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INTRODUCTION

counterparts due to their renewability, low density, and satisfactory mechanical properties. Among them, bamboo

is particulatly attractive because of its abundance, rapid growth, and high strength-to-weight ratio, making it a
promising alternative to synthetic fibers in lightweight structural applications [1,2]. However, a major drawback of natural
fibers, including bamboo, is their hydrophilic nature, which makes them highly susceptible to moisture absorption. The
hydroxyl groups in cellulose and hemicellulose facilitate water uptake, leading to fiber swelling, poor interfacial adhesion
with hydrophobic matrices, microcracking, and degradation of mechanical properties under humid or wet conditions. These
effects are more pronounced at higher fiber contents and prolonged water exposure, which significantly reduce their key
mechanical properties, especially the tensile and flexural strength. This moisture sensitivity has been widely recognized as a
critical challenge limiting the broader application of bamboo composites in structural and outdoor environments [3,4]. To
address this issue, researchers have explored various strategies, including fiber surface treatments, and hybridization with
synthetic fibers and fillers [5]. Chemical treatments such as alkali and silane modification improve fiber—matrix bonding and
reduce water uptake, resulting in enhanced strength retention under aging conditions. One of the widely researched surface
modification approach is treatment of bamboo fibers with NaOH. Several studies have demonstrated that NaOH treated
bamboo fiber reduce the hydrophilic contents in bamboo and enhance fiber—matrix bonding, leading to reductions in water
uptake [6—8]. While chemical treatments can reduce hydroxyl groups and improve adhesion, they offer only partial resistance
under prolonged exposure. A more effective approach involves hybridization with other fibers, where bamboo fibers are
combined with less hydrophilic reinforcements such as glass or carbon fibers [9]. Studies consistently show that hybrid
bamboo-glass composites exhibit reduced water absorption and better mechanical performance compared to non-hybrid
composites [10-12]. Kudva et al. [13] combined chemical surface treatment with hybridization, treating bamboo fibers with
NaOH and KMnOs4, and reinforced them with carbon fibers. NaOH-treated hybrids showed lower moisture uptake (4.1%)
than KMnOa-treated ones (5.6%) and better retention of tensile and flexural properties under aging.
Studies have shown that incorporating filler particles into the polymeric matrix reduces voids and enhances interfacial
bonding, thereby improving the properties of composites. The effectiveness of fillers depends upon their type, loading, and
particle size [14]. Larger particles often reduce the homogeneity, act as stress concentrators, and lead to poor stress transfer
within the matrix. Conversely, smaller particles provide a higher surface area, which enhances interfacial bonding and
improves the properties of composites. However, excessively fine particles are prone to agglomeration.
In natural fiber composites, inclusion of particulate fillers has been widely reported as an effective strategy to mitigate the
moisture-induced degradation of the mechanical properties. Fillers occupy micro-voids, act as barriers to water diffusion,
and improve interfacial adhesion, leading to enhanced strength retention under wet conditions [5]. For bamboo composites,
several studies have highlighted the role of fillers in improving the durability and performance under moisture exposure.
Tahir et al. [15] reported that when bamboo—epoxy composites were incorporated with silicon carbide (SiC), a significant
reduction in water uptake was observed. Composite with 6 wt% SiC exhibited the lowest water absorption due to reduced
void content. A. Gupta [16] observed that the addition of ceramic fillers Al2Os and SiC reduced water absorption from 9.2%
in unfilled bamboo composites to 6.8% in filled bamboo composites after prolonged immersion. Sugiman et al. [17]
incorporated nano-CaCOs in bamboo fiber unsaturated polyester composites. It was found that nano-CaCOs reduced
equilibrium water uptake by 16.2% and mitigated tensile and flexural strength degradation to 37% and 42%, respectively.
These works consistently establish fillers as effective means of enhancing moisture resistance and mechanical retention in
wet conditions. However, most of these fillers are either synthetic or industrially processed, which limits their cost-
effectiveness and sustainability. In recent years, research focus has shifted towards using fillers derived from industrial and
agricultural waste for improving composite performance while supporting circular economy goals. Such fillers not only
improve properties but also enable waste valorization. Studies on the inclusion of non-conventional fillers like industrial
waste cenosphere, agro wastes such as coconut shell powder, and eggshell incorporated in natural fiber composites have
been documented. The findings from these studies demonstrated that these waste fillers positively influenced the
characteristics of composites, where mechanical properties were improved [18—20]. H. Jena et al. [21] reported that adding
cenosphere to bamboo—epoxy composites reduced water absorption, with maximum reduction observed at 3 wt% (21% in
distilled water and 32% in seawater). Similarly, A. Gupta [22] demonstrated that cenosphere fly ash and cement bypass dust
(CBPD) fillers improved both water and chemical resistance of bidirectional bamboo—epoxy composites. Chakkour et al.
[23] reported that the addition of montmorillonite (MMT) and eggshell powder fillers significantly reduced water uptake by
filling micro voids and creating diffusion barriers. Highest water uptake of 16.4% was observed in unfilled composites, while
addition of 3 wt% MMT and eggshell powder reduced the water absorption to 10.2% and 12.2% respectively.

