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The impact of natural fibers’
characteristics on mechanical
properties of the cement
composites
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The paper reviews the properties of cement composites reinforced with short fibres. The effect of
natural fibres was investigated: cotton, sisal, jute, ramie, bamboo, and synthetic fibres: polymer
and polypropylene. It was noticed that the fibres change the consistency of the mixture up to 15%.
In the composite flexural strength tests, a change in strength by +/- 8% was observed, depending
on the type of fibres used. The research shows that the use of natural fibres had a positive effect

on the compressive strength by 27%, while the use of synthetic fibres caused its decrease by 4%.
Additionally, it was noticed that the chemical composition, the diameter and the total length of the
fibres in the element have an impact on the composite shrinkage. The fibre-containing composites
showed an 8% higher water absorption compared to the non-fibre samples. The exception is the ramie
fibres, which reduce water absorption. In general, a positive effect of natural fibers on the properties
of cement composites has been noticed, however, in case of natural fibres application, a thorough
further properties investigation is recommended.

The use of natural renewable materials becomes a good practice advised to reduce the carbon footprint!. Special
attention is taken on materials made from plants sequestering CO, from the atmosphere which can even provide
a negative carbon footprint®.

Several researches were conducted on the use of different fibres as the reinforcement in concrete. It has been
proven that the modification of the cement matrix by adding dispersed fibres reduces shrinkage and it has a
positive impact on the cracking mechanics of mortars and concrete®°. The traditional fibre reinforced concrete is
composed of steel, polypropylene, glass, basalt or carbon fibres. However, the production of steel fibres or certain
types of synthetic fibres is associated with a high energy consumption, high costs and environmental pollution”-*°.

Compared with them, various natural plant fibres have the advantages of being cheap, recyclable, degradable,
and renewable, with considerable strength and rigidity'!-'. As their use may be limited, it is necessary to conduct
research for using them in building construction'>~"”. Modification of physical and mechanical properties of
mortars and concretes by natural fibres make the structure more resistant to load and shrinkage of elements's-2°.

The percentage of dispersed natural fibre reinforcement usually is approx. 0.5-4% and this content of dis-
persed reinforcement allows for a significant modification of cement composites by changing the material into
a quasi-elastic-plastic failure model*'-?. It is possible, because the natural fibres are characterized by a modulus
of elasticity from 5 to 130 GPa, and tensile strength from 200 to 1000 MPa. The use of natural fibres, however,
requires a separate approach and scope of research in the field of their protection against water absorption,
resistance to high temperatures and degradation, and ensuring the adequate adhesion to the cement matrix**-?’.

Fibres such as sisal, jute, ramie, bamboo, kenaf, or cotton fibres were examed to determine the mechanical
properties and suitability of using in cement composites?®*. In addition, the authors of this publication extended
their research of which the main goal was to determine the possibility of using natural dispersed fibres as an
alternative to synthetic fibres®*~*. It was noticed that the use of natural fibres as reinforcement in cement compos-
ites has significant shortcomings. The incompatibility between the fibre and the cement matrix is one of them*.
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Figure 1. Elastic deformation model in the plant fibre cell wall.

Incompatibility between natural fibre and cement matrix can lead to low interfacial strength (ITZ) compared
to polymer fibre. The main cause of this defect is the presence of hydroxyl groups and other polar groups in
natural fibres, which makes them hydrophilic in nature. This hydrophilicity causes incompatibility with the
hydrophobic cement matrix. The hydrophilicity of natural fibres indicates high fibre absorbability, which is the
main cause of poor adhesion to the hydrophobic matrix. This phenomena in turn affects the friction and abra-
sion of the surface as well as the swelling or delamination of the fibres®.

The presence of moisture during the production of mortar or concrete mix may lead to poor workability and
low mechanical properties of the composite. Although natural fibres are cheaper than their synthetic equivalent,
in order to replace commonly used synthetic fibres, it is often necessary to improve their properties, e.g., by
impregnating the surface with resins. These treatments impact the cost increase of the natural fibres. Neverthe-
less, it is worth looking for new applications for renewable natural fibres, so that they are not treated as the waste
or used only as an alternative fuel.

