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Development of concrete using alternative materials has become very

important in the quest to achieve sustainable development in the built

environment. However, it is critical to continually modify concrete mixtures

to correct deficiencies of fresh and long-term properties. In this study, natural

rubber latex and bamboo fiber were added as constituent materials in concrete,

and the effects of the constituents on concrete were explored. Bamboo fiber

(BF) and natural rubber latex (NRL) were added in proportions of 0%, 1%, and

1.5%. The study determined the workability (slump) of fresh concrete mixes,

strength, and water absorption properties of the hardened samples after curing

them in water for 7, 14, and 28 days. The morphology of the concrete samples

was explored using SEM-EDX equipment. The results showed that samples

having 1% bamboo fiber content and 1% rubber latex had the highest

compressive strength among all the presented samples. Furthermore,

samples containing equal but lower percentages of both bamboo and NRL

had the highest compressive strength comparable to that of the control. This

research showed the feasibility of combining bamboo fiber and rubber latex for

an alternative eco-friendly construction approach to enhance the performance

of conventional concrete in terms of tensile strength and flexural strength

properties.
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1 Introduction

Concrete is a high-quality material used in the construction

of various structures and can provide a degree of resistance to

imposed loads within its design capacity in buildings (Jung,

2019). Concrete is good in compression, but a significant

deficiency of concrete is its poor tensile strength, which has

brought about the development of reinforced concrete. Steel bars

support the concrete when subjected to forces that would place

the structural member in tension (Awoyera et al., 2021). Another

limitation of concrete material is the development of crack

openings when exposed to excessive loads. However,

conventional reinforcing steel is expensive and even scarce in

some developing countries; hence, alternative materials such as

fibers are utilized as a reinforcement to improve the properties of

concrete.

Fibers used in concrete are grouped into synthetic fiber and

natural fiber. Synthetic fibers include carbon, nylon, and plastic,

while natural fibers can be obtained from animals and plants.

Fibers obtained from animals include wool, fleece, and silk, while

examples of fibers derived from plants are palm fiber, coconut

fiber, ramin, and bamboo fiber (Hirde and Dudhal, 2016).

Natural fiber is low-cost, readily available, and possesses

appreciable mechanical properties. An example is bamboo

fiber, which can help prevent contamination by collecting

nitrogen from waste water, and it can reduce the carbon

dioxide in its environment (Karthik et al., 2018).

The shape and dimension of the fiber used are significant. A

short, hair-shaped fiber will affect the concrete after the first few

hours by reducing cracks as the concrete stiffens/sets but will not

cause any incremental rise in the tensile strength of the concrete

(Haryanto et al., 2021).

Generally, fiber-reinforced concrete is known as a composite

material that consists of concrete mixed with discrete,

homogeneously dispersed, disjointed fibers (Aditya et al.,

2017). The modification of concrete constituents using fibers

and admixtures has become essential for enhancing the

performance of concrete. According to Hirde et al. (Hirde and

Dudhal, 2016), fiber-modified concrete demonstrates upgraded

mechanical and durability properties, such as improved flexure

strength, workability, tensile strength, and bonding strength.

Conventional concrete reinforced with fibers is typically

applied in pavements, but it has subsequently been utilized for

the construction of beams and foundations, either unaided (mass

concrete) or with rebars as seen in studies (Harison et al., 2017;

Awoyera et al., 2021). The use of fibers and polymers has been

shown to have advantages over regular construction materials in

terms of high tensile strength-to-weight ratio, low maintenance

cost, reduced permeability which lessens the bleeding of water,

and resistance to impact, to mention but a few. These

characteristics make fiber- and polymer-reinforced concrete

composite a viable option in innovative construction (Ramesh

et al., 2021).

This study focuses on the use of bamboo fiber and natural

rubber latex as admixtures in concrete. Bamboo is a readily

available plant in Asian and sub-Saharan African countries,

and its processes are economical and can thus reduce the high

demand for steel as reinforcement (Aswathi et al., 2017;

Karthik et al., 2017; Shobha et al., 2018; Kumarasamy et al.,

2020). Karthik (Karthik et al., 2017), based on an analysis of

bamboo FTIR and SEM images, revealed that bamboo could

be very suitable as a reinforcing material and could serve as a

viable alternative for steel. Their study showed that bamboo

material possessed sturdily bonded particles that could

adequately serve as structural members that could be

placed under compression and bending. Awoyera (Awoyera

et al., 2015) described bamboo fiber as a material that limits

the spread of cracks in concrete, causing a desirable delay in

concrete’s ultimate failure. Their study revealed increases of

about 81% and 101% in flexural strength and splitting tensile

strength of high-strength concrete, respectively.

