW40-1-0.5

450 225 1325

4.8 1
SW40-1-1.0 9.6 1
SW40-2-0.5 4.8 2
SW40-2-1.0 9.6 2
SW40-3-0.5 4.8 3
SW40-3-1.0 9.6 3

* X = 4, 5, 6, 8, 10 and 15.

2.3. Test Methods for Cement Mortars

The flexural test was carried out on 40 mm × 40 mm × 160 mm specimens according
to [46]. After the flexural strength test was completed, two half-section specimens were
taken out, and the compressive strength test was carried out on the side of the half-section
specimens with an effective area of 40 mm × 40 mm.

Some specimens were examined with a scanning electron microscope. SEM/EDS
analyses were performed in a low vacuum with a Jeol JEM-7610F Plus microscope equipped
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with an Oxford Ultim Max 65 SDD X-ray analyser for EDS analysis. The accelerating voltage
and pressure were up to 1 kV and 4.4 × 10−4 Pa, respectively, for secondary electron image
acquisition (SEI) and the voltage was in the range of 15 to 20 kV for elemental analysis.

Multi-slice Computed Tomography (MSCT) devices measure the attenuation of ra-
diation passing through the material using the Hounsfield scale from −1071 to 3071.
Hounsfield units can be calculated for any material using the linear attenuation coefficients
for the material (µmaterial) and water (µwater) according to the formula:

HUmaterial = 1000·µmaterial−µwater
µwater

(1)

There are two fixed values in the Hounsfield unit scale, which are 0 HU for water and
−1000 HU for air. MSCT devices quantify the attenuation of radiation passing through the
material using the Hounsfield scale within each rectangular shape and pores, so materials
that absorb more X-rays have a higher Hounsfield unit value. The cement, aggregates,
and fibres can be characterised by defining specific ranges for their HU values. Osirix
viewer was used for measurements of Hounsfield unit values in regions of interest (ROI)
and 3D visualisation. For the 3D visualisation of mortar specimens, the Volume Rendering
Technique (VRT) transparent display technique was used. More air is represented with
light blue, while more cement matrix is represented with dark blue. For each individual
layer within the ROI: minimum, maximum, mean, SD, median, and area were obtained.

3. Results and Discussion
3.1. Compressive and Flexural Strength, Bending-Compressive Ratio

The effects of micro-reinforcement with Spanish Broom on the compressive and flexu-
ral tensile strengths of cement mortar specimens at the age of 28 days, standard deviation,
and relative compressive and flexural strength in relation to the reference mortar specimen
(CM) are shown in Table 3.

According to Table 3, only three mortar mixtures, N4-1-0.5, N4-2-0.5, and N15-2-0.5,
had a higher or same flexural strength than the control mortar. In terms of relative com-
pressive strength, none of the reinforced mixtures exceeded the value of the reference
mortar. Similar results were obtained by the authors [48–52]; in their studies, mortars
and cement-based materials containing date palm fibres showed lower compressive and
bending strength compared to the referent specimen. The cause of the decrease in com-
pressive strength can be found in three possible reasons: low mechanical strength of
additions, increase in porosity, and weaker fibre/matrix adhesion [48,51]. Sedan et al. [53]
also concluded similarly that the flexural strength of the composite decreases due to a
non-homogeneous mixture and especially because of poor adhesion between the fibres
and the matrix. Katman et al. [3] claimed that a weaker transition zone is created around
the fibres, so there is a tendency for the entire specimen to be weaker. According to [54],
the increase in fibre length leads to a high volume of large capillary pores. Comparing
results in Tables 2 and 3, no correlation can be established, which means that some other
factor influences mortar strength. One of the reasons may be the manual mixing of mortars
with fibres, while only the reference mixture was completely mixed in a laboratory mixer.
Manual mixing with the addition of fibres increases the amount of incorporated air during
the mixing phase, which is in accordance with the conclusion in [51]. Figure 7 shows some
typical problems in mortar specimens after testing flexural strength, which fit into the
above-mentioned explanations of strength reduction. In Figure 7a, there is a SW40-3-1.0
specimen from which a large-diameter fibre comes out. Additionally, according to Table 1,
fibres after seawater treatment have a larger diameter than fibres after alkaline treatment.
The external layer of the Spanish Broom branches consists of two types of fibrous cells: ele-
mentary fibres and technical fibres. Elementary fibres are mostly in the range of 5 to 10 µm
in diameter, while the bundle diameter is approximately 50 µm [38,55,56]. It is possible
that some unseparated bundles remained during the sea maceration.
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Table 3. Compressive and flexural tensile strengths of mortar specimens after 28 days of curing.
Relative compressive and flexural tensile strengths in relation to the reference mortar specimen (CM).

