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Sisal fiber moisture sensitivity and degradation are treated by alkaline and pozzolanic methods,

such as silica fume and kaolin surface coating. However, it is novel that the treatment of sisal fiber by
calcined bentonite slurry can coat sisal fiber from moisture and protect it from cement hydration by
consuming free lime and reducing cement matrix alkalinity. Therefore, the present study treated sisal
fibers with calcined bentonite slurry and investigated the effect of using different lengths and doses

of treated and raw sisal fibers in a mortar. The results indicate that the treatment of sisal fiber with
bentonite slurry improved the roughness of the fiber, reduced fresh bulk density, improved resistance
in acid, salt, and alkaline conditions, and increased compressive and flexural strength at 28 and 56 days
compared to the control mixture and raw sisal fiber-employed mortar. Therefore, TS1L10 improved
compressive strength by 30.62% and 1.8% at 28 and 56 days, respectively. Also, TS1L10 enhanced
strength and residual strength in 5% HCl by 54.54% and 72.25%, respectively, compared to the control
mixture at 56 days. Generally, the present study revealed the importance of calcined bentonite-treated
sisal fibers in a mortar mixture for improved durability, physical and mechanical properties.

Keywo rds Sisal fiber, Calcined bentonite, Moisture sensitivity, Cement composite materials, Deterioration,
Pozzolanic treatment

In many construction works, concrete is the most commonly used construction material; however, it is brittle,
has low tensile strength, poor fracture toughness, weak energy absorption, and easy cracking"2. Hence, the
reinforcement of steel bars and fibers significantly enhances the ductility, toughness, and impact resistance of
concrete™?. Fiber incorporation in cement composite materials is important for reducing shrinkage cracks,
improving tensile strength, and resisting hazardous environments®~’. Also, fiber employment in concrete
improves the resistance of maximum stresses and relatively large strain on the post-cracking, form a good bond
between aggregate and cement matrix®~10. However, synthetic fibers are expensive, and their production pollutes
the environment!!. Therefore, employing natural fibers in construction materials is renewable, cost-effective,
enhances strength, and reduces the impact of carbon dioxide on the environment!>!3. Besides these, adding
natural fibers to concrete improves its mechanical and durability properties'*!> and can mitigate the occurrence
of minor and major cracks in concrete'®.

Sisal fiber is a strong and most cultivated natural fiber extracted from the Agave-sisalana plant leaf, which
mainly grows in tropical and sub-tropical regions of the world!'”'®. Hence, sisal fiber is an excellent secondary
structural component with low weight, improves strength and ductility, reduces shrinkage cracks, and is less
expensive than synthetic fibers!*-2!. This is mainly through the cellulose part, which increases the mechanical
properties of concrete and is covered by other parts of the fibers such as hemicellulose, lignin, and some
impurities?>?3.

Reinforcing cement composite materials with sisal fibers promotes the use of renewable, nonhazardous, and
biodegradable materials, which permits the development of sustainable construction materials*>*. In addition,
replacing the sisal fiber with steel fiber is crucial, which encourages economical construction and supports
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upcoming green building technologies*>2. However, sisal fibers are highly moisture-sensitive and deteriorate
owing to the mineralization of cementing minerals. Hence, sisal fiber surface treatment modifies the fiber surface
and reduces moisture sensitivity and water absorption by filling the surface pores of the fiber, consequently,
improves the performance and durability of natural fibers for reinforcing cement composite materials?”25.

Sisal fiber deterioration in cement composite materials starts from the outer layers of lignin and hemicellulose
and then proceeds slowly to the inside cell walls of cellulose. This is due to alkaline pore solution infiltration in
the fibers, which leads to the deterioration of cellulose fibrils, causing premature failure of sisal fibers®. Hence,
the usability of sisal fibers in alkaline environments, such as cement composite materials, is limited*’. Hence,
ways to reduce moisture absorption are required, which can make the sisal fiber surface hydrophobic while
protecting the fiber from mineralization of the cement matrix>!.

Hence, many researchers have used alkaline NaOH and Na,CO, to reduce sisal fiber deterioration in cement
composite materials’233, Also, the sisal fiber surface is coated with pozzolana, such as kaolin and silica fume,
for the sustainable use of sisal fiber in cement composite materials**. However, it is novel that the treatment of
sisal fiber by calcined bentonite slurry, which is a natural pozzolana, can coat sisal fiber as well as protect it from
cement hydration by consuming free lime and reducing the alkalinity of the cement matrix. This is because
calcined bentonite highly reacts with cement free-lime*>*¢, consequently reduces sisal fiber degradation caused
by free-lime?’.

Therefore, this study investigated the effects of reinforcing cement composite materials using treated and raw
sisal fibers, which treated with calcined bentonite slurry, that have different lengths and doses, on the mechanical
and physical properties of cement composite materials. Also, the effects of using treated and raw sisal fibers in
mortar were assessed in different adverse environments, such as acidic, alkaline, elevated-temperature, and salty
environments. In the present study, the employment of treated and raw sisal fibers in cement composite materials
is investigated in detail to effectively implement sisal fiber in construction materials. Also, the present study can
direct future researchers to explore more ways to reduce sisal fiber degradation for cementing materials using
similar treatment methods and more effective ways.

