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Achieving broadband sound absorption in lightweight materials requires understanding how pore morphology
and tortuosity govern energy dissipation within porous networks. This study investigates the microstructural
evolution and acoustic performance of heat-consolidated metakaolin-based geopolymer panels fabricated from
foamed granules using hydrogen-peroxide to generate porosity. Panels are consolidated without external binders,
resulting in lightweight structures with sufficient mechanical integrity for acoustic applications. Increasing
foaming content promotes interconnected pore formation and tortuosity, transforming the structure from
discrete intergranular voids into a continuous porous network. Microstructural analysis confirms the coexistence
of intergranular and intragranular porosity, with a hierarchical pore structure spanning nanometer to millimeter
scales and open porosity ranging 25-40%. Across the investigated compositions, these microstructural variations
are associated with a transition from localized resonance-dominated absorption toward broadband dissipation, as
observed in normal-incidence acoustic measurements over 200-4300 Hz, with absorption coefficients reaching
0.8-0.9 for panels prepared with foaming levels 4-5 wt% hydrogen-peroxide. The geopolymer panels exhibit
acoustic performance comparable to conventional polyurethane and melamine foams while providing me-
chanical strength at the MPa scale (up to ~ 4 MPa), compared to the kPa-level strength of polymer-based ab-
sorbers. Unlike the highly elastic nature of polymeric materials, the geopolymer panels possess a rigid structural
response, making them suitable for applications requiring both sound absorption and mechanical stability.
Overall, the results show that granular geopolymer systems consolidated without any external binders provide a
viable pathway for achieving broadband acoustic performance while maintaining mechanical integrity and
providing a proof-of-concept for manufacturing methodology.

1. Introduction fatigue, sleep disturbances, and sound sensitivity [7,8]. In indoor and

building environments, improving acoustic comfort, particularly

Noise pollution is an increasingly prevalent environmental concern,
driven by rapid urbanization and increased human activity associated
with rising living standards [1]. Common sources include transportation
systems, industrial operations, and indoor sources such as home appli-
ances, entertainment systems, and HVAC (Heating, Ventilation, and Air
Conditioning) equipment, particularly in densely populated urban en-
vironments. Noise pollution negatively impacts ecology and human
health, impairing physical and mental performance [2], especially in
schools [3]. Excessive exposure can cause hearing loss [4], cardiovas-
cular dysfunction [5], mental health disorders [6], and annoyance,
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through the control of airborne noise, has therefore become an impor-
tant design requirement. Sound-absorbing materials are widely used to
control airborne noise by dissipating acoustic energy and reducing
sound reflections within enclosed spaces [9]. A range of porous mate-
rials, such as mineral wool, glass wool, fiberglass, and polymeric foams
like polystyrene and polyurethane, have been traditionally used for
acoustic applications due to their high sound absorption efficiency
[10-15]. Nevertheless, these materials are synthetically produced from
nonrenewable petrochemical sources and raise concerns related to
recyclability, end-of-life management, and potential health risks
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associated with fibrous particulates [16,17]. In response to this,
granular-based absorbers have attracted increasing attention, as they
are often derived from natural aggregates, recycled materials, or in-
dustrial by-products and offer flexible microstructural design for
tailoring acoustic performance [10,18,19].

Lightweight granular materials (LGMs) composed of loosely bound
or unconsolidated particles with irregular or spherical morphology,
exhibit porosity and low density, making them attractive for acoustic
applications [20-22]. When incorporated into consolidated granular
structures, LGMs combine low mass with improved mechanical integ-
rity, together with favorable physicochemical properties such as low
thermal conductivity and refractory behavior [10]. Unconsolidated
granular beds typically require external confinement, whereas consoli-
dation enables mechanically coherent, self-supporting porous elements
suitable for practical acoustic applications while preserving inter-
connected porosity for sound absorption [10,18]. LGMs effectively
dissipate sound through internal air voids and airflow resistance through
their porous structure. Their acoustic response can be influenced by
particle interactions with packing conditions, and boundary constraints,
making granular systems attractive for tunable sound absorption [20].
Several studies have reported that granular-based acoustic materials can
achieve effective sound absorption, including arlite, perlite, vermiculite
[10], rubber granules [23,24], and expanded clay [25,26]. These ma-
terials have demonstrated a combination of acoustic functionality and
adequate mechanical performance for building-related applications.
However, they are commonly used in loose form and therefore require
external binders to achieve structural integrity, which can increase
material consumption and processing complexity. Binders reported in
the literature include epoxy resin [25], polyurethane [27], or fly ash and
cement [26], and some fabrication routes remain energy-intensive due
to extended curing at elevated temperatures [28,29]. These limitations
highlight the need for consolidated granular systems that can achieve
mechanical coherence while minimizing additional binders and pro-
cessing complexity.

