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Enhancement of mechanical properties of concrete
using microwave cured bamboo composites
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Abstract:Microwave curing of bamboo fiber increases the physical and mechanical qualities of cement
concrete, according to previous studies. However, there are limited research on their endurance when
used as an additive in concrete manufacturing to increase strength. The impact of bamboo fiber and
Styrene Butadiene Rubber (SBR) on the mechanical and microstructure of the resulting concrete is
investigated in this study. With the inclusion of bamboo fiber ranging from 0–1.5%, a mix ratio of
1:1.5:3 was used. To make the samples, 10% SBR by weight of cement was dissolved in the mixing
water. The batching was done by weight, with a water cement ratio of 0.6. Compressive strength, water
absorption, swelling, modulus of elasticity, and modulus of rupture were all studied as mechanical
properties. Various characterization tests such as SEM, EDS, FTIR, XRD, and TGA were performed
on the microstructure, crystalline nature, and mineral composition of certain samples. According to
the FTIR study’s findings, peak levels were detected in the O–H stretching, C–H fiber and CH2
functional groups, carbonyl group, C–O and C–C functional groups. As the temperature climbed, TGA
measurements showed a drop in weight. The XRD test revealed peak levels of 6.611, 4.255, and 3.855
for sanidine, quartz, and calcite, respectively. After 28 days, the inclusion of bamboo fibers as an additive
in concrete shows some promising outcomes in compressive strength, with samples containing 1% and
1.5% bamboo fiber cured at 80◦C having a higher compressive strength value.
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1. Introduction

Bamboo fiber is present naturally in bamboo trees and can be isolated using a variety
of methods and procedures. Bamboo has two strategies for arranging vegetative axes that
are commonly sorted out: one is above ground, and the other is below ground [1]. When
climatic conditions change, bamboo’s mechanical qualities may change [2]. The fibers can
only be segregated into Bamboo pulp fiber or original bamboo strands, regardless of the
method utilized. The strands of original bamboo fiber are clearly ejected from the original
bamboo utilizing chemical and physical procedures without the use of chemicals [2]. The
bamboo is first treated with alkali hydrolysis (NaOH) to produce cellulose fibers [3].
Bamboo is an environmentally friendly conventional fiber with a fast growth rate that
aids in the removal of carbon dioxide from the atmosphere; these biological properties
make it the most important plant fiber [4]. The accelerated aging test is a test that can
provide insight into the mechanism at the microstructure level [5]. Accelerated aging
tests reveal a material’s long-term behavior as a result of biological or environmental
factors.
Microwave curing has been shown to be a faster and more effective way for enhancing

compressive strength, porosity, and composition than traditional heat curing. Microwaves
are utilized in material processing, such as curing laminate adhesives, and microwave
curing is being employed in experiments to enhance the hydration of solid paste, resulting
in increased strength. Chemical accelerators (such as calcium chloride, CaCl) used in
the strength development of concrete have been shown to alter the concrete’s longevity,
particularly when reinforced with steel [6]. As a result, this study looks at enhancing the
mechanical properties of concrete using bamboo fiber as admixture and microwave curing
as means of curing of the cubes.

2. Materials and methods

Table 1 presents information on the type and sources of materials used for this study.

Table 1. The sources of Materials used

Materials Source

Bamboo culm Landmark university commercial farm

Fine aggregate Landmark university concrete shed

Portland cement A cement dealer in Omu-Aran market

Styrene butadiene Rubber A chemical dealer in Lagos

Calcium Chloride A chemical dealer in Lagos

Sodium Hydroxide A chemical dealer in Lagos
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2.1. Preparation of bamboo fibre

The bamboo was cut at the nodes and broken to small splints as shown in Fig. 1.
Thereafter, the bamboo splints were air dried for 3 days to reduce the moisture content. It
was dried further in the oven for 24 hours at a temperature at 80◦C. The bamboo splints as
shown in Fig. 2, were taken to a hammer mill and were milled into fibres. The fibre was
sieved manually using 2.00 mm sieve and the retained are used for this research.

Fig. 1. Bamboo splints Fig. 2. Hammer mill used

2.2. Chemical treatment of fibre

The chemical used for the treatment was sodium hydroxide (NaOH). The bamboo fibres
were soaked in a solution of NaOH with a concentration of 30% for 24 hrs. Afterwards, it
was washed severally in water to remove the chemicals and make the fibre pure. The treated
fibre as shown in Fig. 3 was spread out on a flat surface and left to air dry for 24 hrs.