Mixtures Flexural
Strength [MPa]

Standard
Deviation

[MPa]

Relative
Flexural

Strength/CM

Compressive
Strength [MPa]

Standard
Deviation

[MPa]

Relative
Compressive
Strength/CM

CM 8.47 0.51 1.00 53.32 0.51 1.00

N4-1-0.5 8.74 0.43 1.03 46.91 0.43 0.88
N4-1-1.0 7.72 0.20 0.91 41.43 0.64 0.78
N4-2-0.5 8.48 0.23 1.00 45.88 1.63 0.86
N4-2-1.0 7.71 0.11 0.91 38.75 1.81 0.73
N4-3-0.5 8.31 0.31 0.98 44.68 1.69 0.84
N4-3-1.0 7.52 0.57 0.89 40.86 1.30 0.77

N5-1-0.5 7.91 0.58 0.93 45.32 0.89 0.85
N5-1-1.0 7.57 0.43 0.89 40.77 1.31 0.76
N5-2-0.5 8.19 0.31 0.97 43.68 2.19 0.82
N5-2-1.0 7.20 0.50 0.85 39.30 1.36 0.74
N5-3-0.5 8.30 0.29 0.98 45.55 2.15 0.85
N5-3-1.0 7.10 0.52 0.84 38.04 1.25 0.71

N6-1-0.5 7.97 0.07 0.94 47.10 1.50 0.88
N6-1-1.0 7.51 0.33 0.89 41.40 0.87 0.78
N6-2-0.5 8.20 0.21 0.97 49.10 1.84 0.92
N6-2-1.0 7.43 0.38 0.88 42.85 1.85 0.80
N6-3-0.5 8.39 0.32 0.99 46.16 1.33 0.87
N6-3-1.0 7.09 1.00 0.84 41.32 1.76 0.77

N8-1-0.5 8.03 0.13 0.85 46.80 0.65 0.88
N8-1-1.0 7.50 0.20 0.89 40.58 1.60 0.76
N8-2-0.5 7.53 0.40 0.89 40.11 1.97 0.75
N8-2-1.0 7.67 0.15 0.91 39.20 2.11 0.74
N8-3-0.5 8.03 0.38 0.95 47.66 1.56 0.89
N8-3-1.0 7.09 0.37 0.84 40.34 2.76 0.76

N10-1-0.5 8.31 0.33 0.94 45.47 1.50 0.85
N10-1-1.0 7.38 0.01 0.87 40.79 1.33 0.77
N10-2-0.5 8.43 0.67 0.95 45.96 0.84 0.86
N10-2-1.0 8.01 0.06 0.94 41.76 1.37 0.78
N10-3-0.5 8.24 0.06 0.96 47.93 0.86 0.90
N10-3-1.0 7.49 0.43 0.92 42.59 1.54 0.80

N15-1-0.5 8.24 0.30 0.97 45.32 0.71 0.85
N15-1-1.0 7.92 0.43 0.94 41.91 1.57 0.79
N15-2-0.5 8.69 0.22 1.03 46.28 1.16 0.87
N15-2-1.0 7.10 0.26 0.84 38.62 1.93 0.72
N15-3-0.5 8.42 0.30 0.99 47.11 1.29 0.88
N15-3-1.0 7.96 0.48 0.94 42.16 1.33 0.79