Natural rubber latex is a polymer that can be harvested from

the Para rubber tree and some other trees. Latex simply refers to a

polymer with a water-based liquid. Rubber trees are grown in

South America, the United Kingdom, Indonesia, India, and

Singapore. Natural rubber latex (NRL) is incorporated into

the concrete mix as a polymer admixture. Latex-modified

cement concrete is feasible because the addition of the latex

significantly causes an increment in the flexural and compressive

strength (Dewi et al., 2017). Natural rubber latex (NRL) has been

investigated as an admixture in concrete. According to Aswathi,

(Aswathi et al., 2017), there is an increase in the compressive

strength and tensile strength of the concrete when NRL is added

in small proportions. Other authors (Muhammad and Ismail,

2012; Vinaya et al., 2014) revealed that rubber latex-modified

concrete displayed upgraded water exclusion capability and

durability alongside improved compressive and flexural strength.

In this experimental work, bamboo fiber and natural polymer

were considered as admixtures in a conventional concrete mix.

When NRL is mixed into concrete, it changes the concrete’s

porous microstructural characteristics into a denser matrix.

Bashir et al. (Bashir et al., 2018), based on the SEM analysis

conducted, revealed that there is a reduction in inter-particle gaps

as the latex content rises, which indicates that latex could be used

to restrict fluid flow within NRL-modified concrete samples.

Therefore, this study aims to evaluate the workability and

mechanical properties of bamboo fiber-reinforced concrete

containing natural rubber latex. Open literature findings have

revealed experimental works that evaluated the behavior of fiber-

reinforced concrete incorporating synthetic or natural fibers and

tested it under different loadings such as compression, and tensile

and flexural strength (Mohajerani et al., 2019; Ban et al., 2020;

Najm and Ahmad, 2021). For instance, the results of a study (Ban

et al., 2020), showed an increase of about 14% in flexural strength

and compressive strength of composites reinforced with glycerol-

modified bamboo fibers. However, there is limited information
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on experimental work to evaluate the effect of combining

bamboo fiber and natural polymer resin rubber latex as raw

materials in concrete on the workability, mechanical, and

microstructural properties of concrete. Thus, this study aims

to propose an appropriate constituent of bamboo and NRL for

improving the above-mentioned properties of concrete. Hence,

the obtained data from this study can serve as a guide for future

studies and provide extensive data for natural polymer resin

rubber latex and bamboo fiber concrete development.

2 Materials and methods

This study investigated the workability, mechanical, and

morphology properties of bamboo fiber-reinforced concrete

containing natural rubber latex. The materials utilized in the

preparation of the concrete specimens include Ordinary Portland

cement, granite, river sand, bamboo fiber, natural rubber latex,

and mixing water.

Ordinary Portland cement was used as the main binder in the

mixture. The cement conforms to the ASTM C150/C150M

(ASTM C150/C150M, 2001) requirements for type 1 Portland

cement. The manufacturer-supplied physical and chemical

properties of the cement used are presented in Tables 1, 2,

respectively.

The fine aggregate used was river sand, and the portion of

it passing through a 4.75 mm sieve was used in the preparation

of concrete samples. The coarse aggregate was granite

(crushed stone), and the portion used was retained on the

4.75 mm standard sieve. The bamboo fiber utilized in this

research was sourced from Guadua bamboo and was

processed into fibers via hydrolysis alkalization with multi-

phase bleaching. In this process, the bamboo trunk’s inner

pith was extracted and then crushed manually using a

hammer. Thereafter, the crushed bamboo cellulose was

soaked for 1—3 hours in a 20% solution of sodium

hydroxide (NaOH) at about 23°C. This process is called

steeping, and it forms alkali cellulose. Subsequently, excess

NaOH was squeezed out of the bamboo cellulose and followed

by shredding. Treatment of bamboo was carried out following

procedures adopted in previous studies (Karthik et al., 2018;

Awoyera et al., 2021; Haryanto et al., 2021).

The shredded bamboo cellulose was allowed to dry in the

open air for 24 h, thus allowing the alkali cellulose to oxidize and

reduce its weight. The bamboo cellulose was also sulfurized by

the addition of carbide disulfide, making it turn into a gel. A

viscose solution was created via the addition of a diluted solution

of NaOH, and finally, the bamboo cellulose was passed through a

spinneret nozzle and later returned to the cellulose bamboo

fibers.

