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The incorporation of sisal fiber into the concrete matrix reduces waste disposal, which has negative environmental impacts. The
aim of this study was to perform an experimental investigation on shear strength and microstructure of chemically treated sisal
fiber-reinforced concrete (SFRC). In order to accomplish the aim of the study, physical, shear, and mechanical properties of
concrete reinforced with chemically treated sisal fiber have been performed. 0.50%, 1.00%, 1.25%, 1.50%, 1.75%, and 2.00% of
sodium hydroxide (NaOH) and sulfuric acid (H,SO,) treated sisal fiber were used as an addition to the dry weight average with the
help of the American Concrete Institute (ACI) mix design procedure. After the 7th and 28th days of curing, shear strength
according to the ASTM D5379M standard and the mechanical properties of concrete have been conducted. For microstructural
properties, scanning electron microscopy (SEM) and X-ray diffraction (XRD) were conducted after the concrete was cured for
28 days. Forty-six percent and 20% compressive strength enhancement at the 7th and 28th days of curing was compared to the
control mix. Twenty-seven percent enhancement was recorded in the split tensile strength of 1.5% SFRC as compared to the
control mix at 28 curing days. A shear strength of 1.5% SFRC was improved by 95% at the 7th curing days and 28% at the 28th
curing days as compared to the control mix. As compared to conventional concrete, SFRC shows a denser microstructure. In
addition to this, portlandite, quartz, calcium aluminum silicate, and C—S—H crystal are the available phases in the concrete matrix.

1. Introduction

Even if it is a widely used construction material, concrete is
brittle in nature [1, 2]. Because of its demand growth
throughout the world, concrete increases environmental bur-
den [3]. Naturally, concrete has high capacity to bear load
[4]. However, it possesses low shear resistance, low tensile
strength, little resistance to cracking, and low ductility [5].
The low tensile strength and weak shear resistance of con-
crete are due to the propagation of microcracks [6-8]. The
microcracks in concrete develop due to drying shrinkage
even before loading [9, 10]. Over this cracked material,
when a structural load is applied, the microcracks tend to
propagate and open up due to stress, and additional cracks

are formed. This crack propagation is the consequence of
inelastic deformation in concrete [11]. From the study per-
formed by Palanisamy et al. [3], advancements in material
technology have led to the production of modern materials
and environmental and energy conservation, necessitating
the use of creative design processes in the current environ-
mental design thinking.

The formation of cracking is not only due to dry shrinkage
of concrete but also due to corrosion of the reinforcement [12].
Chloride ion ingresses and carbon dioxide reacted with the
cement paste due to poor-quality concrete. Corrosion can
be reduced by using high-quality concrete. High-quality con-
crete is produced from fiber reinforcement. For preservation
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and conservation of cultural heritage buildings, repairing,
strengthening, and retrofitting using fibers are preferable.
These strengthening and retrofitting improve structural bear-
ing of the building [13]. The use of fibers in concrete matrix is
due to tensile behavior, the shear bond properties, and the
compatibility of the fibers [14].

To strengthen tensile strength, shear strength, and the
ductility of concrete, synthetic and natural fibers have been
tried as reinforcements [15]. Synthetic fibers have better
strength as compared to natural fibers [16]. However, the
production of synthetic fiber is not environmentally friendly.
It consumes more energy, and its process and production
have a negative environmental impact. The disposal and
management of waste materials are facing significant chal-
lenges, leading to significant pollution concerns [17]. The use
of waste materials in concrete production does have dual
benefit. The first one is reducing waste disposal and protect-
ing environmental pollution. As stated by Velusamy et al.
[18], using waste materials for ecofriendly concrete produc-
tion is the solution to minimize waste disposal. The other
important thing is the production of compatible and sustain-
able concrete structure with low cost and low energy using
locally available ecofriendly materials [19]. According to the
study made by Arunkumar et al. [20], the utilization of
locally available materials can reduce costs and environmen-
tal impacts.

Due to their local availability (an environmental friend)
and low cost of production, natural fibers have been pre-
ferred to synthetic fibers [21]. The use of natural fibers has
a positive impact on the environment by minimizing waste
disposal in the environment [22]. If utilized properly, natural
fibers have comparable strength to synthetic fibers. The use
of natural fiber in concrete matrix does not require special-
ized workers as synthetic fibers do. It can be done with only a
small number of trained workers [11].

Due to their light weight, economical cost, greater spe-
cific strength and modulus, and no health risk, natural fibers
are promising reinforcements for the use in concrete and are
easily procured in many countries [23]. Natural fiber like
sisal fiber and coir is nowadays used for strengthening and
repairing of concrete structures. Flooring and roofing com-
ponents, pipes, manhole covers and frames, and precast thin-
wall elements are among the predominant uses of natural
fibers these days [24]. Natural fibers like sisal fiber evaluated
from the ecological aspect are more preferable than synthetic
fibers. Because natural fibers like sisal fiber are a waste and
inexpensive, they are more preferable to synthetic fibers [10].
Because of their availability, low cost, and low consumption
of energy, sisal fiber is preferable to natural fibers like jute
fiber, coir fiber, and bamboo fiber [25].

