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ABSTRACT

ARTICLE INFO

In this study, we explore the possibility of using sisal fibers as an environmentally-
friendly reinforcing agent for foam concrete. We aim to improve its physical proper-
ties by combining environmental friendliness with engineering practicality to create
a durable material that can be used safely today and a supplier of ecological sustain-
ability for tomorrow. Known for being lightweight and thermally insulating, foam
concrete has very low tensile strength and ductility as compared with other materi-
als. This is why its application is often limited in scope. We naturally think that adding
sisal fibers, which are a high-performance and renewable resource in themselves,
will improve these properties. It is well known that they have a tensile strength of
more than 400 kg/cm, and their long, stiff lamellae further increase this advantage.
As aresult, we integrated sisal fibers at different mixing rates: 0 (no Sisal), 0.25g, 0.5g
and so on up to 1% volume. After the test specimens were standardized like this they
went into the hence examining each of these properties in turn. With a reasonable
content of fibres, the mechanical properties of foam concrete improved significantly.
It was observed that the properties of fresh concrete decreased slightly in the sam-
ples where 0.50% sisal fiber was used. However, the compressive strength increased
by 12.9% compared to the reference sample, and the flexural strength increased by
2.85 times compared to the reference sample. This study not only confirms the feasi-
bility of using sisal fibers to reinforce foam concrete theoretically, but it will also
serve as a useful reference for the development of more sustainable scientific build-
ing materials. The author provides a discussion of their results and future directions
for research on construction materials, highlighting environmental and economic
benefits from incorporating natural fibers into these materials.
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1. Introduction

Foam concrete is an ideal construction material, char-
acterized by its cellular structure made of a mixture of
cement, sand, water, and foaming agent, that combines
the best of lightweight form, thermal insulation, and
sound absorption (Raj etal. 2019; Shi et al. 2021; Tran et
al. 2022; Shaheen et al. 2023). Traditionally, it has been
applied in construction for non-load-bearing walls, insu-
lation panels, and void filling, as a result of the relatively
low density and good thermal performance it brings
(Hamada et al. 2023). However, despite these advantages,

foam concrete has its weaknesses in mechanical strength
and durability that confine its use to parts of a building
structure that are not bearing considerable load
(Falliano et al. 2018).

Foam concrete's intrinsic properties, such as low den-
sity and high thermal insulation, make it an attractive
choice for specific construction applications. However, its
broader use is hampered by limited mechanical strength
and durability. Studies exploring ways to enhance these
properties have focused on various admixtures and rein-
forcements (Huang et al. 2015; Ji et al. 2015; Oren et al.
2020). For instance, Jones and McCarthy (2005) demon-
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strated that the inclusion of synthetic fibers could mar-
ginally improve the compressive strength of foam con-
crete. Similarly, a study by Renjith et al. (2021) explored
the use of micro-silica to enhance the material's mechan-
ical properties, noting improvements in both compres-
sive and flexural strengths. Despite these advancements,
the environmental impact of synthetic reinforcements re-
mains a concern. This has led researchers to explore nat-
ural, sustainable alternatives that would not compromise
the material's performance (Jones and McCarthy 2005).
The exploration of natural fibers as reinforcement in con-
struction materials has surged due to their environmen-
tal benefits over synthetic fibers. Natural fibers, including
bamboo, hemp, flax, and sisal, have been investigated for
their potential to enhance the mechanical properties of
construction materials (Coutts and Ni 1995; Frydrych et
al. 2019; Netinger Grubesa et al. 2018; Okeola et al. 2018).
In addition to their ability to deliver high structural per-
formance, low density, high acoustic damping and re-
duced industrial fuel expense, the use of natural fiber-re-
inforced composite materials has been proposed to pro-
vide optimal recyclability and biodegradability
(Cakiroglu and Bekdas 2021; Gultekin 2023). Wang et al.
(2023) provided an extensive review of the mechanical
properties of natural fiber-reinforced concrete, empha-
sizing the positive impact of natural fibers on improving
tensile strength, flexural strength, and crack resistance.
Due to the high mechanical properties of natural fibers,
natural fiber added concretes are preferred not only in
structural elements but also in non-structural elements.
Due to its high tensile strength, it is very common to use
it as a wall element, as a superstructure element for
roads, and in underground systems. Sisal fiber stands out
due to its availability, cost-effectiveness, and mechanical
properties. Its application in construction materials has
been limited but promising, with studies showing its po-
tential to improve not only the mechanical properties but
also the thermal and acoustical insulation of composites
(Shalwan et al. 2017).