It was decided to use natural fibres commonly available in various regions of the world (also of recycling dif-
ferent materials): bamboo, jute, cotton, ramie and sisal. These fibres are cheap and their use in cement composites
can be economically justified.

Modelling the stiffness of the cell wall of natural fibre. There is a strong correlation between the
micro-fibril angle and the Young’s modulus of the fibres. Models indicate that fibre stiffness is influenced by the
spiral angle of the crystalline fibrils as well as the concentration of non-crystalline materials®.

These structural parameters vary between the different types of natural fibre, accounting for some of the vari-
ations in reported fibre properties. The effect on the mechanical properties of increased micro-fibril angle plays
an important role when determining the mechanical properties of fibre-reinforced composites. It is necessary to
measure the alignment of micro-fibrils applied to plant fibres to the direction of the force, especially in determin-
ing tensile properties, bearing in mind that plant fibres exhibit significant mechanical anisotropy. A theoretical
analysis of the way a fibre behaves when stretched may in practice represent the behavior of fibre-reinforced
composites when determining their mechanical properties. In this case a uniform strain theory has been used to
obtain an estimate of the stiffness of the entire arrangement in both the fibre and the cell wall composite mate-
rial. The theory uses an assembly of springs tied together so that they all receive the same displacement p under
a tensile load F, as shown in Fig. 1. The theory is based on the work of*’.

The quantities & and F are the mean displacement and load on the micro-fibrils respectively K; and K; are
the micro-fibril constants. F means the load and p the displacement under tension. The total force necessary
to produce the displacement is the sum of the forces in the fibre, F; applied to the crystalline and amorphous
regions (Eq. 1),

Fy = Fc + Fyc (1)

where F¢ and F,,. represent the forces applied to the crystalline and non-crystalline materials respectively. The
stiffness (Eq. 2) of the array is given as:

F
" > K 2)

The components in Fig. 1 are at an angle 6 to the direction of the force applied. A displacement p is applied
in the direction of the applied force F. The forces, which appear in each spring element representation, are
obtained from the product of the stiffness and the component of the displacement that is parallel to their ori-
entation (Eq. 3).

F; = K;jicost; (3)

The total force in the longitudinal direction of the fibre, necessary to cause this displacement, is the sum of
the longitudinal forces on each crystallite (Eq. 4).
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Figure 2. Fibre used in research [Fot. Y.Gul].

F= Z Ficosﬁ,- (4)
Substituting F; from above gives Eq. (5).
5 _ 2
F = MZ kicos 0; (5)
The overall stiffness of the system of the fibre in the fibre axis is given by Eq. (6).
= 2
k= ZK,-COS 0; (6)
If k overall stiffness of the fibre (Ef) and K; is the stiffness of the micro-fibrils (E;) then Eq. (6) becomes (7).
Ef = E,cos?6; (7)

Equation (7) gives the longitudinal Young’s modulus of plant fibres measured in tension.

Materials and methods
The choice of mortar as a matrix in the research is mainly due to the following reasons:

a) mortar is one of the most widely used materials in construction engineering. It is commonly used in brick-
laying and plastering works.

b) mortar test is simple and intuitive. Therefore, it is feasible to select the mortar as a research material that
reflects the respective performance of concrete through the different properties of fibre-reinforced mortar.
This subject is a quantitative study on the tensile, compressive properties and shrinkage of fibre-reinforced
composites with different natural fibres but the same length and the same mass content.

The same requirements were given to the plain composite, polypropylene and polymer fiber-reinforced com-
posite in order to compare their relevant performance.

Materials. Tests were carried out on the standard composites modified with natural fibres and synthetic
fibres. Research was mainly focused on the cement-based composites reinforced with natural fibres as the com-
posites modified with synthetic fibres have already been thoroughly tested.

Composites with synthetic fibres as well as standard fibre-free composite were introduced only for the com-
parative samples. Five types of natural fibres: jute (Fig. 2a), bamboo (Fig. 2b), sisal (Fig. 2¢), cotton (Fig. 2d),
ramie (Fig. 2e) and two types of synthetic fibres: polymer-multifibre (Fig. 2f) and polypropylene (PP) (Fig. 2g)
were used in research. The properties of natural and synthetic fibres are demonstrated in Table 1. The same
requirement of the fibre length of 19 mm was given to all examined fibres.