Sisal fiber is one of the most commonly used natural
fibers in concrete production [26]. It is obtained from the
leaves of the sisal plant (scientifically called Agave sisalana)
[27]. The sisal plant is one of the most extensively cultivated
fibers throughout the world and in Ethiopia. The bonding
between the fiber and concrete matrix, the structure of the
fiber reinforced, the cementitious material used, and the
aspect ratio of the fiber are the most important properties
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affecting the performance of the sisal fiber-reinforced matrix
[28]. Improved microcracking, tensile strength, and shear
resistance are the major roles of sisal fiber [29].

Manually extracted sisal fiber incorporates impurities
like hemicellulose, lignin, and other residuals. Using sisal
fiber, with its impurities, reduces the bonding matrix of the
concrete material. To enhance this, chemical treatment of
sisal fiber is a solution. According to Mithun et al. [30],
alkaline treatment partially removes lignin and hemicellulose
[27]. The aim of the researcher is therefore to investigate the
shear strength and microstructure of concrete reinforced
with sodium hydroxide and sulfuric acid treated sisal fiber.
Sodium hydroxide (alkaline) is used to remove the impurities
in the sisal fiber [31]. However, alkaline treatment (1) does
not completely remove the impurities and (2) does have a
negative impact on the hydration reaction of the concrete
matrix due to the Nat and OH™ when reacted with water,
sulfuric acid treatment was supplied. The sulfuric acid treat-
ment performs double activity: removing excess impurities
and neutralizing the sisal fiber by reacting with sodium
hydroxide. The aim and scope of the study are, hence, inves-
tigating shear strength and the microstructural and mechan-
ical properties of concrete reinforced with chemically treated
sisal fiber. In order to achieve the experimental investigation
of the shear strength and microstructural properties of SFRC,
physical and mechanical tests were conducted in AASTU
and ASTU laboratories.

2. Materials and Methodology

In this section, the materials, including their source, and the
methods used in the experimental investigation are dis-
cussed. The method of the study describes the process of
sisal fiber extraction, material preparation, and an experi-
mental program.

2.1. Materials. The materials used in this study are cement,
fine aggregate, course aggregate, water, and sisal fiber.

2.1.1. Cement. Cement is a binding agent used in concrete
production that adheres the other concrete constituents
together. Ordinary portland cement (OPC) is designed for
general construction work throughout the world. A locally
produced 42.5 grade of Dangote OPC denoted as 42.5R is
used in this study, where R indicates rapid early strength. As
referred to in the factory products, the cement grade is pro-
duced according to the standard of the American Society for
Testing and Materials (ASTM) C150.

2.1.2. Fine Aggregate. Fine aggregate is an inert material used
for concrete production. It is the most consumed material
next to coarse aggregate [32]. The fine aggregate used in this
study was a natural river sand that passes through IS sieve
4.75 mm sizes as per ASTM standards. The physical charac-
terization of fine modulus based on ASTM C33-03, specific
gravity and water absorption based on ASTM C128-01,
moisture content based on ASTM C566-97, and silt content
based on ASTM C117-04, was conducted in the laboratory of
Addis Ababa Science and Technology University (AASTU).
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FiGure 1: Physical characterization of fine and course aggregates.

2.1.3. Coarse Aggregate. Coarse aggregate is the most com-
monly used inert ingredient in concrete production [33]. In
this research, for coarse aggregate, basaltic crushed rock
based on the standards of ASTM produced in Addis Ababa,
Ethiopia, was used. Sieve analysis tests based on ASTM C136,
specific gravity tests and water absorption tests based on
ASTM C128, and moisture content tests based on ASTM
C566 were conducted in the AASTU laboratory. The
physical characterization of fine and coarse aggregate is
indicated in Figure 1.

2.1.4. Water. Water is the reaction catalyst in concrete.
Impurities in water (silt, salt, acid, and other chemicals)
can adversely affect the strength and quality of concrete by
affecting the hydration reaction that takes place in the con-
crete matrix [34]. Therefore, in this study, a distilled water
produced in the AASTU biological laboratory is used.

2.1.5. Sisal Fiber, Its Extraction, and Treatment. Sisal plant is
available in most parts of Ethiopia [29, 35]. Sisal fiber
sourced from different areas has different properties. The sisal
fiber for this research was obtained from the compound of
Addis Ababa Science and Technology University. After being
manually extracted from the sisal plant, the sisal fiber was
washed with drinking water two times and with tap water
one time to remove the debris and impurities and gain its
strength for resisting loads. Then it was treated with 2%
NaOH for 4 hr in a contained vacuum. The vacuumed treat-
ment is for reducing environmental contamination and mois-
ture absorption of NaOH from the air [36]. Then the alkaline
treated sisal fiber was washed with clean water and dried for
2 hr. To sisal fiber (Cell-OH), NaOH is the best feasible treat-
ment. The alkaline removes the hydrogen bonding and then
increases the roughness of the surface of the fiber. All impu-
rities in sisal fiber do not dissolve and are treated with NaOH.
To completely remove the impurities, it is necessary to treat
them with acid [37]. In this study, 1 ml concentration of sul-
furic acid was used to re-treat sisal fiber. The sisal fiber extrac-
tion process is shown in Figure 2.