t 1 atural fiber composites have gained increasing attention as sustainable and cost-effective alternatives to synthetic
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Literature review revealed that existing research has frequently focused on hybridization with synthetic fillers with few
studies reported on industrial/agro waste. Studies on incorporating bio waste-derived fillers, especially seashell filler remain
comparatively scarce. Seashells, an abundant byproduct of the seafood industry, are primarily composed of calcium
carbonate (CaCOs) and offer distinctive advantages. Calcium carbonate possesses high surface hardness, low solubility in
water, and excellent compatibility with polymer matrices. Seashell bio fillers have gained attention as a cost-effective and
eco-friendly alternative to ceramic fillers. A recent study showed that by combining bamboo fibers with seashell fillers, a
synergistic effect can be achieved to improve the mechanical properties in bamboo-epoxy composites [24]. Motivated by
these observations, this study aims to propose a remedial strategy for reducing moisture uptake in bamboo fiber composites
by introducing seashell biofiller into the epoxy matrix. The primary objective of this work is to evaluate the moisture
absorption behavior of bamboo fiber composites under water immersion and explore the potential of seashell waste-derived
bio-fillers' effect on moisture resistance and mechanical properties. Hybrid bamboo composites with varied seashell filler
contents were fabricated via compression molding technique. Moisture absorption behaviour of the developed bamboo-
epoxy composites was evaluated using a water immersion test. Tensile and flexural tests on water-soaked specimens were
conducted as per ASTM standards to assess the effect of moisture on mechanical behaviour. Fractographic analysis using
SEM micrographs was performed on fractured tensile samples to understand the effect of water ingress on the structural
integrity of composites.

MATERIALS AND METHODS

Materials and specimen preparation
o fabricate the composites, bamboo fiber was used as the primary reinforcement in an epoxy matrix, while waste
seashells were processed into particulate filler. Tab. 1 provides the details of the materials used in the present study.

Material Details

Fiber-Bamboo mat Twill weave, 150 gsm

Lapox L12 Epoxy with K6 Hardener,

Matrix-Epoxy (Resin-to-hardener ratio-10:1)

Filler-Seashell Clamshell powder, Particle size range: 50-75 um

Table 1: Materials details.

Bamboo fibers were sourced from Sreenath weaving Industry (Rajasthan, India), while epoxy with hardener was procured
from Yuje Enterprises (Bengaluru, India). Biofiller was synthesized internally from discarded clamshells. The clamshells are
collected from the seashores of coastal Karnataka, India. Initially, these collected clamshells were cleaned thoroughly with
running tap water to remove dirt, then kept in hot water to remove any residual organic matter. After the cleaning, the shells
were dried in a hot-air oven to eliminate residual moisture. The dried shells were then crushed using a mechanical jaw
crusher. The coarse shell particles were then subjected to grinding using a ball mill to achieve fine particulates, and the
resulting powder was sieved to obtain particles suitable for composite fabrication. The particle size in the range 50-75 um
was obtained through sieve analysis. This size range was selected based on the previous findings to provide a balance
between surface area and dispersion [24,25]. The sieved filler was then stored in an airtight polythene bag to avoid moisture
absorption prior to its incorporation into the bamboo—epoxy composite system. Fig. 1 shows the synthesized clamshell
filler.

Energy-dispersive X-ray Spectroscopy (EDX) was used to determine the elemental composition of processed clamshell
powder. Fig. 2 presents EDX analysis of the prepared clamshell powder. As observed from the elemental composition,
Calcium (Ca) is the major component, dominating the composition at 50 wt%, underscoring the significant presence of
calcium in the clamshell powder, which is primarily composed of calcium carbonate (CaCOs). Oxygen (O) and Carbon (C)
are the other major constituents detected due to the presence of carbonate groups in calcium carbonate, highlighting the
substantial contribution to the overall molecular structure. This elemental analysis provided essential insights into the
chemical stability of the filler and aligns strongly with the expected characteristics of a CaCOs-dominant shell material.
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Figure 1: Clamshell powder.

