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A B S T R A C T

This study evaluates the acoustic properties of water hyacinth fiber composites, a notorious invasive species,
focusing on their effectiveness as sound absorbers and insulators. By converting this abundant weed into bio-
based materials, the research presents a promising eco-friendly alternative for acoustic applications. By exam-
ining a range of densities from 118 to 282 kg/m3, the study identifies how density impacts the Sound Absorption
Coefficient (SAC) and Transmission Loss (TL). Notably, the sample with a density of 118 kg/m3 exhibited the
highest Sound Absorption Average (SAA) at 0.63, while the densest sample at 282 kg/m3 achieved the highest
Transmission Loss Average (TLA) at 32.5 dB, illustrating a direct correlation between increased density and
enhanced TL, alongside a decrease in SAC. Statistical models obtained from the analysis of variance (ANOVA),
semi-phenomenological model (Johnson-Champoux-Allard (JCA) model), and empirical model (based on the
Delany-Bazley model) have been developed to predict the sound absorption and sound insulation performance of
water hyacinth. These models demonstrate average errors of 0.0300, 0.0346, and 0.0377, respectively, signifi-
cantly outperforming established models like the Delany-Bazley and Garai-Pompoli models in predicting the
sound absorption average of water hyacinth bio-based composites. These models can be used to predict the
acoustic properties of the composites, assisting in tailoring the composites to match specific applications. This
approach leverages the natural abundance of water hyacinth to develop environmentally friendly acoustic ma-
terials, offering a sustainable solution to invasive species management and material development.

1. Introduction

Environmental noise pollution can profoundly impact human health
and well-being, giving rise to some health issues including physical and
psychological aspects. Historically, synthetic acoustic materials, such as
mineral wools (Uris et al., 1999), were used widespread due to their
commendable sound absorption characteristics. However, their utiliza-
tion presents health concerns, stemming from the presence of harmful
chemicals that can provoke respiratory ailments (Kudo et al., 2009).
While glass wool represents a more environmentally acceptable alter-
native such as natural fibers (Aso and Kinoshita, 1965; Lei et al., 2018;
Yang et al., 2017) or recycled materials (Dehdashti et al., 2024), it still
entails adverse long-term ecological consequences.

Consequently, there has been a growing surge of interest in exploring
natural acoustic materials as a promising avenue for addressing these
challenges. Numerous natural fibers, including kapok (Xiang et al.,
2013), coconut coir (Hosseini Fouladi et al., 2010; Taban et al., 2019),

luffa (Halashi et al., 2024), waste corn husk (Fattahi et al., 2023) and
other fibers made from palm type plants such as date palm (Taban et al.,
2021) palmyra palm (Chanlert et al., 2022b), nipa palm (Chanlert et al.,
2024) etc., have been subjected to extensive investigation regarding
their acoustic absorption properties. One interesting approach is to
incorporate natural fibers into a synthetic material matrix. For instance,
adding kenaf fiber to elastic polyurethane foam enhances the sound
absorption performance of the foam (Ehsan Samaei et al., 2023). The
presence of the fiber alters the pore size of the foam, contributing to
improved acoustic properties (Sukhawipat et al., 2022).

Invasive species pose a significant threat to global biodiversity and
human well-being (Pejchar and Mooney, 2009). They disrupt native
ecosystems through competition, predation, and the transmission of
diseases and parasites to indigenous species (Hulme et al., 2010). These
species also impact various economic sectors, including agriculture and
aquaculture, and are notoriously difficult and costly to control (Marbuah
et al., 2014). One such species, Pontederia crassipes Mart., known as
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water hyacinth, is commonly found in several Thailand’s water bodies.
It proliferates rapidly, covering water surfaces and blocking sunlight and
nutrients from reaching the water below. This dense coverage di-
minishes water flow, especially in canals, leading to increased flooding
risks (Viriyavisuthisakul et al., 2018). Consequently, the Thai govern-
ment annually spends over 300 million baht (approximately 8.5 million
USD) on the removal of aquatic weeds, primarily water hyacinth, to
improve water quality and mitigate flood risks (Royal Irrigation
Department of Thailand, 2023).

Moreover, various initiatives are investigating the use of water hy-
acinth for producing fertilizer, fuel, bioplastics, bioethanol, and com-
posite materials, potentially aiding in population control
(Sierra-Carmona et al., 2022). Despite these applications, managing the
spread of water hyacinth remains a formidable challenge. The plant’s
structure and anatomy, featuring numerous gas-filled spaces, enables it
to float (Mahmood et al., 2005). Additionally, its fibrous structure may
be transformed into a porous material with sound-absorbing properties.
This trait suggests potential benefits in reducing noise pollution, which
is favorable for both environmental and public health.

This paper encompasses the following in both sound insulation and
sound absorption aspects of water hyacinth composites. Sound insu-
lation materials serve to block external noise, while acoustic absorption
materials are designed to attenuate internal noises including echoes and
reverberation (Allard and Atalla, 2009). In this paper, materials and
methods section comprehensively details the materials and methodol-
ogies employed in the fabrication of an composites utilizing water hy-
acinth fiber. For results and discussions section, the acoustic
measurements are presented, encompassing the sound absorption coef-
ficient (SAC) and transmission loss (TL) spectra. The
Johnson-Champoux-Allard (JCA) model (Allard and Champoux, 1992;
Champoux and Allard, 1991; Champoux and Stinson, 1992; Johnson
et al., 1987, 1986) is utilized to analyze the non-acoustic parameters
that exert influence on the SAC and TL properties of the material. Sta-
tistical (Ehsan Samaei et al., 2023; Mehrzad et al., 2022) and empirical
(Berardi and Iannace, 2017; Chanlert et al., 2024, 2023; Delany and
Bazley, 1970; Ehsan Samaei et al., 2023) models were also studied with
the aim of creating tools to help predict acoustic properties from
non-acoustic parameters such as density and airflow resistivity. In the
conclusion section, we summarize the findings and engage in a thorough
exploration of the potential applications of water hyacinth as an acoustic
material, underscoring its environmental and sustainability benefits.