Natural rubber latex was added to the concrete mix as an

admixture in various percentages as specified in the mix design.

The bamboo fiber and natural rubber latex are shown in Figure 1.

The chemical properties of NRL obtained from the manufacturer

data sheet are presented in Table 3.

Portable water was used for the mixing and curing of the

concrete produced in this study. The preliminary tests conducted

on the aggregates utilized were done according to BS EN 932–3

(BS EN 932-3, 1997) criteria.

2.1 Batching and mix proportioning

In this investigation, the batching of constituent materials for

the production of concrete samples was done by the weight

method. This method is more accurate, as it takes account of

voids in granular materials. To examine the varying properties of

concrete, bamboo fiber and NRL were added at various

percentages.

The concrete mix ratio utilized in this research effort is 1:2:4,

with a water-to-cement ratio (w/c) of 0.5. A total of five different

concrete samples were produced for investigation in this

research: the control concrete sample and four bamboo fiber-

reinforced concrete samples containing NRL in proportions 0%,

1%, and 1.5%. The percentages of the four samples containing

bamboo fiber (BF) and NRL are presented in Table 4. Bamboo

fiber percentages were made constant for two samples where

NRL varied, and vice versa, to allow for easy assessment of data

derived from tests conducted on samples. No bonding

improvement material was adopted in this study; however, the

TABLE 1 Physical properties of cement, grade 42.5N/mm.2

Physical
property

Fineness (no
100 sieve) (%)

Specific gravity
(g/cm3)

Consistency
(%)

Initial/final setting times
(mins.)

Bulk density
(g/cm3)

Value 2 3.1 37.4 180/225 3.06

TABLE 2 Chemical composition of cement.

Fe2O3(%) SiO2 (%) MgO (%) LOI (%) Al2O3 (%) SO3 (%) CaO (%)

2.86 16.56 1.45 11.32 4.72 2.15 63.48
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mixture was thoroughly mixed to enhance the bonding of the

paste and NRL.

2.2 Characterization

2.2.1 Slump test
The workability of the concrete mixes was checked using

the slump tests based on standard procedures (BS EN 12350-

2, 2009). Following the casting and placing of concrete in

molds, the test samples were removed from the mold after

24 h and immersed in a curing tank for a maximum of

28 days. Further tests involving the hardened properties of

the concrete were carried out after each curing interval was

completed.

2.2.2 Water absorption test
The water absorption of the concrete mixes was determined

following standard procedures (BS EN and 12350-2, 2006).

Generally, it is known that the lower the concrete’s water

absorption, the more durable the mixture. As such, the test

was performed to guide the potential application of the

concrete. The water absorption of the concrete samples was

calculated using the equation below.

Water absorption %( ) � W1 −W2
W2

x 100% (1)

FIGURE 1
(A) Bamboo fiber; (B) natural rubber latex.

TABLE 3 Properties of natural rubber latex.

Property pH DRC (%) VFA (%) NH3 (%) MST S) TSC (%) NRC (%)

Value 10.07 60.09 0.018 0.25 1,227 61.64 1.45

Hint: pH-potential of hydrogen, DRC, dry rubber content; VFA, volatile fatty acid, NH3 -ammonia, MST -mechanical stability time, TSC, total solids content; NRC, natural rubber

compound.

TABLE 4 Concrete mix proportions.

Mix ID Cement
(kg)

Fine
aggregates (kg)

Coarse
aggregates (kg)

Water
(kg)

Bamboo
fibre (%)

Natural + Rubber
latex (%)

Mix 0 60 120 240 30 0 0

Mix 1 60 120 240 30 1 1

Mix 2 60 120 240 30 1 1.5

Mix 3 60 120 240 30 1.5 1

Mix 4 60 120 240 30 1.5 1.5
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whereW1 is the weight of the wet sample, andW2 is the weight of

the dry sample.

2.2.3 Compressive strength test
In this study, the compressive strength of concrete was

determined following the procedures of BS EN, 12390-3 (BS

EN and 12390-3, 2003). The test gives the measurement of the

concrete’s resistance to failure when subjected to compressive

forces. Concrete samples were cured in water by immersion and

tested after 7, 14, and 28 days. The compressive strength of

hardened 150 mm cubes was determined by dividing the load

at failure by the hardened concrete sample’s surface area. A total

of 45 samples were cast, and they were tested in triplicate at the

end of every curing regime. The average of the three strength

values was noted as the flexural strength of each mix. Figure 2

shows samples of concrete and a sample loaded in the

compression testing machine during testing. The compression

machine is of UNIT TEST and made in West Malaysia.