Materials and methods
Materials
The mortar samples produced by using CEM I 32.5R ordinary Portland cement (OPC), washed river sand, water,
and sisal fiber. Distilled water was used for mixing, and washed river sand was used as the standard for ASTM
C109M-02%%, Washed and brushed raw sisal fiber was collected from Sisalana (T) Co. LTD, Korogwe, Tanzania.
It has a diameter of 0.05-0.18 mm, a specific gravity of 37.99-38.91 tex, and a maximum length of 60 cm. Hence,
in the present study, treated and raw sisal fibers with lengths of 10 and 20 mm by 1%, 1.5%, and 2% to the mass
of cement were used for reinforcing mortar sample”, and its detailed design mix is shown in Table 2, which was
standardized as ASTM C109M-02. The chemical compositions of the calcined bentonite used for sisal fiber
treatment and OPC are shown in Table 1, which were determined using an X-ray fluorescence (XRF) machine.
LOI- Loss of Ignition.

Methods

Sisal fiber treatment

The raw extracted bentonite was powdered using a laboratory mill and sieved through a 45 pm sieve.
Subsequently, the ground bentonite was calcined in a box furnace because of the consolidated form of raw
bentonite, which requires heating to activate its pozzolanic reactivity40. Hence, the treatment of sisal fiber was
by the slurry, which is made from the mixture of bentonite calcined at 800 °C for 3 h, cement, and water; that is
taken from Reddy & Reddy*’ found bentonite calcination at 800 °C for 3 h is the highest bentonite reactivity level
that can highly consume free calcium hydroxide of cement composite materials, hence, can protect the aging of
sisal fiber due to mineralization of cementing materials. The treatment was performed by immersing the sisal
fiber in the prepared slurry with different water-to-binder ratios to obtain a fully coated surface of the sisal fiber,
which was then dried for 24 h and brushed to be used in the mortar mixture at the required doses and lengths.
The uniformity of the fiber surface coating was controlled by visual inspection. However, before reinforcing the
mortar, the treated and raw sisal fibers were exposed to a single fiber tensile strength test after aging for 10-times
wetting and drying cycles in hot water at 75 °C*!.

Mineral composition, roughness, and microstructural properties

The surface roughness and mineralogical changes of the treated and raw sisal fibers were determined respectively
using an atomic force microscope (AFM) with an XE-150 and X-ray diffractometer (XRD) PAN alytical X'Pert
Pro MPD (Cu-Ka radiation generated by tube current 30 mA and voltage 40 kV at a scanning rate of 0.02°/sec
in the 20 range of 5 to 65°). Also, the sisal fiber microstructure pulled out from the mortar matrix was examined
using a Hitachi model s-4800 scanning electron microscope (SEM).

Compositions $i0, | ALO, | Fe,0, | CaO | MgO | SO, | K,0 | Na,O | TiO, | P,0, | LOI
OPC 17.57 | 4.07 |2.63 |61.48 |0.41 |1.79 [0.11 [0.04 |0.29 |0.13 |10.74

Calcined bentonite | 58.30 | 10.93 | 8.05 7.75 | 6.00 |0.10 |2.36 |3.49 091 |0.21 2.18

Table 1. OPC and calcined bentonite chemical composition.
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Sisal fiber dose
Sample name | W/C | Cement (Kg/m?) | Sand (Kg/m?) | Sisal fiber length (mm) | Raw (Kg/m?) | Treated (Kg/m?)
Control 0.5 591.36 1694 0 0 0
S1L10 0.5 585.45 1694 10 591 0
S1L20 0.5 585.45 1694 20 591 0
S1.5L10 0.5 582.49 1694 10 8.87 0
S1.5L20 0.5 582.49 1694 20 8.87 0
S2L10 0.5 579.53 1694 10 11.83 0
S2L.20 0.5 579.53 1694 20 11.83 0
TS1L10 0.5 585.45 1694 10 0 591
TS1L20 0.5 585.45 1694 20 0 5.91
TS1.5L10 0.5 582.49 1694 10 0 8.87
TS1.5L20 0.5 582.49 1694 20 0 8.87
TS2L10 0.5 579.53 1694 10 0 11.83
TS2L20 0.5 579.53 1694 20 0 11.83

Table 2. The design mix for the preparation of mortar employed raw and treated sisal fibers at different fiber
lengths and doses.