Sisal fiber is a natural fiber extracted from sisal plant
(A. sisalana). To remove impurities in the sisal fiber, the fiber
was treated with 2% NaOH for 4 hr in a closed environment

to remove hemicellulose and lignin impurities. The environ-
ment was closed by covering it with plastic. After this, the
sisal fiber was washed again with 1 ml concentration of sul-
turic acid by soaking the sisal fiber for 2 hr to remove some
excess sodium hydroxide and some of the alkaline undis-
solved impurities. The acid treatment used has three benefits
in this study. The first one is to remove excess sodium
hydroxide from the fiber. The second one is to remove
some excess impurities that did not dissolve by sodium
hydroxide treatment. The third and most important is to
improve the water absorption capacity of sisal fiber, which
affects the durability of concrete. After such treatments, the
hydrophilic (absorbs water) nature of sisal fiber was changed
to hydrophobic (does not absorb water). Finally, the sisal
fiber was washed with water again to remove excess sulfuric
acid from the fiber [27, 38]. The size of sisal fiber used was
prepared based on the standard of ASTM D 3822-07 [39].

2.2. Mix Design. The objective of concrete mix design (mix-
ing proportion) is to determine the most economical and
practical combination of readily available materials that
will satisty the performance requirement under a particular
condition of use. The mix proportioning was carried out by
following the ACI mix proportion process for this experi-
mental work. The proportions of the concrete mix are typi-
cally expressed on the basis of the ingredients’ mass per unit
volume. The proportioning of concrete by the method of
absolute volume requires the measurement of the volume
of each ingredient and its contribution to the concrete output
of 1m’. Volumes are subsequently converted to design
weights. These conversions to weights are accomplished by
taking the known volumes of ingredients and multiplying by
the specific gravities of ingredients and again multiplying
by the density of water.

In this specific research mix design of sisal fibers, rein-
forced concrete with determined ratios of cement, sand,
water, coarse aggregate, and sisal fiber was proportioned
for C25 concrete grade. The concrete mix design has been
carried out for various proportions as per ACI 318 standard
and arrived at final mix proportion.

For the production of SFRC, seven test trials have been
mixed, with an addition of 0% (control mix-c), 0.5% (P1),
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FIGURE 2: Sisal fiber extraction process: (a) sisal plant, (b) cutting sisal leaf, (c) manual extraction of sisal fiber, (d) chemical treatment of sisal
fiber, (e) washing chemically treated sisal fiber, and (f) cutting sisal fiber in to useable fiber size (5 mm).

TaBLE 1: Mix ratio of SFRC.

Sand
686.94

Water
193.07

Cement
359.44

Materials (m?) Coarse aggregate

1,188.25

in kg.

1.00% (P2), 1.25% (P3), 1.5% (P4), 1.75% (P5), and 2.00%
(P6) mix of sisal fiber as a percentage of dry weight concrete.
The mixing procedure was based on ACI-318. For each mix,
three trial tests were prepared for the 7th and 28th days of
curing, and the average of the three trials was used as the
final result. The mix ratio for concrete reinforced with chem-
ically treated sisal fiber is indicated in Table 1.

2.3. Laboratory Tests. Physical and mechanical tests were
conducted in the laboratory. Sieve analysis, moisture con-
tent, specific gravity, and water absorption of fine and coarse
aggregates are among the physical properties studied. Com-
pressive strength, shear strength, and split tensile strength
are the mechanical properties of concrete performed in the

laboratory for this study. A laboratory test for concrete work
is indicated in Figure 3.

2.3.1. Laboratory Tests for Physical Properties. In this specific
research, basaltic crushed rock aggregates having nominal
maximum size of 25 mm were made use of throughout the
test in order to keep gradation in the range specified on
ASTM standard. Physical property tests like gradation, spe-
cific gravity, water absorption, moisture content, and unit
weight of the aggregates were conducted. For fine aggregate,
silt content, gradation, specific gravity, water absorption, and
moisture content of the fine aggregates were conducted.

A water absorption test is used to determine how much
water the fine and coarse aggregates absorb during mixing.
This helps determine the amount of water to be used in
concrete production. Sieve analysis was made to identify
the gradation of different sizes and to know the fine modulus
of aggregate. Moreover, a specific gravity test was conducted
to identify the quality and strength of the aggregate used.
Specific gravity is the ratio of solid wood density to water
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FIGURE 4: Slump test (workability).

density at the same temperature, determined using green
volume, ovendry volume, or intermediate volumes [20]. All
physical tests of the research were conducted in the labora-
tory of AASTU.

To investigate the consistency of the concrete mix, a
slump test was performed for each batch. It is a measure of
the workability of fresh concrete [40]. The workability of the
fresh concrete is a key attribute that determines the quality of
a potential hardened form of the concrete. The term work-
ability describes the capability of fresh material to be well
handled and flow into the formwork or around the particular
area of the structure where it is required. The slump test was
performed following the procedures of ASTM C 143 “slump

of hydraulic cement concrete.” After the ingredients are
mixed, the fresh concrete is immediately tested for slump
using a cylindrical cone with a height of 300mm and a
diameter of 100 mm, as shown in Figure 4.

2.3.2. Laboratory Tests for Mechanical Properties. The exper-
imental program is aimed to investigate the mechanical
behavior, shear strength, and microstructure of concrete
reinforced with chemically treated sisal fiber. To evaluate
the effect of sisal fiber on the concrete strength, a number
of tests are conducted. Due to the different behaviors
observed for SFRC composites, research studies were carried
out to identify the main parameters that characterize the
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FIGURE 5: Shear strength test setup.

mechanical response of these materials due to sisal fiber
treated with chemical.