Cement: CEM II/B-V 42.5R Lafarge ordinary Portland (Cement Plant Kujawy, Poland) cement was used in
research. The chemical composition and physical properties of cement are presented in Table 2. CEM II was
used towards more sustainable composite which has a lower amount of Portland cement and therefore a lower
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Fibers PP Polymer Jute Ramie Sisal Cotton Bamboo
References 4,23 11 5,12,24 5 4,20 14 12,33
Length (1) (mm) 19 19 19 19 19 19 19
Diameter (d) (mm) 0.035 0.0375* 0.28 0.092 0.01 0.003 0.6
Slenderness (1/d) -) 543 507 68 210 190 6333 32
Number of fibres (per 1 kg) (x 10°) | 54,704 47,653 855 790 670,126 7,445,845 | 186
Total length (m/kg) (x 10%) 1039 905 16 15 12,732 141,471 35
(Ti’gaxl i%“xgtll; g:fril‘)‘f"rcemem (m) 477.9 414 74 7 58567 | 650767 | 1,6
Density (g/cm3) 0.89-0.92 | 0.91-0.93 1.3-1.5 1.0-1.6 1.3-1.6 1.5-1.6 0.5-1.15
Young’s modulus (GPa) 0.95-1.77 | 0.055-0.38 | 15-30 24.5-128 9-38 5.5-12.6 11-32
Tensile strength (MPa) 26-41.4 40-78 320-800 | 400-1000 | 540-720 |287-800 140-800
Elongation (%) 15-700 90-800 1.0-1.9 3.6-3.8 2.0-3.3 3-10 2.5-3.7
Cellulose (%) - - 59-70 70-83 65-76 80-94 40-45
Hemicellulose (%) - - 15-20 10-17 10-16 - 25
Lignin (%) - - 11-15 5-13 7-13 - 24
Natural moisture (%) 0 0 2.5-5 8 5 0 0
Moisture absorption after 24 h | (%) 0,01-0,02 | <0.015 7-12 10-12 95-110 25-50 120-145

Table 1. Properties of fibres used in research. *) was used multifilament polymer fibre 12-bundles with a total
diameter of 0.01.

82;;};1’6551V¢: strength Blaine
fi Loss on
Setting start time (min) Setting end time (min) | 2d 28d (cm?/g) ignition (%) | Water demand (%)
205 260 25.9 47.8 4411 4.1 28.5
Content (%)
SiO, ALO, Fe,0, |CaO |MgO [S0, [Na,0 [K,0 |TiO, [cI0
25.1 8.8 3.2 54.0 1.2 24 0.19 0.67 |0.18 0.059

Table 2. Chemical composition and physical properties of CEM II/B-V 42.5R.
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Figure 3. The properties of the grain size of fine aggregate 0-2 mm.

carbon footprint. That cement is commonly used in fibre concrete for economic reasons. In addition, it has been
already demonstrated that this cement shows a better behaviour in cementitious composites reinforced with
natural fibres.

Sand from natural open aggregate pit was used as the aggregate, which was washed and sieved with a maxi-
mum diameter of 2 mm (Aggregate mine—Borowiec, Poland). The properties of the grain size of fine aggregate
0-2 mm were examined, and the results are presented on Fig. 3. Clean water from municipal water system was
used to the mixture.

Methods. Fibre morphology was determined using a scanning electron microscope (SEM, HITACHI
Tokyo, Japan, version TM3030 Manual Stage, Model 55E-0015). The research was carried out in order to deter-
mine the surface structure and the fibre cross-section. Based on the microscopic examination of the fibre struc-
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Cement (kg/m’®) | Water (kg/m®) | Sand (kg/m®) | Fibre (kg/m®) | Fibre (% c.c)
450 225 1350 1.8 0.4

Table 3. Composition of composite mix.

Figure 4. Flexural strength test [Fot.Y.Gu].

ture, the adhesion to the cement matrix was assessed. In total, 5 types of natural fibres and 2 types of synthetic
fibres were tested.

