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Tis study explores the investigations of bamboo fber-reinforced polyester composites with chopped glass fber (CGF) fller,
focusing on addressing the challenges of low mechanical properties, limited thermal stability, and high moisture absorption. Te
two types of composites were fabricated using the hand layup method, that is, long unidirectional 0° bamboo fber (BF) and
randomly oriented short bamboo fber (BP) reinforced a polyester matrix with chopped glass fber (CGF) fller. By incorporating
CGF fller, signifcant improvements in mechanical properties were achieved across both types of bamboo fber, surpassing the
limitations of unflled composites. Notably, the composite formulation consisting of 40% wt. of unidirectional 0° BF and 5% wt. of
CGF fller exhibited superior ultimate tensile strength, fexural strength, impact strength, water absorption, and thermal stability.
Tis composite demonstrated remarkable enhancements, with increases of up to 131.22MPa, 128.76MPa, 113.3 kJ/m2, 1.94%
water absorption, and up to 255°C (representing a 10% improvement) in thermal stability compared to the unflled composite.
Statistical analysis revealed quadratic models for the mechanical properties of long unidirectional 0° bamboo fber composites,
while water absorption exhibited a linear two-factor interaction model. For randomly oriented short bamboo fber, the models for
tensile, fexural, and water absorption properties were linear, while the impact energy model showed a quadratic relationship.
Tese statistical models provide valuable insights into predicting the properties of bamboo fber-reinforced polyester composites.
Tis research underscores the signifcance of bamboo fber-reinforced polyester composites in wall partition systems. Tis study
paves the way for improved performance in these areas. Te fndings highlight the potential of incorporating CGF fller, enabling
enhanced mechanical strength, increased thermal stability, and improved resistance to moisture-related issues. Te derived
statistical models ofer valuable guidance for predicting the properties of these composites, facilitating their application and
adoption in the construction industry.

1. Introduction

In recent years, composite materials have emerged as a focal
point of research and development due to their ability to
enhance mechanical and physical properties by combining
diferent materials [1]. Among these materials, natural fber
composites have gained considerable attention for their
renewable and biodegradable characteristics [2]. In Ethiopia,
the exploration of natural fbers, particularly bamboo, has
witnessed signifcant growth, with highland bamboo species

being extensively studied for their dense fbers and ease of
extraction compared to lowland bamboo [3].

However, bamboo fber composites face challenges in
achieving optimal mechanical and physical properties [4–6].
Tese composites often exhibit drawbacks such as higher
moisture absorption, inferior fre resistance, lower me-
chanical properties, and poor adhesion to the polymeric
matrix, which are critical factors in applications such as wall
partition systems [3, 7]. To overcome these limitations, one
approach involves the incorporation of fller materials,
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particularly synthetic fllers known for their hydrophobic
properties [5, 6, 8, 9]. However, the cost associated with
synthetic fllers remains a concern, necessitating the search
for alternative cost-efective solutions [10]. Additionally,
understanding the infuence of fber weight on composite
properties is crucial for optimizing their performance in
specifc applications, such as wall partitions [11].

Wall partition systems play a crucial role in modern
construction, providing functional and aesthetic separations
within buildings [12, 13] and marines [14]. However, con-
ventional partition materials often face challenges such as
low mechanical properties, limited thermal stability, and
high moisture absorption, which can compromise the in-
tegrity and longevity of the partitions [15, 16]. Addressing
these challenges requires the development of advanced
composite materials that exhibit enhanced performance in
these key areas.

In this context, the utilization of waste-chopped glass
fbers, a commonly available synthetic fber with signifcant
wastage during composite manufacturing and other pro-
cesses, becomes crucial for enhancing the physical and
mechanical properties of bamboo fber-reinforced polyester
composites for wall partition systems in a cost-efective
manner [17]. Polyester, chosen as the matrix material, of-
fers several advantages, including its lightweight nature,
good electrical insulation, corrosion and weathering re-
sistance, abrasion resistance, and cost-efectiveness [18].
Previous studies have demonstrated that the incorporation
of fbers and particulates, such as chopped glass fber, can
signifcantly enhance the mechanical properties of polyester
composites [19].

While previous research has investigated various pa-
rameters, such as fber weight, length, and chemical treat-
ments, on the properties of bamboo composites, the specifc
impact of varying the weights of chopped glass fber and
bamboo fber remains relatively unexplored [20–24]. Other
limitations of previous studies are that only one set of
samples was tested for each type of composite, and the
statistical signifcance of the results may not be fully realized
[25].Tis research gap necessitates an in-depth investigation
into the water absorption, thermal stability, and mechanical
properties of bamboo fber with chopped glass fber fller-
reinforced polyester composites, with a specifc focus on the
weight ratios of these components, particularly for their
application in wall partition systems.

Tis study aims to comprehensively investigate the water
absorption, thermal stability, and mechanical properties of
bamboo fber with chopped glass fber fller-reinforced
polyester composites for wall partition systems, with a par-
ticular emphasis on varying the weights of chopped glass
fber and bamboo fber. By examining these parameters, the
research aims to gain valuable insights into how the weight
ratios of these components infuence the characteristics of
the composite material, specifcally when utilized in wall
partition applications.

Understanding the water absorption properties of the
composite is crucial for wall partition systems, where
moisture resistance is essential to maintain structural in-
tegrity and prevent degradation [26]. Likewise, investigating

the thermal properties is vital to assessing the composite’s
performance under diferent temperature conditions, en-
suring its suitability for wall partitions in various environ-
ments [27]. Finally, the mechanical properties, including
tensile strength, fexural strength, and impact resistance, are
of utmost importance in evaluating the composite’s struc-
tural integrity and longevity in wall partition systems [28].

Tis investigation holds signifcant importance as it
contributes to the growing body of knowledge on natural
fber composites and provides valuable insights into the
potential applications of bamboo fber composites in wall
partition systems within the construction industry [29–33].
Moreover, by exploring the infuence of chopped glass fber
weight and bamboo fber weight on the composite’s prop-
erties, this research aims to optimize the formulation of these
composites, leading to improved performance, durability,
and cost-efectiveness in wall partition applications.

2. Materials and Methods

To achieve the objectives of this study, the following ac-
tivities were conducted:

Fabrication of the specimen sample: Te fabrication
process involved creating composite specimens with
diferent weight percentages. Tese weight percentages
were determined based on a combination of trials
generated using the Central Composite Design (CCD)
method, which is a response surface methodology
(RSM). Te specimens were fabricated using long
unidirectional 0° bamboo fbers and randomly oriented
short bamboo fbers, along with a fller material con-
sisting of waste or collected chopped glass fbers (CGF).
Te bamboo fber and CGF were reinforced with
a polyester matrix.
Determination of mechanical and physical properties:
Te fabricated specimens were subjected to mechanical
testing to determine their tensile, fexural, and impact
properties. Additionally, the physical properties, such
as water absorption and thermal stability, or ther-
mogravimetric analysis (TGA), were evaluated. Tese
tests provided valuable insights into the structural
integrity, strength, and durability of the composite
material.
Evaluation of the efect of long bamboo fber (BF), short
bamboo fber (BP), and CGF weight percentages: Te
weight percentages of bamboo fber to polyester (BF/
BP) and CGF were varied in the fabrication process.
Te aim was to investigate the infuence of these weight
percentages on the mechanical and physical properties
of the composite material. By analyzing the data, the
relationship between the weight percentages and the
properties of the composite could be established.
Statistical analysis: Statistical analysis was performed to
analyze the mechanical and physical properties of the
composite material. Tis analysis involved techniques
such as regression analysis and analysis of variance
(ANOVA), which helped determine the signifcance of
the factors and their interactions.Te statistical analysis
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provided quantitative insights into the relationship
between the weight percentages and the properties of
the composite material.

2.1. Materials

2.1.1. Reinforcement. Te reinforcement material used is
bamboo, specifcally the Yushania Alpina stem. Bamboo
fbers are known for their strength and stifness, making
them suitable for reinforcing the composite. Te properties
of bamboo fber are shown in the following Table 1.

2.1.2. Filler. Te fller material utilized is waste glass fber.
Chopped glass fbers are added to enhance the mechanical
properties of the composite. Tese fbers are obtained from
waste sources, making them a cost-efective option. Te
properties of E-glass fber are shown in the following Table 2.