Fresh properties

The effect of treated and raw sisal fibers on mortar fresh bulk density is directly proportional to the capacity of the
water absorbed in both fibers and the specific gravity of the fiber and cement. Therefore, the mortar fresh bulk
density with different doses and lengths of treated and raw sisal fibers was conducted as ASTMC138M — 17a**
by measuring the mass of the mortar sample at a known volume of one-liter cylinder. Additionally, mortar
employing raw and treated sisal fibers at different doses and lengths was assessed for its workability, as stated in
ASTM 14374,

Hardened properties

The flexural load is the ability of the material to bend and is a combination of tensile, compression, and shear
loads. This means that when a flexural load is applied to the partition’s center section shears, the bottom face is
in tension, and the upper surface is in compression**. Therefore, the present study assessed the flexural strength
of treated and raw sisal fibers reinforced mortars. This is using a three-point loading machine flexural strength
test, and for the compressive strength test, a compressive machine at the rate of 1800 N/sec was used respectively
done by 40*40*160 mm?>and 50%50*50 mm>mortar specimens as ASTM C618%. The compressive and flexural
strength tests for all the samples were measured at 28 and 56 days. For the flexural and compressive strength tests,
for each mix design three samples were cured in water and recorded the average. Also, the residual compressive
strength was measured again to assess the strength of the post-cracking mortar cube reinforced by the treated
and raw sisal fibers.

The 50 mm?® mortar specimen that was cured in 5% hydrochloric acid for 56 days was used to test the acid
threat. The mass of the mortar cube was measured before and after acid immersion. After 56 days in the 5%
HCI solution, the mortar specimen was removed and taken to dry for 24 h at ambient temperature, then the
compressive strength test was carried out. The resistance of the mortar to acidic attack was determined by
analyzing the cube mass loss and comparing its strength in an acidic environment to samples that were cured in
water, as reported in reference?®.

In addition to this, alkaline and salt attack tests were carried out using 50 mm? mortar specimen reinforced
with treated and raw sisal fibers submerged separately in 10% NaOH and NaCl solutions. After 56 days, the
samples submerged in the alkaline and salt solutions were removed and allowed to dry for 24 h at room
temperature. Subsequently, an investigation was conducted on the strength loss caused by salt and alkaline
environments. Also, a 50 mm?® mortar specimen that had been cured in water for 56 days was used to examine
the effects of elevated temperatures. It was then placed in a furnace for two hours at 200 °C and 950 °C. Then,
the recording of the mass variation before and after exposure to elevated temperatures, a compressive strength
test was carried out.

Water absorption was also conducted after 56 days of the reinforced mortar by treated and raw sisal fibers
using a specimen of 50 mm?, which were removed from the water curing medium at 21 °C and kept until a
constant weight was obtained in a dry oven at 105 °C as*’. The lateral surfaces of the mortar specimens were
coated with paraffin wax to ensure uniaxial water absorption and then immersed in water from the direction
of the vertical uncoated face up to a depth of 5 mm. All mortar specimens with different doses and lengths of
treated and raw sisal fibers were weighed before and after submerging for 5, 10, 15, 30, 60, 90, 120, and 150 min“.
So, the percentage of water absorbed within the specified period was recorded for all samples.

Results and discussion

Sisal fiber treatment

The treatment of sisal fibers has been conducted by different researchers using alkaline methods, either NaOH
or KOH. However, the alkaline method can reduce the mechanical strength of the fiber when soaked for a
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long time?*0. Additionally, alkaline treatment may have drawbacks in terms of chemical disposal, which
causes environmental pollution and requires the cost of chemical production®'. However, bentonite is a natural
pozzolanic material that is eco-friendly and mostly exists in many countries, which can be beneficial for the
treatment of sisal fiber degradation. Therefore, the present study used calcined bentonite for the treatment of
sisal fiber degradation, and the study found a water-to-binder ratio of 0.8 in various trials for a perfect mix
design that can effectively cover the fiber surface, as shown in Fig. 2. However, Filho et al.>? found that sisal fibers
treated with metakaolin fully covered the surface of the fibers at a water-to-binder ratio of 0.4. As shown in Fig.
2, the treated sisal fiber has a red-gray color, which is mainly the color change from the calcined bentonite used
for the treatment.

Asshown in Fig. 1, the average of six single-fiber test results after wetting and drying is used for the comparison
of raw and treated sisal fibers tensile strength. The results indicate that the treatment of the sisal fiber surface with
calcined bentonite slurry has a higher tensile strength than the raw sisal fiber after undergoing 10-times wetting
and drying cycles in hot water at 75 °C. This is mainly because the calcined bentonite-treated sisal fiber may not
easily transfer water to the sisal fiber matrix due to bentonite-coated and free calcium hydroxide consumption
can form C-S-H gel®**, which is a hard structure that protects the aging condition from hot water. Also, the
treated sisal fiber coated with calcined bentonite slurry can fill the pores of the sisal fiber, which reduces water
absorption, and consequently, sisal fiber resists the strength loss due to water absorption. This observation is
similar to that of Wei and Meyer>>, who found that the treatment of sisal fibers with natural pozzolana improved
the degradation resistance of the fiber. However, the tensile breaking load of raw sisal fiber is lower than the
treated sisal fiber after 10 times wetting and drying cycles, which is mainly due to raw sisal fiber has higher water
absorption capacity which can degrade its strength>>>’. Besides these, the extension at break of the treated sisal
fiber was lower than that of the raw sisal fiber, which may be due to the coated slurry not allowing elongation
of the fiber.