Due to the special physical properties of seven fibres, the water-cement ratio selected in this experiment is
0.5. The mix ratio of composite selected in this experimental study is based on the mix ratio of ordinary com-
posite, and the fibres in the fibre-reinforced composite are added in the form of admixture at the same amount
of 1.8 kg/m>. The composition of test composite mix is shown in Table 3. The mixing ratio of composite: cement
: sand : water is 1:3:0.5.

The composite mix was prepared in an appropriate mixer (Automatic Mortar Mixers, AUTOMIX, Controls).
At first, cement and water were dosed into the mix container, then the fibres were added together with sand.
All ingredients were mixed for 2 min. Next, the fibre-composite was filled into three-part metal molds with the
dimensions of 4 x4 x 16 cm and vibrated. A total of 360 samples (45 samples of each type of fibre-composite)
were done.

Composite consistency tests were carried out on a shock table designed to test the consistency of cement
composites. The measure of consistency is the measurement of two perpendicular diameters in (mm) of the
mixture flow of the mix-cement composites.

In order to assess the mechanical properties of the hardened fibre-composites, the research on the flex-
ural strength and compressive strength was carried out. These tests were conducted on the samples with the
dimensions of 4 x4 x 16 cm, with the use of pressing machine manufactured by CONTROLS ADVANTEST 9
(Controls, Italy).

The flexural strength test was made on samples without notch in a 3-axis bending scheme. The bending force
was applied at the centre of the sample span. The distance between the supports was 100 mm (Fig. 4).

The flexural strength of composite was calculated according to the formula (8):

2FL
o=—
3hd?
where: o—flexural strength [MPa], F—load(force) at the fracture point [N], L—the length of the support span
[mm,h—width of samples [mm], d—thickness of samples [mm].
Evaluation of the flexural strength of a group of three prisms is used as the test result.
At the compressive strength test, the compression surface of the specimen was 40 x40 mm (Fig. 5). Both
tests were carried out in accordance with standard EN 197-1.
The compressive strength of concrete is calculated according to the formula (9):
_F
= %

(8)

o )
where: c—compressive strength [MPa], F—load applied [N], Ag—area [mm?].

The shrinkage rate test was conducted with the use of the composite length comparator. The standard rod
length is 160 mm, and the measurement accuracy is 0.01 mm. The shrinkage rate of concrete was calculated
according to the formula (10):

S = 1= 1000 (10)
"7 160
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Figure 6. SEM of jute fibre [Fot.M.Kurpinska].

where: §,—drying shrinkage rate of composite in n days [mm/m], [;,—length of composite sample on the first
day [mm], /,—length of composite block on day n [mm].

All these tests were conducted after 1 day (I,), 2 days (n=2), 3 days (n=3), 7 days (n=7), 28 days (n=28),
56 days (n=>56), 90 days (n=90) and 180 days (n=180).

Each sample was tested immediately after it was removed from the mold to determine its initial length 1,. The
sample was then secured against drying by wrapping with foil. If 1, <1, then the sample shows expansion, and if
1, >1, the sample shows contraction.

The water absorption of composites samples tests was carried out on 3 samples with dimensions of 4x4 x 16
cm from every type of composite after 56 days of curing. The absorbability of the fibre-composite was conducted
in the following steps: (a) drying samples at 105 °C to the constant weight; (b) gradual cooling of the samples
for approx. 12 h; (c) determining the mass of the sample after drying, my. The water temperature was constant
at 20+2 °C, (d) after 14 days of absorption the samples were taken out of the water and the surface was dried.
The weight of the sample was identified with ms and the composite water absorption was calculated according
to the formula (11):

—mo
n=——-"100% (11)
mo

where: n—water absorption of composite [%], m,—mass of test specimen after soaking [g], mo—mass of test
specimen after drying [g].

Results and discussion
The structure and microstructure of the fibres. The surfaces of the natural fibres are presented from
Figs. 6,7, 8, 9, 10 and of the synthetic fibres are presented in Figs. 11 and 12.