2.1.3. Matrix. Te matrix material consists of polyester,
specifcally GP resin 1003, along with a hardener (catalyst).
Polyester serves as the base material that holds the re-
inforcement and fller together, providing overall structural
integrity to the composite. Te properties of polyester resin
are shown in the following Table 3.

2.1.4. NaOH Treatment. Sodium hydroxide (NaOH) is used
as a treatment for bamboo fbers. Te treatment process is
shown in Supplementary Material Figure S3 and is likely
used to remove impurities and improve the adhesion be-
tween the fbers and the matrix.

2.1.5. Wax (Releasing Agent). Wax is used as a releasing
agent to prevent the composite from sticking to the mold
during the fabrication process. It facilitates the easy removal
of the composite from the mold without causing damage.

2.1.6. Other Preparation and Safety Tools. Various tools and
equipment specifc to composite fabrication are used, such
as molds, mixing containers, brushes, gloves, and safety gear.
Tese tools ensure proper preparation, handling, and safety
during the composite creation process.

2.2. Methods. Te methodology employed in this study is
outlined in Figure 1. It presents a systematic fowchart that
elucidates the steps undertaken to forecast the behavior of
the composite material. Te methodology encompasses the
following key steps:

2.2.1. Gathering and Preparing Composite Materials. Te
frst step involved procuring the necessary composite ma-
terials, including bamboo fbers, chopped glass fbers, and
polyester matrix and other. Tese materials were carefully
selected and prepared to meet the required specifcations for
the composite fabrication process.

2.2.2. Utilizing the Response Surface (RSM) Method. Te
response surface method, a statistical technique, was
employed to design the experimental trials [36].Tis method
enabled the systematic exploration of the composite mate-
rial’s behavior by creating a mathematical model that relates
the input variables (such as weight percentages) to the
desired responses (mechanical and physical properties).

2.2.3. Sample Preparation. Based on the experimental de-
sign generated by the response surface method, composite
samples were prepared with varying weight percentages of
bamboo fbers, chopped glass fbers, and polyester matrix.
Te samples were fabricated following established protocols
to ensure consistency and reproducibility.

2.2.4. Experiment Execution. Te fabricated composite
samples were subjected to a series of tests and experiments to
evaluate their mechanical and physical properties. Tese
tests involved assessing tensile strength, fexural strength,
impact resistance, water absorption, and thermal stability.
Te experiments were conducted meticulously to obtain
accurate and reliable data.

2.2.5. Analysis of Experimental Results. Te data obtained
from the experiments were analyzed to derive meaningful
insights into the behavior of the composite material. Sta-
tistical techniques, such as regression analysis, were
employed to examine the relationships between the input
variables (weight percentages) and the observed responses
(mechanical and physical properties). Tis analysis

Table 1: Mechanical properties of bamboo fber [34].

Properties Value
Tensile strength (MPa) 1140− 230
Youngs modulus (GPa) 11–17
Elongation at break (%) ∼2
Density (g/cm3) 0.6–1.42

Table 2: Mechanical properties of E-glass fber [34].

Properties Value
Density (g/cm3) 2.7
Tensile strength (MPa), @ 23°C 1725
Young’s modulus (GPa), @ 23°C 72.3
Refractive index 1.557
Termal coef. Of expansion range 5.4×10−6 in./in./°C
Elongation 4.8%

Table 3: Mechanical properties of polyester resin [35].

Properties Values
Density (g/cm3) 1.2–1.5
Young modulus (GPa) 2–4.5
Tensile strength (MPa) 40–90
Tensile elongation on at break (%) 2
Water absorption 24 h at 20°C 0.1–0.3
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facilitated the identifcation of trends, patterns, and corre-
lations within the data.

2.2.6. Statistical Analysis. In the fnal step, a comprehensive
statistical analysis was performed to interpret and validate
the experimental results. Tis analysis involved techniques
such as analysis of variance (ANOVA) to determine the
signifcance of the factors and their interactions. Te sta-
tistical analysis provided quantitative information on the
infuence of the weight percentages of the composite
components on their mechanical and physical properties.

By following these steps, a robust methodology was
established to forecast the behavior of the composite ma-
terial. Te systematic approach ensured the reliability and
accuracy of the experimental data, enabling a thorough
understanding of the composite’s characteristics and
performance.

2.2.7. Composite Preparation. Tis investigation employed
sodium hydroxide, bamboo fber, glass fber, and polyester
resin as the materials listed above. Sodium hydroxide often
known as caustic soda, is a highly caustic metallic base and
alkali salt with the chemical formula NaOH. It is a white
powder that comes in pellets, fakes, granules, and a 50
percent saturated solution. NaOH was purchased from local
suppliers by the brand name of CAUSTIC SODA FLAKES,
as shown in Supplementary Material Figure S2.

In Ethiopia, the bamboo plant is either naturally growing
or cultivated. Te bamboo utilized in this study comes from
an Injibara that is cultivated in the farmyard. Bamboo is
gathered from this location due to the abundance of sup-
pliers and a large number of bamboo culm available. Te
bamboo plant stem of a three-year-old highland bamboo
(Yushania alpina) species. Bamboo fber is obtained by

water-retting bamboo strips, as shown in Supplementary
Material Figure S1. Te fber was treated with NaOH and
then chopped to a short (average 2mm) fber size that is
greater than the critical length of bamboo fber according to
[37], to make short bamboo fber-reinforced polyester
random orientation. On the other hand, the long fber is
prepared in unidirectional orientation. In both cases, the
fber is treated with 5% volume fractions of NaOH con-
centration and soaked for 24 diferent hours, then washed
with distilled water after that dried for an optimum hour at
room temperature [38], as shown in SupplementaryMaterial
Figure S3.

In the present study, chopped-strand fberglass mat
(CSM) 300 is used as the synthetic fber (which is an E-glass)
which is made from (SiO2: 54.3 wt.%, Al2O3: 15.2 wt.%,
CaO: 17.2 wt.%, MgO: 4.7 wt.%, and B2O3: 8.0 wt.%) [39].
By milling or reducing the length of the glass fber to a size of
0.5 to 1mm with a milling cutter machine as shown in
Supplementary Material Figure S5, waste synthetic E-glass
fber was used as fller, as shown in Supplementary Material
Figure S4.

Long and short bamboo weight ratio combinations
with various weight ratios of CGF were created as shown
in Table 4. Diferent combinations were created using
a weight range of bamboo fber (30–40 wt. percent) and
chopped glass fber (0–10 wt. percent). Using this method,
nine diferent combinations of bamboo fbers and CGF
weight were created at random. Te weight ratio of each
combination was calculated using the mixture rule [40].
For 10minutes, the long unidirectional or randomly
oriented short fber and chopped glass fber were mixed
with polyester in the proportions specifed. Te laminate
was prepared using the hand layup method, and the mold
used was approximately 300mm × 240mm × 4mm in size
as shown in Figure 2.
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Figure 1: Methodology fowchart for the analysis of the composite.
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Molds with dimensions of 300mm × 240mm × 4mm
for the production of specimens were used. Wax was
added to the mold surfaces to facilitate specimen removal.
Before composite manufacture, the molds were cleaned to
eliminate any leftover polymeric material on the mold’s
surface. Bamboo fber and particulate chopped glass fber
were incorporated into the polyester matrix in varying
proportions, as categorized in the range of 30–40 weight
percent (wt.%) proportion of bamboo fber and varying
proportion of CGF at 0–10 wt.%, as represented in
Table 4.

Hand layup molding was used to produce BF/BP and
CGF fller-reinforced polyester composites. Specimens were
compressed at room temperature for a period of 24 hr. while
employing 1TON uniform pressure. Wax was applied on the
mould surface for easy removal of the plate [41].

2.2.8. Experimental Setup

(1) Tensile Strength and Modulus. Te laminate was cut
according to ASTMD3039 [42], which is sample speci-
men dimensions of 250 mm × 20mm × 4mm standards
for tensile as shown in Supplementary Material Figure S8.
Te specimens were exposed to tension and universal
testing equipment as shown in Supplementary Material
Figure S6 in line with the ASTMD3039 tensile technique
to determine ultimate tensile strength and elastic mod-
ulus. Specimens were assessed as per [42] at room
temperature (27°C) by applying a changing load cell.
Tensile characteristics were estimated using specimens
with a gauge length of 170 mm were used in estimating
the tensile properties. Tree specimens were evaluated for
each design point, and their average was presented

Table 4: Content ratio of chopped glass fber (CGF) to long and short bamboo fber by weight percent, respectively.