2. Materials and methods

2.1. Sample preparation

This section describes the preparation of cylindrical samples using
water hyacinth (WH) fibers sourced from a local canal in Songkhla
province, Thailand. All water hyacinth stems were collected from one
population in the same natural habitat (the same canal) to avoid vari-
ability due to different locations. The process involved using fresh
plant’s central stem, discarding the leaves, and breaking it down with
mallet into rough fibers of approximately 1–2mm in diameter. These
fibers were sun-dried for 3 days and then further dried in an air-
circulating oven at 90 ◦C for two hours to remove moisture, crucial for
preventing weighing inaccuracies. After drying, the fibers were stored in
a humidity-controlled cabinet at 40%RH for a minimum of 24 hours
before further processing. The fibers were cut into 40mm lengths for
composite materials with fiber content ranging from 3 g to 7 g per
controlled volume, labeled WH-1 to WH-5. A sample size of 3 was used
for each treatment. A 10% polyvinyl alcohol (PVA) binder was used to
hold the fibers, which were then mixed with the binder and cast into
cylindrical molds of 28.6 mm diameter and 40.0mm thickness, ensuring
random fiber orientation. Sufficient pressure was applied to prevent
overflow, and the mixture set in molds for 24 hours followed by a 30-
minute heat treatment at 90 ◦C. After demolding, samples underwent

a 60-minute drying in an air-circulating oven at 90 ◦C, then stored in a
dry cabinet at 40%RH for at least 24 hours before further analysis. A
detailed flowchart of the process is provided in Fig. 1. The process was
strictly regulated to ensure that each sample contained the same amount
of WH, with a density variation not exceeding 10%, as the density of a
porous absorber significantly influences airflow resistivity (Garai and
Pompoli, 2005). Furthermore, airflow resistivity, which greatly impacts
sound absorption property especially the sound absorption coefficient
(Delany and Bazley, 1970), was maintained within a 15% error margin.
Samples that did not meet these criteria were excluded from acoustic
property measurements to avoid potential inconsistencies.

To investigate the microscopic examinations of the water hyacinth
fibers, the fiber surfaces (cross-sectional and longitudinal) were exam-
ined using a field-emission scanning electron microscope (FEG-SEM,
Phenom Pharos G2, Thermo Fisher Scientific, UK).

2.2. Airflow resistivity measurement

Airflow resistivity (σ) is a crucial parameter for understanding the
sound absorption of porous materials, measuring their resistance to air
flow. The determination of σ followed the ISO-9053 standard
(ISO-9053-1–1., 2018) consistent with methods from our prior research
(Chanlert et al., 2024, 2023). The equation used for calculating airflow
resistivity is outlined below:

σ =

(
A
Qd

)

ΔP (1)

where A signifies the sample cross-sectional area, d designates the
thickness of the material, and ΔP is the pressure difference across the
material. The schematic diagram of airflow resistivity measurement is
shown in Fig. 2, and the obtained results are reported in Table 1 and
graphically illustrated Fig. 8.

2.3. Sound absorption measurement

In this study, we followed the experimental setup of our previous
works (Chanlert et al., 2023, 2022b) to measure the sound absorption
coefficient (SAC) spectra using a custom-built impedance tube. This tube
adheres to ISO-10534 (ISO-10534, 1998) and ASTM-E1050
(ASTM-E1050, 1990) standards using the transfer function method.
The tube, with a 28.6 mm diameter and made of stainless steel to
minimize background noise, incorporated two precision
laboratory-grade measurement microphones (GRAS 46BD-FV, GRAS
Sound& Vibration, Skovlytoften, Denmark) positioned and hermetically
sealed against the tube’s inner wall. A wideband noise source was
generated utilizing a full-range speaker positioned at the terminus of the
tube to generate planar sound waves directed toward the sample’s sur-
face. The schematic diagram of impedance tube diagram for sound ab-
sorption measurement is illustrated in Fig. 3.

The cylindrical sample was securely positioned within the sample
holder at the opposing end of the tube, complemented by the placement
of a rigid backing plate situated behind the sample. Signals emanating
from the two microphones were systematically acquired through a data
acquisition device (NI-9230 and cDAQ-9174, National Instrument, TX,
USA) using Python. To ensure the reliability and alignment of the least-
squares optimized parameters with the SAC spectra results across all air
gap configurations (0 mm, 20 mm, and 40 mm), SAC spectra were sys-
tematically acquired for each of these configurations.

2.4. Transmission loss measurement

Sound insulation properties of the materials were assessed, relying
on the transmission loss (TL). TL quantifies the reduction in sound in-
tensity as it traverses a specified material or structure, with higher TL
values signifying superior sound insulation (Ehrig et al., 2020; Golzari
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and Jafari, 2018). TL measurements were conducted employing a
domestically constructed four-microphone impedance tube (Chanlert
et al., 2024, 2022b), designed to adhere to the ASTM-E2611 standard
(ASTM-E2611., 2019) where the transfer matrix method was employed

(Cai et al., 2015; Chanlert et al., 2024; Doutres et al., 2015). The sche-
matic diagram of impedance tube diagram for sound transmission loss is
shown in Fig. 4. In elucidating the acoustic insulation characteristics of
the porous fibrous composites, the semi-phenomenological

Fig. 1. Step-by-step preparation of water hyacinth (WH) composite samples: (1− 5) drying WH fibers from fresh stalks; (6− 8) pressing fibers into cylindrical molds
and heat-treating; (9− 10) producing cylindrical samples ready for acoustic testing.

Fig. 2. Schematic diagram of airflow resistivity measurement system.

Table 1
Density, airflow resistivity, sound absorption average (SAA) with 0, 20 and 40 mm air gaps, and transmission loss average (TLA) of water hyacinth samples.

Sample ρ (kg/m3) σ(
Pa⋅s⋅m− 2)

SAA SAA(20) SAA(40) TLA (dB)

WH-1 118(4) 2824(290) 0.63(0.01) 0.72(0.02) 0.76(0.01) 7.5(1.0)
WH-2 174(5) 15920(728) 0.59(0.02) 0.68(0.02) 0.72(0.03) 11.2(0.9)
WH-3 197(2) 42061(4022) 0.58(0.04) 0.62(0.05) 0.61(0.06) 14.3(4.2)
WH-4 240(3) 62038(2191) 0.56(0.02) 0.59(0.03) 0.61(0.04) 17.5(2.9)
WH-5 282(2) 134251(4925) 0.41(0.01) 0.40(0.01) 0.40(0.01) 32.5(1.4)

The value in parentheses contains the standard deviation (SD) of each measurement.
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Johnson-Champoux-Allard (JCA) model has been utilized, following a
similar approach to our treatment of SAC data as presented in results and
discussions section.

The analysis of variance (ANOVA) using quadratic model was used to
determine the significance of the independent variables and their in-
teractions on the response (SAA and TLA). The analysis was determined
using the ’statsmodels’ library in Python.