The XRD result of sisal fiber

The mineralogical composition result for raw and treated sisal fibers is shown in Fig. 3. As a result indicates, the
peaks at 16° and 20° are reduced in the treated sisal fiber compared to raw sisal fiber, which is basically due to
the peaks at 15-16°can represent lignin, hemicellulose, and pectin®® that lessened by the treatment of sisal fiber
through calcined bentonite slurry. Also, for the raw and treated sisal fibers peaks at 22° and 23° have very similar
spectra, which represents cellulose®. In addition to this, the peak at 30° only exists on the treated sisal fiber that
is clay mineral quartz SiO, at 30-35°%, which is directly from the calcined bentonite slurry used for sisal fiber
treatment. Similarly, peaks at points 36°, 40°, and 44° are only observed in the treated sisal fiber, which is also
from calcined bentonite respectively representing calcium carbonate, quartz, and montmorillonite®. Hence, it
is observed due to all additional minerals in the calcined bentonite treated sisal fiber it can protect fiber surface
from moisture absorption and react actively with free lime from the cementing material matrix, produce extra
CSH that can mitigate the aging of the sisal fiber.

The roughness of sisal fiber

To establish good bonds between cement composite materials and sisal fibers, the roughness of the sisal fiber
is the main property. As shown in Fig. 4, the raw sisal fiber varies from —250 nm to +750 nm and the treated
sisal fiber from — 1000 nm to + 1000 nm, indicating that the treated sisal fiber has a rougher surface than the raw
sisal fiber, which is mainly due to the coated slurry used for the treatment. Hence, the rougher treated sisal fiber
surface is beneficial to strengthen the bond and adhesion of the fiber with the cement composite matrix. This
observation is the same as that of Orue et al.!, who found that treated sisal fiber had a rougher surface than raw
sisal fiber.

Microstructure

The microstructure results for the pulled-out treated and raw sisal fibers from the cement composite matrix
are shown in Fig. 5(a-d). As a result indicates, the pulled-out raw sisal fiber from mortar has very low damage;
however, the treated sisal fiber has higher damage on the surface of the fiber and is more susceptible to pull-out
from the cement composite. Hence, the higher damage indicates that a higher interface bond occurred between
the fiber and cement composite matrix for the treated sisal fiber than for the raw sisal fiber. This is the same
observation as Orue E. and Arbelaiz®® found an easy pull-out force for untreated sisal fibers owing to poor
interfacial adhesion between the fiber and cement composite. In addition, the study found that it was challenging
to distinguish the treated sisal fibers from the cement composite material matrix. This further indicates the
improvement of the fiber surface bonding with the cement composite owing to the treatment.

Mortar workability

The results of the mortar workability employed the raw and treated sisal fibers are presented in Fig. 6. The results
indicate that the use of raw and treated sisal fibers in mortar reduces the mortar workability. Specifically, the use
of raw sisal fibers in mortar significantly reduces mortar workability. This is due to the high water absorption of
the raw sisal fiber, which reduces the water level of the mortar. In addition, increasing the raw sisal fiber dose in
mortar reduces the water level and, consequently, the mortar workability.

Besides these, the use of treated sisal fibers in mortar reduces mortar workability. This is because the sisal
fiber treated with calcined bentonite slurry reduced sisal fiber water absorption by 60.95% compared to raw
sisal fiber®2. Hence, the remaining can cause a reduction in the water level and consequently lessen the mortar
workability. However, it was observed that the length variation with the employment of sisal fibers did not
significantly change the mortar workability. These results are similar to Shah et al.%* found the employment of
sisal fiber in concrete significantly reduced the workability.
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Fig. 1. Single fiber breaking load and extension at break for (a) raw sisal fiber and (b) treated sisal fiber after 10
times wetting and drying.

Density of fresh mortar

The fresh bulk density results for mortar with different doses and lengths of treated and raw sisal fibers are shown
in Fig. 7. The results indicated, reinforcing cementing materials with treated and raw sisal fibers significantly
decreased the fresh bulk density compared to the conventional mixture. Especially, increasing the dose and
length of the treated and raw sisal fibers reduces the density of fresh mortar. This is mainly because the density
of sisal fibers is much lower than that of cementing materials®®. Also, there is a variation in the fresh bulk density
with increasing fiber dose in the mortar mixes. Specifically, increasing the length of the raw and treated sisal
fibers decreased the fresh bulk density. Besides these, increasing the dose of raw and treated sisal fibers reduced
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Fig. 2. The color difference of used treated and raw sisal fibers.

the bulk density of fresh mortar. This is basically due to the sisal fiber having a lower density compared to the
mortar compositions.