Geopolymers are considered as a green binder [30] and potentially
sustainable alternatives for building materials [31,32]. Geopolymers are
aluminosilicates with a three-dimensional structure and sometimes
considered a subclass of alkali-activated materials [33]. Their prepara-
tion involves alkali solutions mixed with amorphous aluminosilicate
materials (such as fly ash, metakaolin, and blast furnace slag) at (near)
room temperature [34]. When blowing agents (e.g., H202, Al°, or Si%
are added under alkaline conditions, gas bubbles form, creating a porous
structure and expansion [35]. Yu et al. [36] prepared geopolymer
granules based on metakaolin and solid sodium metasilicate, utilizing
varying concentrations of HyO2, which demonstrated open porosity of
72% with 20% H,05, The development of porosity within these mate-
rials is crucial, as the acoustic performance of porous materials is closely
linked to pore structure characteristics such as porosity, pore size, and
tortuosity [10,37-39]. While increased open porosity can promote
sound absorption, as reported by Leiva et al. [37], demonstrating
enhanced acoustic performance of porous geopolymers over the fre-
quency range 100-5000 Hz, they also stated that excessively high open
porosity may reduce pore-wall interactions and diminish absorption
efficiency. These observations highlight that sound absorption is fre-
quency dependent and governed by the combined morphology and
connectivity of the pore network [39]. Porous materials act as acoustic
absorbers by trapping incident sound waves and dissipating acoustic
energy through viscous and thermal losses at the pore walls [39].
Although several studies have established empirical relationships be-
tween pore characteristics and sound absorption efficiency in granular
media [23,26,38], most focus on loose beds or pre-formed granules with
largely predefined pore structures. The role of pore features evolving
during material processing and consolidation in governing the acoustic
behavior of granular systems therefore remains insufficiently under-
stood and so requires further experimental investigation based on
controlled material processing, microstructural observation, and
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comparative analysis of the resulting acoustic behavior.

The acoustic behavior of porous media can be described by
impedance-based models such as the Johnson-Champoux-Allard (JCA)
model, which relates sound absorption to microstructural parameters
including porosity, airflow resistivity, tortuosity, and viscous and ther-
mal characteristic lengths [40]. Although JCA model is formulated for
idealized pore structures and its applicability to irregular or hierarchical
granular network is limited, it is referenced here to contextualize the
role of pore morphology and microstructural parameters in acoustic
dissipation, rather than for quantitative implementation. In such sys-
tems, viscous and thermal boundary layer effects govern sound energy
dissipation within interconnected pores, with the characteristic lengths
reflecting pore geometry and shape. While small and tortuous pores
enhance high-frequency absorption through viscous-thermal losses,
larger and more connected pores favor low-frequency attenuation
[10,37]. Arenas et al. [39] demonstrated that porous geopolymer com-
posites containing crushed granite and construction and demolition
waste exhibit a strong correlation with acoustic characteristics and
sound absorption properties. The effectiveness of sound absorption in
geopolymers is influenced by key microstructural factors such as
porosity, pore size, tortuosity, and the permeability of the pore network
have a close relationship with acoustic characteristics and sound ab-
sorption. Wallah [41] reported that geopolymers have notable sound
absorption capacity combined with minimal shrinkage, which helps
maintain their porous structure, durability, and long-term acoustic
performance. Raja et al. [42] showed that the sound absorption behavior
of geopolymer panel manufactured from fly ash had an absorption co-
efficient (o) between 0.2-0.35 in the frequency range of 1200 Hz to
6300 Hz. Using fly ash and aluminum waste, Leiva et al. [37] created
porous geopolymer composites with an approximate 14-21% open
porosity, achieving sound absorption coefficients between 0.3 and 0.5
over a broad frequency range of 250-5000 Hz. Acoustic dissipation in
porous granular media is associated with factors such as airflow re-
sistivity, visco-inertial coupling, and, in consolidated systems, frame-
related effects, which are closely related to the pathways formed
within the pore structure. Achieving efficient sound absorption at lower
frequencies is generally challenging in porous geopolymer systems, with
pore size and pore morphology being important contributing factors.
Accordingly, this study focuses on the development of heat-consolidated
granular geopolymer materials and the experimental observation of how
the evolution of pore morphology affects frequency-dependent sound
absorption.

Geopolymer granules have potential for porous consolidated struc-
tures incorporating porosity at two levels: intrinsic microporosity and
macroporosity caused by foaming. This dual porosity is expected to
enhance acoustic absorption by increasing internal surface area and
dissipative pathways for sound waves [43]. Although granular materials
and geopolymer composites individually exhibit promising acoustic
properties, no studies have systematically combined these approaches to
produce fully consolidated porous panels without additional binders.
The influence of dual porosity and pore structure on the acoustic per-
formance of such consolidated systems remains poorly understood. The
concept of developing the granules involves an integrated process
combining granulation, alkali activation, and direct foaming [36]. Their
formation was driven by adhesive, cohesive, and interfacial forces
[43,44], while subsequent geopolymerization during curing yielded a
durable, porous aluminosilicate network [45,46]. Developing heat-
consolidated granular media can simplify manufacturing processes,
reduce material complexity, and improve mechanical integrity while
preserving acoustic efficiency. Heat consolidation refers to the process
by which discrete particles or granules are thermally bonded into a solid,
cohesive structure without the application of external mechanical
pressure. This method eliminates the need for additional binders or
compaction. The granular geopolymer media developed through this
approach offer targeted sound absorption across specific frequency
ranges, enhanced durability against moisture and mechanical stress, and
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suitable versatility for diverse architectural applications. Furthermore,
their production often incorporates recycled materials, promoting
environmental sustainability and aligning with increasing regulatory
and market demands.