(1) Compressive Strength Test. According to the British
Standards Institute, the compressive strength of the test spe-
cimens of hardened concrete is determined using cube, cyl-
inder, or core meeting the specified requirements, whereby
the specimens are loaded to failure in a compression testing
machine [41]. A compressive strength test determines a
material’s resistance to compression loads. In this study, a
compressive strength test was done according to BS 1881-
116 standards. Cubes of 150 mm were cast and cured in a
soaking tank for 7 and 28 days for compressive strength tests.
After curing, the cub samples were tested on a universal
testing machine of 4,000 kN capacity with 2.5 K/s pace rates.

(2) Split Tensile Strength Test. A technique for assessing
the tensile strength of concrete is the fracturing tensile
strength test on concrete cylinders. The concrete is very
poor in tension due to its brittle nature and is not designed
to withstand direct tension. The concrete develops cracks
when subjected to tensile forces. Thus, it is important to mea-
sure the tensile strength of concrete by finding the load at
which the concrete members will crack. Split tensile strength
of cylindrical samples having 30 cm height and 15 cm diameter
were tested after 7 and 28 days of curing in accordance with
ASTM C496 standard testing methods. Split tensile strength is
the ability of a material to resist or withstand tensile force.

(3) Shear Strength Tests. Shear strength is defined as the
ability of a material to resist two equal and oppositely
directed forces whose lines of action are in planes very close
together. A shear strength test was done based on ASTM
D5379M losipescu test setup standards. One hundred milli-
meter by 100 mm X 300 mm size V-notched beam concrete
specimens were prepared for the test. According to the Iosi-
pescu shear test setup, load is applied nonsymmetrically
through a five-point loading system. A pure shear section
is maintained, and there is no bending (zero bending) at
the center of the samples in the testing process. The shear
strength test setup is shown in Figure 5.

2.3.3. Laboratory Tests for Microstructure.
(1) Scanning Electron Microscopy (SEM). This test was made
to investigate the interfacial image of the concrete samples. A
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FiGURE 6: XRD result for control mix at 260. P, Portlandite; CAS,
Calcium aluminium silicate; Q, Quartz; C, Calcium; CSH, Calcium
silicate hydrate.

1 cm X 1 cm sample was prepared immediately after a com-
pressive strength test of a sample cured for 28 days. This 1
cm X 1 cm-sized concrete sample was tested in the material
laboratory of Adama Science and Technology University
(ASTU) at Adama, Oromia, Ethiopia. SEM samples were
tested using a benchtop SEM machine and scanned through
600x, 1,100x, and 2,000x resolutions.

(2) X-ray Diffraction (XRD). An XRD test was also con-
ducted at the material laboratory of ASTU to investigate the
composition of the SFRC matrix. Immediately, after a com-
pressive strength test was performed on 28-day cured speci-
mens, powder was prepared by crushing and grinding.
Powdered samples from C, P1, P2, P3, and P4 were placed
on the XRD testing machine of the XRD-700 model X-ray
diffractometer at an angular position of 26, as shown in
Figures 6-10.

3. Results and Discussion

In this section, sieve analysis, moisture content, silt content,
water absorption, and specific gravity as physical characteri-
zation and shear strength, compressive strength, split tensile
strength, and bond strength as mechanical properties have
been discussed.



Advances in Civil Engineering

800
700
600 CAS
500
400

300 P
c CSH

200

100

0

0 10 20 30 40 50 60 70 80 90

FiGure 7: XRD result for P1 at 26. P, Portlandite; CAS, Calcium
aluminium silicate; Q, Quartz; C, Calcium; CSH, Calcium silicate
hydrate.
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FiGure 8: XRD result for P2 at 20. P, Portlandite; CAS, Calcium
aluminium silicate; Q, Quartz; C, Calcium; CSH, Calcium silicate
hydrate.
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FiGure 9: XRD result for P3 at 26. P, Portlandite; CAS, Calcium
aluminium silicate; Q, Quartz; C, Calcium; CSH, Calcium silicate
hydrate.

3.1. Results of Physical Tests

3.1.1. Sieve Analysis. Sieve analysis is undertaken to check the
confirmation of the grading of the aggregate with ASTM
C33-03. According to ASTMC33-03, the passing fine

1,200
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i
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200

0

Ficure 10: XRD result for P4 at 26. P, Portlandite; CAS, Calcium
aluminium silicate; Q, Quartz; C, Calcium; CSH, Calcium silicate
hydrate.

TasLE 2: Physical tests on fine and coarse aggregates.

Description Test results

Aggregate type Fine aggregate Course aggregate
Silt content 3.61% —
Nominal aggregate size — 25mm
Fines modulus 2.88 3.0
Water absorption (%) 1.21 1.63
Moisture content (%) 2.32 1.75

Bulk specific gravity 2.14 2.81
Apparent specific gravity 2.21 2.95

Bulk SSD specific gravity — 2.86

aggregate shall not exceed 45%. In line with this, ASTM
specifies that the fine modulus range of fine aggregate is
between 2.3 and 3.1. Out of this range, the fine aggregate
to be used in the concrete matrix affects the workability,
strength, and durability of the concrete. The cumulative
passing of the fine aggregate is within the permissible range
of ASTM. The fine modulus of the fine aggregate used in this
study, as shown in Table 2, is within the permissible limit of
ASTM C33-03. The fine modulus of coarse aggregate is
shown in Table 2:

Cumulati
Fineness modulus (FM) = 2.Cumu ? 012)76 coarserﬁ (1)

FM=""=287. (2)