A similar observation by Achour et al.%® reported that increasing the reinforcing doses of natural fiber in
mortar significantly reduced the density of cementitious materials. However, the present study discovered that
reinforcing the cement composite material with calcined bentonite slurry-treated sisal fiber slightly reduces the
fresh bulk density compared to employing raw sisal fiber. That is basically due to the calcined bentonite having
lower specific gravity than cement particles which can replace the position of cement particles while coating the
sisal fiber consequently lessens the fresh mortar density®”.

Compressive strength
As shown in Fig. 8, the use of treated and raw sisal fibers in mortar improved the compressive strength compared
to the control mixture at 28 days of mortar age. This is because employing treated and raw sisal fibers in mortar
can tighten the mortar matrix, paste, and sand together, which can provide a higher strength than the control
mixture. Similar results were reported by Asaduzzaman & Islam; Sridhar et al.®*% found that all sampled jute
fibers employed cement composite exhibited greater compressive strength than the control mixture. However,
in the present study, the addition of raw sisal fiber reduced the compressive strength at 56 days compared to the
control mixture. Furthermore, the reduction of compressive strength significantly increases with the increasing
of the doses and the lengths of raw sisal fiber at both 28 and 56 days of mortar age. This is because raw sisal fiber
is moisture-sensitive and loses its initial strength in the cement composite>*’%-72, Also, this may be because the
raw sisal fiber employed in the mortar mixture absorbs water after water curing for 28 and 56 days. Hence, owing
to the absorbed water, the fiber can lose strength and lessen the bond, which can tighten the mortar matrix.
Also, its observed increased compressive strength of mortar employed treated sisal fiber compared to the
control mixture at 28 and 56 days of mortar age. This is because the treated sisal fiber can resist moisture and
mineralization owing to the cement alkaline part, which cannot lose strength, while the age of the mortar
increases. The substitution of treated sisal fiber TS1L10 resulted in the highest compressive strength at both 28
and 56 days. Hence, TS1L10 improved the compressive strength by 30.62% and 1.8% compared to the control
mixture at 28 and 56 days, respectively. The same observation with Abirami & Sangeetha® found the highest
compressive strength of cement composite material by reinforcing 1% of chemically treated sisal fiber. However,
as the result indicates for both 28 and 56 days compressive strength of treated sisal fiber lengths 10 and 20 mm
not seen a significant difference in the strength changes, which may be due to fibers being ductile materials
that more resist tensile force than compressive. This observation is similar to that of Nasr et al.”, who found a
significant change in tensile strength compared to compressive strength owing to fiber size and dose variations.
Furthermore, as shown in Fig. 9, the residual compressive strength of mortar employed sisal fiber was
significantly higher than that of the control mixture. However, the addition of raw sisal fiber in mortar resulted
in a lower compressive strength than that of the treated sisal fiber-reinforced mortar. This shows the strength
degradation of the raw sisal fiber, which has a lower strength than the treated sisal fiber’*. Hence, the employment
of TS1L10 in mortar has the highest residual compressive strength than all the samples. In addition, TSIL10
improved mortar residual strength by four times that of the control. This is mainly because the surface coating
of sisal fibers modifies the structural and surface properties of the fiber without transforming the chemical
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Fig. 3. The mineralogical composition of treated and raw sisal fibers.

composition, which can improve the mechanical properties through good adhesion bonds with the fiber and
cement matrix’>7®.

Besides these, Fidelis et al.”” observed that the surface coating of natural fiber by pozzolanic materials can
lessen the alkalinity of the cement matrix owing to the pozzolanic reaction, and the hydration product fills
the pores of the fiber interphase and the matrix. Hence, it reduces the total porosity of the composite and
consequently, improves the mechanical properties while reducing the deterioration of the fibers due to cement
alkalinity and mineralization.

Flexural strength
The flexural strength test results for mortar employed treated and raw sisal fibers with different doses and lengths
are shown in Fig. 10. The results indicated that the use of both treated and raw sisal fibers improved the flexural
strength of the cement composite materials at 28 days compared to the control mixture. That is, fibers are more
ductile than cementitious materials, which improves the bending strength of the cement matrix’®7°. However,
at 56 days of mortar age, the flexural strength of the raw sisal fiber-reinforced mortar reduced compared to the
respective mortar strength at 28 days and significantly reduced with increasing doses and lengths of the fiber.
This is one of the main challenges in reinforcing raw natural fibers in cement composite materials, which can
lessen the durability of the composite at longer ages by losing the initial strength due to deterioration. Also, the
raw sisal fiber aging process by humidity causes a reduction in alkaline resistance, higher absorbance of humidity,
and mineralization of cement composite materials, which consequently can affect the matrix strength”.
Furthermore, the use of treated sisal fibers in mortar improved flexural strength compared to the control mix
and raw sisal fiber-reinforced mortar sample. This is because the treated sisal fiber has a higher tensile strength
than the raw fiber, which can increase the mortar strength, as shown in Sect. 2. In addition, the interphase
bond between the fiber and cement composite matrix improved by surface coating, as shown in Sect. 3.1.2,
which mainly increased the flexural strength of mortar employed treated sisal fiber>®. Thus, it was found that
TS1.5L20 had the highest flexural strength at 56 days, which improved by 12.35% and 10.33% compared to the
control mixture, respectively, at 28 and 56 days of age. This result is similar to that of Veigas et al.*, found the
sisal fiber improves the flexural strength of cement composite while increasing the length and dose compared
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Fig. 4. Surface roughness of raw and treated sisal fibers using atomic force microscope®.