862
784
686 Ga
588

490

392

294

196

9
Ol pthilia
0.00 1.00

KV:15  Mag:3000 Takeoff: 35.52 Live Time:30  Amp Time(s): 0.24  Resolution:(eV): 153.8
Det : Element

o

2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Figure 2: EDX of clamshell powder.

To investigate the effect of clamshell filler incorporation, two categories of composite were prepared: bamboo composite
without filler and with filler. The unfilled base composite (without filler) was prepared with bamboo-epoxy in a 35-65 wt.%
ratio. Hybrid bamboo-epoxy composites were prepared by maintaining a 35 wt% bamboo fiber content. The clamshell filler
was incorporated into the epoxy matrix at different loadings, with the epoxy proportion adjusted accordingly. Tab. 2
provides the details of all the composite compositions. For fabricating these bamboo composite panels, hand lay-up process
followed by the compression molding technique is used. Post-curing, the composite panels were demolded, and specimens
were prepared for further testing in accordance with ASTM standards. Fig. 3 illustrates the steps involved in the fabrication
of bamboo composites.

Bamboo fiber Epoxy Clamshell Description
Sl. No.
wt % wt % wt %
1 35 65 0 Unfilled composite
2 35 62 3
3 35 59 6 Filled
composites

4 35 56 9

Table 2: Details of composite combinations.
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Figure 3: Composite fabrication.

Water absorption test

Understanding how composites behave when exposed to water over extended periods is critical for bamboo fiber
composites used in environments where exposure to moisture is expected. The water absorption test is an important aspect
of composite characterization studies. The tests help determine the composite's ability to resist moisture uptake. In the
present work, water absorption characteristics studies were conducted following the ASTM D570 standard by immersing
samples in fresh water at room temperature.

Figure 4: (a) Water absorption test specimens (b) Specimens immersed in water.

For water absorption testing, specimens of size 75 X 25 X 6 mm were used. For each composite composition, the water
absorption test was performed on a set of 3 samples, and average values were considered for the result analysis. Fig. 4 (a)
shows prepared specimens. Prior to the test, the samples were dried in an oven at 70 °C for 24 h to remove any additional
moisture on their surfaces, and the initial weight (W)) of the sample was noted using a digital weighing machine (0.1 mg
accuracy). Then they were immersed in a glass container filled with tap water at room temperature (25+2 °C), as shown in
Fig. 4 (b). After 24 h, each sample was removed from the water, wiped off the surface using a dry cloth, and weighed
immediately. The weight measurements were taken periodically at time intervals of 24 h, up to water saturation in all the
composites had been noticed. The saturation level of absorption is considered when, for 3 successive days, the weight
change readings of the sample obtained were less than 0.1% [23]. The moisture absorption (%) of each specimen was
evaluated by considering the weight gain attained at each time interval. The weight gain (in percentage) for each sample was
calculated using the formula:
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where Weis the weight gain in percentage, Wiis the initial dried weight of the sample, and W;is the weight measured at a
given time interval.

Mechanical tests

This work examines the effect of moisture absorption on the mechanical properties of hybrid bamboo composites. Fig. 5
shows prepared specimens for mechanical testing. For tensile testing, rectangular coupons with dimensions of 225 X 25 X
6 mm were prepared. For flexural testing, specimens with dimensions of 150 X 12.7 X 6 mm were used, with a 16:1 span-
to-depth ratio. The test specimens were first immersed in water for a specific time period to absorb moisture. Then, tensile
and flexural tests were conducted on water-soaked specimens adhering to the ASTM standards. For testing these water-
aged samples, UTM (Zwick Roell- 2020, 20 kN load cell) was employed. Tensile testing was performed as per the ASTM
D3039 standard. For flexural testing 3-point bending setup was used as per the ASTM D790 standard. For each
composition, tensile and flexural tests were performed on a set of four samples, and results are reported as mean * SD.

(@)

Figure 5: (a) Tensile test specimens (b) Flexural test specimens.