No Short name Bamboo fber content (wt.%) Chopped glass fber fller
(CGF) content (wt.%)

1 BF/BP 1 30 0
2 BF/BP 2 30 5
3 BF/BP 3 30 10
4 BF/BP 4 35 0
5 BF/BP 5 35 5
6 BF/BP 6 35 10
7 BF/BP 7 40 0
8 BF/BP 8 40 5
9 BF/BP 9 40 10

Start

Chopping machine

Chopped Glass Fiber (CGF) Processing
Short Bamboo Composite Processing
Long Unidirectional Composite Processing

Polyester (PE)

Polyester (PE)

Mold With Mat

Mold Without Mat

Long Bamboo Composite
(BFRPEC)

Hardner

Hardner

Short Bamboo
Fiber (BP)

Collected Glass Fiber 
Treated Long Bamboo

Fiber (BLF) 

Chopped Glass Fiber
(CGF).

 Chopped Glass
Fiber (CGF).

Treated Long Bamboo
Fiber (BLF) 

Short Bamboo
Composite
(BPRPEC)

Long Unidirectional
Bamboo Fiber Mat

Figure 2: Methods of creating a composite sample consisting of both BFRPEC and BPRPEC with chopped glass fber (CGF).
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for each sample. Te dimension of a specimen is
250mm × 20mm × 4mm.

(2) Flexural Strength and Modulus. Te fexural specimen
dimension of the test sample was according to ASTMD790
[43], which is sample specimen dimensions of 250mm×

20mm× 4mm as shown in Supplementary Material
Figure S9. Te composites developed were investigated by
exposing the sample to a three-point bending load with the
help of a UTM, as shown in Supplementary Material Fig-
ure S6 with ASTM D790 [43]. Flexural properties were
probed at room temperature while adopting a 5mm/min
crosshead speed and a constant strain rate to fracture three
specimens of 170mm× 20mm× 4mm dimension to obtain
the average value for each weight fraction or ratio.

(3) Charpy Impact Strength. Te ASTM D6110-10 [44]
standard will be used to measure the impact strength using
a Charpy impact tester with an unnotched specimen at the
Strength of Materials Laboratory, Department of Mechan-
ical Engineering, Bahir Dar University. Te dimensions of
the specimens were as per ASTM D6110-10 which was
127mm× 12.7mm× 4mm, as shown in Supplementary
Material Figure S10. Tis test determines how much energy
a material can absorb in total. Tis absorption of energy is
related to the material’s brittleness. An impact test was used
to evaluate the toughness of the bamboo and chopped glass
fber composite reinforced polyester composite. Tree
identical specimens were subjected to an impact test as per
ASTM D6110-10 [44] using a Charpy impact testing ma-
chine as shown in Supplementary Material Figure S7.
Samples were clamped to fracture samples, and the impact
energy and toughness of three specimens weremeasured and
their averages were taken. Te dimension of the specimen
was 127mm× 12.7mm× 4mm.

(4) Water Absorption. Te water absorption tests for both
long and short bamboo fber-reinforced polyester with
chopped glass fber composites were performed as per
ASTM D570 [45]. At ambient temperature (20–25°C) for
24 hours until equilibrium, an oven-dried specimen of
ASTM D570 dimensions was immersed in distilled water
[45]. Te water retention test was performed using an
oven-dried test specimen of ASTM D570 dimensions
which is 76.2 mm × 25.4 mm × 4mm, as shown in Sup-
plementary Material Figure S11 submerged in water at
room temperature (20–25°C) for 24 hours until equilib-
rium. Te specimen was taken out, dried with a cloth, and
weighed on a digital weighing balance. Te weight of the
dry weight before (Wo) and after (Wt) immersion was
noted. Te percentage of water absorption (Mt) was
determined.

Te water uptake (Mt)

Mt �
Wt − Wo

Wo

x 100%, (1)

where Wo and Wt. are the weights at the initial (dry con-
dition) and after the immersion time t, respectively.

(5) Termogravimetric Analysis (TGA). In a temperature
range of 25°C to 800°C, the TGA analysis was performed at
a heating rate of 25°C/min on three replicas of a 10mg
sample at the Bahir Dar University Faculty of Chemical
Engineering Organic Lab, as shown in Supplementary
Material Figure S12. Tis was done to check the efect of
chopped glass fber on the properties of long bamboo fber-
reinforced polyester (BFRPEC) with or without fller and
used to investigate the response to heating.

In this case, two types of composite are considered, and
both statistical and experimental analysis were performed.
Te types of composites are long bamboo fber and short
bamboo fber-reinforced polyester (BFRPEC and BPRPEC)
with chopped glass fber (CGF) fller.

3. Results and Discussion

3.1. Experimental Analysis of Tensile Strength. Te behavior
of the developed long bamboo and short bamboo fber with
chopped glass fber (CGF) fller-reinforced polyester com-
posites under tensile loading is presented as shown in
Figures 3 and 4, respectively. Variations of bamboo fber and
chopped glass fber fller loading or weight efect on the
tensile behavior of the composites were studied. As shown in
Figures 3 and 4 stress at frst increased linearly then de-
creased rapidly above ultimate strength in the stress-strain
curve that is a similar graph of brittle material, i.e., stress
decreasing sharply and having ultimate tensile strength
equal to yield strength.

As it is illustrated in Figure 5(a) the tensile strength of
long bamboo fber-reinforced polyester increases with
Chopped glass fber weight in each diferent bamboo
content.

In Figure 5(a), adding 5 wt.% chopped glass fber (CGF)
fller to long bamboo fber-reinforced polyester composites
improved their tensile strength andmodulus.Te CGF-flled
composites showed higher ultimate tensile strength and
modulus compared to the unflled composites, attributed to
factors like optimal fller dispersion and fber fller
interactions.

In Figure 5(b), including 10 wt.% chopped glass fller in
short bamboo fber-reinforced polyester composites in-
creased their tensile strength and modulus. Te improved
compatibility between fbers and matrix, along with en-
hanced wettability, led to better adherence and restricted
dislocation movement. Tese enhancements make the
composites suitable for applications requiring superior
mechanical performance.

Te increase might be due to the fber and fller chopped
coalescing [46].Te adherence of the fller and short bamboo
fbers to the matrix was improved by their wettability, which
inhibited dislocation movement [47]. With the addition of
10 wt.% CGF, the tensile strength which may be attributed to
the improved compatibility between fber and matrix as well
as appropriate CGF flling.

Similar fndings were observed in previous studies, such
as the study conducted by Ojha et al. [25, 48] that in-
vestigated the mechanical properties of e-glass/polyester and
glass fber-reinforced polyester composites for marine
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applications, respectively. Both studies examined the tensile,
compressive, and fexural properties of the composites. Te
results showed that the tensile strength and modulus of the
composites increased with increasing fber content similar to
this study. But the fber content increase showed more in-
crement in this study.

3.2. Statistical Analysis of Ultimate Tensile Strength. Te
quadratic models for ultimate tensile strength in BFRPEC
showed signifcant P-values (<0.05), high R-squared, ad-
justed R-squared, and predicted R-squared values, as evi-
denced in Table 5 and Figures 6(a) and 6(b). Te regression
equations (2) and (4) contained only signifcant factors (as

x1, x2 and x2
2) with P-values <0.05. Te agreement between

actual and predicted results in Figure 7(a) supports the
model’s predictive capability.