The basic components of natural fibres influencing their properties are cellulose, hemicellulose, lignin, waxes,
oils, and pectin. Cellulose is mainly composed of three elements such as carbon, hydrogen, and oxygen, and it is
the material basis that forms the cell wall natural fibre. Typically, cellulose remains in the form of micro-fibrils
within the cell wall of a plant. Cellulose is the main factor affecting the tensile strength along natural fibre and the
cellulose content is closely related to the plant’s age and content decreases with the increasing age of the plant®.

Hemicellulose is an amorphous substance offering a low degree of polymerization and it exists between fibres.
Hemicellulose is a complex polysaccharide with xylan as the predominant chain, and the branches mainly include
4-O-methyl-D-glucuronic acid, L-arabinose, and D-xylose. Lignin is a kind of polymer with complex struc-
tures and of many types. The basic units of lignin include: guaiacyl, syringyl monomers, and p-hydroxyphenyl
monomers. The structural units in lignin are mainly connected by ether bonds and carbon-carbon single bonds.
Usually, lignin is not evenly distributed in the plant fibre wall’.
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Figure 9. SEM of cotton fibre [Fot.M.Kurpirska].
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Figure 10. SEM of ramie fibre [Fot.M.Kurpinska].

TMMI0_1ESS

HmO 12

¢)x400

2210 1553 N

¢)x500

2RI R0

¢) x500

Scientific Reports|  (2022) 12:20565 |

https://doi.org/10.1038/s41598-022-25085-6

nature portfolio


http://mostwiedzy.pl

www.nature.com/scientificreports/

TG VRST Tun Ve @2 12 ey

b) x100 ¢) x200

QAN 438N

b) x100

Figure 12. SEM of polypropylene (PP) fibre [Fot.M.Kurpinska].

In addition to three main components, lignin often contains various sugars, fats, protein substances, and a
small amount of ash elements. These chemical compositions affect not only the properties of natural fibres, but
also the possibility of a specific application of fibre. The composition of individual natural fibres and their proper-
ties are presented in Table 1. Figure 6a—c shows longitudinal and cross-sectional views of the untreated jute fibre.
Externally, the fibre is smooth and shiny. The presence of hemicellulose influences the high hygroscopicity of jute
fibres. The structure of the jute fibre shows that the fibre swells when it absorbs water. Possible swelling of the
fibre in the cross-section by approx. 30%. The microscope scans of indicate the succinylated regions. This is due
to the chemical bonding of the succinic anhydride molecule with the hydroxyl group of the cellulose present in
the fibre. The encircled region in the top side shows an unsuccinylated region with naturally waxy impurities'®.

Figure 7a shows the scanning electron micrograph (SEM) of the bamboo fibre. According to the SEM analy-
sis, the microstructure of bamboo is anisotropic. At the Fig. 7b—c it can be recognized that the orientation of
cellulose fibrils was placed almost along the fibre axis which may affect to maximize the modulus of elasticity.
Factors affect the mechanical properties of bamboo fibres are the chemical composition and structure of bamboo
fibres, moisture content, age of bamboo, etc. In addition, the age of the plant affects the chemical composition
and structure of fibre. These factors and the natural humidity influence their change of mechanical properties.
The hemicellulose content directly influences the tensile strength. This parameter increases with the decrease in
the hemicellulose content in the bamboo fibre'®.

The cell structure of bamboo fibres is complex, and the middle layer of the cell wall has a multi-layer struc-
ture. The lignification of the thin and thick layers in the multilayer structure varies. The multi-layered cell wall
structure leads to better fracture resistance and promotes internal sliding between the cell wall layers during
tension. The angle of the microfiber alignment is also an important factor influencing the mechanical proper-
ties of the fibre. Typically, the tensile strength and modulus of elasticity of a fibre increase as the angle between
the interposition of the microfibers decreases. Hence, the smaller microfibril angle is an important factor that
contributes to the good mechanical properties of bamboo fibre. Large voids between bamboo fibre molecules
can be seen, which impact good hygroscopicity". The moisture content is an important factor affecting the
mechanical properties of bamboo fibres. Figure 8a—c shows the morphology of the sisal fibre. The surface of the
sisal fibre has higher roughness, and it increases the bonding area between the fibre and cement paste. This leads
to increase the mechanical properties of the composites®®.