Fig. 3. Sieving of the fiber

2.3. Mix formation

The mix design comprises of variations in quantity of bamboo fiber and Styrene
Butadiene Polymer (SBR) used as the modifier. CaC1(as partial replacement of 3% of
cement) was used which served as an accelerator to stabilize the bamboo fiber and ensure it
does not decompose. The mix ratio used was 1:1.5:3 and remained constant throughout the
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experiment. A percentage of bamboo fiber ranging from 1–1.5 was added and vigorously
mixed until the mixture was homogeneous. SBR (10% cement weight) was dissolved in
water and added to the mix. The slurry was placed into a 300× 3000× 30 mm3 mould and
150 × 150 mm2 compressive testing mould. Table 2 gives the experimental design for the
mix. A total number of 144 samples were produced for all the categories and were tested
at 7, 14, 21, and 28 days.

Table 2. Experimental design

Curing
Regime

Sample
no.

Bamboo
fiber (%) SBR (%) Cement Sand Coarse

aggregate Replicates

Low

DK 1 0 0 1 1.5 3 3

Microwave

DK 2 1 0 1 1.5 3 3

Regime

DK 3 1.5 0 1 1.5 3 3
DK 4 0 10 1 1.5 3 3
DK 5 1 10 1 1.5 3 3
DK6 1.5 10 1 1.5 3 3

Medium

DK 7 0 0 1 1.5 3 3

Microwave

DK 8 1 0 1 1.5 3 3

Regime

DK 9 1.5 0 1 1.5 3 3
DK 10 0 10 1 1.5 3 3
DK 11 1 10 1 1.5 3 3
DK 12 1.5 10 1 1.5 3 3

2.4. Curing of sample

The microwave curing method and standard water curing method were employed in
this research. The lowmicrowave mediumwas set at 35 degrees Celsius, while the high mi-
crowave medium was set at 80 degrees Celsius. The samples were placed in the microwave
with even spacing in both curing mediums to permit the heat waves to travel through the
samples. The samples were heated for 1 hour in the microwave. The cubes were taken for
the compressive test after they had been cured. Some flexural samples were utilized in the
accelerated aging test, while the rest were packed in an airtight bag and cured in water for
28 days before being examined without the accelerated aging test to compare results.

2.5. Wet-dry accelerated aging cycle

The sample was subjected to wet and dry cycles during the accelerated aging test in
order to determine the impact of environmental conditions that the fiber reinforced material
will face in real-world applications. The test was carried out in compliance with the [7]. In
the course of this study, 200 aging cycles (50 days of accelerated aging) were completed.
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2.6. Mechanical properties

2.6.1. Water absorption

The goal of water adsorption is to determine each sample’s dimensional stability. The
samples were soaked for 2 hours and 24 hours in water, and the results were calculated
using a standard formula.

2.6.2. Thickness swelling

The effect of water absorption on the thickness of the material was determined using
thickness swelling. The samples were soaked in water for 2 hours and 24 hours at room
temperature before being measured with a digital vernier caliper. The thickness swelling
was calculated using Eq. (2.1).

(2.1) TS =
𝑇2 − 𝑇1
𝑇1

· 100

where TS – thickness swelling (%), 𝑇1 – initial thickness and 𝑇2 – final thickness (after
soaking).

2.6.3. Compressive test strength

This test was performed in the Landmark University concrete testing laboratory using
a Universal testing machine (UTM) in compliance with [8].

2.6.4. Modulus of Rupture (MOR) and Modulus of Elasticity (MOE)

The MOE/MOR was completed in accordance with [9]. In a total of three replicates,
the samples were loaded at a rate of 1.5 mm/min until failure occurred. Eq. (2.2) and (2.3)
were used to determine the MOE and MOR, respectively.

MOE =
4𝑃𝑏
4𝑏𝑦ℎ

𝐿3(2.2)

MOR =
3𝑃𝐿
2𝑏ℎ2

(2.3)

where: MOR – modulus of rupture (N/mm2), MOE – modulus of elasticity (N/mm2), 𝑃
– maximum loading force N), 𝑃𝑏 – load at proportional limit (N), 𝐿 – span (mm), ℎ –
thickness of sample (mm) and 𝑦 – deflection corresponding to 𝑃𝑏 (mm).