In contrast, for BPRPEC ultimate tensile strength, both
linear and quadratic models demonstrated good P-values, R-
squared, adjusted R-squared, and predicted R-squared values.
Te obtained result, as shown in Table 6 and Figures 8(a) and
8(b), demonstrated a strong p value for the linear model in the
regression equations (3) and (5). Te Predicted R2 (0.9292)
closely aligned with the Adjusted R2 (0.9597), indicating a dif-
ference of less than 0.2. Te high precision ratio (25.7804) in-
dicated an adequate signal. Te agreement between actual and
predicted results in Figure 9(a) further supports the model’s
predictive accuracy.
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Figure 3: Strain-stress curve for BFRPEC tensile strength at (a) 30 wt.% bamboo fber content (b) 35 wt.% bamboo fber content (c) 40 wt.%
bamboo fber content with diferent content of CGF.
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Overall, the quadratic models performed well for
BFRPEC, while the linear model showed promise for
BPRPEC, both in predicting ultimate tensile strength in

bamboo fber composites with varying chopped glass fber
contents.

Coded Regression Model

Ultimate Tensile strength (BFRPEC) � +130.23 + 4.73x1 + + 10.19x2 − 15.04x2
2
, (2)

Ultimate Tensile strength (BPRPEC) � 88.5206 + 4.184167x1 + + 9.7484x2. (3)
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Figure 4: Strain-stress curve for BPRPEC tensile strength at (a) 30 wt.% bamboo fber content (b) 35 wt.% bamboo fber content (c) 40 wt.%
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8 Advances in Materials Science and Engineering



94.5

126.93
120.56

105.3

129.58 125.71

112.23

131.22 126.9

83.47 78.83
68.73 69.62

61.5

78.08

61.32

50.94 50.22

2.42 2.93 2.91 2.44 3.23 4.31 2.58 3.18 3.2

BF1 BF2 BF3 BF4 BF5 BF6 BF7 BF8 BF9
0

50

100

150

200

250
M

ax
im

um
 va

lu
e

BF to CGF (wt%)

Ultimate Tensile Strength (MPa)

Fracture Strength (MPa)

Elongation at Break (%)

(a)

0

50

100

150

200

250

M
ax

im
um

 va
lu

e

BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8 BP9
BP to CGF (wt%)

Ultimate Tensile Strength (MPa)

Fracture Strength (MPa)

Elongation at Break (%)

73.22
83.6

95

80.25
87.73

99.96

85 89.925
102

60.4 63.17
70.5

60.77

73.86 78.79

62.4
73.59 76.75

2.7 2.8 3 2.9 3.16 3.38 2.89 3 3.2

(b)

Figure 5: Ultimate strength, fracture strength, and elongation at break of (a) BFRPEC and (b) BPRPEC with CGF fller.

Table 5: ANOVA model summary for tensile strength of the BFRPEC with CGF fller.

Source P-value R-squared Adjusted R-squared Predicted R-squared Adequate precision
Linear 0.065 0.5973 0.4631 0.1083 5.6029
Quadratic 0.0071 0.9834 0.9559 0.8021 17.40
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Figure 6: Continued.
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Figure 6: RSM model and contour plot of BFRPEC with CGF fller for tensile (a and b), fexural (c and d), impact (e and f), and water
absorption (g and h) respectively.
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Figure 7: Experimental (actual) and prediction model output for BFRPEC with CGF fller (a) tensile, (b) fexural, (c) impact, and (d) water
absorption respectively.

Table 6: ANOVA model summary for tensile strength of BPRPEC with CGF fller.

Source P-value R-squared Adjusted R-squared Predicted R-squared Adequate precision
Linear 0.0001 0.9698 0.9597 0.9292 25.7804
Quadratic 0.0011 0.9954 0.9877 0.9440 32.9683
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Figure 8: Continued.
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Figure 8: RSM model and contour plot of BPRPEC with CGF fller for tensile (a and b), fexural (c and d), impact (e and f), and Water
absorption (g and h) respectively.
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Actual Regression Model

Ultimate Tensile strength (BFRPEC) � −20.22028 + 5.6401BFwt% + 12.04183CGFwt% − 0.601733CGFwt%2
, (4)

Ultimate Tensile strength (BPRPEC) � 49.48306 + 0.83684BPwt.% + 1.9497CGFwt.%, (5)

where x1: -is long/short bamboo fber weight (BF/BP wt.%),
x2: -is chopped glass fber weight (CGF wt.%)

3.3. ExperimentalAnalysis of Flexural Strength. Te behavior
of the developed long and Short bamboo fber with chopped
glass fber (CGF) fller-reinforced polyester composites
under fexural loading is presented as shown in Figures 10
and 11 respectively. Te addition of CGF fller to the
BFRPEC/BPRPEC signifcantly improved the composite
fexural strength according to the experimental result ob-
tained from the universal testing machine (UTM) upon
three points bending at the middle of the span length of the
specimen prepared.

In Figure 12(a), the addition of 5 wt.% chopped glass
fbers (CGF) signifcantly enhanced the fexural strength of
long bamboo fber-reinforced polyester composites
(BFRPEC) at BF2, BF5, and BF8 composite samples. Te
fexural strength and modulus showed improvement com-
pared to the unflled composites and those with 10 wt.%
CGF. Tis enhancement was attributed to the collaborative
efect between long bamboo fbers and CGF, which

improved bonding, dispersion, and reinforcement network,
leading to better load transfer and stress distribution.
BFRPEC with 5 wt.% CGF demonstrated potential for high-
performance applications. Notably, the fexural strength
increased with increasing fber loading, particularly with the
addition of 5 and 10 wt.% CGF, which resulted from bamboo
fber and CGF agglomeration. Te inclusion of 5 wt.% CGF
signifcantly increased the fexural strength value at a fber
loading of 40 wt.%.

In Figure 12(b), incorporating 10 wt.% chopped glass
fller into 30 wt.% short bamboo-reinforced polyester
composites (BPRPEC) improved the fexural strength and
modulus compared to the unflled composite and the
composite with 5 wt.% chopped glass fber. Similarly, for the
35 wt.% BPRPECwith 10 wt.% chopped glass fller, there was
an increase in tensile strength and modulus compared to the
unflled composite and the composite with 5 wt.% chopped
glass fber. Te fexural strength and modulus were further
enhanced in the 40 wt.% BPRPEC with 10 wt.% chopped
glass fller. Tese results demonstrated the improved me-
chanical properties achieved through the addition of 10 wt.%
chopped glass fller in BPRPEC.
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Figure 9: Experimental (actual) and prediction model output for BPRPEC with CGF fller (a) tensile, (b) fexural, (c) impact, and (d) water
absorption respectively.
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3.4. Statistical Analysis of Flexural Strength. For the fexural
strength of BFRPEC, both the linear and quadratic models
demonstrated good P-values, R-squared, adjusted R-
squared, and predicted R-squared values. However, the
quadratic model exhibited a higher value of adequate pre-
cision, making it the better predictive model, as indicated in
Table 7 and Figures 6(c) and 6(d). Te P-values for both
linear and quadratic models were highly signifcant. Te
precision ratio for all models confrmed their adequacy, with
the quadratic model showing the highest precision. Te
regression equation for fexural strength (equations (6) and
(8)) included only important components, namely x1, x2
and x2

2. Te Predicted R2 (0.8661) closely aligned with the
Adjusted R2 (0.97), with a diference of less than 0.2. Te

agreement between actual and predicted results in
Figure 7(b) further supports the model’s accuracy in pre-
dicting fexural strength.