The construction industry, today a major cause of
global carbon emissions, is under increasing pressure to
shift towards more sustainable practices. Part of this
shiftinvolves seeking out green building materials which
not only meet structural requirements but also reduce
the environmental effects of their production and use. In
this context, natural fibers used for reinforcement in
construction materials make sense. Renewable, biode-
gradable and having a low carbon footprint, natural fi-
bers are well partnered with the aims of sustainable con-
struction (Zini and Scandola 2011).

One method to enhance the mechanical properties of
concrete is by adding fibers to the concrete mix (Canbaz
et al. 2022). Of the natural fibers available, sisal, in par-
ticular, has attracted attention because it has high tensile
strength, durability and resistance to degradation in harsh
environments (Ahmad et al. 2022). In this way, it is suita-
ble for use in buildings where it may be exposed to chem-
icals and some similar harsh conditions. Sisal fiber de-
rived from the Agave sisalana plant is traditionally em-
ployed in the manufacture of rope or twine but has been
more recently proposed as reinforcement for polymer
composites and building materials (Sabarish et al. 2020).

Sisal fiber's potential in reinforcing construction ma-
terials, particularly in foam concrete, has garnered atten-
tion in recent years. A pivotal study by Zhang et al.
(2024) investigated the effects of sisal fiber on the com-
pressive and tensile strengths of foam concrete. They
found that small additions of sisal fibers could signifi-
cantly enhance the material's ductility while marginally
improving its compressive strength. This study laid the
groundwork for further exploration into the optimal
percentage of sisal fiber inclusion for maximizing me-
chanical benefits.

Moreover, a recent research has begun to address the
long-term durability of sisal fiber-reinforced foam con-
crete under various environmental conditions. Naik et al.
(2024) explored the effects of moisture and microwaves
on the mechanical properties of sisal fiber-reinforced
composites, highlighting the fibers' resilience and the
composite's maintained integrity over time.

The utilization of natural fiber, such as sisal, is an en-
vironmentally friendly way to improve the mechanical
properties of composite materials due to its excellent
properties. However, specific records of how this fine
product should for the best parameters used in foam
concrete construction do not exist. Addressing this gap
has both theoretical and practical worth, benefiting the
environment too. This paper fills this area, promoting in
greater depth a better understanding of renewable ma-
terials in construction-able objects, and thereby further-
ing on sustainable development of our construction. In
this study, sisal fiber-added foam concrete samples were
prepared. Fiber ratios of 0.25, 0.50, 0.75 and 1.00% by
volume were used in the samples. The effect of the
amount of fiber changing on the fresh and hardened con-
crete properties of foam concrete was examined.

2. Experimental Program

River sand with a specific gravity of 1.68 g/cm3 was
used as fine aggregate for the concrete mixture. Fine ag-
gregate gradation is presented in Fig. 1.

Mixtures were prepared with CEM I 42.5R type ce-
ment, whose specific gravity and specific surface area
are 3.02 g/cm3 and 3150 cm?/g, respectively (TS-EN-
197-1 2000). The physical and chemical properties of ce-
ment are given in Table 1.

Foaming agents and foam stabilizers were used to pro-
duce foam concrete. The foaming agent is a material that fa-
cilitates foam formation. Foam stabilizer makes the foams
in fresh concrete long-lasting. In this way, the porous struc-
ture in foam concrete is preserved during the concrete set-
ting. A foam stabilizer based on Calcium stearate was used
for the production of foam concrete. A protein-based foam-
ing agent was also used for foam production. The produc-
tion of foam concrete is presented in Fig. 2.

Sisal fiber was used to increase the mechanical prop-
erties of foam concrete. Sisal fiber is a type of natural fi-
ber obtained from the Agave sisalana plant. Agave si-
salana plant is a plant native to Kenya, Tanzania and Bra-
zil. Sisal leaves are dark green and have straight flesh. Si-
sal leaves are crushed with a smooth-edged stick until
they are separated into fibers. The fibers are then
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cleaned with plenty of water to get rid of dust and waste. in Fig. 3. The physical and chemical properties of sisal fi-
The cleaned fibers are air-dried. Sisal fiber is presented  ber are given in Table 2.

Table 1. Physical and chemical properties of cement.

Chemical properties (%) Physical and mechanical properties
SOs3 4.12 Initial setting time (min.) 165
Ca0 69.51 Final setting time (min.) 210
Si0; 13.45 2-days compressive strength (MPa) 34.3
MgO 1.03 28-days compressive strength (MPa) 51.8
Fe203 7.34 Specific gravity (g/cm3) 3.02
Naz20 0.59 Specific surface (cm?/g) 3150
Al;03 3.94
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Fig. 1. Aggregate gradation.
Table 2. Physical and chemical properties of sisal fiber.
Chemical properties (%) Physical and mechanical properties
Hemicellulose 12.3-14.6 Density (g/cm3) 1.36-1.41
Cellulose 66.0-74.0 Diameter (mm) 0.10-0.13
Pectin 10.0 Tensile strength (MPa) 540-720

Wax 2.0 Elasticity modulus (GPa) 9.0-12.4

Lignin 7.4-10.3
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Fig. 3. Agave sisalana plant and sisal fiber.