The compressive strength was then calculated as follows:

Compressive strength � Load value at failure
Cross − sectional area

inN/mm2 (2)

2.2.4 Splitting tensile test
This test was performed according to the standard

procedures of BS EN, 12390-6 (BS EN and 12390-6, 2006) for

the determination of the concrete’s tensile strength, which is a

factor in the quality of concrete. Concrete cylinders of 150 ×

300 mm were used for the test. A total of 45 samples were cast,

and they were tested in triplicate at the end of every curing

regime. The average of the three strength values was noted as the

flexural strength of each mix. The applied tensile force to the

concrete that causes it to fail is referred to as the concrete’s tensile

strength. Generally, it is known that tensile forces are difficult for

concrete to withstand. As a result, this problem is especially

important in establishing the concrete’s efficiency.

Spliting tensile strengthT � 2P
πLD

inN/mm2 (3)

where.

T = Splitting tensile strength (N/mm2).

P = Maximum applied load (N).

D = Diameter of the specimen (mm).

L = Length of the specimen (mm).

2.2.5 Flexural strength test
This test was performed in accordance with criteria outlined

in BS EN, 12390-5 (BS EN and 12390-5, 2003) to determine the

flexural strength of concrete by examining the capacity of a

concrete sample to resist bending failure. Prisms of 100 × 100 ×

500 mm were used for the test. A total of 10 samples were cast,

and two samples per mix were tested after 28 days of curing. The

average of the two strength values was noted as the flexural

strength of each mix at the end of every curing regime.

Reinforcements for the prism were 12 mm main bars (4Nos)

and 6 mm stirrups. The loading rate was calculated using the

following formula:

r � Sbd2̂
L

inN/mm2 (4)

where

r = loading rate.

S = rate of increase of extreme fiber

b = average specimen width

d = average specimen depth.

L = span length.

FIGURE 2
(A) Concrete cube; (B) Compressive strength test.
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2.3 SEM morphology test

Following the mechanical tests on the samples, the morphology

of selected samples was obtained using scanning electron

microscopy (SEM). The equipment uses image analysis to study

the surfaces of materials to measure and analyze microstructures. In

this study, SEM was carried out in the secondary electron mode by

the use of carbon coating in the preparation of the samples. Images

were captured at a maximum magnification of ×500. The tests also

aided in the easy observation of component failures, detection of

hidden particles, and analysis of the interaction of substances and

substrates. Crushed concrete samples were used for the

microstructural examination. This microstructural examination is

important because the qualities of concrete samples are determined

by their microstructural forms (Mehta and Monteiro, 2014).

3 Results and discussion

The results of all the tests, including fresh and hardened

concrete samples, are presented and analyzed in this section. A

condensed summary of the data gathered is included, as well as

insight and analysis of this. Multiple tests were performed on

fresh and cured concrete samples to assess the samples’ overall

general performance. This section examines the workability,

mechanical, and water absorption test results. The

microstructural studies are also presented.

3.1 Slump test

Figure 3 presents the slump test values of the fresh concrete

samples. It can be observed that Mix 0 (control) accounts for 24% of

the total slump value, having the greatest slump and workability

among the presented samples. Mix 1 accounts for 20% of the total

slump value. A trend that can be observed from the data is that

samples having higher percentages of rubber latex resulted in lower

slump values. These results support the findings of Aswathi

(Aswathi et al., 2017), where the conclusion was made that

increasing the natural rubber latex content in concrete would

cause a reduction in its workability. Moreover, NRL exhibits high

water-absorbing properties that could also affect the workability of

the concrete. However, the workability of the concrete generally was

within the range of a true slump, which is acceptable for practical

application as in the case of normal concrete.