with the control mixture. However, increasing the treated sisal fiber dose and length, especially for TS1.5L20
and TS2120, significantly reduced the flexural strength, which may be due to the sisal fiber is a ductile material,
which increases the deformation of the cement composite material while increasing the dose and length of the
fiber. This is the same observation as that of Tiwari et al.3°, who found a decrease in flexural strength with an
increase in the fiber dose.

Generally, the results indicated that the use of raw sisal fiber can affect the flexural strength more than the
compressive strength of the mortar, which shows that the employment of raw sisal fiber reduced the flexural
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Fig. 5. The microstructure for (a) raw sisal fiber, (b) magnified shown at (a), (c) treated sisal fiber, and (d)
magnified shown at (c), all after pulled-out from the mortar matrix.

strength more at 56 days. In addition, the length variation has a significant effect on the improvement of
flexural strength compared to the compressive strength of mortar, this is because when the length increases, the
capability to resist deformation increases. Rai and Joshi** reported that reinforcing natural fibers has a greater
effect on the flexural and tensile strength of cement composite materials.

Acidic attack

The strength of the mortar cubes after immersion in 5% hydrochloric acid are shown in Fig. 11. The results
indicate that the addition of treated and raw sisal fibers in the mortar improved strength in the 5% HCI solution
cured for 56 days compared to the control mixture. This is commonly due to the employed sisal fiber tie and
compact mortar matrix that mitigates the entrance of acid, which cannot affect the strength. However, all the
additions of raw sisal fiber had a lower strength resistance in 5% HCI compared to the respective dose and length
of the treated sisal fiber employed mortar. This is because, as Wei and Meyer®® found, the treatment of sisal
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Fig. 7. The fresh density of mortar reinforced by treated and raw sisal fibers.

fiber by pozzolanic materials effectively enhances the adhesion between the cement matrix and sisal fiber, and
consequently, can barrier the entrance of acid to the cement composite matrix.

Besides these, all the mortar residues reinforced by treated and raw sisal fibers cured for 56 days in a 5%
HCI solution had higher strength than the control mixture. However, the treated sisal fiber-reinforced cement
material residue significantly improved the strength owing to immersion in the 5% HCI solution. Hence, TS1L10
enhanced the strength by 54.54% and 72.25%, respectively, compared to the strength and residual strength in the
5% HCl solution. This is because the treated sisal fiber cannot be easily degraded by moisture and mineralization
of cementing materials®!; hence, the strength of the acidic attack is higher than that of the control mixture.
Additionally, it has been observed that increasing the doses and lengths of sisal fiber employed in the mortar
cannot improve the strength resistance of the acidic attack, possibly because, while increasing the fiber dose, the
binding of the cementing materials can decrease.
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Fig. 9. The residual compressive strength of mortar having treated and raw sisal fibers at 56 days.

The mass loss due to immersion in 5% HCI for 56 days is shown in Fig. 12. The mass loss of the treated and
raw sisal fiber-reinforced cement composite materials was lower than that of the control mixture. However, the
mortar mass loss due to the use of raw sisal fiber was higher than that of the treated sisal fiber. This could be
because the raw natural fiber can increase in volume owing to the high water absorption and moisture sensitivity
of the fiber surface. Hence, this leads to a poor fiber-matrix interface that reduces the adhesion of the fibers to
the matrix, so that acids can penetrate into the composite matrix, which can deteriorate and reduce the mass of
the cement composite materials®2.

In addition to this, the mass loss of mortar decreased by the reinforcement of treated and raw sisal fibers after
24 h taken from a 5% HCI solution. However, higher mass loss in 24 h dry in the atmosphere while increasing
the doses and lengths of employed sisal fiber. This indicates the existence of voids while increasing the doses and
lengths of the fiber, which may be caused by the lack of binding of the fiber and the cement matrix at higher
substitution. However, the cementing material reinforced by the treated and raw sisal fibers had a lower mass loss
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Fig. 11. The strength of mortar cube at 56 days in 5% HCI solution.

compared to the control mixture. This is because of the adhesion and reinforcing effect of the fibers on cement
composite materials.