N5S2-1-0.5 7.91 0.49 0.93 42.86 1.14 0.80
N5S2-1-1.0 7.62 0.37 0.90 40.02 0.57 0.75
N5S2-2-0.5 8.13 0.38 0.96 44.60 1.37 0.84
N5S2-2-1.0 7.11 0.15 0.84 36.33 1.70 0.68
N5S2-3-0.5 7.70 0.65 0.91 40.18 1.11 0.75
N5S2-3-1.0 7.26 0.42 0.86 34.95 1.16 0.66

SW40-1-0.5 8.34 0.32 0.98 46.14 1.83 0.87
SW40-1-1.0 7.35 0.25 0.87 39.64 0.86 0.74
SW40-2-0.5 8.08 0.10 0.95 43.53 1.21 0.82
SW40-2-1.0 7.30 0.30 0.86 39.71 2.20 0.74
SW40-3-0.5 7.81 0.65 0.92 43.97 2.12 0.82
SW40-3-1.0 7.32 0.32 0.86 36.94 2.44 0.69
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Figure 7. Broken specimens after testing flexural strength: (a) SW40-3-1.0; (b) N15-2-0.5; (c) N8-2-1.0;
(d) detail of fibre/cement matrix in broken specimen SW40-3-1.0. The detail of the contact zone
between the fibre and the cement matrix is enlarged in the red square.

In previous investigation [33], part of the fibre after sea maceration was immersed in
5% NaOH for 7 days, and the mortars reinforced with such fibres had better compressive
strength in the case of a higher dosage of fibres in the composite. The alkaline solution
probably separated the bundle, so fibres with a higher aspect ratio were embedded in
the specimens, i.e., by the length-to-diameter ratio. In the example from Figure 7a and
Table 1, the aspect ratio of the fibre is 31.9, which is at the lower limit for the usual value
(30–150). The obtained results explain why, in former times, to obtain fibres, after resting
Spanish Broom twigs in seawater, women rubbed them on a stone slab, separating the
fibres from the woody part [57]. Figure 7b shows specimen N15-2-0.5 which has one of the
two best flexural strength results. In the section, well-distributed fibres can be seen, but
also an increased proportion of voids, which are the cause of reduced compressive strength.
Ajougium et al. [58] with reinforced cement mortars ground Alfa fibres and also obtained a
decrease of the compressive strength. One of the hypotheses of the cause of the decrease
in compressive strength is the high porosity of the reinforced mortar. The third, Figure 7c,
shows an example of bundles of Spanish Broom fibres in specimen N8-2-1.0. This problem
has been observed in numerous previous papers [18,59]. During the preparation and
mixing of the cement composite, the fibres remain in the bundle and are, thus, embedded
in the cement matrix. According to [59], no cement paste enters the fibre bundles, so the
space between the inner fibres is empty, and only the outer fibres of the bundle are bound
in the cement matrix. Figure 7d shows that in some specimens, a contact zone between
the fibre and the cement matrix is not created. The same problem was observed in [33],
where it is believed that the cause of this problem is the more difficult installation of a
larger amount of longer fibre in the sample of a standard 40 mm × 40 mm × 160 mm prism.
The specimens, after testing the flexural strength in the fracture area, show a heterogeneous
microstructure with residual fibres protruding into the fracture area. To get a better insight
into the structure of the fibres and the interaction with the matrix, the same causes were
ground and polished. The samples prepared in this way were examined with a scanning
electron microscope. The results of the SEM/EDS analysis are shown in Figures 8 and 9.
It can be seen that the distribution of the fibres in the cement structure is integrated into
the cement matrix, but the separation of the cellulose fibres does not indicate a strong
interaction with the binder; even the surface of the fibres of Spanish Broom is covered by
the product of cement hydration (Figure 9).
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The characteristics of some selected mortars that were investigated by analysing the
results of CT scanning and 3D reconstruction are shown in Table 4 and Figure 10. According
to [60], pores range from −960 to 800 HU, cement paste from 800 to 2000 HU, and aggregate
from 2000 to 2974 HU. Hou and Acton [61] found that cellulosic materials, such as cotton,
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exhibited X-ray densities ranging from –750 HU to –430 HU. According to Table 4, the
minimum measured value is −470.889 HU, which can pore but also cellulose, i.e., fibres.
The maximum measured values are in the range from 1811.333 HU to 1891.600 HU, and
according to [61], this is cement mortar. Table 4 also gives the mean and median values.
The existence of a difference between these two values indicates the inhomogeneity of the
specimens. The same applies to higher differences between the maximum and minimum
values [62]. The reference mortar has the lowest difference between the minimum and
maximum values, which is in accordance with the results of Table 3. 3D visualisation of
mortar specimens with transparent display technique is shown in Figure 10. According
to Figure 10f, it can be seen that the N5S2-3-1.0 mixture has a large amount of pores,
which resulted in the lowest compressive strength, Table 3. Slightly fewer pores are
visible on specimens N6-2-0.5 ((Figure 10d) and N5-3-1.0 ((Figure 10c), the specimens CM
(Figure 10a), and N15-2-1.0 ((Figure 10e), look homogeneous, while on specimen N4-1-0.5
surface roughness is visible (Figure 10b).