Regarding the fexural strength of BPRPEC, both linear
and quadratic models also showed good values for P-value,
R-squared, adjusted R-squared, and predicted R-squared,
with the linear model exhibiting a higher value and adequate
precision, as shown in Table 8 and Figures 8(c) and 8(d). Te
agreement between actual and predicted results in
Figure 9(b) indicates a small diference and supports the
model’s predictive capability for each bamboo fber content
with diferent chopped glass fber contents. Te regression
equation for fexural strength (equations (7) and (9)) in-
cluded only important components.
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Figure 10: Strain-stress curve of fexural strength at (a) 30 wt.% (b) 35 wt.% (c) 40 wt.% bamboo fber content of BFRPECwith chopped glass
fber fller.
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Coded Regression Model

Flexural strength (BFRPEC) � +110.54 + + 12.78x1 + 14.17x2 + − 17.69x2
2
, (6)

Flexural strength (BPRPEC) � +61.787 + 8.055x1 + 14.507x2. (7)
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Figure 11: Strain-stress curve of fexural strength at (a) 30 wt.% (b) 35 wt.% (c) 40 wt.% bamboo fber content of BPRPEC with chopped
glass fber fller.
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Actual Regression Model

Flexural strength (BFRPEC) � +184.63056 − 7.92233BFwt% + 5.10000CGFwt% + 0.137400BFwt%

∗ CGFwt% + 0.139867BFwt%2
− 0.707533CGFwt%2

,
(8)

Flexural strength (BPRPEC) � −9.105 + 1.611BPwt% + 2.9013CGFwt%. (9)

3.5. Experimental Analysis of Impact Strength. Te impact
strength of the composites developed using long bamboo
fbers and CGF fller, as presented in Table 9 and Figure 13,
exhibited an increasing trend with fber loading ranging
from 30 to 40 wt.% and 0–10 wt.% CGF content. Te Charpy
impact test results in Table 9, which included three speci-
mens tested for the same content, showed close proximity
between the results and the average value, as indicated by the
small standard deviation. Tis suggests that the obtained
results are acceptable. Notably, the experiment with BF4,
which had the smallest standard deviation of 0.113, dem-
onstrated good experimental performance, with all speci-
mens closely aligned with the average value. On the other

hand, BF6 exhibited the highest standard deviation of 0.9,
indicating a larger deviation of one experimental result from
the average compared to other experiments. However,
overall, all experiments showed low standard deviation,
indicating good experimental quality since they were close to
the average values.

Similar to other mechanical properties, the impact
strength of bamboo-reinforced polyester composites is en-
hanced by the addition of chopped glass fber and increasing
the weight of bamboo fber. Te impact strength, which
serves as a measure of material toughness, is infuenced by
both reinforcement and fller. Table 9 presents the impact
strength of composites with varied contents of chopped glass
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Figure 12: Flexural strength, fracture strength, and strain at fracture of (a) BFRPEC and (b) BFRPEC with CGF fller.

Table 7: ANOVA model summary for fexural strength of BFRPEC with CGF fller.

Source P-value R-squared Adjusted R-squared Predicted R-squared Adequate precision
Linear 0.01573 0.7494 0.6659 0.48083 8.4613
Quadratic 0.04 0.9888 0.97 0.8661 20.0079

Table 8: ANOVA Model summary for fexural strength of BPRPEC with CGF fller.

Source P-value R-squared Adjusted R-squared Predicted R-squared Adequate precision
Linear 0.0004 0.9262 0.9017 0.8307 16.69
Quadratic 0.0451 0.941 0.845 0.2927 9.401
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fber and long bamboo fber reinforcement (30%, 35%, and
40% weight percentages). Similarly, Table 10 illustrates the
impact strength of composites with varied contents of
chopped glass fber and short bamboo fber reinforcement
(30%, 35%, and 40% weight percentages). In the case of
BPRPEC, the maximum impact toughness of 91.7 kJ/mm2

was achieved with 5 wt.% chopped glass fber content at each
30%, 35%, and 40% bamboo fber content, specifcally at
BF9. However, for BPRPEC, the highest impact strength was
observed at BP3, BP6, and BP9 in Table 10, due to the higher
concentration of chopped glass fbers in those samples.

3.6. Statistical Analysis of Impact Strength. Te impact en-
ergy of BFRPEC was analyzed using linear and quadratic
models, both of which exhibited good P-values, R-squared,
and adjusted R-squared values. However, only the linear
model demonstrated a diference of less than 0.2 between the
adjusted R-squared and predicted R-squared, as shown in
Table 11 and Figures 6(c) and 6(d). Te P-values for both
linear and quadratic models were within the signifcant level.
Te precision ratios for all models were adequate, with the
linear model having the highest precision. Hence, the
quadratic model was chosen as the best model for predicting
impact energy, with a prediction precision of 82.8%. Te
agreement between the actual and model-predicted results,
as depicted in Figure 7(c), showcased a small diference,
indicating the model’s capability for accurate prediction.Te
regression equation for impact strength (equations (10) and
(12)) included only important components.

Similarly, for BPRPEC, the impact energy was analyzed
using linear and quadratic models, both of which demon-
strated good P-values, R-squared, and adjusted R-squared
values. However, only the linear model exhibited a diference
of less than 0.2 between the adjusted R-squared and pre-
dicted R-squared, as shown in Table 12 and Figures 8(e) and
8(f ).Te agreement between the actual and model-predicted
results, as depicted in Figure 9(c), displayed a small dif-
ference, further supporting the model’s predictive capability
for each short bamboo fber content with varying chopped
glass fber content. Te regression equation for impact
strength (equations (11) and (13)) included only important
components.

Coded Regression Model

Impact strength (BFRPEC) � 104.48 + 15.14x1 + 11.67x2 − 18.17x2
2
, (10)

Impact strength (BPRPEC) � 77.19 + 24.054x1 + 5.214x2 − 10.38x1
2
. (11)
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Figure 13: Impact toughness of BFRPEC and BPRPEC at diferent
content of bamboo fber and CGF fller.

Table 9: Impact toughness of diferent long bamboo fber (BF) and CGF content along with a replica of the test sample.

Sample
BFRPEC toughness (kJ/m2)

Standard deviation
Specimen 1 Specimen 2 Specimen 3 Average

BF1 58.15 58.4 58.5 58.35 0.18
BF2 78.31 80.06 80.43 79.6 1.132
BF3 74.34 75 74.46 74.6 0.3515
BF4 70.45 70.42 70.63 70.5 0.113
BF5 107.72 108.72 106.96 107.8 0.8827
BF6 83.02 82.59 81.29 98.8 0.9
BF7 81.8 82.9 82.2 82.3 0.556
BF8 112.9 113.88 113.12 113.3 0.514
BF9 107.72 107.18 108.5 107.8 0.663
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Actual Regression Model

Impact energy (BFRPEC) � −327.54583333334 + 20.415833333334 BFwt%

+ 6.3675CGFwt% − 0.727CGFwt%2
,

(12)

Impact energy (BPRPEC) � −625.51 + 34.4207BPwt% + 5.42CGFwt% − 0.4152BPwt%2
. (13)

3.7. Experimental Analysis of Water Retention Capacity.
Water absorption results for BFRPEC with varied pro-
portions of CGF are presented in Table 13. Te trend in
water retention (%) showed a downward trend with in-
creasing CGF proportion, attributed to the hydrophobic
nature of CGF. Tis confrmed the decrease in water
retention as CGF content increased, ranging from 0 to 10
wt.%, when intermixed with BF ranging from 30 to 40
wt.%. However, when 10 wt.% CGF was blended with 30%,
35%, and 40% BF, a continuous increase in water retention
was observed. Tis can be attributed to the hydrophilic
nature of BF occupying a greater space and non-bonding
between the matrix and bamboo fber due to the high fller
content, resulting in increased water retention. Addi-
tionally, at this percentage, water penetration weakened
the connection between the fber and matrix, leading to
fber separation and increased water suction. Similar
fndings were observed in previous studies, such as Sallal
[49], where the addition of bio-fller (coconut shell
powder) resulted in increased water absorption of the
matrix. Further support for this phenomenon can be
found in references [50–53].

Te water absorption experiments exhibited low stan-
dard deviations, with the smallest value of 0.0104 observed at
BF2, indicating good experimental performance and close
alignment of all specimens with the average value. Te
highest standard deviation of 0.1322 was observed at BF7,
indicating a larger deviation of one experimental result from
the average compared to other experiments. However,
overall, all experiments showed low standard deviation,
suggesting good experimental quality as they were close to
the average values.

Water absorption results for BPRPEC with varied
proportions of CGF are shown in Table 14. Similar to
BFRPEC, water retention (%) decreased with increasing
CGF content due to CGF’s hydrophobic nature. Tis con-
frmed the decrease in water retention as CGF increased,
ranging from 0 to 10 wt.%, when mixed with BP ranging
from 30 to 40 wt.%. However, when 10 wt.% CGF was
blended with 30%, 35%, and 40% BP, a continuous increase
in water retention was observed.Tis can be attributed to the
hydrophilic nature of BP occupying a greater space and non-
bonding between the matrix and bamboo fber due to the
high fller content, resulting in increased water retention.

Table 10: Impact toughness of diferent short bamboo fber (BP) and CGF content along with a replica of the test sample.