3. Results and discussions

3.1. Characteristics of water hyacinth bio-based composites

The water hyacinth (WH) fiber strands used in this study displayed a
characteristic roughness, with an average diameter spanning from 1 to
2 mm. As depicted in Fig. 5, the samples were casted into cylindrical
shapes, featuring controlled dimensions for both diameter and thick-
ness. Owing to the transparent nature of the PVA adhesive, the resulting
samples naturally exhibited the characteristic light brown color of dried
water hyacinth.

The SEM image of the longitudinal section, displayed in Fig. 5(a),
highlights that a single strand of coarse fiber, acquired exclusively
through mechanical means, comprises smaller, unextracted strands. The
chemical composition of water hyacinth fiber mostly consists of cellu-
lose (25–68 %), hemicellulose (11–31 %), and lignin (3–7 %) (Guna
et al., 2017; Tanpichai et al., 2019; Wembe et al., 2023). The variation in
chemical composition may be affected by several abiotic factors, such as
water temperature and climate, as well as biotic factors such as water
hyacinth population density (Tanpichai et al., 2019). The chemical
composition of WH fiber plays a crucial role in contributing to the
strength of the fiber as described by Zhang et al. (2023) that lignin, a
main component of wood cell walls, has a critical effect on the me-
chanical properties of paper pulp and wood fiber-based composites.
Additionally, Oladele et al. (2020) showed that the lignin and hemi-
cellulose contents in the fiber affect surface morphology, which ulti-
mately can influence acoustic properties. Conversely, the analysis of the
cross-section, as shown in Fig. 5(b), uncovers the inherent porous and
fibrous structure of the cell wall, aligning with the typical features
observed in specific aquatic plants. Notably, this porous structure is

Fig. 3. Two-microphone impedance tube diagram for sound absorption
measurement.

Fig. 4. Four-microphone impedance tube diagram for transmission loss measurement.

Fig. 5. FEG-SEM images of the a) longitudinal section and b) cross section of rough water hyacinth fiber strands.
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reminiscent of the characteristics found in aquatic plants, notably the
water hyacinth, where numerous air spaces are dispersed throughout its
structure (Mahmood et al., 2005). There are two key morphological
characteristics that affect the sound-absorbing properties of water hya-
cinth composites. Firstly, fiber diameter plays a crucial role. According
to the study incorporating Kozeny-Carman model (Chanlert et al.,
2022b; Pelegrinis et al., 2016), fiber diameter is one of the essential
factors in determining the airflow resistivity of porous fibrous materials,
which in turn influences their sound absorption properties. Smaller fiber
diameters result in a higher specific surface area within the porous
structure, leading to greater energy dissipation of sound waves traveling
through the structure due to viscous and thermal effects. Secondly, fiber
surface roughness also impacts sound absorption. Theoretically,
increased surface roughness of the fiber enhances the surface area
available for sound wave interaction, thereby promoting more friction
and energy dissipation (Halashi et al., 2024; Mehrzad et al., 2022).

Fiber density plays a significant role in determining sound absorp-
tion properties. Low-density fibers create more space, resulting in
acoustic panels with lower overall density. Additionally, for the same
areal density, lower-density fibers provide a more voluminous and
bulkier fibrous structure compared to higher-density fibers. As reported
by Wembe et al. (Wembe et al., 2023), the density of water hyacinth
fiber ranges from 1.23 to 1.45 g/cm3, which is similar to other natural
fibers such as kenaf (1.4 g/cm3) (Taban et al., 2020), banana fiber
(1.38 g/cm3) (Oladele et al., 2020), and sisal fiber (1.45 g/cm3) (Cas-
toldi et al., 2019).

The density of each sample was systematically measured and is
comprehensively presented in Table 1. It is noteworthy that as the water
hyacinth fiber content in the samples increased, so did the sample
density. The recorded sample densities ranged from 116 to 287 kg/m3, a
classification considered as medium density, in alignment with previous
research findings incorporating natural fibers (Chanlert et al., 2022b;
Taban et al., 2021, 2019).

Airflow resistivity results, as shown in Table 1 and illustrated in
Fig. 8, exhibited a direct correlation with the sample density of the
composites. Specifically, higher sample densities corresponded to
elevated airflow resistivity values like the results from previous studies
(Mehrzad et al., 2022; Soltani et al., 2020). The airflow resistivity of
porous samples demonstrates an exponential relationship with sample
density, as supported by both theoretical (Garai and Pompoli, 2005) and
experimental (Chanlert et al., 2022b, 2023) evidence in previous
studies.

3.2. Sound absorption and sound insulation properties

The Sound Absorption Coefficient (SAC) spectra provide insights into
a sample’s ability to absorb sound at various frequencies, with values

ranging from 0 (no absorption) to 1 (full absorption). Fig. 6(a) presents
the SAC spectra for water hyacinth fiber samples WH-1 through WH-5,
obtained with the backing plate positioned directly behind the sample,
ensuring zero air gap. A clear inverse correlation between the SACs and
sample density emerges. This trend aligns with established character-
istics of some porous absorbers, where low-density samples often show
higher SACs (Chanlert et al., 2022b, 2022a). As the frequency rises, the
SAC exponentially increases, plateauing in a saturation region
(Simón-Herrero et al., 2019; Yang et al., 2020). Within this region,
samples of lower densities, such as WH-1 and WH-2, display a
peak-valley phenomenon, attributed to the 1/4-wavelength resonance
of the material’s rigid frame (Bardot et al., 1996). However, when the
sample density is sufficiently high or the open porosity is too low, the
peak-valley characteristic tends to disappear, as demonstrated in several
previous studies (Chanlert et al., 2022a; Park et al., 2020). In this study,
WH-5 exhibits such characteristic.

In Fig. 6(b), the transmission loss (TL) experimental data reveal a
pronounced positive correlation with sample density, presenting an
interesting contrast to the previously discussed SAC results. This trend
starkly contrasts with the SACs, highlighting differing behaviors in
sound absorption and transmission loss (Norton and Karczub, 2003).
This behavior is similar to the prior study on palmyra palm fiber com-
posites (Chanlert et al., 2022b), where the TL of porous fibrous ab-
sorbers with consistent thickness is significantly influenced by sample
density. Notably, this empirical insight applies well to water hyacinth
samples, given their classification as porous fibrous absorbers. In
alignment with these observations, sample WH-1, which has the lowest
density, exhibits the minimum transmission loss (TL), while WH-5, with
its higher density, shows a corresponding increase. Most samples display
a linear-like dependency of TL on frequency. However, sample WH-5
shows a nuanced deviation from this pattern; while the overall trend
of increasing TL with frequency is maintained, a pronounced hump
emerges between 125 and 4000 Hz. This feature intriguingly mirrors the
SAC results for WH-5, where the typical peak-valley characteristic is
conspicuously absent. Within the framework of water hyacinth porous
fibrous composites, a pivotal trade-off becomes apparent: optimizing for
superior SAC inevitably compromises TL, and vice versa.