Table 4. The obtained Hounsfield values for mortar mixtures on MSCT.

Measured
Values CM N4-1-0.5

N5-3-1.0
N6-2-0.5 N15-2-1.0 N5S2-3-1.0

N5-3-1.0 N5-3-1.0 N5-3-1.0
Year B Year A-1 Year A-2 Year C

N * 9 9 9 9 9 9 9 9 10
Area [cm2] 6.681 22.373 23.496 22.481 24.614 23.685 25.700 24.586 21.550

Minimum [HU] 496.333 −103.667 −171.556 32.889 −153.778 138.778 −470.889 −75.111 −341.500
Maximum [HU] 1880.889 1811.333 1833.556 1838.889 1871.000 1863.889 1841.333 1830.556 1891.600

Mean [HU] 1668.447 1503.142 1433.302 1504.433 1456.131 1451.126 1446.599 1483.871 1392.129
Median [HU] 1709.000 1546.222 1480.667 1546.222 1497.000 1489.556 1499.667 1527.222 1438.300

Standard
deviation [HU] 142.517 176.524 209.291 169.888 191.496 190.227 222.528 185.733 248.617

N *—number of CT slices per sample.

The ductility and toughness of cement-based composites, as well as the material’s
resistance to cracking can be represented by the bending-compressive strength ratio [19].
The bending-compressive strength ratio results are shown in Figure 11. It shows the
bending-compressive strength ratio of the control mortar and fibre reinforced cement-based
material with the same amount of fibre and fibre length according to the treatment method.

Buildings 2023, 13, x FOR PEER REVIEW 14 of 26 
 

 
Figure 9. SEM images of specimens, mapping of specimens N15-2-0.5. 

The characteristics of some selected mortars that were investigated by analysing the 
results of CT scanning and 3D reconstruction are shown in Table 4 and Figure 10. Accord-
ing to [60], pores range from −960 to 800 HU, cement paste from 800 to 2000 HU, and 
aggregate from 2000 to 2974 HU. Hou and Acton [61] found that cellulosic materials, such 
as cotton, exhibited X-ray densities ranging from –750 HU to –430 HU. According to Table 
4, the minimum measured value is −470.889 HU, which can pore but also cellulose, i.e., 
fibres. The maximum measured values are in the range from 1811.333 HU to 1891.600 HU, 
and according to [61], this is cement mortar. Table 4 also gives the mean and median val-
ues. The existence of a difference between these two values indicates the inhomogeneity 
of the specimens. The same applies to higher differences between the maximum and min-
imum values [62]. The reference mortar has the lowest difference between the minimum 
and maximum values, which is in accordance with the results of Table 3. 3D visualisation 
of mortar specimens with transparent display technique is shown in Figure 10. According 
to Figure 10f, it can be seen that the N5S2-3-1.0 mixture has a large amount of pores, which 
resulted in the lowest compressive strength, Table 3. Slightly fewer pores are visible on 
specimens N6-2-0.5 ((Figure 10d) and N5-3-1.0 ((Figure 10c), the specimens CM (Figure 
10a), and N15-2-1.0 ((Figure 10e), look homogeneous, while on specimen N4-1-0.5 surface 
roughness is visible (Figure 10b). 