3.2 Compressive strength

Figure 4 shows the compressive strength values of the

concrete samples. For all mixtures, whether with bamboo fiber

and NRL or not, the compressive strength increased with the

curing regime. Mix 1 had the most compressive strength after

control, right from the early strength at 7 days down to the late

age strength at 28 days. At 7 days, Mix 1 had a compressive

strength of 14.67 N/mm2 which was 146.7% higher than Mix 3,

which had the lowest compressive strength at 7 days across all the

samples. Across all five samples, compressive strength at 7 days

ranged from 10.00 N/mm2 to 16.44 N/mm2, compressive

strength at 14 days ranged from 12.61 N/mm2 to 25.56 N/

mm2, and compressive strength at 28 days ranged from

14.67 N/mm2 to 29.33 N/mm2. Mix 3 had the least

compressive strength amongst all presented samples right

from after 7 days of curing to 28 days. At 28 days, Mix 3 had

a compressive strength of 14.67N/mm2, which is a poor

FIGURE 3
Slump test values for concrete specimens.

FIGURE 4
Compressive strength test values of concrete specimens.
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performance when compared to the 29.33 N/mm2 strength of

Mix 0 at 28 days. Mix 4 with same content of BF and NRL was the

second-best concrete mix. A compressive strength of 20 N/mm2

was recorded for the mix after the maximum curing regime.

For all concrete specimens, 63% of the compressive strength at

28 days was achieved at 7 days, and more so, the compressive

strength was reduced with an increasing percentage of bamboo

fiber and natural rubber latex. Mix 1, having 1% bamboo fiber and

1%NRL, had the highest compressive strength comparable to that of

control at 28 days, which is due to the minimal, balanced, and equal

proportioning of bamboo fiber and NRL in the concrete samples.

The compressive strength was reduced with higher content of NRL,

and this could be a result of a poor reaction of NRL with the

cementitious particles. As such, the rate of hydration of the particles

is slowed down, leading to lower strength development.

3.2.1 Effect of bamboo fiber on the compressive
strength

To observe the effect of varying bamboo fiber content in the

concrete mix, natural rubber latex was kept constant at 1% and

1.5%. At 7 days, having kept the NRL content constant at 1% and

increasing the bamboo fiber content thereof, it was observed that

the compressive strength dropped by 42%. It was also observed

that when the NRL was kept constant at 1.5% and bamboo fiber

was varied between 1% and 1.5%, the samples containing 1%

bamboo fiber performed better than the samples with an

increased percentage of bamboo fibers. This indicates that at

early strength, increasing the bamboo fiber content reduces the

concrete’s compressive strength. This result positively correlates

with the findings of Dewiet et al. (Dewi et al., 2017), where it was

observed that higher contents of bamboo fiber reduced the load

capacity of the concrete samples tested.

A similar trend can be observed at 28 days where Mix 1,

having 1% bamboo fiber and 1%NRL, performed better by a high

margin than Mix 3, which had an increased percentage of

bamboo fiber at the same NRL content. Though in this case,

when NRL was kept constant at 1.5% and bamboo fiber content

was increased thereof, it was observed that samples containing

higher fiber content possessed a higher load capacity. These

results could be attributed to the observed trend that samples

containing an equal percentage of BF and NRL performed better

than samples with varying percentages of the materials.

3.2.2 Effect of NRL on the compressive strength
At 7 days, having kept the bamboo fiber content constant at

1% and increasing the rubber latex content, it was noticed that

the compressive strength dropped but by a rather negligible

margin. Mix 1 and Mix 2 had a difference in compressive

strength of 0.67 N/mm2. When bamboo fiber was made

constant at 1.5% and NRL was varied between 1% and 1.5%,

it was observed that the sample containing a higher latex content

had a better compressive strength. At 28 days, a similar trend

could be observed, except that the strength gain for Mix

1 containing 1% NRL and 1% BF was rapid compared to the

others; hence there was a rise in the strength difference between

Mix 1 and Mix 2. Shobha (Shobha et al., 2018) also found 1%

NRL giving the highest compressive strength amongst all samples

tested.

3.2.3 Combined effect of bamboo fiber and
natural rubber latex on compressive strength

Bamboo fiber and natural rubber latex were added to the

concrete mix at equal percentages and increased simultaneously.

FIGURE 5
Splitting tensile strength test values of concrete specimens.

FIGURE 6
Flexural strength of samples.
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It was noticed that samples having equal percentages of bamboo

fiber and rubber latex had the highest compressive strength

among all the presented samples. Furthermore, samples

containing equal but lower percentages of both bamboo and

NRL had the highest compressive strength comparable to that of

the control. This implies that to get optimum compressive

strength from the modified concrete, BF and NRL are to be

added at equal percentages.

3.3 Splitting tensile strength

Figure 5 shows the splitting tensile strength values of the

concrete samples. At 7 days, Mix 2 recorded the highest splitting

tensile strength amongst all the samples, including the control

mix, with a value of 1.83 N/mm2. It was 53% greater than Mix 3,

which recorded the lowest splitting tensile strength at 7 days.