3.1.2. Silt Content. According to ASTM standards, a fine
aggregate less than the No. 200 (75um) sieve is considered
silt. The availability of excess silt content in fine aggregate
reduces the quality of cement paste. This affects the strength
and bonding ability of concrete. After washing and drying
the fine aggregate, three trial silt content tests were con-
ducted. Accordingly, 3.90%, 3.19%, and 3.72% were the
results of the trial. From this, the silt content is taken as an
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FiGure 11: Sieve analysis of fine aggregate.
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FIGURE 12: Sieve analysis of coarse aggregate.

average of the three trials, which is 3.61%. The permissible
limit of silt content, according to ASTM C117-04, is 6%.
Since 3.61% is less than 6%, the silt content of the fine aggre-
gate is acceptable. This is also acceptable according to the
Ethiopian Compulsory Standard’s (ECS), in which permissi-
ble content is 6%. The gradation results of fine and coarse
aggregate are indicated in Figures 11 and 12, respectively.

Moisture content is the measure of the water requirement in
concrete mix. According to the moisture content of the aggre-
gate, water consumption in concrete is adjusted. The moisture
content of the fine aggregate and coarse aggregate used in this
study was 2.32% and 1.75%, respectively. The water content to be
used in the concrete matrix has been adjusted according to the
ACI mix design procedure. Moisture content determination is in
accordance with ASTM C566-97.

Its workability is known to be the ease with which fresh
concrete can be shaped, molded, and compacted without
segregation. It is a freshly mixed concrete property that
shows the amount of internal work required to overcome
the internal tension between the concrete’s individual con-
stituents. There was a decrease in slump height as addition of
sisal fiber increases as compared to standard concrete. This

decrease in concrete workability was due to the presence of
fibers in the mix that tend to lump, ball, and absorb some of
the free water required for lubrication and paste formation.
There is also the occurrence of poor adhesion between fibers
and the matrix as more fiber is added (greater than 1.5% sisal
fiber). Therefore, the mix required more efforts to compact.
The sieve analysis of fine aggregate is shown in Table 3.

3.2. Results of Mechanical Tests. The compression-loaded
plain concrete specimens experienced a highly unstable fail-
ure mode, while the sisal fiber-reinforced concrete displayed
a more robust nature. It can be checked from the outcome
that the impact on the strength level of the sisal fiber has a
deleterious effect. For compressive strength tests, six trial
mixes for each batch were cured (three samples for a 7-day
compressive strength test and three samples for a 28-day
compressive strength test). The 7th and 28th days of com-
pressive strength test results for C, P1, P2, P3, P4, P5, and P6
are 19.89, 22.86, 24.27, 26.28, 28.96, 27.25, 35.85, and 26.04 MPa
for the 7th day and 31.19, 33.13, 33.8, 36.72, 37.37, 35.85, and
29.82 for the 28th day, respectively. The compressive strength
of SFRC at the 7 and 28 days shows an enhancement up to a
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TaBLE 3: Sieve analysis and fine modulus of fine aggregate.

No. Sieve size Weight retained (kg) Retained (%) r(e:tlilrirrllliat(l;; I():ausrsrllrlilgat(lt;:j ES C.Ii)?;i?;glz%ulatlve
1 9.5 mm 0 0 0 100 100
2 4.75 mm 15 3.06 3.06 9.94 95-100
3 2.36 mm 40 8.16 11.22 88.78 80-100
4 1.18 mm 80 16.33 27.55 72.45 50-85
5 600 um 140 28.57 56.12 43.88 25-60
6 300 um 170 34.69 90.82 9.18 5%—30
7 150 um 45 9 99.82 0.18 0%—-10
8 Pan — — — — —
Total 490 — 288.6 — —

certain limit (P4=1.5% with the addition of sodium
hydroxide and sulfuric acid treated sisal fiber). Using a
0.5% addition of chemically treated sisal fiber, a 15%
increase is shown on the 7th day and a 6% increase on
the 28th day from the control mix. When 1.00% chemically
treated sisal fiber is added, it has 24.27 MPa at 7 days, which
is 22% higher than C. In the same batch, the compressive
strength at the 28th day was recorded to be 33.8 MPa, which
is 8% higher than C.

The compressive strength of 0.5% addition, as compared
to the expected compressive strength in the mix design,
shows a 2.4% enhancement. Eighteen percent and 20% incre-
ments were shown if 1.25% and 1.50% sodium hydroxide
and sulfuric acid treated sisal fiber were used on the 28th
day of curing, respectively. This is 11.3% and 13.2% higher
than the expected mean compressive strength stated on the
mix design. In the same batch, the compressive strength
shows an enhancement of 32% and 46% as compared to
the control mix C. As shown in Figure 13, at P5 (1.75%)
and P6 (2.00%), the compressive strength tends to decrease
both at the 7th and 28th days of curing. The mean compres-
sive strength of SFRC for the 7th and 28th curing days is
labeled in Figure 13.

According to previous works on fiber-reinforced con-
crete (FRC), enhancements have been recorded in compres-
sive strength due to fiber addition. According to the study by
Shah et al. [42], the compressive strength of concrete with the
addition of treated sisal fiber shows enhancement because of
the compatibility formed in the surface of sisal fiber and
concrete matrix. On the other side, the compressive strength
of concrete tends to decrease when the percentage of raw sisal
fiber is increased. In line with this study, sisal fibers enhance the
mechanical strength of concrete due to the stored water avail-
able, which is released over time and causes strength develop-
ment [43]. By using 0.5%, 1%, and 1.5% proportions of sisal
fiber, 4.53%, 16.56%, and 29.69% enhanced compressive
strength properties were observed as compared to the control
mix (0% fiber), while a decrease of 38.83% was recorded when
2% of sisal fiber was used relative to the control mix based on
the compressive test of the 7th day.