  
(a) (b) 

Figure 10. Cont.



Buildings 2023, 13, 1910 15 of 25Buildings 2023, 13, x FOR PEER REVIEW 15 of 26 
 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 10. Cont.



Buildings 2023, 13, 1910 16 of 25Buildings 2023, 13, x FOR PEER REVIEW 16 of 26 
 

 
(i) 

Figure 10. 3D visualisation of selected mortar specimens: (a) CM (b) N4-1-0.5; (c) N5-3-1.0, Year B 
(d) N6-2-0.5; (e) N15-2-1.0; (f) N5S2-3-1.0; (g) N5-3-1.0, Year A-1 (h) N5-3-1.0, Year A-2; (i) N5-3-1.0, 
Year C. 

Table 4. The obtained Hounsfield values for mortar mixtures on MSCT. 

Measured Values  CM N4-1-0.5 N5-3-1.0 N6-2-0.5 N15-2-1.0 N5S2-3-
1.0   

N5-3-1.0 N5-3-1.0 N5-3-1.0 
Year B Year A-1 Year A-2 Year C 

N * 9 9 9 9 9 9 9 9 10 
Area [cm2] 6.681 22.373 23.496 22.481 24.614 23.685 25.700 24.586 21.550 

Minimum [HU] 496.333 −103.667 −171.556 32.889 −153.778 138.778 −470.889 −75.111 −341.500 
Maximum [HU] 1880.889 1811.333 1833.556 1838.889 1871.000 1863.889 1841.333 1830.556 1891.600 

Mean [HU] 1668.447 1503.142 1433.302 1504.433 1456.131 1451.126 1446.599 1483.871 1392.129 
Median [HU] 1709.000 1546.222 1480.667 1546.222 1497.000 1489.556 1499.667 1527.222 1438.300 

Standard deviation 
[HU] 

142.517 176.524 209.291 169.888 191.496 190.227 222.528 185.733 248.617 

N *—number of CT slices per sample. 

The ductility and toughness of cement-based composites, as well as the material’s 
resistance to cracking can be represented by the bending-compressive strength ratio [19]. 
The bending-compressive strength ratio results are shown in Figure 11. It shows the bend-
ing-compressive strength ratio of the control mortar and fibre reinforced cement-based 
material with the same amount of fibre and fibre length according to the treatment 
method.  

Figure 10. 3D visualisation of selected mortar specimens: (a) CM (b) N4-1-0.5; (c) N5-3-1.0, Year B (d)
N6-2-0.5; (e) N15-2-1.0; (f) N5S2-3-1.0; (g) N5-3-1.0, Year A-1 (h) N5-3-1.0, Year A-2; (i) N5-3-1.0,
Year C.
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Figure 11. The bending-compressive strength ratio of the control mortar and fibre cement-based
material with the same amount of fibre and fibre length according to the treatment method.

According to Figure 11, all values of bending-compressive strength ratio for fibre
reinforced mortar are higher than the value for the control mortar. The highest values were
achieved by fibre-reinforced mortars (SW40, N4 and 5N2S), which have the lowest fibre
tensile strength in Table 1. Mortars with a higher proportion of fibres (1%) have a stronger
effect on the bending strength ratio and in this order: 2 cm, 3 cm and 1 cm. This is easy to
see during the test, because after breaking the samples during the flexural strength test, it
is very difficult to separate them into two halves.