2.7. Characterization test

The characterizations carried out on the sample in this study are scanning electron
microscope / energy with dispersive X-ray (SEM/EDS) and thermal gravimetric analy-
sis (TGA).
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2.7.1. Scanning electron microscope / energy with dispersive X-ray (SEM/EDS)
After microwave curing, the fragmented samples were polished and analyzed using

a field emission scanning electron microscope (FESEM) at a magnification range of 330×
to750× and a 15 kV acceleration voltage. Using a sputter, a thin layer of platinum was
applied to the polished samples. For the four most important composites, a total of three
SEM micrographs were collected, and photographs of the microstructure observed are
shown in this study.

2.7.2. Thermal gravimetric analysis (TGD)
Thermal stability and fraction of volatile component of fractured samples would be

tested after 28 days of curing. This is accomplished by utilizing a TGA analyzer to track
the weight change that occurs on the samples while they are heated at a constant rate.

2.7.3. Fourier-transform infrared spectroscopy (FTIR)
The samples’ functioning was determined using FTIR spectra after the 28-day test. The

materials were crushed to a powder, which was then combined with potassium bromide
powder and compacted in a disk. The samples’ spectra were recorded. Table 3 gives the
functional groups.

Table 3. Functional groups in samples

Wave Number (cm−1)
DK6 DK12 Functional groups
3423.76 8448.84 OH groups
2928.04 2874.03 C–H
1871.01 2000.25 C=O
1793.86 195.79 C–O and C–C
1637.62 1635.69 C–O
468.72 459.07 V4 stretching of Si–O

2.7.4. X-ray Diffraction Analysis (XRD)
The mineral composition of a material, as well as the primary phases in the composite

and the number of crystalline phases found, are determined using XRD. Using an XRD
diffractometer, the different crystalline phases in the material were determined.

3. Results and discussion

3.1. Water absorption

Figure 4 shows the water absorption findings after 2 hours and 24 hours. As shown in
Fig. 4, sample DK6 had the lowest water absorption rate of 5.29 percent, followed by DK1,
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DK11, DK3, DK4, DK5, DK8, DK2, DK12, DK10, DK7, and DK9. DK9 had the highest
water absorption rate of 9.90% after 24 hours. DK6 had the lowest percentage of water
absorption at 4.92 after 2 hours, followed by DK3, DK11, DK8, DK4, DK12, DK10, DK5,
DK2, DK7, and DK9, which had the highest percentage of water absorption at 9.49%. As
revealed by [10–12] in analyzing the compressive strength and water absorption of styrene
rubber in concrete, this is due to the creation of a polymer layer that makes the concrete
water tight. After 24 hours, samples containing 1% and 1.5% fiber showed an increase in
water absorption.

Fig. 4. Result of water absorption test

3.2. Thickness swelling

Figure 5 shows the findings of the Thickness Swelling for 2 hours and 24 hours. After
24 hours, DK7 had the lowest percentage of thickness swelling (1.97%), followed by DK5,
DK3, DK1, DK10, DK11, DK9, DK8, DK2, DK12, DK6, and DK4 with the highest
percentage of thickness swelling (11.94%). DK7 had the lowest percentage thickness
swelling of 1.65 after 2 hours, followed by DK2, DK5, DK11, DK3, DK1, DK10, DK8,
DK9, DK4, DK6, and DK12. DK12 had the highest percentage thickness swelling of
7.83% after 2 hours. As can be seen in Figure 4, there was a significant increase in
thickness swelling as time passed. Water absorption and thickness swelling in polymeric

Fig. 5. Percentage thickness swelling for different samples
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composite materials were evaluated by [13], and the results were consistent. Thickness
swelling rises with time, until observable definite thickness swelling is noticed, according
to their findings.

3.3. Compressive strength

Figure 6 depicts the results of the compressive strength test after 28 days of curing. The
maximum compressive strength was 32.72 N/mm2 for DK5, which contained 1% fiber and
10% SBR and was cured with a low microwave regime of 35◦C. The lowest observable
compressive strength was 21.04 N/mm2 in DK1, which had a composition of 0% fiber and
0% SBR and was cured at 35◦C. Samples cured with a medium regime of 80◦C and having
1% and 1.5% fiber had a higher compressive strength than samples containing 0% fiber and
cured with a low curing medium of 35◦C, according to the results. In comparison to four
other curing procedures, microwave curing produced the greatest increase in compressive
strength, according to [14].