The samples using different proportions of sisal fiber
were prepared to examine the effect of sisal fiber on the
fresh and mechanical properties of concrete. Fresh and
hardened concrete properties were examined for sam-
ples to which sisal fiber was added at 0.25, 0.50, 0.75 and
1.00% by volume. The mixtures are given in Table 3.

Fig. 2. Foamed concrete production.

Table 3. Mix design.

Mix Sisal fiber % (by volume) Cement (kg) w/C Fine aggregate (kg) Foaming agent and stabilizer (kg)

R 0 720 0.48 230 2.2/1.4
SF0.25 0.25 720 0.48 230 2.2/1.4
SF0.50 0.50 720 0.48 230 2.2/1.4
SF0.75 0.75 720 0.48 230 2.2/1.4
SF1.00 1.00 720 0.48 230 2.2/1.4

The mini-slump test was performed to measure the WS

spreading diameter of fresh concrete, according to TS-
EN 1170-1 (TS-EN-1170-1 1999), as shown in Fig. 4.

Fig. 4. The spread diameter test.

The cubic samples with dimensions of 150x150x150 Fig. 5. The compressive strength test.

mm were prepared to determine the compressive

strength of foamed concrete. The samples were tested by
TS-EN 12390-3 (TS EN 12390-3 2002). The compressive
strength test is presented in Fig. 5. The samples were
kept in the mold for 16 hours and were then placed in
curing pools at 20 °C. Compressive strength test samples
were tested at the end of 7 and 28-day cures.

Prismatic samples measuring 40x40x160 mm were
prepared for the flexural test. The samples were tested
according to the TS-EN 12390-5 (TS EN 12390-5 2019),
as seen in Fig. 6. The density of foam concrete was meas-
ured according to TS-EN 12390-7 (TS-EN-12390-7
2010).
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3. Results and Discussion

A mini slump test was applied to evaluate the worka-
bility of samples prepared according to different sisal fi-

ber ratios. Foam concrete was filled into the cylindrical
mold with a height and diameter of 80 mm. The cylindri-
cal mold was then removed to allow the foamed concrete
to spread. After the foam concrete became stable, the
spreading diameter was measured. Workability in foam
concrete is affected by many parameters (amount and
type of foaming agent, amount of fiber, water/cement ra-
tio, etc.) (Amran et al. 2015; Kearsley and Mostert 2005;
Nambiar and Ramamurthy 2006; Rooholamini et al.
2018). Increasing the amount of fiber in foam concrete
increases stability, as workability decreases (Yildizel
2020). Increasing the fiber ratio in the mixture increases
the internal resistance of the mixture. Therefore, while
the stability in the mixture increases, the fluidity de-
creases. Additionally, there is a decrease in workability
due to natural fibers absorbing water. Mini slump test re-
sults are presented in Fig. 7. The increase in the amount
of fiber causes the spreading diameter to decrease. How-
ever, while the loss in workability was less in samples
containing 0.25% and 0.50% fiber, the workability de-
creased more in samples containing 0.75% and 1.00% fi-
ber. The results are consistent with the literature (Calis
etal. 2021; Gencel et al. 2022; Hanafi et al. 2020).
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Fig. 7. The mini-slump test results.

The change in density in fiber-added foam concrete
depends on the amount of fiber. Increasing the amount
of fiber causes the number of solids in the mixture to in-
crease. The increase in the number of solids increases
the density of concrete (Mydin et al. 2023). In this study,
it was observed that the density increased in samples
with an increasing fiber ratio. In addition, increasing the
fiber ratio may cause changes in the foam structure in
the concrete. Fibers in concrete can affect the stability
and size distribution of air bubbles, causing the density
of the concrete to change. Deterioration of the foam
structure causes the density of the concrete to increase.
Fresh and hardened foam concrete densities are given in
Fig. 8. The increase in fiber content caused the density of
foam concrete to increase. The increase in the amount of
fiber increased the amount of solid matter in the mix-
ture, causing the density to increase slightly. However,
the difference was not significant.