RESULTS AND DISCUSSIONS

Moisture absorption results
T he moisture absorption characteristics of bamboo composites immersed in water are analyzed by plotting graphs
for water absorption (weight gain %) against the immersion time (hours), as shown in Fig. 6. The graph shows that
for all composite samples, there is a rapid increase in water uptake during the initial period of immersion. However,
after a while, this uptake slows down and eventually reaches a saturation level in absorption. The unfilled bamboo composite
exhibited a weight gain of 5.85%, while composites with 3, 6, and 9 wt% clamshell filler showed lower weight gains of
4.53%, 4.07% and 4.95% respectively. This reduction in weight gain achieved with clamshell filler inclusion demonstrates
the effectiveness of filler particles in creating the barrier effect, which restricts moisture diffusion and thereby enhances the
moisture resistance of composites. From Fig. 6, it can be observed that the unfilled bamboo composite showed the highest
absorption, while the composite having 6 wt% filler exhibited the lowest absorption. The base composite without filler
exhibits the highest moisture absorption due to the hydrophilic nature of bamboo fibers, which increases the water
absorption rate in a humid environment. In the case of hybrid composites, moisture absorption decreased with an increase
in clamshell filler content. It can be observed that, inclusion of clamshell filler consistently reduced moisture absorption.
The addition of 3% clamshell filler reduces moisture absorption to 4.53%. With 6% filler, moisture absorption further
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decreases to 4.07%. This indicates enhanced resistance to moisture ingress due to the increased filler content, improving
the composite's hydrophobicity. But at 9% filler loading, there is a slight increase in moisture uptake, indicating possible
micro-void formation due to filler agglomeration. Overall, the composites with filler show lower moisture absorption, as
the filler content effectively blocks water pathways, enhancing the composite's resistance to moisture. Clamshell filler acts
as a barrier, reducing water uptake by the bamboo fibers. Also, clamshell fillers reduce the voids and gaps where water can
infiltrate and limit water ingress, thereby minimizing water absorption.
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Figure 6: Moisture absorption results of bamboo-epoxy composites.

Reduction in water

Composite Material Filler Filler wt.% uptake (%) Reference
Bamboo-Epoxy Clamshell 6 30.4 Present work
Bamboo-Epoxy ALOs 10 25.6 [16]
Bamboo-Epoxy SiC 10 220 [16]
Bamboo-Epoxy Cenosphere 3 21.0 [21]
Bamboo-Epoxy MMT 3 37.8% [23]
Bamboo-Epoxy Eggshell 3 25.7% [23]

Table 3: Comparison of water absorption reduction in bamboo composites.

The reduction in water absorption achieved in similar experimental conditions/environment for hybrid bamboo composites
with different fillers is provided in Tab. 3 for comparative analysis. As seen in Tab. 3, the bamboo-epoxy composite with
clamshell filler achieved a 30.4 % reduction in water uptake, which was higher than reported with ceramic filler Al.Os
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(25.6%), SiC (22%), and industrial waste cenosphere (21%). Eggshell filler, which also has a high CaCOs content, exhibited
comparable performance (25.7%), while MMT provided a higher reduction (37.8%).

Moisture absorption effect on mechanical properties

The results of tensile and flexural tests conducted on wet samples to investigate the effect of filler on the mechanical
properties of bamboo composites are presented in Tab. 4. The findings show that after prolonged moisture uptake exposure,
the composites' tensile and flexural strengths significantly declined. However, hybrid bamboo composites with clamshell
filler showed enhanced strength compared to the unfilled base composite.

Clamshell Tensile Tensile Flexural Flexural
wt‘)s/ Strength Modulus Strength Modulus
! (MPa) (MPa) (MPa) (GPa)
0 18.7£ 0.8 390+13 40%1.6 1.95£0.11
3 264%1.1 435117 53.5£1.9 2.30+0.12
6 31.5%14 470£20 61123 2.55%0.15
9 25.6£1.3 425%15 48.2%2.1 2.20%0.12

Table 4: Tensile and flexural test results.

Fig. 7 shows the result of the tensile test. It can be observed that the base composite (without filler) has the lowest tensile
strength of 18.7 MPa and modulus of 390 MPa, indicating a substantial weakening of the composite structure in wet
conditions. When incorporated with clamshell filler, the adverse effect of moisture absorption was minimized, where the
composites exhibited improved retention of tensile strength in wet conditions. For hybrid bamboo composites, a 6% filler
addition provided the best overall tensile strength retention in wet conditions, exhibiting a maximum strength of 31.5 MPa
and a modulus of 470 MPa. The addition of 9% resulted in the decline of strength, but still showed improved moisture
resistance compared to the unfilled composite. A similar trend was reported for bamboo fiber-unsaturated polyester
composites with nano-CaCO:s filler, where up to 3 wt% improved tensile strength, while higher loading showed a lesser
effect [17]. A similar pattern has been noted in the behavior of the water-soaked bamboo composite under flexural loading,
as depicted in Fig. 8. The flexural strength of composites with clamshell filler was higher than that of the base composite,
indicating improved moisture resistance and enhanced strength retention with filler inclusion. The unfilled base composite
had the lowest strength of 40 MPa and modulus of 1.95 GPa, a significant reduction in flexural property due to moisture
absorption, signifying its high sensitivity to moisture. Among all samples, adding 6% filler was more effective in enhancing
flexural strength and showed the best retention of strength in wet conditions. Flexural strength of 61 MPa and modulus of
2.55 GPa were achieved for this configuration. Further addition of 9% filler resulted in a decline in strength retention,
indicating that a higher filler content was not beneficial.