At the 28th day of curing, the compressive strength of sisal
fiber improves by 5.17%, 12.5%, and 31.03% and decreases by
14.22% as 0.5, 1%, 1.5%, and 2% of sisal fiber addition are

used, respectively [44]. On the same area, using sisal fiber and
M-sand in 0.5% and 1% proportions, the compressive
strength was 19.4 and 21.3 MPa, which is a 13% and 24%
enhancement of the compressive strength, and at 1.5% com-
position, the compressive strength was 20.81, which is 2%
reduced from the compressive strength attained using the
1% composition [45]. Using 0.5% and 1% sisal fiber composi-
tion, the compressive strength of concrete gets an increment
of 8% and 25 at the 7th day and 2% and 4% at the 28th day,
respectively. The further addition of sisal fiber reduces com-
pressive strength. This is 8% and 12% at the 7th day and 4%
and 5% decrease, respectively, as compared to 1% sisal fiber
addition [30].

3.2.1. Split Tensile Strength. The splitting tensile strength test
is an indirect tension test for concrete. It is carried out on a
standard cylindrical specimen, tested on its side in diametric
compression. In split tensile strength testing, the length of
sisal fiber addition, namely, 10, 15, and 20 mm, was under-
taken. Three cylindrical samples were tested for each length
addition of sisal fiber. Then the average split tensile strength
is recorded. Using 150 mm diameter and 300 mm height
cylindrical samples, the split tensile strength of SFRC was
studied at the AASTU laboratory. After the cylindrical split
tensile strength samples were cured in water for 28 days,
experimental tests were conducted according to ASTM
C496. Accordingly, the addition of sodium hydroxide and
sulfuric acid treated sisal fiber to concrete enhances split
tensile strength up to a certain limit (P4 =1.5%). The split
tensile strength of the control mix after 28 curing days is 3.01
for the control mix, 3.21, 3.47, 3.62, and 3.83 MPa at an
addition of sodium hydroxide and sulfuric acid treated
sisal fiber of 0.5%, 1.00%, 1.25%, and 1.50%, respectively.
This shows an increment of 6.6%, 15.2%, 20.2%, and 27.2%
for P1, P2, P3, and P4 relative to the control mix. After the
optimum limit, the split tensile strength tends to decrease
when 1.75% and 2.00% of sodium hydroxide and sulfuric
acid treated sisal fiber are added as compared to the
control mix. The split tensile strength is 2.96 and 2.87 MPa
at 1.75% and 2.00% fiber addition, respectively. This shows a
1.7% and 4.6% decrease.

Concrete is weak in tension. To support its weakness in
tension, concrete is supplied by fiber. According to the study
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[45], the addition of sisal fiber to the concrete matrix
enhances the tensile property of concrete. In this study, the
split tensile strength of 0.5%, 1%, and 1.5% sisal fiber shows
an increment of 29% (2.2 MPa), 65% (2.8 MPa), and 106%
(3.5 MPa) from the control mix (1.7 MPa). In this study, the
split tensile strength shows a continuous split tensile strength
enhancement as sisal fiber composition increases. In the
work performed by Mithun et al. [30], using 0.5% and 1%
fiber composition, 12% and 30% increments were observed
at 7 days of curing. At the same curing days, 1.5% sisal fiber
addition shows a decremental increase. This means that even
it it shows enhanced tensile strength from the control mix, it
is 13% lower than the split tensile strength achieved in 1%
sisal fiber composition.

Further, when 2% sisal fiber composition was used, a 28%
decrease was recorded as compared to the concrete with 1%
sisal fiber. On the 28th curing day, the same trend was
recorded. Six percent and 11% of split tensile strength were
recorded at 0.5% and 1% sisal fiber composition as compared

to the control mix. On the other side, 5% and 0.3% decre-
ments were recorded when 1.5% and 2% sisal fiber were
added to the concrete matrix, as compared to 1% sisal fiber
composition. Laboratory results of shear strength are indi-
cated in Figure 14.

Sher strength: For testing, shear strength of force was
controlled to load with a rate of 2.5 K/s pace rates. V-notched
shear samples were prepared at the AASTU laboratory to
conduct a shear strength test. The shear load is applied at
the center of a four-point adjusted Iosipescu shear test setup
as shown in Figure 15 by adopting a uniform shear force
distribution around the pure shear section. As performed
according to ASTM D5379, the shear strength results of
SFRC show an increment as compared to the control mix.
Accordingly, at P1, P2, P3, and P4, the shear strength is
recorded as 1.56, 2.02, 2.21, and 2.71 MPa, which is 23.8%,
60.3%, 75.4%, and 95.2%, respectively, as compared to the
shear strength of the control mix (C=1.26 MPa). However,
P5 (1.75%) and P6 (2.00%) reduce the shear strength of the
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FIGURE 15: Shear failure mode and cracking pattern.
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FiGURE 16: Shear strength of SFRC at the 7th and 28th curing days.

concrete to 1.21 and 1.06 MPa, respectively. This decrease
indicates 3.9% at P5 (P=1.75%) and 15.8% at P6 (2.00%).
Figure 15 is shear failure mode and cracking pattern of
chemically treated sisal fiber-reinforced concrete.