Figure 9a-c shows images of the cotton fibres. At the microscope image, a cotton fibre looks like a twisted
ribbon or a collapsed and twisted tube. These twists are called convolutions: there are about 60 convolutions per
centimetre. The weaves give the cotton an uneven surface of the fibres, which increases the friction between the
fibres, but at the same time they can prevent fibres from evenly dispersing in the cement matrix. The outer layer,
the cuticle is a thin film of mostly fats and waxes. Figure 9b shows the waxy layer surface with some smooth
grooves. The waxy layer forms a thin sheet over the primary wall that forms grooves on the cotton surface'®. The
cotton fibre surface comprises non-cellulosic materials and amorphous cellulose in which the fibrils are arranged
in a criss-cross pattern. Owing to the non-structured orientation of cellulose and non-cellulosic materials, the
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Figure 13. Results of fluidity test.

wall surface is unorganized and open. This gives flexibility to the fibre. The basic ingredients, responsible for
the complicated interconnections in the primary wall, are cellulose, hemicelluloses, pectin, proteins, and ions.
In the core of fibre, only the crystalline cellulose is present, what is highly ordered and has a compact structure
with the cellulose fibrils lying parallel to one another'®.

SEM micrograph of the surface and cross section of the ramie fibre are shown at Fig. 10a—c. The surface of the
ramie fibres is dense but porous. There are many micropores and continuous bubbles in the porous structure of a
single bundle of a ramie fibre Fig. 10c. This structure has some effect for low absorption of water, moreover, it is
also related to the fibre distribution in the cement composites. In case of the short ramie fibre, due to its random
distribution in composites, the strength of the composite may be affected. Cellulose, lignin, and hemicellulose
weight materials can form a dense layer on the surface of the ramie fibres, so the water absorptivity is low. This
special structure of the fibre with a dense matrix, and at the same time, with a characteristic pore arrangement
has an influence on the adhesion of the cement matrix and the strength of the cement composite!s.

The surface and cross section of multifilament macrofibre is demonstrated at Fig. 11a—c. From the chemical
point of view, this type of fibres belongs to the polymers from the group of polyolefins, composed of units of the
formula: -[CH,CH (CH;)]-. They are obtained by low-pressure polymerization of propylene. They are made
of 100% pure co-polymer twisted bundles of multifilament fibres Fig. 11c. Polypropylene is one of two most
commonly used plastics, in addition to polyethylene. Polypropylene is a hydrocarbon thermoplastic polymer?.

Figure 12a—c shows the structure of a bundle of polypropylene (PP) fibres in the form of a 3D mesh. They are
made of isotactic polypropylene, called propylene, CH,=CHCH; obtained from crude oil. They are one of the
finest polypropylene fibres. The surface of the fibres is smooth Fig. 12b 2.

The consistency—fluidity. The results of fluidity are shown at Fig. 13. The fluidity of the composite not
modified with fibres is 145 mm and is a reference to other test results. The use of bamboo fibres increased the
composite fluidity and composite flow by 8.6% (157.5 mm). The use of polymer fibers and jute increased the con-
sistency by about 7%, while the use of sisal fibres by 3%. The use of PP fibres (122.5 mm) had the greatest impact
on the loss of consistency by 15.5%. The use of cotton and frame fibres resulted in a reduction of workability and
consistency by 13.8% and 3.5%, respectively.

Based on the research results, it was found that in the case of using bamboo fibres characterizing a high
absorption of 120-145%, the consistency of composite increased by 8.2% compared to the consistency of com-
posite without fibres. In the case of a change in consistency, the chemical composition of natural fibres, their
surface, and the total length in the volume of composite are significant, too. There is a noticeable regularity
related to the cellulose content in natural fibres. If the higher cellulose content, it reduces the consistency of the
composite. For example, the cellulose content in bamboo fibres is the lowest and amounts to 40-45%, while the
cellulose content in cotton fibres is the highest, ranging from 80 to 94%. It can also be recognized that consist-
ency and workability will be influenced by the hemicellulose content.