Sample
BPRPEC toughness (kJ/m2)

Standard deviation
Specimen 1 Specimen 2 Specimen 3 Average

BP1 33.56 33.22 32.82 33.2 0.37
BP2 44.2 44.65 45.25 44.7 0.526
BP3 47.22 47.56 48.1 47.6 0.443
BP4 69.5 68.84 70.45 69.6 0.8
BP5 75.86 76 76.61 76.2 0.398
BP6 82.95 83.68 82.36 83 0.6612
BP7 87.72 88.45 88.36 88.2 0.398
BP8 89.5 90.6 89.6 89.9 0.6
BP9 91.59 92.47 90.9 91.7 0.786

Table 11: ANOVA model summary for impact strength of BFRPEC with CGF fller.

Source P-value R-squared Adjusted R-squared Predicted R-squared Adequate precision
Linear 0.0198 0.729 0.638 0.4559 7.969
Quadratic 0.076 0.9827 0.9540 0.8288 17.02

Table 12: ANOVA model summary for impact strength of polyester BPRPEC with CGF flter.

Source P-value R-squared Adjusted R-squared Predicted R-squared Adequate precision
Linear 0.00031 0.932 0.909 0.842 15.27
Quadratic 0.0008201 0.996 0.989 0.95 31.89
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Furthermore, water penetration at this percentage weakened
the connection between the fber and matrix, leading to fber
separation and increased water absorption. As observed in
Table 14, water absorption results for diferent contents of
BP and CGF wt.% were depicted, with the lowest result
found at BP3 due to the low content of short bamboo fber
and high CGF content, which further confrms their hy-
drophilic and hydrophobic nature, respectively.

3.8. Statistical Analysis of Water Absorption. In terms of
BFRPEC water absorption, the two-factor interaction (2FI)
linear model exhibited favorable values for the P-value, R-
squared, and adjusted R-squared. However, the 2FI linear
and quadratic models displayed a diference of less than 0.2
between the adjusted R-squared and predicted R-squared,
with the 2FI linear model having P-values within the sig-
nifcant level. Te precision ratio of all models was desirable.
Consequently, the 2FI linear model was selected as the
superior model for water absorption, as indicated in Table 15
and Figures 6(g) and 6(h). In Figures 6(g) and 6(h), the
color gradient ranges from blue (representing the lowest
water absorption) to green, yellow, orange, and red (rep-
resenting the highest water absorption). Additionally,
Figure 7(d) demonstrates that the actual and model-
predicted results for each bamboo fber content with dif-
ferent chopped glass fber content exhibit good agreement
with only minor diferences, thereby indicating the model’s
improved predictive capability. Te regression equation for
water absorption (equations (14) and (16)) included only
important components.

For BPRPEC water absorption, the linear models
demonstrated favorable values for the P-value, R-squared,
and adjusted R-squared, as illustrated in Table 16 and
Figures 8(g) and 8(h). In Figures 8(g) and 8(h), the color
gradient ranges from blue (indicate lowest), yellow (indicate
medium), and magneta (indicate highest) water absorption.
Te Predicted R2 of 0.8313 is reasonably consistent with the
Adjusted R2 of 0.9161, with a diference of less than 0.2. Te
signal-to-noise ratio was measured with sufcient precision,
with a preferable ratio of more than four. In this case, the
signal was adequate, with a ratio of 17.1328, allowing for
efective navigation of the design space using this model.
Similarly, Figure 9(d) illustrates that the actual and model-
predicted results for each bamboo fber content with dif-
ferent chopped glass fber content exhibit good agreement
with only minor diferences, further emphasizing the
model’s enhanced predictive capabilities. Te regression
equation for water absorption (equations (15) and (17))
included only important components.

When we summarize the experimental and statistical
results obtained for BFRPEC, the result obtained showed 5
wt. % of CGF has better mechanical and physical properties
because themixing of CFGwithin thematrix is very easy and
the agglomeration is high in this case. So, at this point, the
thermal stability of the maximum tensile, fexural, and
impact was investigated compared to the unflled one which
is at BF8 and BF7 respectively.

Coded Regression Model

Water Absorption (BFRPEC ) � 1.35 + 0.8437x1 − 0.2330x2 − 0.1155x1x2, (14)

WaterAbsorption (BPRPEC) � 1.14 + 0.6917x1 − 0.2633x2. (15)

Table 13: Water absorption of BFRPEC with CGF fller content along with a replica of the test sample.

Sample
BFRPEC with CGF water absorption (%)

Standard deviation
Specimen 1 Specimen 2 Specimen 3 Average

BF1 0.59 0.56 0.58 0.57 0.0153
BF2 0.47 0.45 0.455 0.46 0.0104
BF3 0.385 0.39 0.365 0.38 0.0132
BF4 1.53 1.66 1.58 1.59 0.0655
BF5 1.05 1.05 1.197 1.057 0.0848
BF6 1 1 1.15 1.05 0.08487
BF7 2.65 2.45 2.7 2.6 0.1322
BF8 1.7 1.88 1.76 1.78 0.0916
BF9 1.6 1.75 1.6 1.65 0.0866
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Actual Regression Model

Water Absorption(BFRPEC) � −3.8725 + 0.154000 BFwt% − 0.056000CGFwt%, (16)

Water Absorption (BPRPEC) � −3.44311 + 0.1384BPwt% − 0 .052667CGFwt%. (17)

In summary both BFRPEC and BPRPEC improved with
CGF addition: Compared to unflled composites, both
composites showed increased tensile strength, fexural
strength, and impact strength with CGF addition.

BFRPEC achieved higher values: Te composite with
BF8 had the highest tensile (131.22MPa), fexural
(128.76MPa), and impact strength (113.3 kJ/m2) compared
to short fbers. BPRPEC had lower water absorption: Te
water absorption of BPRPEC composites was lower than
BFRPEC composites, regardless of CGF content. CGF had
minimal efect on BPRPEC water absorption:

3.9. Experimental Analysis of Termogravimetric Analysis
(TGA). Te thermal stability of BFRPECwith CGF fller and
without CGF was investigated with thermogravimetric
analysis (TGA). Both composites showed a one-step deg-
radation. For BFRPEC with CGF, the weight loss begins at
250°C and is due to the burning of the natural fber com-
ponents of the composites. Te onset of degradation occurs
at around 255°C. Approximately 80 and 70 percent of weight
loss was observed for BF8 and BF7, respectively, at 250°C.
For bamboo fber-alone composites and fller-added com-
posites, this weight loss occurred at 250 and 255°C, re-
spectively as we observe in Figure 14.

3.10. Overall Statistical Analysis. Te summary statistics of
the models from Design-Expert version 13 software are
shown in Tables 17 and 18, below. Te best model is the
one that has the highest R-squared, adjusted R-squared or
predicted R-squared values that are close to unity and/or
have close values [54]. Te gap between the adjusted R-
squared and R-squared values should not exceed 0.2 for
an acceptable model. However, according to [55] a high
R-squared value does not always refect a good regression
model, and such a conclusion can only be drawn based on
a similarly high adjusted R-squared, implying that the
model is appropriate for prediction across a variety of
experimental variables [56]. Moreover, the diference
between adjusted and predicted R-squared should be less
than 0.2 to ensure model prediction beyond the experi-
mental range [57]. Additional statistical measures in
model validation are the adequate precision and P-values
of the developed models. Adequate precision is a meas-
ure of acceptable signal-to-noise ratio where a value
higher than 4 is acceptable. A P-value less than 0.05
indicates the statistical signifcance of the model (good
in predicting the output response with a 5% chance
that the model value could occur due to noise). Values
greater than 0.1000 are indicated as statistically
insignifcant.

Table 14: Water absorption result of BPRPEC with CGF fller content along with a replica of the test sample.

Sample
BPRPEC water absorption (%)

Standard deviation
Specimen 1 Specimen 2 Specimen 3 Average

BP1 0.614 0.613 0.627 0.618 0.0063
BP2 0.53 0.53 0.58 0.54 0.023
BP3 0.42 0.4 0.44 0.42 0.0163
BP4 1.53 1.66 1.58 1.59 0.053
BP5 1265 1.255 1.24 1.25 0.01027
BP6 1 1 1.15 1.05 0.07
BP7 2.65 2.45 2.7 2.6 0.108
BP8 2.08 2.13 2.09 2.1 0.0216
BP9 1.93 1.91 1.98 1.94 0.029

Table 15: ANOVA model summary for water absorption of BFRPEC with CGF fller.