Fig. 6. Compressive strength value for different samples

3.4. Effect of water curing on Modulus of Rupture (MOR)
& Modulus of Elasticity (MOE)

Fig. 7 and Fig. 8 show the findings of the MOE and MOR after 28 days of curing.
The modulus of rupture ranged from 3.796 N/mm2 to 6.957 N/mm2 on average. DK10

Fig. 7. Result of MOR after 28 days of curing
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had the lowest Modulus of rupture of 3.796 N/mm2, followed by DK7, DK11, DK8,
DK9, DK3, DK4, DK2, DK6, DK1, DK12, and DK5 had the highest Modulus of rupture
of 6.965 N/mm2. According to the findings, samples containing 1% to 1.5% fiber had
a higher modulus of rupture than samples containing 0% fiber. In their study of synergic
impact treatments for matrix treatments vegetable fiber reinforced cement, [15] discovered
the same thing. On samples reinforced with treated pulps, a 5% rise was recorded.

Fig. 8. Result of MOE after 28 days of curing

3.5. Result of modulus of rupture (MOR) and modulus of elasticity

Figure 9 shows that samples containing 1% to 1.5% fiber and 10% SBR had a con-
siderable rise in MOR. After the accelerated aging test, sample DK5 (containing 1% fiber
and 10% SBR) exhibited a 50% rise. After the accelerated aging test, sample Dk6 (made
of 1.5% fiber and 10% SER) showed a 10% increase in MOR. After the accelerated aging
test, MOR increased by 10% in Sample DK 11 (which contains 1% fiber and 10% SBR).
MOR was improved in sample DK11 (which contained 1% fiber and 10% SBR). MOR
improved by 10% in sample DK12 (made of 1.5% fiber and 10% SBR). The presence of

Fig. 9. Result of MOR after accelerated aging
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SBR in the samples could explain the observed rise in MOR. In their study of the influence
of experimental wet and dry cycles on bamboo fiber reinforced acrylic polymer modified
cement composites, [16, 17] discovered a similar increase in MOR. The addition of poly-
mer admixtures improved the microstructure of the composites, limiting the increase and
enlargement of holes and voids during the wet and dry cycles, according to their findings.
Figure 10 compares the modulus of elasticity of samples that were soaked for 28 days with
samples that were aged more quickly. In samples containing 1% to 1.5% fiber, MOE was
found to be lower. Samples DK5 had a 50% decrease in MOE, samples DK6 had a 15%
decrease in MOE, sample DK11 had a 10% decrease in MOE, and samples DK12 had
a 5% decrease in MOE. MOE values did not increase, but rather decreased, which could
be due to the low concentration of extractives [18, 19].

Fig. 10. Result of MOE after accelerated aging

3.6. Fourier-transform infrared spectroscopy (FTIR)

Fig. 11 and Fig. 12 show the FTIR spectroscopy results for sample DK6 cured at 35◦C
and DK12 cured at 80◦C, respectively, while Table 2 shows the functional group. The fre-

Fig. 11. Result FTIR spectra for sample DK6
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quency band peaked at 3423 cm−1 in the FTIR graph in figure 12 which represented O–H
stretching. C–H fiber and CH2 groups are represented by the spectra bands at 2928.04 cm−1

and 2511.40 cm−1, respectively. Carbonyl groups are represented by transmittance maxima
at 2000.25, 1871.0, and 1637.62 cm−1. Function groups of C–O and C–C are represented
by the spectra bands at 14419.66, 17, and 1008.80 cm−1. The bending functional groups
SiO4/RCH=CH2 are represented by spectra bands spanning from 873.78 to 468. The fre-
quency spectrum peaked at 3449.84 cm−1, indicating that O–H was stretched, whereas
the spectra bands at 2874.03 cm−1 and 2513.3340 cm−1 represented C–H fiber and CH2
groups, respectively. Carbonyl groups were represented by transmittance peaks at 2000.25,
1795.79, and 1635.69 cm−1. The properties of function groups C–O and C–C were rep-
resented by the spectra band at 1423.51, 1080.17, and 1033.88 cm−1. The bending func-
tional groups SiO4/RCH=CH2 are represented by spectra bands spanning from 873.78
to 459.07.