Compared to nano-CaCO:s filler, the clamshell inclusion was more effective in retaining strength under wet conditions. In
bamboo composites, nano-CaCO: filler addition improved the tensile strength by 42%, and flexural strength by 15.8% [17],
whereas the addition of 6 wt% clamshell filler improved tensile strength by 68.4% and the flexural strength by 52.5%. This
superior performance can be attributed to the inherent characteristics of the clamshell particles and their effective interaction
with the bamboo fibers and the epoxy matrix. As clamshell fillers are less hygroscopic compared to bamboo fibers, they
absorb less moisture. The presence of filler creates stronger interfacial bonding. Further, they act as a physical barrier and
mitigate the effects of micro gaps and voids, thereby reducing the pathways for water penetration. Consequently, lower
water uptake limits the epoxy plasticization and minimizes fiber swelling, leading to reduced degradation of mechanical
properties under humid conditions.

To analyse the extent of degradation of mechanical properties under humid conditions, the results of the present study were
compared with the mechanical properties of unaged bamboo-epoxy composites reported in the earlier work by the co-
author Anand K | et.al [24]. In that study, bamboo composites were fabricated using the same constituent materials and
similar processing parameters, and tensile and flexural tests were conducted on dry specimens (unaged). Fig. 9 presents a
comparison of the tensile strength and the flexural strength of water-aged bamboo-epoxy composites with the
corresponding unaged samples (dry conditions). As seen from the comparison graph, in the wet condition, the bamboo
composites demonstrated a lower range of strength properties in comparison to the dry samples. However, for both
conditions, when the clamshell filler was incorporated, the bamboo composite strength properties were enhanced.
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Figure 9: Comparison of results: (a) Tensile strength, (b) Flexural strength.

In wet conditions, for the composite without filler, a significant reduction of 52% in tensile strength (Fig. 9a) and 43% in
flexural strength (Fig. 9b) was observed, indicating a substantial weakening of the composite structure due to moisture
absorption. This significant reduction in strength was due to moisture absorption through the bamboo fibers' cell walls,
causing them to swell and resulting in the weakening of the fiber-matrix interface, thereby reducing the effectiveness of
stress transfer. Further, after prolonged exposure to moisture, the water absorption can cause hydrolytic degradation of a
polymer matrix, breaking down the chemical bonds and compromising the composite's structural integrity. These adverse
effects, lead to decreased load-bearing capacity of composites and overall strength declines severely in wet conditions.
However, adding clamshell filler resulted in enhancing strength and reducing the adverse effects of water-soaking on
mechanical properties. The addition of filler mitigated the moisture absorption impact, showing improved retention of
strength. For bamboo composite with 6% clamshell filler demonstrated a higher retaining percentage of strength compared
to 3%. However, 9% clamshell filler was less effective than 6% but still improved moisture resistance compared to 0% filler,
suggesting an optimal filler content is between 3% and 6%. The addition of 6% filler provided the best overall strength
retention in wet conditions, exhibiting 67.5% retention of tensile strength and 70% retention in flexural strength.

From the comparison graph, it was evident that clamshell filler addition at 3%, 6% and 9% reduced the degradation of
mechanical properties. Tensile strength reduced by 37.8%, 32.5%, and 39%, while flexural strength declined by 34.6%, 30%,
and 41.6%, respectively. The bamboo-epoxy composite with MMT filler (3 wt%) showed lower reductions, with tensile
strength decreasing by 24.4% and flexural strength by 22.7% under wet conditions [23]. Although MMT demonstrated
better moisture resistance and strength retention properties, the present study established that clamshell filler derived from
waste seashells offers a sustainable and cost-effective alternative for enhancing the durability of bamboo composites under
moisture exposure.

Fractography

In the current investigation, fractography is conducted for fractured wet samples. It provides critical insights into the
moisture-induced degradation and failure mechanisms of composites. Figs. 10-12 present the SEM micrographs of water-
soaked bamboo composite samples taken at different magnifications.