The higher the hemicellulose content, it impacts the higher consistency of the composite. It is similar referring
to the content of lignin. It was noticed that the higher the lignin content, the higher the composite consistency
was found. Regarding the total length of the fibres, a regularity is apparent that the greater the total length of
fibres, e.g., in the case of cotton fibres, the greater decrease in consistency is visible. In the case of polymer and
polypropylene (PP) fibres, the consistency is influenced by the surface of the fibre, the number of fibres, and their
total length in the volume of the composite. Increasing the total length of PP fibres by approx. 15% resulted in a
reduction of the consistency of approx. 20%.

Flexural and compressive strength. Assigning mechanical properties of fibre reinforced composite,
particular emphasis was placed on the determination of the flexural strength of the composite. This parameter
was appointed by the 3-point test. Figure 14. shows the flexural strength of plain composite and 7 groups of dif-
ferent fibre reinforced composites on the 2nd, 7th, 28th, and 56th days.

It can be seen that the bending strength of composites with the addition of natural fibres, ramie, bamboo,
jute, and sisal are similar. The bending strength of composites with PP and polymer fibres is lower. It should be
noted that the strength of the cotton fibre-reinforced composite is much lower than that of all the others tested.
The reason may be the low tensile strength of the cotton fibres used. When mixing the composites, a tendency
to create conglomerates of cotton fibres was also noticed, which may affect the strength of the composites.
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Figure 14. Flexural strength test results.
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Figure 15. Compressive strength test results.

The test results clearly show that the effectiveness of the added natural fibres depends on the chemical com-
position and mechanical properties, and above all, on their adhesion to the cement matrix. The adhesion of
the natural fibre to the cement matrix has a significant influence on the mechanical properties of the cement
composite, in particular on compression and bending strength. The highest bending strength was achieved by
cement composites modified with ramie fibres. Ramie fibres are characterized by the highest tensile strength
among the tested synthetic and natural fibres, ranging from 400 to 1000 MPa. The results of the compressive
strength are shown in Fig. 15.

The analysis of the test results shows that the use of dispersed fibres reduced the early compressive strength
after 2 days from 8.5 to 33%. The exception is the ramie fibres, the use of which increased the early strength by
6.6%. Within 28 days, as in the case of early strength, the use of all types of synthetic and natural fibres resulted
in a decrease in strength from 4.6 to 26.5%. The exception is the use of ramie fibres, which increased the com-
pressive strength by 7.2% after 28 days. After 56 days, a decrease in strength was noticed in the case of using PP
and polymer synthetic fibres as well as natural cotton and bamboo from 5.5 to 11.9%.

On the other hand, the increase in compressive strength after 56 days from 5.8 to 16.4% was visible in the
case of using fibres such as sisal, jute and ramie. The highest compressive strength was achieved by the composite
with a ramie fibre. The fibre of the ramie is characterized by the highest modulus of elasticity ranging from 24.5
to 128 GPa and is over 100% higher than the Young’s modulus of the other fibres.

Shrinkage test. Figure 16A shows that the samples after demolding showed expansion for about 2 days, and
from the third day after demolding, the length of the samples was shortened. The lowest degree of expansion in
the first days was shown by samples without fibres and samples containing cotton fibres. In this case, the expan-
sion did not exceed 0.02 mm/m. However, the same samples finally showed the highest shrinkage after 180 days,
which was 0.06 mm/m.

The highest expansion within 48 h after deformation was shown by samples containing sisal fibres, while
these samples finally after 180 days showed the lowest deformation of the length of the samples, which was
0.001 mm/m. The samples containing the synthetic fibres showed an expansion of about 0.02-0.03 mm/m in 48 h
and the final shrinkage after 180 days was 0.03 mm/m for both the polymer and PP fibre samples. The bamboo
and ramie fibres initially showed an expansion of 0.04-0.06 mm/m while their final shrinkage was 0.02 mm/m.
The samples with jute fibres showed an expansion of 0.04 mm/m and the final shrinkage of the samples was
0.04 mm/m. Figure 16a,b shows the results of testing the change in length of samples over time.
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Figure 17. Water absorption of composite (%).

After 180 days, the total deformation of the samples was determined. Samples containing sisal fibers showed
a slight expansion of about 0.001 mm/m, while the highest deformation (shrinkage) was shown for composite
samples without fibers and with cotton fibres, which was 0.06 mm/m. Samples with bamboo, jute, PP, polymer
and ramie fibres showed a shrinkage from 0.02 to 0.04 mm/m. Only the samples containing the sisal fibre showed
a slight expansion of 0.001 mm/m.