Table 1 summarized key parameters for samples WH-1 through WH-
5, showing a progressive increase in sample density (ρ) from 118 ±

4 kg/m3 for WH-1–282 ± 2 kg/m3 for WH-5. The Sound Absorption
Average (SAA) is calculated by averaging SAC values across specific 1/3
octave-band frequencies between 200 and 2500 Hz, following previ-
ously established methodologies (Chanlert et al., 2022b). There is an
evident inverse correlation between sample density and SAA, with
values decreasing from 0.63 to 0.41. This trend aligns with the SAC
spectra; for instance, WH-5, with its higher density, lacks pronounced
peak-valley characteristics, which is reflected in its lower SAA. The data

Fig. 6. Normal-incident a) SAC and b) transmission loss (TL) spectra of water hyacinth bio-based composites.
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highlights the inverse relationship between SAC and sample density,
showing how density affects the acoustic properties of water hyacinth
samples. In the same way, The Transmission Loss Average (TLA) was
calculated using the same approach as the SAA, considering TL values at
1/3 octave-band frequencies between 200 and 2500 Hz. TLA demon-
strates a direct relationship with sample density, where WH-1 exhibits
the lowest TLA at 7.5 dB and WH-5 the highest at 32.5 dB. TLA values of
all samples are shown in Table 1. Fig. 8(f) illustrates the graphical
demonstration of SAA and TLA. It is evident that SAA tends to decrease
with increasing sample density, while TLA exhibits the opposite
behavior, with higher sample density corresponding to higher TLA.

3.3. Effect of air gap on sound absorption

Introducing an air space behind the porous absorber is a simple and
cost-effective way to boost sound absorption, especially at lower fre-
quencies (Halashi et al., 2024). From Table 1, it is evident that the SAA
of the samples increases significantly for those with lower densities
(<240 kg/m3). As illustrated in Fig. 7, the SAC spectra for low-density
samples show a shift in the peak SAC towards lower frequencies. For
the densest sample, WH-5 (282 kg/m3), the impact of the air gap is
minimal. This is probably because this sample behaves more like a solid
than a porous material due to its low porosity and high airflow resistivity
as displayed in Table 3.

The depth of the air gap is crucial in enhancing sound absorption.
Increasing the air gap depth leads to a marked improvement in low-
frequency sound absorption. This enhancement is attributed to the
additional sound energy dissipation as sound waves travel through the
air gap through the Helmholtz resonance effect (Chanlert et al., 2024;
Halashi et al., 2024). By adjusting the air gap depth, it is possible to
control the resonant frequency and improve sound absorption at specific
frequencies. Furthermore, increasing the air gap depth shifts the ab-
sorption peak to lower frequencies, indicating that maximum absorption
occurs at these lower ranges. For instance, in Table 1, WH-1 sample with
a thickness of 40 mm and a density of 118 kg/m3 without an air gap has
an SAA of 0.63. Introducing air gaps of 20 mm and 40 mm increases the
SAA to 0.72 and 0.76, respectively. Thinner-porous samples, which

typically have lower SAA, can achieve similar performance to thicker
samples by incorporating an air gap (Halashi et al., 2024). From Fig. 7, it
is observed that the absorption peaks shift to lower frequencies, result-
ing in a decrease in SAC at higher frequencies (Chanlert et al., 2024,
2023; Halashi et al., 2024). This indicates that enhancing SAC at lower
frequencies through the use of an air gap necessitates a trade-off in
sound absorption performance at higher frequencies. Therefore, opti-
mizing acoustic panels with an air gap is crucial to achieve the desired
sound absorption levels for specific applications (Merve Küçükali Öztürk
and Cevza Candan., 2015; Mvubu et al., 2019).

3.4. Analysis of variance (ANOVA) of factors affecting acoustic
properties

The effects of sample density (kg/m3) and air gap (mm) on the sound
absorption average (SAA) were investigated using ANOVA with a
quadratic model (Ehsan Samaei et al., 2023; Mehrzad et al., 2022). For
the Sound Absorption Average (SAA), the independent variable X rep-
resents the linear effect of sample density, while Y denotes the linear
effect of the air gap, which includes 0, 20, and 40 mm. The variables X2

and Y2 represent the quadratic effects of sample density and air gap,
respectively, and XY represents their interaction. For the Transmission
Loss Average (TLA), sample density is the only independent variable
considered. Here, X and X2 represent the linear and quadratic effects of
sample density, respectively.

After performing the quadratic ANOVA test, the following mathe-
matical model (Eq.2) was derived to predict the SAA:

SAA = 0.4194+ 2.951× 10− 3X+ 7.850× 10− 3Y − 1.054× 10− 5X2

− 4.408× 10− 5Y2 − 2.176× 10− 5XY
(2)

The ANOVA findings demonstrated that the model was highly sig-
nificant with an F-value of 81.27 and a p-value of 1.11 × 10− 16. The
coefficients of determination R2 and adjusted R2 of were 0.91 and 0.90,
respectively, indicating a strong agreement between the model and the
experimental data. Themean SAAwas 0.59, with a standard deviation of
0.11, resulting in a coefficient of variation (CV) of 0.19. These statistical

Fig. 7. SAC spectra measured with 0, 20, and 40 mm air gaps and estimation curves obtained from the JCA model for a) WH-1, b) WH-2, c) WH-3, d) WH-4, and e)
WH-5.
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parameters confirm the adequacy and reliability of the model for pre-
dicting the SAA of the composite materials. The significant terms in the
model included the linear effects of density (X) and air gap (Y), as well as
their interaction (XY) and the quadratic term of density (X2). The
quadratic term of air gap (Y2) was not significant at the 95 % confidence
level (p-value = 0.125).

The error analysis was conducted to assess the experimental out-
comes against the prediction using statistical model. The errors between
experimenal (Aexp) and predicted (Amodel) values for each sample were
calculated by following (Eq. 3 ~ Eq. 4):

residual =
⃒
⃒Aexp − Amodel

⃒
⃒ (3)

error = residual
/
Aexp (4)

where residual is the absolute difference between the experimental and
predicted values.