3.2. Influence of Fibre Length and amount on the Compressive and Flexural Strength

Figures 12 and 13 show flexural and compressive strength reinforced mortar specimens
regarding to fibre length. According to Figure 12, for fibres 1 cm and 3 cm long, the results
of flexural strength at 0.5% fibre content are about 9% higher compared to flexural strength
at 1% fibre volume content. With 2 cm long fibres, the situation is reversed. Considering
the maceration method, the highest average value of flexural strength was achieved by
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mixtures N4 and N15. Spanish Broom branches in 4% NaOH were kept on average for
about 28 days and in 15% NaOH for 8 days. According to Table 1, N15 fibres have almost
7 times higher tensile strength.
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The results for compressive strength are almost the same as for flexural strength,
Figure 13. Mortars reinforced with fibres of 1 cm and 3 cm with a proportion of 0.5% have



Buildings 2023, 13, 1910 18 of 25

a value of 13.5% and 11.7% higher than mortars reinforced with fibres of the same length
but with a proportion of 1%. In mortar reinforced with fibres of 2 cm, the compressive
strength at a proportion of 1% is 11.2% higher than the compressive strength of mortar
with a proportion of fibres of 0.5%. Regarding the maceration method, the highest values
were achieved by fibre-reinforced mortars from 6% and 10% NaOH solutions. Obviously,
the inhomogeneity of the samples has a great influence on the obtained results, which was
analyzed previously. A similar trend was obtained in Shah et al. [63]. They used sisal and
coir fibers with different lengths of 1, 2 and 3 cm and various fiber concentrations of 0.5%,
1.0%, and 1.5% by mass of cement for reinforced concrete. Their results exhibit that the
highest the compressive strength had hybrid (sisal/coir) fiber reinforced concrete with the
length of 20 mm and with 0.5% concentration, the coir fiber reinforced concrete and sisal
fiber reinforced concrete with the length of 10 mm and with 1% concentration. The split
tensile strength was increased by coir fiber reinforced concrete with the length of 10 mm
and with 1.5% concentration, sisal fiber reinforced concrete with the length of 30 mm and
with 1% concentration and hybrid fiber reinforced concrete with the length of 20 mm and
with 1% concentration.

3.3. Influence of Three Consecutive Year of Harvesting on Compressive and Flexural Strength for
Reinforced Mortar Specimens

In order to determine the influence of the harvest year on the characteristics of fibres
and cement composites, the test results of 3 consecutive years were observed. Those three
years are marked as years A, B and C. For all three years, fibres were obtained by immersing
twigs in a 5% NaOH solution. In year A, 2 different samples were made: Year A-1 (branches
were 15 days in 5% NaOH) and Year A-2 (branches were 19 days in 5% NaOH), then Year B
(branches were 32 days in 5% NaOH) and Year C (branches were 20 days in 5% NaOH). The
immersion time of the branches in the solution was chosen according to whether the fibres
could be separated from the woody part. In the year A-1, the time of 15 days was short, so
the separation of the fibres was performed by rubbing the branches against a rough concrete
surface. Washed and dried fibres were manually cut to lengths of 1, 2 and 3 cm and mortar
samples were made in the same way as previously described, and their composition can
be represented in the same way as described for the N5 samples in Table 2. The mortar
specimens were tested for flexural and compressive strength after 28 days and results are
shown in Figures 11 and 12, regarding the fibre length and fibre amount. Looking at the
average values by year, which means for all lengths and amounts of fibre tested in that
year, the best results for bending strength were achieved in Year B (7.83 MPa), and for
compressive strength in Year C (43.95 MPa). The difference between the highest and lowest
mean annual values of flexural and compressive strength is about 5%. The average results
of flexural strength for Year A-1 and Year C are almost identical. They differ by 0.01 MPa
and these are the lowest results. The lowest average annual compressive strength result
was achieved by Year A-1. A lower proportion of fibres results in higher flexural and
compressive strengths.