Source P-value R-squared Adjusted R-squared Predicted R-squared Adequate precision
Linear 0.0001 0.9806 0.9741 0.9447 30.2927
2FI 0.00001 0.9920 0.9753 0.8908 23.6219

Table 16: ANOVA Model summary for water absorption of BPRPEC with CGF fller.

Source P-value R-squared Adjusted R-squared Predicted R-squared Adequate precision
Linear 0.00024 0.937 0.916 0.8313 17.13
Quadratic 0.00298 0.99 0.975 0.89 23.62
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3.10.1. Diferent Models for BFRPEC and BPRPEC. Te
mechanical properties of BFRPEC ft a quadratic model, while
BPRPEC ft a linear model. Water absorption followed a linear
two-factor interaction model for BFRPEC and a linear model
for BPRPEC. Impact energy followed a quadratic model for
BPRPEC. Te water absorption of BPRPEC composites
showed a linear relationship with fber content, and CGF
addition had little impact. BFRPEC water absorption had

complex interaction: Te water absorption of BFRPEC com-
posites showed a 2FI linear model with fber content and CGF
interaction, suggesting a more complex relationship.

3.10.2. Agreement between the Model and the Experiment.
Overall, the statistical models accurately predicted the ex-
perimental results, suggesting their potential for future
property prediction.

Table 17: Coded design points and experimental results for BFRPEC with CGF fller.

Run Short name
Factors Response

X1, (A)
(wt.%)

X2, (B)
(wt.%)

Tensile strength
(MPa)

Flexural strength
(MPa)

Impact strength
(kJ/m2)

Water absorption
(%)

1 BF1 −1 −1 94.5 73.21 58.35 0.618
2 BF2 −1 0 126.93 98.4 79.6 0.54
3 BF3 −1 1 120.56 96.8 74.6 0.42
4 BF4 0 −1 105.3 80.35 70.5 1.59
5 BF5 0 0 129.58 111.46 107.8 1.25
6 BF6 0 1 125.71 104.44 98.8 1.05
7 BF7 1 −1 112.23 89.49 82.3 2.6
8 BF8 1 0 131.22 128.76 113.3 2.1
9 BF9 1 1 126.9 126.82 107.8 1.94

Table 18: Coded design points and experimental results for BPRPEC with CGF fller.

Run Short name
Factors Response

X1, (A)
(wt.%)

X2, (B)
(wt.%)

Tensile strength
(MPa)

Flexural strength
(MPa)

Impact strength
(kJ/m2)

Water absorption
(%)

1 BP1 30 0 73.22 41.54 33.2 0.57
2 BP2 30 5 83.6 49.09 44.7 0.46
3 BP3 30 10 95 68.4 47.6 0.38
4 BP4 35 0 80.25 46.05 69.6 1.59
5 BP5 35 5 87.73 65.7 76.2 1.057
6 BP6 35 10 99.96 77.94 83 1.05
7 BP7 40 0 85 51.25 88.22 2.13
8 BP8 40 5 89.925 76.57 89.9 1.78
9 BP9 40 10 102 79.54 91.7 1.65
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Figure 14: Termogravimetric analysis of 40 wt.% BFRPEC with 0 and 5% weights of chopped glass fber fller.
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(1) Tensile Strength. As shown in Tables 19 and 20, the
model’s F-value of 35.73 and 96.33 shows that it is signifcant
for both long and short bamboo fber respectively. An F-
value this large could happen due to noise only 0.71 and 0.76
percent in the case of long and short bamboo respectively.
Model variables are signifcant if the P-value is less than
0.0500 and also x1, x2, and x2

2 are signifcant model vari-
ables in the case of long bamboo fber as shown in equations
(2) and (4). Values greater than 0.1000 show that the model
variable is insignifcant. But in the case of short bamboo fber
x1 , and x2 are signifcant model variables and the P-value is
less than 0.0500 as shown in equations (3) and (5).

Where: x1 or A: -is Long/short bamboo fber weight (BF/
BP wt%), x2 or B: -is chopped glass fber weight (CGF wt%)

(2) Flexural Strength. As shown in Tables 21 and 22 the
model’s F-value of 52.79 and 37.67 shows that it is signifcant
for both long and short bamboo fber respectively. An F-
value this large could happen due to noise only 0.40 and
0.04% percent of the time in the case of long and short
bamboo respectively. Model variables are signifcant if the
P-value is less than 0.0500 and also x1, x2, and x2

2 are
signifcant model variables in the case of long bamboo fber
as shown in equations (6) and (8). But in the case of short
bamboo fber x1 , and x2 are signifcant model variables and
the P-value is less than 0.0500 as shown in equations (7)
and (9).

(3) Impact Strength. As shown in Tables 23 and 24, the
model’s F-values of 34.19 and 153.73 show that it is sig-
nifcant for both long and short bamboo fber respectively.
An F-value this large could happen due to noise only 0.76
and 0.08 percent of the time in the case of long and short
bamboo respectively. Model terms are signifcant if the
P-value is less than 0.0500. x1 , x2, and x2

2 are signifcant
model variables in both cases as shown in equations (10) and
(12) for long bamboo fber and also as shown in equations
(11) and (13) for short bamboo fber.

(4) Water Absorption. As shown in Tables 25 and 26, Te
model’s F-values of 44.68 and 64.44 indicate that it is sig-
nifcant for both long and short bamboo fber respectively.
An F-value this large could happen due to noise only 0.02
and 0.01 percent of the time in the case of long and short
bamboo respectively. Model variables are signifcant if the
P-value is less than 0.0500. In this case, A and B are im-
portant model terms in both cases as shown in equations (14)
and (16) for long bamboo fber and also as shown in
equations (15) and (17) for short bamboo fber. Values
higher than 0.1000 show that the model variable does not
afect response.

Comparative Analysis of BFRPEC/BPRPEC with CGF
Filler Mechanical Properties with those from previous
published work.

Te comparative analysis between diferent previous
work was studied and presented in Table 27 below for
diferent property based on the information obtained from
[58, 59].

In a comparison to other studies like Reddy, et al. [62]
which examined the tensile characteristics of glass to
bamboo fber-reinforced polyester hybrid composites. Tis
study reported a tensile strength of 95MPa, which was lower
than the tensile strength obtained in this study. On other
hand Rao et al. [63] also investigated the tensile charac-
teristics of bamboo fber flled with fy ash-reinforced
composite at various volume fractions and obtained a ten-
sile strength of 77.53MPa, fexural strength of 113.35MPa at
0.525. Te obtained tensile strength was lower than the
tensile strength resulting in this study, which was 102MPa.
Similarly, Vaghasia and Rachchh [64] investigated the
mechanical properties of a bamboo glass polyester hybrid
composite. Tey found that the tensile strength of their
composite, with a comparable fberglass content, was only
42MPa, which is signifcantly lower than the 102MPa ob-
tained in the current study for the composite of 40 to 10 wt.%
bamboo fbers to chopped fberglass. Olorunnishola and
Adubi [65] compared and evaluated Jute reinforced glass

Table 19: ANOVA and signifcance of each parameter on tensile strength for BFRPEC with CGF fller.

Source Sum of squares Df Mean-square F-value P-value Signifcance
Quadratic model 1246.44 5 249.29 35.73 0.0071 Signifcant
A (BF wt.%) 134.05 1 134.05 19.21 0.0220 Signifcant
B (CGF wt.%) 623.02 1 623.02 89.29 0.0025 Signifcant
AB 32.43 1 32.43 4.65 0.1200 Insignifcant
A2 4.34 1 4.34 0.6222 0.4878 Signifcant
B2 452.60 1 452.60 64.86 0.0040 Insignifcant
Residual 20.93 3 6.98
Cor total 1267.38 8

Table 20: ANOVA and signifcance of each parameter on tensile strength for BPRPEC with CGF fller.