Across all five samples, splitting tensile strength at 7 days ranged

from 1.04 N/mm2 to 1.83 N/mm2. Results for 14 days correlated

with that of 7 days with Mix 2 containing 1% BF and 1.5% NRL,

which still had the highest strength amongst the samples

excluding control, having the overall highest at this curing

age. Splitting tensile strength at 14 days ranged from 1.43 N/

mm2 to 2.15 N/mm2.

At 28 days, Mix 1 had the overall highest splitting tensile

strength among all the samples including the control. Having a

value of 2.42 N/mm2, Mix 1 surpassed the splitting tensile

strength of control which had a value of 2.23 N/mm2. As

observed with compressive strength, Mix 3 once again had the

lowest results among the presented samples. Splitting tensile

strength at 28 days ranged from 1.58 N/mm2 to 2.52 N/mm2.

For all concrete specimens, an average of 67% of splitting

tensile strength at 28 days was achieved at 7 days. It was observed

that splitting tensile strength was reduced with an increasing

percentage of bamboo fiber and natural rubber latex. It was

observed that samples having differing percentages of BF and

NRL achieved the lowest splitting tensile strength, especially

samples that had a higher percentage of BF than NRL. Mix 1,

having 1% bamboo fiber and 1% NRL, had the highest splitting

tensile strength, even greater than that of the control at 28 days.

This can be attributed to the minute, balanced, and equal

proportioning of bamboo fiber and NRL in the concrete samples.

3.3.1 Effect of bamboo fiber on splitting tensile
strength

To observe the effect of varying bamboo fiber (BF) content on

splitting tensile strength, natural rubber latex was kept constant

at 1% and 1.5%. At 28 days, having kept the NRL content

constant at 1% and increasing the bamboo fiber content

thereof, it was noticed that the splitting tensile strength

dropped by 34%. It was also observed that when the NRL was

kept constant at 1.5% and bamboo fiber was varied between 1%

and 1.5%, the samples containing 1% bamboo fiber performed

better than the samples with an increased percentage of bamboo

fibers. This indicates that increasing the bamboo fiber content

reduces the concrete’s splitting tensile strength. A somewhat

similar trend can be observed from the 7-day results. Singh

(Singh, 2016) also revealed that increasing the percentage of BF

causes a decrease in tensile strength. This may be attributed to the

effect of overlapping of fibers at high volume substitution.

3.3.2 Effect of NRL on the splitting tensile
strength

At 28 days, by keeping the bamboo fiber content constant at

1% and increasing the rubber latex content, it was observed that

the splitting tensile strength dropped. As observed with the

compressive strength, it was by a rather negligible margin.

Mix 1 and Mix 2 had a difference in splitting tensile strength

of 0.1 N/mm2.When bamboo fiber was kept constant at 1.5% and

NRL was varied between 1% and 1.5%, it was observed that the

sample containing a higher latex content had a better splitting

tensile strength. When NRL is added to a concrete mix, there is a

FIGURE 7
Water Absorption values of concrete specimens at 28 days.

TABLE 5 Overall test values of the optimum concrete mix and concrete
control.

Tests conducted Mix 0 Mix 1

Slump test (mm) 60 50

Compressive strength test at 28 days (N/mm2) 29.33 25.33

Split tensile strength test at 28 days (N/mm2) 2.23 2.42

Flexural strength test at 28 days (N/mm2) 40 14

Water absorption at 28 days (%) 5.9 6.6
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dispersion effect of the polymer to fill void spaces in the cement,

which could explain the increased tensile strength of the samples.

However, this could also be attributed to the fact that the sample

with a higher percentage of NRL had an equal percentage of BF.

This has been observed to be the optimummode of application of

these constituents.

3.3.3 Combined effect of bamboo fiber and
natural rubber latex on the splitting tensile
strength

Bamboo fiber and natural rubber latex were added to the

concrete mix at equal percentages and raised at the same time to

demonstrate this. The samples with the same percentages of

bamboo fiber and rubber latex had the highest splitting tensile

strength of all the samples tested. Furthermore, samples with

equal but smaller percentages of bamboo and NRL had the

highest splitting tensile strength, surpassing the control. This

indicates that adding BF and NRL at equal but small percentages

increases the splitting tensile strength.