The results indicate that both density and air gap significantly affect
the SAA, with density exerting a more pronounced influence. The errors
in the mathematical model’s predictions for SAA with zero air gap, SAA
with a 20 mm air gap (SAA(20)), and SAA with a 40 mm air gap (SAA(40))
are 0.0300, 0.1892, and 0.2074, respectively. These findings demon-
strate that the mathematical model exhibits higher accuracy in pre-
dicting SAA without an air gap compared to predictions involving
20 mm and 40 mm air gaps.

The influence of sample density (kg/m3) on the Transmission Loss
Average (TLA) was analyzed using a quadratic model. The ANOVA re-
sults, as summarized in Table 2, confirmed the model’s high significance
(F-value = 74.46, p-value = 1.72 × 10− 7). The derived mathematical
model (Eq.5) for predicting TLA is:

TLA = 22.34 − 0.2326X+ 9.386× 10− 4X2 (5)

The analysis demonstrated a strong correlation between the model
and experimental data, indicated by an R2 value of 0.93 and an adjusted
R2 of 0.91. The model terms, including the linear effect of density (X)
and the quadratic term (X2), were statistically significant at 95 % con-
fidence level with p-values of 0.0292 and 1.65 × 10− 3, respectively. Key
statistical parameters further validated the model’s reliability: the mean
TLA was 16.6, with a standard deviation of 9.2, resulting in a coefficient
of variation (CV) of 0.55. These findings indicate that sample density
significantly affects TLA, with the model providing a highly accurate
prediction of the transmission loss average. The error of this quadratic
math model in predicting TLA is 0.0886.

The next subsection introduces the semi-phenomenal Johnson-
Champoux-Allard (JCA) model, which could help explain these in-
teractions. The JCA model enables deeper exploration into the rela-
tionship between SAC and TL in water hyacinth composites, potentially

clarifying the complexities observed in experimental findings.

3.5. The analyses of Johnson-Champoux-Allard (JCA) model and
transfer matrix method

The non-acoustic parameters constitute the geometric elements of
the semi-phenomenal Johnson-Champoux-Allard (JCA) equivalent fluid
model, as originally proposed by Johnson et al. (Johnson et al., 1987),
Allard and Champoux (Allard and Champoux, 1992), and Champoux
and Stinson (Champoux and Stinson, 1992). These parameters include
airflow resistivity (σ), porosity (ϕ), tortuosity (α∞), viscous (Λ), and
thermal (Λ́ ) characteristic lengths. The expressions for the equivalent
dynamic density and equivalent dynamic bulk modulus governing the
behavior of airborne sound waves within the porous absorber are pre-
sented below (Chanlert et al., 2024, 2023, 2022b):

ρeq(ω) =
α∞ρ0

ϕ

⎡

⎣1+
σϕ

jωρ0α∞

(

1+
4jα2

∞ηωρ0
(σΛϕ)2

)1/2
⎤

⎦ (6)

Keq(ω) =
γP0
ϕ

⎛

⎝γ − (γ − 1)

⎡

⎣1+
σϕ

jωρ0α∞NPR

(

1+
4jα2

∞ηNPRωρ0
(σ́ Λ́ ϕ)2

)1/2
⎤

⎦

− 1⎞

⎠

− 1

(7)

σʹ =
8ηα∞

Λ́ 2ϕ
(8)

where ω represents the angular frequency of the sound wave, ρ0 denotes
the density of the ambient air, γ signifies the specific heat ratio of the air,
η corresponds to the dynamic viscosity of the air, P0 stands for atmo-
spheric pressure, and NPR denotes the Prandtl number. The complex
wave number (kc) and characteristic impedance (Zc) can be calculate
through the following expressions:

kc(ω) = ω

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρeq(ω)
Keq(ω)

√

(9)

Zc(ω) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρeq(ω)Keq(ω)

√
(10)

The transfer matrix (T) (Cai et al., 2020; Chanlert et al., 2023;
Doutres et al., 2015) can be expressed as follows:

T =

[
cos(ka) jZsin(ka)
jsin(ka)/Z cos(ka)

]

(11)

Table 2
Analysis of variance (ANOVA) for sound absorption average (SAA) and transmission loss average (TLA).

Response Model ANOVA

Source Sum of square DF Mean square F-value p-value

SAA Quadratic Model 0.513 5 0.103 81.27 1.11 × 10− 16

X 0.413 1 0.413 326.85 2.13 × 10− 4

Y 343 × 10− 2 1 3.43 × 10− 2 27.18 2.76 × 10− 5

XY 1.79 × 10− 2 1 1.79 × 10− 2 14.17 5.51 × 10− 4

X2 4.51 × 10− 2 1 4.51 × 10− 2 35.68 5.64 × 10− 7

Y2 3.11 × 10− 3 1 3.11 × 10− 3 2.46 0.125
Residual 4.93 × 10− 2 39 1.26 × 10− 3 1.00
Total 0.563 44

Statistical parameters (Mean = 0.59, SD = 0.11, CV = 0.19, R2 = 0.91, R2
adj = 0.90)

TLA Quadratic Model 1089.12 2 544.56 74.46 1.72 × 10− 7

X 970.03 1 970.03 132.64 0.0292
X2 119.09 1 119.09 16.28 1.65 × 10− 3

Residual 87.76 12 7.31 1.00
Total 1176.88 14

Statistical parameters (Mean = 16.6, SD = 9.2, CV = 0.55, R2 = 0.93, R2
adj = 0.91)
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Ttotal =
∏2

i=1
Ti = Tporous • Tairgap =

[
T11 T12
T21 T22

]

(12)

For the porous and air layer, k can be substituted with complex wave
number of the porous layer (kc) and air (k0), respectively. In the same
way, Z can be substituted by characteristic impedance of porous
absorber (Zc) and air (Z0). In addition, a signifies the thickness of the
porous sample and the air gap layers. Lastly, the SAC of the composite
system comprising the porous absorber and air layer can be expressed as
follows:

SAC = 1 −
⃒
⃒
⃒
⃒
(T11/T21) − ρ0c0
(T11/T21) + ρ0c0

⃒
⃒
⃒
⃒

2

(13)

where ρ0 and c0 is the static density and sound speed of air at certain
temperature, respectively.