Source Sum of squares Df Mean-square F-value P-value Signifcance
Linear model 675.22 2 337.61 96.33 0.0001 Signifcant
X1 105.04 1 105.04 26.97 0.0016 Signifcant
X2 570.18 1 570.18 162.69 0.0001 Signifcant
Residual 21.03 6 3.50
Core total 696.25 8
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fber to polypropylene composites. Te impact behavior of
the material was assessed. By hand layup technique, samples
of hybrid jute reinforced (PJG) (30 wt.% jute/10 wt.% glass),
jute fber-reinforced propylene PJ (40 wt.% jute), and glass

fber-reinforced propylene (PG) (40 wt.% glass) matrix.
With Hybrid PJG, the impact strength is 11.61 J. In this case,
the lowest impact energy obtained was 14 J or 33.2, which is
higher than that of jute glass fber-reinforced polypropylene.

Table 21: ANOVA and signifcance of each parameter on fexural strength for BFRPEC with CGF fller.

Source Sum of squares Df Mean-square F-value P-value Signifcance
Quadratic model 2881.31 5 576.26 52.79 0.0040 Signifcant
A-BF wt.% 979.46 1 979.46 89.72 0.0025 Signifcant
B-CGF wt.% 1204.45 1 1204.45 110.34 0.0018 Signifcant
AB 47.20 1 47.20 4.32 0.1291 Insignifcant
A2 24.45 1 24.45 2.24 0.2314 Insignifcant
B2 625.75 1 625.75 57.32 0.0048 Signifcant
Residual 32.75 3 10.92
Cor total 2914.06 8

Table 22: ANOVA and signifcance of each parameter on fexural strength for BPRPEC with CGF fller.

Source Sum of squares Df Mean-square F-value P-value Signifcance
Linear model 1651.96 2 825.98 37.67 0.0004 Signifcant
X1 389.30 1 389.30 17.76 0.0056 Signifcant
X2 1262.66 1 1262.66 57.59 0.0003 Signifcant
Residual 131.55 6 21.92
Core total 1783.51 8

Table 23: ANOVA and signifcance of each parameter on impact strength for BFRPEC with CGF fller.

Source Sum of squares Df Mean-square F-value P-value Signifcance
Quadratic model 2956.79 5 591.36 34.19 0.0076 Signifcant
A-BF wt.% 1375.62 1 1375.62 79.54 0.0030 Signifcant
B-CGF wt.% 817.83 1 817.83 47.29 0.0063 Signifcant
AB 21.39 1 21.39 1.24 0.3472 Insignifcant
A2 81.28 1 81.28 4.70 0.1187 Insignifcant
B2 660.66 1 660.66 38.20 0.0085 Signifcant
Residual 51.88 3 17.29
Cor total 3008.67 8

Table 24: ANOVA and signifcance of each parameter on impact strength for BPRPEC with CGF fller.

Source Sum of squares Df Mean-square F-value P-value Signifcance
Quadratic model 3883.56 5 776.71 153.73 0.0008 Signifcant
A-BF wt.% 3471.38 1 3471.38 687.06 0.0001 Signifcant
B-CGF wt.% 163.07 1 163.07 32.28 0.0108 Signifcant
AB 29.81 1 29.81 5.90 0.0073 Insignifcant
A2 215.49 1 215.49 42.95 0.4491 Insignifcant
B2 3.81 1 3.81 0.7538
Residual 15.16 3 5.05
Cor total 3898.72 8

Table 25: ANOVA and signifcance of each parameter on water absorption for BFRPEC with CGF fller.

Source Sum of squares Df Mean-square F-value P-value Signifcance
2FI linear model 4.03 2 2.01 44.68 0.0002 Signifcant
A-BF wt.% 3.56 1 3.56 78.93 0.0001 Signifcant
B-CGF wt.% 0.4704 1 0.4704 10.44 0.0179 Signifcant
Residual 0.2704 6 0.0451
Cor total 4.30 8
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Terefore, the results of the present study demonstrate
a superior tensile strength for the composite, indicating the
efectiveness of the bamboo fber polyester hybridized with
the chopped glass fber approach.

4. Conclusions

Te fndings of this study have signifcant implications for
the development and application of the composite material.
Te key fndings and their potential applications are as
follows:

(1) Enhanced Mechanical Properties: Te composite
material exhibited improved ultimate tensile
strength, tensile modulus, fexural strength, and
fexural modulus compared to the unflled material.
Tese enhancements indicate that the composite
has increased resistance to tensile and bending
forces, as well as improved stifness. Tis makes the
composite suitable for structural applications where
high strength and rigidity are required.

(2) Improved Impact Resistance: Te composite ma-
terial demonstrated a signifcant increase in impact
energy, indicating enhanced toughness and the
ability to withstand impact forces. Tis makes the
composite suitable for applications where impact
resistance is crucial, such as automotive compo-
nents, sporting goods, and protective equipment.

(3) Enhanced Termal Stability: Te composite mate-
rial exhibited improved thermal stability, with
a relatively high degradation temperature. Tis
makes it suitable for applications in high-
temperature environments, such as aerospace
components, engine parts, and industrial equip-
ment that are exposed to elevated temperatures.

(4) Mathematical Models: Te study developed
mathematical models to analyze the relationship
between the factors (weight percentages of bam-
boo fber and chopped glass fber) and various
responses. Tese models provide insights into the
optimization of the composite material, allowing
for the prediction and control of its mechanical
and physical properties during the design and
manufacturing processes.

(5) Signifcance of Parameters: Te study identifed the
weight percentages of both long bamboo fber and
chopped glass fber as signifcant parameters in
determining the mechanical and thermal properties
of the composite material. Tis knowledge enables
targeted optimization of the composite by adjusting
these parameters to achieve desired performance
characteristics.

(6) Further Investigation: Te study suggests that
further investigation and characterization are
needed to determine the exact mechanism re-
sponsible for performance diferences between
diferent fller compositions. Tis would enhance
the understanding of the composite’s behavior and
guide future material design and optimization
eforts.

(7) Variable Screening: Future studies are recom-
mended to screen other variables that may afect the
responses beyond the weight percentages of re-
inforcement and fller.Tis broader exploration can
provide a more comprehensive understanding of
the factors infuencing the composite’s performance
and guide further improvements.

(8) Diferent Fabrication Methods: Te impact of
various fabrication methods on bamboo fber-

Table 26: ANOVA and signifcance of each parameter on water absorption for BPRPEC with CGF fller.

Source Sum of squares Df Mean-square F-value P-value Signifcance
Linear model 3.29 2 1.64 64.44 0.00024 Signifcant
A-BF wt% 2.87 1 2.87 112.57 <0.0001 Signifcant
B-CGF wt% 0.4161 1 0.4161 16.32 0.0068 Signifcant
Residual 0.1530 6 0.0255
Cor total 3.44 8

Table 27: Comparison of properties of long and short bamboo fber reinforced polyester with CGF composites with those from
published work.

Properties

BFRPEC/BPRPEC
with chopped
glass fber fller
composites

(current work)

Isophthalic
polyester
with

Sandwich
composites

[48]

Graphite modifed cotton
fber reinforced polyester

composites [60]

Studies on tensile and
compression characteristics
of silk-cotton reinforced

composite [61]

BF8 BP9 C1 C2 CFRPE SCRPE
Tensile strength (MPa) 131.22 102 30 42 38 63.15
Tensile modulus (GPa) 4.877 3.233 0.8 1.3 4.2 6.0
Flexural strength (MPa) 128.76 79.54 38 32 142 109.03
Flexural modulus (GPa) 4.16 2.95 2.3 1.9 — —
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reinforced polyester composites with milled glass
fber should be studied. Tis investigation would
enable the selection of the most suitable fabrication
technique for achieving the desired mechanical and
physical properties.

(9) Recycling Methods for Filler Material: Further
study should explore diferent waste glass fber
recycling methods for fller material in bamboo
fber-reinforced polymer composites. Tis research
can contribute to sustainable manufacturing prac-
tices by utilizing recycled materials and reducing
environmental impact.

(10) Future studies should consider increasing the
sample size to strengthen the reliability of the
fndings.

In summary, the fndings of this study demonstrate the
enhanced mechanical properties, improved impact re-
sistance, and thermal stability of the composite material.
Tese outcomes open up opportunities for its application in
diverse industries, including construction, automotive,
aerospace, and sports. Further research is recommended to
explore additional variables, fabrication methods, and
recycling approaches to advance the feld of bamboo fber-
reinforced composites.
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