Alkaline attack

The result of 10% NaOH solution effect on mortar cubes reinforced with treated and raw sisal fibers, which have
different doses and lengths cured for 56 days is shown in Fig. 13. The results indicate that the reinforcement of
mortar with raw sisal fiber reduces the strength compared to the control mixture. This is because raw sisal fiber
is a hydrophilic material that can absorb the alkaline solution and water into the cement composite matrix,
consequently reduces its strength®>.

Also, the use of treated sisal fiber slightly improved the strength in the 10% NaOH solution compared with
the control mixture and reinforcement of raw sisal fiber in mortar. In particular, TS1L10 had the highest strength
in 10% NaOH solution from all the samples and improved strength in alkaline conditions by 5.8% compared to
the control mixture. This is because the treated sisal fiber can effectively form a bond with the cement matrix,
which can mitigate the entrance of alkaline and water to the matrix of the cement composite material and
consequently, reduce the effect of alkalinity on strength loss.

Salt effect

The results of the mortar cubes reinforced with treated and raw sisal fibers immersed in a solution of 10%
NaCl for 56 days are shown in Fig. 14. As a result shows, a lower strength loss with the addition of treated and
raw sisal fibers in the mortar compared to the control mixture. However, the reinforcement of treated sisal
fibers can reduce more the strength loss of cement composite materials. This is because the treated sisal fiber
can form a good interface bond between the fiber and cement composite matrix®#. Also, as seen in Sect.
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Fig. 13. The strength of mortar cube at 56 days in 10% NaOH solution.

3.1.2, the surface of the treated sisal fiber is rough, which can form a good bond between the fiber and cement
composite matrix that can barrier the entrance of the salt solution. Similarly, Filho et al.* found that the sisal
fiber with the pozzolanic material meta-kaolin formed a strong interface bond in the cement composite material.
Furthermore, the same finding as Bao et al.*®® reported that the reinforcement of sisal fibers in concrete highly
resists the effect of seawater owing to salt and shrinkage cracks. Hence, the study found that the lower migration
of 10% NaCl into the matrix of cement composite materials; consequently, the corrosion rate of the concrete can
be improved in the marine environment.

Additionally, the treated and raw sisal fibers reinforced mortar residues exhibited greater resistance to the
10% NaCl solution cured for 56 days. However, a higher sisal fiber substitution cannot provide resistance to the
salt environment. This is mostly because a higher fiber dose can lessen the binding, which lowers the strength.
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Fig. 15. The water absorption of mortar incorporated treated and raw sisal fibers.

Water absorption

The water absorption results for mortar cubes reinforced with treated and raw sisal fibers at different doses and
lengths are shown in Fig. 15. The water absorption of mortar reinforced by raw sisal fiber at lower substitution
is significantly lower than that of the control mixture; however, the employment of raw sisal fiber at a higher
dose reflects higher water absorption. This is because the raw sisal fiber is moisture sensitive and can absorb
much water; hence, a higher substitution increases the water absorption in the raw sisal fiber-embedded cement
composite materials. However, the reinforcement of mortar by the treated sisal fiber can resist the absorption
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of water. This is because the treated sisal fiber enhances the interfacial adhesion bond between the fiber and the
cement matrix, thus mitigating the penetration of water3*3>. Additionally, this is due to the quantity reduction
in the amorphous materials present on the natural fibers covered by physical treatment, which reduces the water
absorption by making a rough surface, which can enhance the adhesion between the fiber and the composite
matrix®®.

Effect of elevated temperature
The strength of mortar cubes reinforced with the treated and raw sisal fibers exposed to an elevated temperature
0f 200 °C for 2 h is shown in Fig. 16. As results indicate, all the reinforced mortar samples with treated and raw
sisal fibers had reduced strength at elevated temperatures compared to the control mixture. This is because
natural fibers can easily lose weight at high temperatures, which consequently reduces the strength of the
reinforced mortar. Hence, increasing the doses of both the treated and raw sisal fibers in the cementing material
can reduce the strength at elevated temperatures. However, the use of treated sisal fibers improves the strength at
elevated temperatures compared to the addition of raw sisal fibers to cement composite materials. This is mainly
because the treated sisal fiber is coated with slurry, which cannot be easily affected by elevated temperatures.
The mass loss results for mortars employing raw and treated sisal fibers at elevated temperatures of 200 °C and
950 °C for 2 h are shown in Fig. 17. The results indicate that the use of treated sisal fibers in cement composite
materials can slightly reduce the mass loss compared to the control mixture and raw sisal fiber employed mortar
at an elevated temperature of 200 °C. However, at 950 °C all treated and raw sisal fibers significantly lost their
mass compared to the control mixture. This was mainly due to sisal fiber dehydroxylation/decomposition at 950
°C, which directly reduced the mass of the fiber-reinforced mortar. In addition, it is observed that the treated
sisal fiber-employed mortar has a lower mass loss than that of raw sisal fiber.