The expression presented in Eq. 1 13)3 shall serve as the mathe-
matical model for the least-squares fitting of SAC spectra for samples
with air gaps of 0 mm, 20 mm, and 40 mm simultaneously. Fig. 7 shows
the SAC results from the experiments alongside the fitting from the JCA
model - transfer matrix. During the optimization process, airflow re-
sistivity (σ) was kept constant as it was measured directly. Other pa-
rameters (ϕ, ε0,Λ, and Λʹ ) were treated as variables and optimized
using the least-squares method by the ’lmfit’ library in Python. The
optimized non-acoustic parameters are listed in Table 1.

Fig. 7 compares the calculated and experimental SAC spectra for air
gaps of 0, 20, and 40 mm. As the air gap length increases, a notable
leftward shift in the SAC spectra indicates enhanced low-frequency
sound absorption. Most samples’ air gap variations align with pre-
dictions from the JCA model. However, according to Fig. 7(e), WH-5 is
an exception, showing no low-frequency shift in its SAC spectrum. This
behavior is similar to findings in high-density rice bran composites
(Chanlert et al., 2023), where air gap variations minimally affected SAC.
In such cases, higher sample density promotes rigidity, reducing the
impact of air gap-induced frequency shifts.

According to Fig. 8, the variation between airflow resistivity and
sample density is positive, where increasing sample density results in the
airflow resistivity increase which is consistent with most porous mate-
rials in prior studies (Chanlert et al., 2024, 2022b). The results shown in
Table 3 are visually demonstrated in Fig. 8. According to Garai and
Pompoli (Garai and Pompoli, 2005), airflow resistivity can be

determined by using sample density (ρ) as described in this empirical
model:

σ = AρB (14)

In the case of water hyacinth composites, by employing the least-
squares method to optimize experimental airflow resistivity (σ) with
Eq. (14), the parameters A and B, can be determined as 2.1651× 10− 5

and 3.9939, respectively. Using this empirical equation, the airflow re-
sistivity of the water hyacinth sample can be determined. The model is
capable of predicting the value of airflow resistivity based solely on
sample density. The model’s prediction exhibits an error of 0.2019. The
estimation using Eq. (14) is illustrated in Fig. 8(a).

Table 3 shows the values of non-acoustic parameters obtained from
the optimization of JCA model and experimental SACs results including
opened porosity (ϕ), tortuosity (α∞), viscous (Λ), and thermal (Λ́ )
characteristic lengths. Most parameters (ϕ, ε0,Λ, and Λʹ ) exhibit
approximately negative variation with sample density. Fig. 8 provides a
detailed analysis of sample density against SAA, TLA and 5 non-acoustic
parameters of JCA model across six subplots. Fig. 8(a) displays an
exponential increase in airflow resistivity with density, where experi-
mental and calculated data from Eq. 14 converge. Fig. 8(b) shows a
linear decrease in open porosity as density increases. Tortuosity (α∞),
portrayed in Fig. 8(c), diminishes up to a sample density of 174 kg/m3,
subsequently stabilizing at a value indicative of straight, non-deviant
pores. The viscous characteristic length, as depicted in Fig. 8(d),
shows a decline with increasing density. Similarly, the thermal charac-
teristic length also reveals an approximate decline with the increase in
density. The underlying mechanisms, especially the interplay between
α∞, Λ, and Λʹ, suggest a hierarchy in pore characteristics: the Λ typically
being smaller or at par with the Λʹ (Champoux and Stinson, 1992), which

Fig. 8. Sample density vs a) airflow resistivity, b) opened porosity c) tortuosity, d) viscous characteristic length, e) thermal characteristic length, and f) SAA and TLA.

Table 3
Non-acoustic parameters derived from a least-squares fiting of the JCA model on
experimental sound absorption coefficient (SAC) spectra.

Sample ϕ α∞ Λ (μm) Λʹ (μm)

WH-1 0.923 1.465 34.4 242.2
WH-2 0.803 1.000 15.3 179.0
WH-3 0.784 1.010 9.8 91.6
WH-4 0.716 1.052 9.1 26.7
WH-5 0.668 1.210 7.7 25.1
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reveals complex pore geometry and connections within the porous
absorber (Champoux and Allard, 1991).

Furthermore, the transmission loss (TL) can be determined using the
matrix components of the transfer matrix (Chanlert et al., 2024; Luu
et al., 2017) which is:

TL = 20log10

⃒
⃒
⃒
⃒cos(kca) +

i
2

(
Zc

ρ0c0
+

ρ0c0
Zc

)

sin(kca)
⃒
⃒
⃒
⃒ (15)

Using the above equation, calculated TL spectra can be determined.
The caluculated TL spectra using JCA model and transfer matrix method
are shown in Fig. 9. Notably, according to Fig. 6(e), the WH-4 and WH-5
samples exhibit disparities between the experimental and theoretical
results. This observed discrepancy might be attributed to their high
sample density and lowest opened porosity among the samples (Chanlert
et al., 2022b). Given that Eq. 15 is utilized to determine TL for porous
absorbers, the TL spectrum of high density sample deviating from the
prediction might suggest that they behave more akin to a rigid material
rather than a porous one (Chanlert et al., 2024, 2022b), which is
consistent with the SAC results observed during air gap variation as
demonstrated in Fig. 7.

The error analysis was conducted to assess the experimental out-
comes against the prediction using JCA model for both SAA and TLA.
Errors between the observed and predicted SAA for WH-1, WH-2, WH-3,
WH-4, and WH-5 were 0.0163, 0.0084, 0.0082, 0.0417, and 0.0982
respectively. The average error of the SAA of all samples is 0.0346. The
corresponding TLA errors were 0.0930, 0.1711, 0.0444, 0.1416, and
0.3631. The average error of the TLA of all samples is 0.1626. Compared
to the values obtained from statistical models investigated in the pre-
vious subsection, the error of the values obtained using the JCA model is
higher. However, the JCAmodel provides a comprehensive prediction of
the SAC and TL spectrum, making it more versatile in predicting other
parameters such as the Noise Reduction Coefficient (NRC) and sound
absorption at frequencies higher than 2500 Hz. For the SAA of materials
with an air gap, the JCA model predicts the SAA with higher accuracy
than the statistical models. The average errors for SAAs with 20 mm and
40 mm air gaps are 0.0318 and 0.0440, respectively. These errors are
significantly lower than those of the statistical models, which are 0.1892
and 0.2074 for SAAs with 20 mm and 40 mm air gaps, respectively.