Many researchers have been trying to study the shear
strength of natural fibers using the V-notch (Iosipescu shear
test) with the guidelines of ASTM standard D5379M [46].
From normal concrete (control mix), SFRC achieved higher
shear strength with parallel trend lines. Accordingly, the
shear strength of SFRC at 1% sisal fiber addition is 9.5%
higher than that of normal concrete [47]. By testing M30
and M60 grades of concrete using sisal fiber as reinforce-
ment, shear strength enhancement was observed. The shear
strength of M30 at 0.5%, 1%, and 1.5% sisal fiber is 9.3, 10.0,
and 11.17 MPa, which is 14%, 22%, and 37% higher than the
control mix (8.17 MPa). For M30, the shear strength at sisal
fiber compositions of 0.5%, 1%, and 1.5% is 6.5, 8.5, and
10.33, which indicates 18%, 55%, and 88% greater than the
control mix. The results of shear strength are shown in
Figure 16.

From this, it was observed that sisal fiber enhances the
shear strength of concrete. This is because the addition of
sisal fiber improves shear transfer within the concrete matrix
by traversing over the voids available. Various studies have
revealed the effectiveness of fiber-reinforced concrete in pro-
viding better shear strength and other mechanical properties.
According to the study made by Oddo et al. [48], mechanical

response and failure mode (shear strength) of concrete
enhanced. This is due to adhesion properties achieved at
the fiber-concrete matrix (interface).

3.3. Results of Microstructural Tests. SEM analysis can be
used to examine the surface morphology of concrete, with
concrete cube specimens tested using a benchtop SEM [19].
SEM analysis was performed at ASTU to reflect the internal
image of hardened concrete of different fiber compositions
with different resolution methods. SEM shows the interfacial
image of concrete mix by revealing its C—S—H, CH, and pore
structures. For microstructural SEM analysis, the control
mix, the SFRC with improved compressive strength (P1,
P2, P3, and P4), and P5 a total of six samples have been
selected.

Figure 17 shows the SEM image of the control mix at
different resolutions. Figure 18 labels the SEM images of P1
and P2 at different resolutions.

Figure 19 is the SEM image of P3 and P4, while Figure 6
is the SEM image of P5 at different resolutions. Pore struc-
tures, C—=S—H crystals, C—H gel, and cracking patterns are
shown in the same image with different appearances. In
Figure 17, the pore structures are large, and the C—S—H crys-
tal and C—H gel are shown in small amounts. On the other
side, in Figure 19, the pore structures were reduced and the
C—S—H crystal increased as compared to Figure 17.

Similarly, in Figure 17, the amount of pore structure
reduces, and C—S—H crystal and C—H gel increase as com-
pared to Figures 17, 18(a) and 18(b). In Figures 18 and 19,
the chemically treated sisal fibers used in the concrete tend to
be visible at a higher magnification level (x2,000). On the
other hand, as shown in Figure 19, microcracks have been
shown.

Accordingly, the morphological internal image of P3
(1.25%) and P4 (1.5%) is denser than the image of P1
(0.5%) and P2 (1.0%). Similarly, the SEM images of P1 and
P2 are denser than C. From this, it is shown that, when the
SEM image becomes denser, the pore structure reduces,
while C—S—H crystals and C—H gel increase. Through the
hydration reaction, the C—S—H crystals and C—H gel fill the
microcracks and pore structures available in the concrete.
This improves the durability and permeability of the con-
crete structure. The pore structures at 1.5% sisal fiber com-
position, as shown in Figure 19(b), are filled and crossed by
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the sisal fibers. This improves the shear resistance of the
concrete. At P5 (1.75%), the creation of microcracks has
been observed, and the amount of C—S—H crystals has
reduced. This tends to decrease the quality of the concrete.

In line with the work of this paper, silica fume has a filler
effect, as demonstrated by the work performed by Druta [49]
on the title “Concrete Microstructure Characterization and
Performance.” The silica fume lowers porosity in the matrix
and reduces internal bleeding while enhancing the matrix
bond strength. This minimizes the growth of the production
of calcium hydroxide in the interfacial transitional zone (ITZ)
by maximizing the mechanical strength of the concrete.

According to the study made by Gelanew and Demiss
[50], the incorporation of fiber showed a tight pore structure
and well-formed interfaces when it incorporated limestone
powder. The addition of fiber into concrete matrix particle
size distribution influences SEM image of concrete. FRC
shows that better macrostructure is due to the fineness of
C—S—H particles as compared to conventional concrete. The
crystalline phases are increased due to the addition of fiber in
to concrete matrix.

X-ray diffraction (XRD): To identify the crystalline phase
and mineralogical composition, an XRD test was made at
ASTU. After a powder is prepared from the 28th day cured
compressive strength sample, an XRD test was made in the
same sample with SEM. The XRD results are shown on
the x—y axis, where the x-axis represents degree (26) and
the y-axis represents the intensity of the X-ray. Portlandite
(Ca (OH)?), calcium aluminum silicate (A13Ca0.5Si3011),
and silicon oxide (quartz) are the crystalline compositions
observed during the XRD investigation. Every composition
has its own function in the concrete matrix.

Portlandite, which is the mineral name of calcium hydrox-
ide (Ca (OH)?), contributes to the hydration reaction. Due to
portlandite, cement reacts with water to give the concrete its
strength.