3.4 Flexural strength

Figure 6 shows the flexural strength values of the concrete

samples. At 28 days, the control had the highest flexural strength

among all presented samples. However, this could be attributed to

the fact that the control mix was cast with steel offcuts to get an idea

of how BF- and NRL-modified concrete would perform in

comparison to steel reinforcements. Amongst modified samples,

Mix 4 recorded the highest flexural strength at 15 N/mm2, which

was 33% greater thanMix 3, having the poorest result at 10 N/mm2.

Across all samples, flexural strength ranged from 10 N/mm2 to

40 N/mm2. Mix 4, which had the highest flexural strength amongst

the modified samples, contained 1.5% BF and 1.5% NRL.

FIGURE 8
SEM and oxide composition for Mix 0 at 28 days.
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3.4.1 Effect of bamboo fiber on the flexural
strength

To observe the effect of varying BF content on the flexural

strength, once again natural rubber latex was kept constant at

1% and 1.5%. At 28 days, having kept the NRL content

constant at 1% and increasing the bamboo fiber content

thereof, it was noticed that flexural strength dropped by

29%. Although this wasn’t the case when the NRL was kept

constant at 1.5% and bamboo fiber was varied between 1% and

1.5%, the samples containing 1.5% bamboo fiber performed

better than the samples with a lower percentage of bamboo

fibers.

3.4.2 Effect of NRL on the flexural strength
As observed from the results, having kept the BF content

constant at 1% and increasing the rubber latex, a drop in flexural

strength was observed. Mix 1 containing 1% NRL and Mix

2 containing 1.5% NRL had a difference of 2 N/mm2. When

BF was made constant at 1.5% and NRL was varied between 1%

and 1.5.%, the latter had a higher flexural strength. This indicates

that increasing the amount of NRL at higher percentages of

bamboo fiber results in higher flexural strength. Hirde et al.

(Hirde and Dudhal, 2016) also concluded that the addition of this

natural polymer would have a positive effect on the concrete’s

flexural strength.

3.4.3 Combined effect of bamboo fiber and
natural rubber latex on the flexural strength

Bamboo fiber and natural rubber latex were added to the

concrete mix at equal percentages and raised simultaneously to

demonstrate this. As observed in the other mechanical tests, the

samples with the same percentage of bamboo fiber and rubber

latex had the highest performance among all the modified

samples tested. A key difference between the results of this

test and the others was that samples with equal and a higher

percentage of bamboo and NRL had the highest flexural strength.

FIGURE 9
SEM and EDX for Mix 1 at 28 days.
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3.5 Water absorption

The water absorption rate in concrete in the curing tank was

evaluated during final testing at 28 days. The water absorption was

evaluated by estimating the weight variation of the sample before

curing and post-curing. In essence, this procedure helps to explore

the possible application of NRL concrete in a water-logged

environment. Figure 7 shows the water absorption values of the

concrete samples. At 9.2%, Mix 3 had the highest absorption at

28 days and was 161.40% higher than Mix 2, which had the lowest

water absorption at 5.7%. Mix 3 accounted for 26.58% of the water

absorption at 28 days. Across all five samples, water absorption at

28 days ranged from 5.7% to 9.2%.

Mix 2, containing 1% BF and 1.5%NRL, had the lowest levels

of water absorption, hence had the best water exclusion capacity.

This could be attributed to the increased NRL percentage present

in the mix. NRL disperses in concrete to fill its void spaces and

forms a latex film which improves the water exclusion

capabilities of the concrete. Muhammad et al. (Muhammad

and Ismail, 2012) also found this to be the case. Mix 3, which

had the lowest water exclusion capability, contained 1.5% BF and

1% NRL; hence, an increased fiber content paired with a reduced

latex content will give an increased water absorption percentage,

and vice versa.

3.6 Optimum concrete mix

Based on the experimental analysis carried out, Mix 1 has

been selected as the optimum mix. Mix 1 contains 1% BF and

1.5% NRL. Table 5 compares the test values of the optimum

concrete mix and control samples.

From the slump test, the optimum concrete mix is 16.67%

lower than the concrete control; hence, it had a reduced fluidity

FIGURE 10
SEM and EDX for mix three.
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than the concrete control. Mix 1 had a greater splitting tensile

strength, a 13.64% loss in compressive strength, and a 65% loss in

flexural strength. Mix 0 (concrete control) had 29.33 N/mm2

compressive strength at 28 days, 40 N/mm2
flexural strength, and

2.23 N/mm2 splitting tensile strength at 28 days. Mix 1 had

25.33 N/mm2 compressive strength at 28 days, 14 N/

mm2 flexural strength at 28 days, and 2.42 N/mm2 splitting

tensile strength at 28 days.