Fig. 12. Result spectra for sample DK12

3.7. Thermal gravimetric analysis (TGH)

The efficiency of the carbonation reaction can be determined using differential thermo-
gravimetric analysis (DTA) [20–22]. Theweight fluctuationswere documented and graphed.
DK6, which was made up of 1.5 percent fiber and 10% SBR and cured at 35 degrees Cel-
sius had a steady weight loss when the temperature was raised from 200◦C to 300◦C.
As the temperature rose to 500◦C, the weight began to decline gradually. Between tem-
peratures of 500◦C and 884.1◦C, the fast weight loss slowed. Sample DK12, which con-
tained 1.5% fiber and 10% SBR and cured at 80◦C also had a steady weight loss. As the
temperature increased from 300◦C to 500◦C, a rapid loss of weight was noticed. When
temperatures between 500◦C and 883.6◦C were reached, the rapid weight loss began to
slow down.
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3.8. X-ray diffraction analysis (XRD)

The mineral composition of DK6 which contained 1.5% fiber and 10% SR and cured
in a low microwave regime of 35◦C, was found to have a good percentage of quartz (silicon
dioxide, SiO2), portlandite (calcium hydroxide, Ca(OH)2), and calcite (Calcium carbonate,
CaCO3) as shown in Table 4. The mineral composition for DK12, which contained 1.5%
fiber and 10% SBR and was cured in a medium microwave regime of 80◦C, had a great
percentage of quartz (silicon dioxide, SiO2), Calcite with sanidine (potassium feldspar,
K(A1Si3O8) and calcium carbonate, (Ca) as presented in Table 5.

Table 4. XRD Results for DK6

Values obtained

Porlandite Quartz Calcite

4.880 4.254 3.854

Table 5. XRD Results for DK12

Values obtained

Sanidine Quartz Calcite

6.661 4.255 3.855

3.9. Scanning electron microscope/energy
with dispersive X-ray (SEM/EDS)

The composites’ microscopes were analyzed with the help of a scanning electron
microscope. The fiber content of the samples chosen was between 1% and 1.5%. Back-
scattered electron imaging mode can be used to create the micrographs (BSD) [23–25]. All
of the photos have a 15 kV accelerating voltage with magnifications ranging from 812 μm
to 822 μm. Images of four composites with varied fiber percentages and curing regimes are
exhibited in SEM micrographs. The EDS analysis result revealed that, at a magnification
of 813 μm for sample DK6 with a composition of 1.5% fiber and 10% SBR cured in
a low microwave regime of 35◦C, a high peak value of Ca (Calcium), Si (Silicon), and Y
(Yttrium) (Yttrium) was observed. The result revealed that at a magnification of 812 μm
for both sample DK9 and sample DK12, which were cured in a medium microwave regime
of 80◦C with a composition of 1% fiber and 10% SBR, high peak values of Ca (Calcium),
Si (Silicon), and Y (Yttrium) were noted.
This study’s findings are consistent with those of [26], which show a balanced mi-

crostructure before and after the addition of Styrene Butadiene Rubber (SBR). The results
also revealed that the workability and density of the concrete improved with the addition of
SBR. This is also consistent with the findings of [27], which show that curing mediums im-
pact the microstructure of concrete and that the interfacial transition zones under different
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curing regimes affect its compact nature. Furthermore, the findings of [28] show that adding
SBR, which has filling and compacting properties, improves concrete properties by improv-
ing anti-freezing ability, creating cement hydration products like calcium silicate hydrates
(C–S–H) and ettringite (AFt), coating aggregate particles, and the SBRpolymer and cement
hydration products bonding together to create an interpenetrating matrices that improves
strength and microstructural ability of concrete in tandem with the findings of this study.

4. Conclusions

The addition of bamboo fibers as admixture in concrete productions show some en-
couraging results. The compressive strength comparison between them and the control
samples at 28 days, showed increased in the compressive strength values. The maximum
compressive strength was 32.72 N/mm2 for DK5, which contained 1% fiber and 10% SBR
and was cured in a low microwave regime of 35◦C while the control sample (DK1) turned
in the lowest compressive strength of 21.04 N/mm2. It can therefore be concluded from the
research that samples cured in a medium regime of 80◦C and having 1% and 1.5% fiber
had higher compressive strength values than samples containing 0% fiber and cured with
a low curing medium of 35◦C. The modulus of rupture increased as the wet and dry cycles
progressed. A recommended value of 18 N/mm2 for modulus of rupture and 3000 N/mm2
for modulus of elasticity are allowed for structural purposes; nevertheless, a few samples
were within the standard limits for modulus of elasticity. The measurements for water
absorption and thickness swelling are within permissible limits.
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