For the unfilled base composite, SEM micrographs of tensile fractured specimens is presented in Fig. 10. It can be seen that
moisture absorption caused swelling of bamboo fibers and weakened the fiber-matrix interface, which reduces load transfer
efficiency. As a result, fibers tend to pull out more easily under stress, contributing to lower mechanical properties. SEM
micrographs shown in Fig. 10 (a) reveal moisture-induced matrix degradation, fiber pullout traces, void presence, and
structural integrity loss, causing fibers to get separated from the matrix. A higher magnification image shows (Fig. 10 b)
larger debonding around fibers, fiber breakage due to swelling, and increased fiber pull-out can be observed. This suggests
that the load transfer between bamboo fibers and the epoxy matrix is insufficient, leading to early failure. This morphological
study demonstrated the adverse effects of water soaking on the composite's structural properties.
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Figs. 11 and 12 present SEM images of the composite with clamshell filler. When filler was added, it reduced moisture
absorption and swelling. As seen in Fig. 11 (a), for composites with 3% filler, it was observed that some areas have pulled-
out fiber bundle failures, indicating weakened fiber-matrix bonding, and there was matrix degradation occurred due to
moisture. But it was less prevalent compared to the base composite, and due to filler inclusion, lesser fiber pullouts were
observed, inferring better bonding and effective load transfer. Fig. 11 (b) displays fiber pullouts with more amount of resin
on the fiber surface, indicating a modest increase in the strength of the composite.

| 100 pm I 100 x | | 500 x

Figure 11: SEM micrographs of bamboo composite with 3 % filler: (a) 200X, (b) 500X

SEM micrographs of the bamboo composite with 6 % filler is presented in Fig. 12, which cleatly shows improved interfacial
bonding, and the composite exhibited better moisture resistance. The addition of clamshell particles created barriers for
water molecules to infiltrate the matrix. Due to this, the resistance to water uptake significantly improved and enhanced
load transfer efficiency. In Fig. 12 (a), fewer fiber pullouts can be seen, and moisture-induced matrix degradation was
reduced. Fig. 12 (b), reveals uniform dispersion of filler particles that remain embedded in the matrix, indicating good
adhesion, ensuring better wetting of fibers and strong interfacial bonding. This formed a smooth matrix interface, which
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facilitates higher load-bearing capacity and better strength retention. Matrix cracking indicates moisture-induced internal
stresses, and failure was mainly due to fiber breakage.

Overall, this morphological analysis explains the adverse effects of moisture absorption on the composite's structural
properties and notable improvement in mechanical performance attained by the addition of clamshell filler to the bamboo-
epoxy composite. This fractographic study is consistent with the results found in experimental investigations.

Figure 12: SEM micrographs of bamboo composite with 6 % filler: (a) 200X, (b) 750X.

CONCLUSIONS

his research was focused on mitigating the adverse effect of moisture absorption on the mechanical properties of
bamboo-epoxy composites by incorporating particulate fillers derived from waste seashells. Water absorption test
was conducted to analyse the moisture uptake behavior, and mechanical tests were conducted to evaluate the tensile

and flexural properties after moisture conditioning. The main findings from the present study are as follows:

Moisture absorption was significantly higher in unfilled bamboo composites, exhibiting highest absorption of
5.85%. Composite with clamshell filler exhibited significantly reduced absorption. Adding filler consistently reduced
moisture absorption in bamboo composites, with most significant improvement achieved for 6 wt% filler, in which
water uptake reduced by 30.4% compared to unfilled bamboo composites.

Mechanical properties were significantly reduced in all samples due to moisture exposure, particulatly in the unfilled
bamboo composite, which had a severe degradation effect. The inclusion of filler reduced the moisture-induced
degradation effect by reducing the water uptake and enhancing the retention of strength.

Composites with clamshell fillers demonstrated improved moisture resistance due to better interfacial bonding,
reduced water absorption, and improved stress distribution. The overall effects of filler incorporation facilitated the
composite in maintaining mechanical properties under wet conditions.

Bamboo composite with 6 wt% filler exhibited the most favorable balance between moisture resistance and strength
improvement. Compared to unfilled wet samples, the tensile strength improved by 68.4% and the flexural strength
by 52.5%.

SEM analysis of wet samples highlighted the significant impact of moisture absorption on the bamboo fiber
composites. Interfacial bonding between bamboo fibers and matrix degraded due to the water uptake, contributing
to the loss of structural integrity and reduction in mechanical properties in wet conditions. The addition of filler
reduced the hydrophilicity of the hybrid composite and altered the water absorption behavior. Filler presence
minimized the moisture-induced degradation in the composite structure.