3.7 SEM morphology

Figure 8 shows the SEM and oxide composition for the mix.

According to the data from Energy Dispersive X-ray analysis in

the figure, Mix 0 (control mix) has an oxygen content of 74.08%,

11.38% nitrogen, 8.31% silicon, 4.92% calcium, 4.92% calcium,

and 1.31% aluminum.

There are a few cavities in the sample and calcium silicate

hydrate (C-S-H) gel production. The distribution of C-S-H

decreases voids and boosts the specimen’s strength. The rather

porous textured features displayed in this matrix indicate a

level of porosity typical of regular mixtures (Castillo-Lara

et al., 2020; Sanchez-Echeverri et al., 2020; Zhang et al., 2020;

Caballero-Jorna et al., 2021; Aisheh et al., 2022; Najm et al.,

2022). Depending on the amount of latex in the mix, modified

mixes on the other hand have displayed more compact

characteristics.

Figure 9 shows the SEM and oxide composition for Mix 1 at

28 days. Mix 1 (optimum mix) has an oxygen content of 71.09%,

11.88% nitrogen, 7.82% silicon, 3.83% calcium, 1.56%

magnesium, 1.47% bromine, 1.46% sodium, and 0.91% iron,

according to the data from Energy Dispersive X-ray analysis.

There is a dispersion of NRL in its liquid state in concrete to

fill void spaces. Less obvious voids in the SEM images in Figure 9

demonstrate this. In its liquid state, NRL consists majorly of the

distribution of poly 1–4 isoprene particles. However, as the

dispersing medium, which is often water, is drained away,

inter-particle spacing decreases until fusion is achieved,

thereby resulting in a continuous film that coats cement

oxides and aggregates as seen below.

Figure 10 shows the SEM and EDX for Mix 3. The Energy

Dispersive X-ray analysis of Mix 3 (worst performer) has an

oxygen content of 73.74%, a 14.53% silicon content, 5.06%

sodium, 3.28% bromine, 1.12% iron, 1.03% magnesium, and

0.80% calcium.

As shown, there was an increased percentage of bamboo fiber

that restricted the distribution of the NRL’s poly 1–4 isoprene

particles in the concrete, as more voids can be observed

compared to the sample with a lesser amount of fiber. This

could be a major factor behind the poor strength performance

exhibited by this sample.

4 Conclusion

This research concludes by suggesting the use of bamboo

fiber and natural rubber latex in the production of concrete. The

workability properties of the modified concrete samples were

compared to that of conventional concrete. The mechanical and

durability characteristics of fiber-reinforced polymer concrete

samples were compared to the mechanical and durability

characteristics of conventional concrete. The microstructural

properties and appearance of the fiber-reinforced natural

polymer concrete samples were also analyzed. Specifically, the

compressive strength, splitting tensile strength, flexural strength,

and water absorption were tested and compared to determine the

effects of combining bamboo fibers and naturally occurring

rubber latex in the production of concrete.

The following points can be concluded from this research:

• The workability properties of fresh BF-reinforced concrete

containing NRL were slightly less than the workability

properties of fresh control concrete.

• For optimum performance, BF and NRL should be

incorporated into concrete production at equal and

reduced percentages.

• Mix 1 emerged as the best concrete mix, as it attained 13.63%

compressive strength in comparison with the control concrete.

At 25 N/mm2, Mix 1 surpassed the BS8110 standard strength

requirement for grade 1:2:4 concrete.

• Mix 4, which also contained an equal proportion of BF and

NRL, emerged as the second-best concrete mix. At 20 N/

mm2, Mix 4 also surpassed the BS8110 standard

compressive strength requirement for grade 1:2:4 concrete.

• The SEM-EDX analysis results indicated that at higher

bamboo fiber content without a corresponding increase in

natural rubber latex content, there would be an increase in

the void spaces present in the concrete, causing a reduction

in strength.

• Higher latex content than fiber content would result in

improved water exclusion capabilities.

The combination of bamboo fiber and natural rubber latex is

feasible but has to be incorporated at equal and minimum

percentages for balanced performance. Although higher

flexural strength could be achieved at higher percentages of

both materials, to get an overall balance in performance both

constituents should be added at reduced percentages.
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