3.6. The empirical model for sound absorption coefficient

The Johnson-Champoux-Allard (JCA) model, requiring five param-
eters to predict the sound absorption coefficient (SAC), may not always
be practical for use when sample information is limited. In contrast,
empirical models are more suitable as they demand fewer independent
variables to determine outcomes like the SAC. The Delany-Bazley (D-B)
model is favored for its simplicity and has been widely used to predict
the SAC spectrum; it was originally developed by fitting the SAC spectra
of various glass fiber specimens. Additionally, the Garai-Pompoli (G-P)
model, developed from data on polyester fiber, also provides a reliable
empirical method for predicting the SAC spectrum of fibrous-type ab-
sorbers. The primary requirement for predicting the SAC spectra with
this empirical model is the airflow resistivity of the porous absorber.
This resistivity can be calculated from the sample density using Eq. 15.

However, the applicability of the D-B and G-Pmodels may not extend
to all sample types. It is particularly intriguing to explore whether these
models can accurately predict the SAC spectra of water hyacinth com-
posites in this study. The airflow resistivity values listed in Table 1 are
employed to estimate a new empirical model for the SAC, which is based
on a power-law relationship derived from the D-B model, with the
general expressions outlined in Eqs. 16 and 17 (Chanlert et al., 2023;
Delany and Bazley, 1970; Soltani et al., 2020). The SAC of the predictive
model can be accurately estimated by substituting the values from these
equations into Eq. 18.

Zc = ρ0c0

[

1+C1

(
ρ0f
σ

)− C2
− jC3

(
ρ0f
σ

)− C4
]

(16)

Kc = ω
/
c0

[

1+C5

(
ρ0f
σ

)− C6
− jC7

(
ρ0f
σ

)− C8
]

(17)

Zs = − jZccot(Kcd) (18)

The optimal values for parameters C1 to C8 were determined using
the least-square method, as detailed in Eqs. 16 - 18. SAC spectra from
five distinct samples (WH-1 to WH-5) were employed in the reverse
estimation of our new model (WH model) for water hyacinth compos-
ites, with the parameters displayed in Table 4. Additionally, the Garai-

Fig. 9. Experimental and calculated SAC and TL spectra using JCA model for a) WH-1, b) WH-2, c) WH-3, d) WH-4, and e) WH-5.
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Pompoli model, developed from data on polyester fiber (Garai and
Pompoli, 2005), serves as another reliable empirical method for pre-
dicting the SAC spectrum of fibrous-type absorbers. The parameters for
both the Delany-Bazley (Delany and Bazley, 1970; Soltani et al., 2020)
and Garai-Pompoli (Garai and Pompoli, 2005) models are listed in
Table 4, and the SAC spectra predicted by these three models are illus-
trated in Fig. 10.

The errors between the SAAs predicted by D-B and G-P models and
experimental results across all samples (WH-1 to WH-5) were 0.1406

and 0.2316, respectively. In contrast, the newly developed model (WH
model) demonstrated a significantly error of 0.0377 for the same sam-
ples. Comparatively, the error of the estimation using D-B and G-P
models are approximately 4 and 7 times higher than those of the new
model, respectively. This substantial reduction in error values suggests
that the new model provides a much higher accuracy than the estab-
lished models in predicting the sound absorption spectrum of water
hyacinth composites under specific conditions. It should be noted that
the model’s predictions are most accurate when applied to panels that

Table 4
The comparison between eight parameters of the D-B, G-P and the new empirical model.

Model C1 C2 C3 C4 C5 C6 C7 C8

Delany-Bazley 0.057 0.754 0.087 0.732 0.098 0.700 0.189 0.595
Garai-Pompoli 0.078 0.623 0.074 0.660 0.121 0.530 0.159 0.571
New model 0.285 0.598 -0.865 0.159 -3.555 0.069 1.313 0.153

Fig. 10. Experimental and calculated SAC spectra using the empirical D-B, G-P and the new model for a) WH-1, b) WH-2, c) WH-3, d) WH-4, and e) WH-5.

Table 5
SAA values of composites of water hyacinth and other natural fibers with 40 mm thickness.

⍴ (kg/m3) Natural fiber composites σ (Pa⋅s⋅m− 2) SAA Reference

Exp. DB WH

118 Water hyacinth 2824 0.63 0.39
(0.39)

0.63
(0.01)

Current study

100 Sugarcane baggasse 1823 0.42 0.33
(0.21)

0.61
(0.45)

(Mehrzad et al., 2022)

150 Kenaf 3230 0.50 0.40
(0.19)

0.62
(0.26)

(Halashi et al., 2024)

197 Water hyacinth 42061 0.58 0.62
(0.07)

0.55
(0.05)

Current study

200 Sugarcane baggasse 5647 0.64 0.47
(0.26)

0.64
(<0.01)

(Mehrzad et al., 2022)

200 Kenaf 5740 0.61 0.46
(0.22)

0.64
(0.05)

(Taban et al., 2020)

225 Luffa 7260 0.68 0.50
(0.26)

0.64
(0.06)

(Halashi et al., 2024)

The values in parentheses contain the errors between the observed (Exp.) and predicted SAA.
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are 40 mm thick and have an airflow resistivity ranging between 2824
and 134251 Pa⋅s⋅m− 2. The development of this empirical model signif-
icantly enhances the ability of researchers to predict the SAC of water
hyacinth composites rapidly and accurately, facilitating more efficient
and effective use of these materials in practical applications.

3.7. Comparative analysis

Table 5 provides a detailed comparison of the Sound Absorption
Average (SAA) of water hyacinth composites studied in the current
research with other natural fiber composites from previous studies, all
having a uniform thickness of 40 mm. This analysis highlights the dif-
ferences in sound absorption characteristics across various natural fibers
and densities, alongside the performance of predictive models.

For low-density samples (100 ~ 150 kg/m3), water hyacinth com-
posites exhibit similar airflow resistivity (AFR) to other natural fibers.
Specifically, the AFR for water hyacinth at 118 kg/m3 is 2824, compa-
rable to sugarcane baggasse in 1823 for 100 kg/m3 and kenaf at 3230 for
150 kg/m3. In terms of sound absorption, water hyacinth composites
demonstrate a higher SAA (0.63) compared to sugarcane baggasse
(0.42) and kenaf fiber (0.50). This indicates superior sound absorption
properties of water hyacinth at lower densities. Conversely, at higher
densities (~200 kg/m3), water hyacinth composites exhibit much
higher AFR (42061) compared to sugarcane baggasse (5647) and kenaf
(5740). This significant difference is attributed to the larger diameter of
water hyacinth fibers, resulting in a lower surface area and reduced
porosity. The reduced porosity restricts airflow, leading to higher
airflow resistivity. Consequently, the SAA for high-density water hya-
cinth composites (0.58) is lower than that of sugarcane baggasse (0.64)
and kenaf fiber (0.61).