According to Figure 14, the highest individual flexural strength result was achieved
by specimen N5-3-0.5 Year A-2 (8.41 MPa), with the fact that the average result of the entire
group of samples with 3 cm long fibres in the amount of 0.5% is the highest (8.04 MPa).

The highest individual compressive strength was achieved by the specimen N5-1-0.5
Year C (47.59 MPa) and also the average result of the whole group of specimens with
fibres of 1 cm length in the amount of 0, 5% is the largest (45.91 MPa), Figure 15. 3D
reconstructions of specimens are shown in Figure 10c,g,h,i. According to the given figures,
it is not possible to see any difference in the specimens.
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Figure 15. Compressive strength of groups of mortar mixtures regarding the fibre length and fibre
amount and the harvest year.

Spanish Broom (Spartium junceum L.) as a characteristic plant species of the coastal
limestone rocks of the Mediterranean and southwestern Europe. It grows in an area with a
Mediterranean type of climate characterised by dry and hot summers with very mild and
rainy winters. Average summer temperatures range between 24 ◦C and 26 ◦C. In extremely
warm years, July temperatures can reach up to 40 ◦C [64].

This plant is resistant to drought and heat [55], the shape of the stem is rush-like,
which reduces the total exposed surface of the plant, while the root is well developed and
branched [65].

For the purposes of this research, the branches of Spanish Broom were cut in the
coastal area of the Kozjak Mountain, in the wider vicinity of the city of Split. Perennial,
self-sprouting Spanish Broom bushes were randomly selected. Two-year-old branches,
20 to 30 cm long, were cut in the first half of August during Years A, B, and C. Meteorologi-
cal data for the weather station Split Marjan was provided by the Croatian Meteorological
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and Hydrological Service (Zagreb, Croatia) [66]. Meteorological conditions for the men-
tioned years are shown in Figures 16 and 17. Figure 16 shows average temperatures and
rainfall, and years and Figure 17 shows minimum and maximum monthly temperatures
for the 3 observed years. The beginning of the vegetative growth of Spanish Broom is
specifically marked in green.
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The beginning of vegetative growth in Spanish Broom was recorded from the end
of March to the beginning of April in pedoclimatic conditions of central Italy (the city
of Pisa), although as a rule it starts at the beginning of April, while during the winter
months the growth of Spanish Broom was stagnant [55]. Spano et al. [67] claim that winter
temperatures in the area of the city of Ortisano (Sardinia, Italy) are not low enough to
cause stagnation in vegetation growth. Average daily temperatures during March and
April in years A, B, and C were roughly the same, hovering around 14 ◦C, Figure 16. In
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the mentioned years, minimum daily wages temperatures, whose values were below 0 ◦C,
were recorded in January, February and March. In January of year A, the lowest minimum
daily temperature was recorded with the value of −7.2 ◦C, while in year B, the minimum
daily temperatures were recorded in February (−5.2 ◦C) and in March (−2.5 ◦C), Figure 17.
In March of year B, although the minimum recorded daily temperature was below 0 ◦C,
the mean daily temperature was 10.6 ◦C, so it can be assumed that it did not influence the
possible later start of the vegetative growth of Spanish Broom, which is confirmed by the
results of the flexural strength test. The minimal daily temperature in year C was closer to
0 ◦C compared to the previous two years, in January its value was −0.5 ◦C and in February
−1.9 ◦C.