The findings from this study have given a brief understanding of clamshells as a sustainable filler to enhance the durability
of bamboo composites, providing a green alternative to synthetic reinforcements while contributing to waste valorization.
However, certain limitations to this study remain. The present study was restricted to a single particle size range and a
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freshwater immersion test. Subsequent future work could focus on incorporating multiscale fillers combining micro and
nano size particles, and extend the study to more aggressive environments such as saltwater and alkaline solutions.

REFERENCES

[1] Singh, M.K., Tewari, R., Zafar, S., Rangappa, S.M., Siengchin, S. (2023). A comprehensive review of various factors for
application feasibility of natural fiber-reinforced polymer composites, Results Mater., 17,

DOTL: https://doi.org/10.1016/j.rinma.2022.100355.

[2] Mousavi, S.R., Zamani, M.H., Estaji, S., Tayouri, M.1., Arjmand, M., Jafari, S.H., Nouranian, S., Khonakdar, H.A. (2022).
Mechanical properties of bamboo fiber-reinforced polymer composites: a review of recent case studies, J. Mater. Sci.,
DOI: https://doi.otg/10.1007/s10853-021-06854-6.

[3] Yu, H., Wu, J., Gao, Y., Lu, Z., Hu, W. (2024). Research progress on bamboo fiber reinforced polymeric composites:
Processes, properties, and future directions, Polym. Compos., 45(11), pp. 9629-9646,

DOTL: https://doi.otg/https://doi.org/10.1002/pc.28436.

[4] Sugiman,S., Setyawan, P.D., Anshari, B. (2019). Effect of fiber length on the mechanical properties and water absorption
of bamboo fibet/polystyrene-modified unsaturated polyester composites, IOP Conf. Ser. Mater. Sci. Eng., 532(1), pp.
12008, DOL: https://doi.org/10.1088/1757-899X/532/1/012008.

[5] Shettigar, S., Gowrishankar, M.C., Shettar, M. (2025). Review on Aging Behavior and Durability Enhancement of
Bamboo Fiber-Reinforced Polymer Composites, Molecules, 30(15), pp. 3062,

DOI: https://doi.org/10.3390/molecules30153062.

[6] Nabinejad, O., Debnath, S., Beh, J.K., Mohammad, Y.A. (2018). Mechanical Performance and Moisture Absorption of
Unidirectional Bamboo Fiber Polyester Composite, Mater. Sci. Forum, 911, pp. 88-94,

DOIL: https://doi.org/10.4028 /www.scientific.net/ MSF.911.88.

[7] Prabhu, R. ., Mendonca, S. ., D’Souza, R. ., Bhat, T. (2022). Effect of Water Absorption on the Mechanical Properties
of Alkaline Treated Bamboo and Flax Fiber Reinforced Epoxy Composites., Trends Sci., 19((18)), pp. 5779,

DOTL: https://doi.org/https:/ /doi.org/10.48048 /tis.2022.5779.

[8] Chunhong, Wang., Shengkai, Liu., Zhanglong, Ye. (2016). Mechanical, hygrothermal ageing and moisture absorption
properties of bamboo fibers reinforced with polypropylene composites, J. Reinf. Plast. Compos., 35(13), pp. 1062—1074,
DOIL: https://doi.org/10.1177/0731684416637681.

[9] Oliveira, M., Neves, V., Banea, M.D. (2024). Mechanical and Thermal Characterization of Bamboo and Interlaminar
Hybrid Bamboo/Synthetic Fibre-Reinforced Epoxy Composites, Materials (Basel).,

DOIL: https://doi.org/10.3390/mal7081777.

[10] Zhang, Kai., Liang, Wenyan., Wang, Fangxin., Wang, Zhenqing. (2020). Effect of water absorption on the mechanical
properties of bamboo/glass-reinforced polybenzoxazine hybrid composite, Polym. Polym. Compos., 29(1), pp. 3-14,
DOTL: https://doi.otg/10.1177/0967391120903664.

[11] Mim, F.A. (2025). Effect of moisture absorption on the mechanical behavior of banana-bamboo-glass fiber reinforced
hybrid composites in NaCl solution, Hybrid Adv., 10, pp. 100451,

DOL: https://doi.otg/https://doi.org/10.1016/j.hybadv.2025.100451.

[12] Haseebuddin, M.R., Lobo, A., Mohan Das, A.N., Harsha, S., Ganesh Acharya, K., Balaji, G. (2024). Effect of Aging on
Flexural Behavior of Disposed Glass Fiber Reinforced Bamboo Mat—Polyester Composites, J. Inst. Eng. Ser. D,

DOIL: https://doi.otg/10.1007 /s40033-024-00676-x.