The WH model, developed in this study, shows varying predictive
accuracy. For low-density samples, the WH model does not predict the
SAA of sugarcane baggasse and kenaf fiber as accurately as the Delany-
Bazley model, with errors of 0.45 and 0.26, respectively. However, for
high-density samples, the WH model outperforms the Delany-Bazley
model in predicting SAA, with overall errors around 0.05–0.06,
compared to the Delany-Bazley model’s errors in the range of 0.2–0.3.
Notably, the Delany-Bazley model can predict the SAA of high-density
water hyacinth samples with minimal error, such as 0.07 % for a sam-
ple with a density of 197 kg/m3. The WHmodel was derived from fitting
the SAC spectra of water hyacinth fiber with limited ranges of airflow
resistivity and sample thickness. Its versatility would improve by
incorporating SAC spectra from other fibers and various sample thick-
nesses. As shown in Table 5, theWHmodel predicts SAA for high-density
samples better than the traditional Delany-Bazley model. This suggests
its potential to be developed into a more general model capable of
predicting SAC spectra for various materials, similar to the Delany-
Bazley and Garai-Pompoli models.

Since, in this study, a manual method was used to extract fibers from
water hyacinth stalks, which limits the ability to achieve finer fibers. To
obtain finer fibers, the most efficient method is to use a fiber extractor
machine. This machine mechanically crushes the water hyacinth stalks
into finer strands through repeated crushing and refining processes.
Specifically, a fiber extractor machine, such as a decorticator, can be
utilized. This machine operates by breaking down the fibrous material
through mechanical impact or grinding, resulting in finer fibers.
Implementing such machinery would significantly enhance the fineness
of the fibers.

This study highlights the impressive sound absorption capabilities of
water hyacinth, a floating river weed, underscoring its potential in
acoustic applications. Utilizing water hyacinth offers several benefits for
environmental sustainability. Firstly, water hyacinth is listed among the
"100 of the World’s Worst Invasive Alien Species," causing negative ef-
fects on local biodiversity (Lowe et al., 2000). Controlling invasive
species in natural habitats is crucial for slowing down biodiversity loss,
as invasive species are a major concern in several national and

international biodiversity conservation policies (Keller et al., 2011).
Moreover, removing water hyacinth from water bodies can improve
water quality by promoting better flow and reducing environmental
impact (Viriyavisuthisakul et al., 2018). Therefore, using water hyacinth
for bio-based materials may help control its population and mitigate the
invasive species problem. Secondly, the natural fiber extracted from
water hyacinth is not only cost-effective and easy to recycle but also
exhibits strong biodegradable properties. Soil biodegradation tests have
shown that water hyacinth biocomposites experience approximately
30–50 %weight loss in 15 days, indicating their biodegradability (Syafri
et al., 2019a, 2019b). This contrasts with widely used industrial com-
posites like polyurethane and fiberglass, which generally take over 20
years and several years to degrade, respectively (Hausrath and Lon-
gobardo, 2010; Pellizzi et al., 2014). Additionally, the natural fiber can
be transformed into various products such as bio-composites, super-
capacitors, biomass energy sources, and fertilizers (Guna et al., 2017),
making it applicable for various environmentally friendly products. In
our experiment, we used polyvinyl alcohol (PVA) as a binder due to its
biodegradability (Chiellini et al., 2003; Rahman and Goswami, 2022).
PVA can degrade by 75 % within 46 days, making it an environmentally
friendly polymer. However, high concentrations of PVA in industrial
wastewater can pose risks to marine life. Research indicates that
long-chain PVA can be broken down into smaller molecules by enzymes
produced by microorganisms like bacteria and further degraded into
acetic acid, hydrogen, and carbon dioxide (Rahman and Goswami,
2022). These aspects suggest that while PVA offers certain environ-
mental advantages, its complete impact requires careful consideration
and management to ensure sustainability. Therefore, water hyacinth
composite material presents a promising eco-friendly alternative for
developing sound absorption products, offering benefits for both envi-
ronmental sustainability and material innovation. However, due to the
biodegradability of natural fibers, there are concerns regarding their
durability and stability under thermal or chemical conditions. Glass
wool and polyurethane foam have been in use for a long time (Aso and
Kinoshita, 1965; Imai and Asano, 1982), demonstrating their suitability
for various conditions (Ehsan Samaei et al., 2023; Lee and Jung, 2019)
related to construction and building materials. Although natural fibers
like water hyacinth can be made into bio-based composites, there is still
a long way to go before they can be used at a mass production level.

4. Conclusions

This study provides a detailed analysis of the sound absorption and
insulation properties of natural fiber composites made from water hy-
acinth fibers.

1. Among the samples tested, WH-1, with a density of 118 kg/m3,
displayed the highest Sound Absorption Average (SAA) at 0.63,
whereas WH-5, the sample with the highest density at 282 kg/m3,
showed the greatest Transmission Loss Average (TLA) at 32.5 dB.
The data reveals that as sample density increases, SAA tends to
decrease, while TLA increases.

2. The analysis of variance (ANOVA) demonstrated that both sample
density and air gap exert a linear influence on the value of SAA, while
only sample density exhibits a quadratic influence on SAA at a 95 %
confidence interval. Similarly, sample density shows both linear and
quadratic influences on TLA with a confidence interval above 95 %.

3. In terms of the JCA model parameters, airflow resistivity was found
to increase with higher density, whereas all other parameter-
s—including open porosity and viscous/thermal characteristic
lengths—showed an inverse relationship with density. The new
empirical model (WH model) has also been developed for predicting
the SAC, with an average error of 0.0377, which is 4–7 times lower
than the error of established models such as the Delany-Bazley and
Garai-Pompoli models.
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4. Future research will explore a broader range of variables, including
variations in sample thickness and modifications to fiber strand size.
Types of Binder—Identifying binders that enhance bonding without
compromising acoustic properties. Water Repellent Coat-
ings—Investigating the effects of water repellent coatings on
acoustic properties and durability. Long-Term Durability and
Environmental Impact—Assessing resistance to environmental
degradation and sustainability. Hybrid Material Devel-
opment—Exploring the combination of water hyacinth fibers with
other natural or synthetic materials for improved performance
characteristics. Thermal Stability—Studying the thermal stability
of water hyacinth fibers to determine their suitability for different
environmental conditions.
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