Residual analysis

As shown in Fig. 18, the residuals of the control mix and sisal fiber-reinforced mortar after the compressive
strength test were significantly different. As shown in Fig. 18(a-c), the residual of the control mortar without
fiber is fractured from all its face by the V-shaped pattern taken from our previous study’*. However, after the
compressive strength test, the sisal fiber-reinforced mortar exhibited very small cracks, as shown in Fig. 18b,
and the residue was again taken for the compressive strength. Small increases in the width of the cracks were
observed; however, the faces of all the mortar cubes were not fractured, as indicated in Fig. 18c. This is because of
the fiber ductile behavior, which ties the cement matrix from the fracture and reduces the number and width of
cementitious material cracks®”:%, This shows the most beneficial part of the sisal fiber reinforcement in cement
composite materials, which can significantly reduce the occurrence of cracks and lessen the sudden fracture of
cementing materials compared to conventional cement composite materials.

In addition to this, the same advantage in the acidic environment is shown in Fig. 18(d-f): the conventional
mortar without fiber loss mass due to the compressive strength test and broken into two at the middle part;
however, the sisal fiber-reinforced mortar did not lose any mass due to the compressive strength test and had
very small cracks. Also, the residue was exposed to the compressive strength test again, as shown in Fig. 18e; it
only increased the crack width, unless it was not broken apart as in the control mixture. This is due to the fiber
employment in cement composite materials, which improves the ductility and load-carrying capacity at post-
cracking®*.

Generally, the addition of calcined bentonite-treated sisal fibers in mortar improves the mechanical and
durability properties. In addition, surface-coated sisal fiber is inexpensive and simple method to enhance the
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Fig. 16. Strength at elevated temperature for mortar cube reinforced by treated and raw sisal fibers.
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Fig. 17. The mass loss by elevated temperature for mortar cube having treated and raw sisal fibers.

mechanical and durability properties of fiber-reinforced cement composite materials®. Therefore, from the
present study broadly seen, calcined bentonite slurry treated sisal fiber can be effectively implemented in the
cement composite material, especially for the application of reinforcing cement based mortar production.

Conclusions

This study investigated the effect of reinforcing mortar using treated and raw sisal fibers with different lengths
and doses on the physical and mechanical properties of cement composite materials. In particular, reinforcing
mortar by treated and raw sisal fibers with different doses and lengths in various adverse environments was also
assessed, and the following conclusions were reached.

o The reinforcement of mortar with treated and raw sisal fibers significantly reduced the fresh bulk density
and workability compared to the control mortar mixture. In particular, increasing the dose and length of the
treated and raw sisal fibers decreased the fresh density compared to the control mixture.

o The use of treated and raw sisal fibers improved 28 days compressive and flexural strengths of cement com-
posite materials compared to the control mixture. However, the addition of raw fiber in the mortar reduced
the compressive strength compared to the control mixture at 56 days of mortar age. Also, mortar compressive
strength significantly reduced with increasing the dose and length of raw sisal fiber. The substitution of treat-
ed sisal fibers TS1L10 and TS1.5L20 had the highest compressive and flexural strength, which improved by
30.62% and 1.8% for compressive strength, and 12.35% and 10.33% for flexural strength, respectively, at 28
and 56 days compared to the control mixture.

o The addition of treated sisal fiber in mortar improved strength resistance in 5% HCI compared to the respec-
tive dose and length of the raw sisal fiber employed in mortar. Also, the use of treated sisal fibers reduced
water absorption and improved the strength in 10% NaOH and NaCl solutions compared with the control
mixture and reinforcement of raw sisal fibers in mortar.

« The reinforcement of mortar by treated and raw sisal fibers reduced the strength at 200 °C elevated tempera-
ture compared to the control mixture. In addition to this, at 950 °C all treated and raw sisal fibers significantly
lost mass compared to the control mixture.

o The residual of the control mortar cured in water was fractured from all its faces in a V-shaped pattern. How-
ever, after the compressive strength test, the sisal fiber-reinforced mortar exhibited very small cracks. Also,
after the second strength test of the mortar residue, the specimen increased in the width of the cracks, but
still not fractured.

Generally, the study observed many advantages of calcined bentonite-treated sisal fiber employment in mortar
for the durability, physical and mechanical properties. In particular, reinforcing treated sisal fiber can resist
various adverse environments, such as acidic, alkaline, and salt environments, and reduce water absorption
compared to the control mixture.
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Fig. 18. The residual after compressive strength test at 56 days (a) control mixture, (b) sisal fiber reinforced, (c)
second residual of (b), (d) the residual cured in 5% HCI for 56 days, (e) sisal fiber reinforced residual cured in
5% HCI, and (f) the second residual of (e) respectively.

Future prospective

In this study, calcined bentonite was used to treat sisal fiber degradation and moisture sensitivity in cement
composite materials. However, the use of different doses of bentonite and many other natural pozzolanas in sisal
fiber treatment is still yet to be well unknown. Therefore, it is highly recommended to study the effect of similar
materials at different doses, mainly from natural pozzolana, for the sisal fiber degradation treatment to use in
concrete reinforcement.
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