The compressive strengths of the samples depending
on different fiber ratios are presented in Fig. 9 for 7 and
28 days. The highest compressive strength was obtained
in the sample with a fiber content of 0.50%. The com-
pressive strength of SF0.50 increased by 12.9% com-
pared to the reference sample. Foamed concrete me-
chanical properties depend on the concrete matrix and
the microstructure of the concrete. Adding fiber to the
concrete matrix increased the compressive strength of
foam concrete. In fiber-added foam concrete, fibers con-
tribute to the concrete compressive strength by reducing
crack propagation (Mahzabin et al. 2018; Serri et al.
2014). In addition, the fibers caused the air bubbles in
the foam concrete to break down, thus reducing the
voids in the concrete. This also contributed to the in-
crease in compressive strength in foam concrete
(Yildizel and Calis 2019). Fiber content greater than
0.50% caused the foam concrete strength to decrease.
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The reason for this is that the hydration water decreases
as a result of the fibers absorbing the water in the con-
crete. The large surface area of the fibers increases their
water absorption (Farzanian et al. 2016; Pourjavadi et al.

2013). Hydration water was insufficient due to the
amount of fiber in the mixture being more than a certain
ratio. The results are compatible with the literature
(Amran et al. 2015; Ardhira et al. 2023).
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Fig. 9. The compressive strength test results.

Flexural strength test results are shown in Fig. 10.
While the increase in the amount of fiber increased the
flexural strength up to a certain ratio, more than a cer-
tain ratio caused the strength to decrease. The highest
flexural strength was obtained in the SF0.50 sample. The
flexural strength of the SF0.50 sample is 2.85 times
higher than the reference sample. Due to the high tensile
strength of sisal fibers, adding them to concrete at a cer-
tain ratio increases flexural strength (Castillo-Lara et al.
2020; Raj et al. 2020). Fiber content greater than 0.50%
caused a decrease in strength. Using more than a certain
amount affects the distribution of fibers in the mixture
due to the increase in fiber concentration (Raj et al.
2020).

Although the increase in fiber amount causes the fiber
distribution in the matrix to deteriorate, even SF0.75 and
SF1.00 samples have more flexural strength than the ref-
erence sample. Due to the high tensile strength of sisal
fiber, it improves the flexural strength of concrete com-

pared to the reference sample even when used in high
amounts. Because the flexural strength of conventional
concrete is quite weak. Natural fibers, especially sisal fi-
ber, have very high water absorption. Therefore, it ab-
sorbs the hydration water in the concrete. Decreasing
hydration water reduces the ultimate strength of con-
crete. Therefore, the use of high fiber reduces flexural
strength. To use high amounts of fiber, the surface of the
fibers should be coated.

4., Conclusions

In this study, the properties of sisal fiber-added foam
concrete were examined. The foamed concrete samples
with different sisal fiber ratios were prepared. Workabil-
ity was evaluated for each mixture. The mechanical
properties of the samples were examined. The findings
obtained based on the test results are as follows:
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Fig. 10. The flexural strength test results.

o Sisal fiber improved the compressive strength of foam
concrete due to its uniform distribution in the con-
crete matrix. An increase in the amount of sisal fiber
up to 0.50% increased the compressive strength of
foam concrete. The use of more than %0.50 sisal fiber
reduced the compressive strength as it greatly in-
creased the concentration within the concrete matrix.

e Approximately a 12.9% increase in compressive
strength was achieved in samples using 0.50% sisal
fiber. In addition, there were no significant losses in
the workability of samples added %0.50 sisal fiber.

e Sisal fiber with high tensile strength contributed to
the flexural strength of foam concrete. However, the
use of more than 0.50% sisal fiber decreased flexural
strength.

¢ In samples with 0.50% sisal fiber added, the flexural
strength increased 2.85 times compared to the refer-
ence sample.

e Excessive use of sisal fiber absorbs the hydration wa-
ter in the concrete. Therefore, the sisal fibers should
be coated with waterproof materials to use large
amounts of sisal fiber in concrete mixture. There are
many surface coating methods such as polyester resin
and bio-based shellac. Before these coating methods,
some treatment methods can be applied to clean the
fiber surface from organic substances. There are
many treatment methods recommended in the litera-
ture, such as hornification, alkaline treatment and
polymer impregnation.

e Even if the workability decreases in foam concretes
with sisal fiber addition, the use of 0.50% or fewer si-
sal fibers provides acceptable workability.

e Foam concrete is used as a non-structural member in
buildings with its high heat and sound insulation
properties. If the mechanical properties obtained in fi-
ber-added foam concrete are improved, it will also be
possible to use it as a structural member.

Foam concrete is preferred in non-structural ele-
ments because of its lightweight and high sound and
thermal insulation properties. However, its mechanical
properties are not sufficient for use as a structural ele-
ment. Future studies should aim to improve the mechan-
ical properties of foam concrete without increasing its
density. In this way, it will be possible to use foam con-
crete as structural elements.
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