In all observed years, the maximum daily temperatures reached the expected highest
values in August. In year A, the highest recorded daily maximum temperature was 37.9 ◦C.
The maximum daily temperatures in year B were in July and August with the same value
of 35.6 ◦C. However, in year C, apart from August, the maximum daily temperature was
also recorded in June with the same value of 36.7 ◦C. The total amount of precipitation
in year A was 540.6 mm, in year B it was 868.4 mm, while in year C the total amount of
precipitation was close to the previous year’s value, 883 mm. Considering that there are
different results within year A itself (Figures 14 and 15), it cannot be concluded that the
rainfall in year A affected the quality of the fibres, compared to the other two years. For
both strengths, Year A-2 achieved the second best result, so it can be concluded that the
duration of the alkali treatment or the method of mixing/incorporating the specimens had
a greater influence. According to Table 4, the specimen Year A-1 has the highest difference
between mean and median values and the specimen Year A-2 has the lowest. This indicates
greater inhomogeneity of the Year A-1 specimen, which is probably the result of the method
of mixing and installation. The lowest monthly precipitation amounts were recorded in
June (4.4 mm) and August (0.0 mm) of year A, where in August precipitation is completely
absent. In year B, the lowest amounts of precipitation were recorded in July (14.1 mm) and
August (11.1 mm), while in year C the lowest amounts of precipitation were recorded in
February (9.7 mm) and in June (8.5 mm). The specified lowest amounts of precipitation are
not recorded during the spring vegetative growth of Spanish Broom, Figure 16.

Flowering is considered one of the most important phenological stages by which
the sensitivity of the plant to the weather can be assessed, and a connection between
temperature and the beginning of the flowering phenophase was observed in the Spanish
Broom, while differences in the amount of precipitation had little effect [67]. Despite the
variability of weather conditions, there were no significant differences in the flowering
dates of Spanish Broom [68].

Considering that Spanish Broom is resistant to drought and does not show variability
in the flowering phenophase, it can be assumed that different weather conditions during the
growth and development of the plant should not significantly affect the differences in fibre
properties. As mentioned in the introduction, some research on other plant species [34–37]
has shown that there is no significant influence of the weather on the properties of the
examined fibres, although some authors report differences in the length and number of
fibres depending on the air temperature.

4. Conclusions

In this paper, the properties of cement mortars reinforced with Spanish Broom fi-
bres, which were treated in different solutions, of different lengths and proportions, were
examined. Based on the obtained results, it is possible to conclude:

• In the investigation conducted here, it is not possible to establish a correlation between
the concentration of the maceration solution and the tensile strength of the fibres.
Fibres from 5%, 8% and 15% NaOH solution achieved the highest tensile strength.

• The results of the FITR spectrum test show that the success of the maceration process
does not depend on whether the macerated plants are freshly harvested or almost
dry. This means that after the summer harvest, fibre separation can be carried out
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throughout the year as needed. At the same time results of application of XRD shown
that separated fibers of cellulose have a structurally ordered form as Cellulose Iα, and
Cellulose Iβ.

• The maceration effect reduces the lignin content in the fibres, so the same alkali
solution can be used for at least five preparations. The reuse of the same solution
contributes to the preservation of the environment.

• The higher flexural and compressive strength was found to be achieved in the spec-
imens with 1 and 3 cm long fibres and a content of 0.5%, while for 2 cm long fibres,
higher results are obtained with 1% fibre content.

• No connection has been established between the tensile strength of the fibres and
the strength of the reinforced mortar. Mortars with fibres from 4% and 15% NaOH
solutions achieved higher flexural strength, while mortars with fibres from 6% and
10% NaOH achieved higher compressive strength. Considering the results achieved,
it is optimal to macerate the fibres in 15% NaOH, because this concentration is the
fastest way to separate the fibres.

• A visual inspection of the half prisms after testing the bending strength revealed the
main problems with the installation of natural fibres: fibres with a large diameter,
bundles of fibres in specimen, weak or no contact zone between fibre and cement
matrix. SEM/EDS analysis showed that the fibres are integrated into the cement
matrix, but there is not a strong interaction.

• Spanish Broom is a very resistant plant and for the three consecutive years it was not ob-
served that meteorological conditions affected the quality of fibres and cement mortars.

The testing carried out in this study should be extended to testing mortar/concrete
specimens aged 90 and 365 days, testing the influence of fibres on the deformations of mor-
tar/concrete in terms of shrinkage, as well as the behaviour of fibres in terms of durability.
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