This mineral composition, as shown in Figures 6-10, is
presented in all the trial mixed concrete results, including the
control mix. Quartz, the mineral name of silicon oxide
(Si0,), gets its name from sand and releases heat in the
concrete matrix to activate the hydration reaction. C—S—H
crystals are created when silica reacts with calcium during
the hydration reaction of cement and water in the mixing
process and long hydration action. Aluminum, calcium sili-
cate, and calcium are also the other mineral compositions in
the concrete matrix as a result of the XRD test results.

The XRD result for the control matrix is shown in
Figure 7, for P1 (0.5%) is shown in Figure 7, for P2 (1.0%)
is shown in Figure 8, and for P3 (1.25%) and P4 (1.5%) are
shown in Figures 9 and 10, respectively. C—S—H crystals, the
name for calcium silicate hydroxide, act as an additional
binding agent in concrete matrix, because it generates bind-
ing agents when exposed to hydration reactions by dissolving
in a C—H crystal. When calcium carbonate and aluminum
silicates are combined, calcium aluminum silicate is created.
In this XRD test result, calcium aluminum silicate was found
in all the trial mixes, including the control mix.
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At the control mix, the peak values were recorded at an
intensity of 564, 490, 340, and 190 a.u. at an angle (26) of
34.9°,26.5°, 18.2°, and 46.5° for portlandite, calcium silicate
aluminum, calcium silicate hydrate, and quartz, respectively.
Portlandite was produced due to the hydration reaction
between CaO and CaSiO,. From the cement as a composi-
tion, quartz or calcium hydroxide was found. For mix P1
(0.5%), the peak diffraction values were recorded at an inten-
sity of 690, 540, and 290 at an angle (20) of 27.5°, 33.9°, and
23.5° for calcium aluminum silicate (CAS), portlandite, and
quartz, respectively.

The peaks of CSH (calcium silicate hydrate) were
recorded at an intensity of 600 and a peak angle of 29°. As
compared to the control mix, P1 (0.5%) contains more CSH
crystals. This implies the chemically treated sisal fiber gives
the concrete mix a place to generate more CSH crystals. The
generated CSH crystals provide a binding agent through the
heat provided by calcium aluminum silicate and portlandite.
The portlandite and the CAS on their sides release heat into
the matrix by reacting with calcium oxide.

As shown in Figures 7-10, the peak composition value of
CSH crystals increases as fiber content increases. This indi-
cates that more CSH crystals generated in P1, P2, P3, and P4
(0.5%, 1.0%, 1.25%, and 1.5%) are due to the addition of
chemically treated sisal fiber. At P4 (1.5%), the peak values
were recorded as 1,150 a.u. at an angle of 18° and 610 a.u. at an
angle of 27.5° for portlandite and CSH crystals, respectively.
As indicated by the XRD results shown in Figures 7-10, the
generation of portlandite and CSH crystals is in parallel. This
helps to provide a ground for healthy hydration reactions in
the concrete matrix.

According to the results of XRD, the CSH crystals recorded
the highest in P4 as compared to P3, the highest in P3 as com-
pared to P2, the highest in P2 as compared to P1, and the highest
in P1 as compared to the control mix due to the addition of
chemically treated sisal fiber. How could sisal fiber generate CSH
crystals can be a question for the reader.

The chemicals sodium hydroxide and sulfuric acid were
used to treat the sisal fiber to remove impurities present in
the fiber. As the impurities were removed, a rough sisal fiber
surface was provided. This improves the binding capability
of the concrete ingredients. Coagulation of cement paste due
to the presence of rough sisal fiber has been removed. The
availability of portlandite led to the development of mechan-
ical strength.

The presence of smaller portlandite contributes to the
formation of C—S—H crystal, which fills the voids available
in the concrete matrix through a long-term hydration reac-
tion by forming C—H gel [51].

4. Conclusions

According to the experimental investigation on shear strength
and microstructure of chemically treated sisal fiber, the fol-
lowing conclusions have been drawn.

Chemically treated sisal fiber addition enhances the
mechanical properties of concrete. As compared to the con-
trol mix, an addition of 1.5% chemically treated sisal fiber
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shows 46% and 20% compressive strength enhancement at
the 7th and 28th days of curing as compared to the control
mix. Twenty-seven percent enhancement was recorded in the
split tensile strength of 1.5% SFRC as compared to the control
mix at the 28th curing days. Shear strength of 1.5% SFRC was
improved by 95% at the 7th curing days and 28% at 28th
curing days as compared to the control mix. 1.5% SFRC shows
denser SEM image as compared to the control mix. The crack-
ing patterns have been improved in the SFRC as compared to
the control mix. Moreover, more C—S—H crystals have been
formed in the SFRC as compared to the control mix. In sum,
the SEM image of chemically treated sisal fiber has been
shown an improvement. Portlandite, quartz, calcium alumi-
num silicate, and C—S—H crystal were the common phases
observed from the XRD result. Portlandite provides a ground
for C—S—H crystal which contributes in creating binding and
filler by dissolving the crystal in to C—H gel. From the total
experimental investigation of compressive strength, split ten-
sile strength, shear strength, and microstructure (SEM and
XRD), the optimum amount of chemically treated sisal fiber
to be added in to concrete for the formation of SFRC of
enhanced property is 1.5%. Hence, 1.5% chemically treated
sisal fiber shows improved mechanical and microstructural
concrete properties.
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