Ultimately, the samples containing sisal fibres were characterized by the lowest deformability. This phe-
nomenon is related to the fibre structure and the total length of the fibres in a sample with dimensions of
40 x40 x 160mm. For example, in a sample containing sisal fibres, their total length is 5856.7 m. Otherwise, a
sample containing jute fibres, their total length in the sample is only 7.4 m. Therefore it was found that the fibre
structure, its diameter, the cellulose content and the total length of the fibres in the element are important factors
of deformation as a result of shrinkage or expansion of the fibre reinforced composite.

Water absorption of composite test. Higher water absorption (8.5%) compared to the composite with-
out fibres was noticed in the case of using both synthetic fibres and with the exception of the use of ramie fibres,
which caused a slight reduction in water absorption to 8.2%. It can be recognized that the water absorption rate
of the 8 groups of samples is slightly different, the highest is the polymer fibre-reinforced composite (9.2%); the
lowest water absorption rate refers to ramie fibre-reinforced composite (8.2%). The difference in water absorp-
tion rates is presented at Fig. 17.

Except for cotton fibre-reinforced composite, the water absorption rate of another plant fibre-reinforced
composite is lower than that of synthetic fibre-reinforced composite. Probably because of the fact that ramie,
sisal, and jute fibres all have good moisture absorption and release properties. It is commonly known that plant
fibre-reinforced cement-based materials have reduced strength and initial properties due to their performance
degradation in a humid environment, so their long-term durability could become problematic. Sisal fibres (with
noticed absorption of 95-100%) have absorbed more cement slurry on their surface than jute fibres (absorption
of fibre 7-12%). This phenomenon could be explained by the fact that the slurry became the impregnation of
the fibre. The absorbability of the composite was tested after the composite had completely hardened. Probably a
fibre that is characterized by high absorption—sisal is very well "embedded" in the matrix, therefore the bending
strength results for composites with sisal fibre were higher by 8-10%.
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Future research
The results of the research and literature review show that natural fibre composites can be low-cost construction
materials. Further tests should be performed in order to optimize the mechanical properties of the composites
as well as to investigate other properties such as thermal conductivity and resistance for different environments.
The possible application for this kind of composite is the construction industry, so the planned research
should involve frost resistance as well as high temperature (600-800 C) resistance and the durability issues. In
the long perspective, it is recommended to research reinforcing lightweight concrete with optimal cement content
and containing artificial lightweight aggregates.

Conclusions
In general, during the conducted research, a positive effect of natural fibres on the properties of the composite
was noticed. However, before using natural fibres, it is necessary to carefully recognize their properties.

During the study, it was noticed that natural and synthetic fibres change the rheology of the mixture. The
bamboo fibres have changed the consistency to 10% more liquid, the ramie fibres did not change the consistency,
and the synthetic fibres reduced the liquidity of the mixture by 15%.

During the tensile strength tests, almost no change in bending strength was noticed. The use of ramie fibres
increased the tensile strength by 8%, while the use of cotton and PP fibres caused the decrease in tensile strength
by 8%.

The research shows that the use of ramie fibres had a positive effect on the compressive strength of the sam-
ples and resulted in an increase in strength by 27%, while the use of synthetic fibres resulted in a decrease in
compressive strength by 4%.

The use of fibres reduced the expansion of samples stored in water. Samples without fibres and samples with
cotton fibres showed the greatest expansion. The smallest deformation was noted at sisal fibre samples. It has
been observed that the expansion or shrinkage is influenced by the fibre structure, diameter, cellulose content
and the total length of the fibres in the element.

The composites containing natural and synthetic fibres showed a higher water absorption of 2-8% compared
to the absorption of the non-fibre samples. The exception is the ramie fibres, which reduced the water absorp-
tion by 3.5%.

Considering numerous advantages of natural plant fibres, such as light weight, low cost, easy availability, and
recyclable decomposition, their application to composites reflects the increasing international requirements for
sustainable concrete materials.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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