[13] Kudva, A., G.T, M., Hegde, S., Pai, D. (2025). Aging Behavior of Chemically Treated Bamboo/Carbon Fiber-Reinforced
Hybrid Composites: Evaluation of Mechanical, Acoustic, and Vibrational Properties, J. Mater. Res. Technol.,

DOTL: https://doi.otg/https://doi.org/10.1016/j.jmrt.2025.08.057.

[14] Ramesh, M., Rajeshkumar, I.N., Srinivasan, N., Kumar, D.V., Balaji, D. (2022). Influence of filler material on properties
of fiber-reinforced polymer composites: A review, E-Polymers, , pp. 898-910,

DOIL: https://doi.org/10.1515/epoly-2022-0080.

[15] Tahir, D., Abdul Karim, M.R., Hu, H. (2023). Analysis of mechanical and water absorption properties of hybrid
composites reinforced with micron-size bamboo fibers and ceramic particles, Int. Polym. Process., 39,

DOIL: https://doi.org/10.1515/ipp-2023-4374.

[16] Gupta, A. (2020). Improvement of Physiochemical Properties of Short Bamboo Fiber-Reinforced Composites Using
Ceramic Fillers, J. Nat. Fibers, 17(11), pp. 1582-1593, DOL: https://doi.org/10.1080/15440478.2019.1584079.

[17] Sugiman, S., Setyawan, P.D., Maryudi, M., Madnasri, S. (2021). Water absorption, tensile, flexural and impact properties

33



4
r’(;'
H. K. Madbusudhana et alii, Frattura ed Integrita Strutturale, 75 (2026) 21-34,; DOI: 10.3221/IGF-ESIS.75.03 /

of aged bamboo fibre/nano CaCO3-modified unsaturated polyester composites, J. Appl. Sci. Eng., 24(2), pp. 239-251,
DOT: https://doi.org/10.6180/jase.202104_24(2).0013.

[18] Hemalata Jena, M.K.P. and A.K.P. (2013). Effect of cenosphere on mechanical properties of bamboo—epoxy
composites, J. Reinf. Plast. Compos., 31(11), pp. 794-801,

DOTL: https://doi.otg/10.1177/0731684413476925.

[19] Khan, A., Naveen Kumar, B.K., Anand, K.J., Ashoka, E., Hareesha, G. (2024). Development and mechanical
characterization of eggshell bio-filler based hybrid composites, Fract. Struct. Integr., 19(71 SE-Integrity of materials and
structures), pp. 330-340, DOLI: https://doi.org/10.3221/IGF-ESIS.71.24.

[20] Madhusudhana, H.K., Kumar, M.P., Patil, A.Y., Keshavamurthy, R., Khan, T.M.Y., Badruddin, I.A., Kamangar, S.
(2021). Analysis of the Effect of Parameters on Fracture Toughness of Hemp Fiber Reinforced Hybrid Composites
Using the ANOVA Method, Polymers (Basel), DOI: https://doi.org/10.3390/polym13173013.

[21] Jena, Hemalata., Pradhan, Arun Kumar., Pandit, Mihir Kumar. (2014). Studies on water absorption behaviour of
bamboo—epoxy composite filled with cenosphere, J. Reinf. Plast. Compos., 33(11), pp. 10591068,

DOTL: https://doi.org/10.1177/0731684414523325.

[22] Gupta, A. (2020). Effect of Industrial Waste on Chemical and Water Absorption of Bamboo Fiber Reinforced
Composites, Silicon, 12(1), DOL: https://doi.org/10.1007/s12633-019-00108-6.

[23] Chakkour, M., Ould Moussa, M., Khay, 1., Balli, M., Ben Zineb, T. (2023). Effects of moist ageing on composites of
bamboo fiber and montmorillonite/eggshell powder, Cellulose, 30(10), pp. 6349—6363,

DOTL: https://doi.org/10.1007 /s10570-023-05248-y.

[24] Anand, K. J., Ekbote, T. (2024). Optimization of clamshell content for improved properties in bamboo-epoxy
composites, Fract. Struct. Integr., 18(69 SE-Integrity of materials and structures), pp. 2942,

DOIL: https://doi.org/10.3221 /IGF-ESIS.69.03.

[25] Atuanya, C.U., Aigbodion, V.S.; Obiorah, S.0., Kchaou, M., Elleuch, R. (2016). Empirical models for estimating the
mechanical and morphological properties of recycled low density polyethylene/snail shell bio-composites, J. Assoc.
Arab Univ. Basic Appl. Sci., 21(1), pp. 45-52, DOL: https://doi.org/10.1016/j.jaubas.2015.01.001.

34




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