While this study uses metakaolin and Na-metasilicate to develop
geopolymer-based granular acoustic panels, the approach also serves as
a proof-of-concept for adapting similar methods to other raw materials,
including industrial byproducts such as silica and alumina-rich waste
such as mining residues and bottom ash [47,48] could be valorized into
acoustic materials through comparable foaming and heat consolidation
strategies. This work demonstrates the potential to optimize pore
structures to enhance acoustic performance in alkali-activated porous
systems while supporting circular economic efforts by converting low-
value waste into functional acoustic products. Therefore, the objec-
tives of this study are to i) develop heat-consolidated, geopolymer-based
porous granular panels without external binders; ii) optimize the con-
centration of the granulation fluid to modulate pore structure and
acoustic performance; and iii) interpret, observe and establish the effect
of pore structure characteristics on frequency-dependent sound ab-
sorption and mechanical strength. Although aspects of the relationship
between pore structure and acoustic performance have been explored in
previous studies on loose granular media, pre-formed granules, or
architected acoustic structures, their applicability to granular systems
formed through material processing and heat consolidation remains
insufficiently examined. The present study therefore addresses the
following research questions: i) How does the concentration of the
foaming agent (H20») influence pore structure and acoustic absorption
performance? ii) How porous microstructures evolve, including size
distribution and connectivity, influence the selective absorption of
sound across different frequency ranges? iii) How does the acoustic
performance of the developed panels compare with conventional ab-
sorbers? By addressing the link between pore structure and acoustic
performance, this work would provide valuable insights into designing
external binder-free materials for acoustic applications. The present
study focuses on material development and acoustic performance, while
practical aspects relevant to building applications such as fire resistance,
moisture durability, freeze-thaw resistance, and installation consider-
ations remain important for assessing their broader applicability.

2. Materials and methods
2.1. Fabrication of porous granules and acoustic panels

Metakaolin was used as the aluminosilicate precursor (MK, Meta-
Max, BASF, USA). The chemical composition of MK is shown in Table 1
(as determined by X-ray fluorescence using a PanAnalytical Minipal 4
instrument). As an alkali activator, solid anhydrous sodium metasilicate
(composition: NayO 50.8 wt%, SiO2 46.7 wt%, and Hy0O 2.5 wt%) sup-
plied by VWR Alfa Aesar (Germany) was used. The activator and pre-
cursor were mixed at a mass ratio of 0.53 (molar ratio of SiO5/Nas0 = 2,
Nay0/Al;03 = 1.5, and SiO3/Al;03 = 3, following preliminary optimi-
zation for stable geopolymerization with ratios of 1.2, 1.5, and 2 for
SiO9/Nay0). The blended powder was homogenized in a ball mill
(Germatec, Germany) for 1.5 h, resulting in an average particle size of
6.7 um and true density of 2.6 g/cm®.

Table 1
Chemical composition (%) of MK expressed as
oxides.
Oxides Amount (%)
Al,03 29.50
Si0, 35.40
Na,O 0.36
CaO 0.06
TiOy 1.57
Fe,03 0.41
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Granules were prepared in a high-shear mixer (Eirich EL1) using
aqueous 1-10 wt% H30; solutions (diluted from 30 wt% hydrogen
peroxide, VWR, Belgium) as both the granulation fluid and foaming
agent. Under alkaline conditions, HyO2 decomposes to release O2 gas
(2H305 — 2 Hy0 + 031), and the resulting bubbles form pores. The
amount of HoO, therefore controls the intensity of gas evolution, bubble
growth, and foaming during granulation. At low concentrations (~
1-2%), limited gas release forms fine intragranular pores, whereas
higher concentrations promote coalescence and partial expansion of the
granules.

Mixing in the high-shear mixer was performed at 1200 rpm (impeller
speed) and 170 rpm (pan rotation speed) with a 30° tilt angle- H,O, was
dosed dropwise to the blended powder during a mixing period of
approximately 20 min, corresponding to an average liquid-to-solid ratio
of ~ 1:3. The selected dosing level was kept below conditions known to
induce bulk agglomeration. Foaming and granulation under these con-
ditions resulted in the formation of granules that remained structurally
stable, without significant coalescence or collapse: HoO5 decomposition
was initiated during granulation at ambient laboratory temperature
using the same alkaline condition (pH > 12) and raw materials for all
samples and could continue during the subsequent thermal curing step.
Therefore, temperature, pH, and impurity levels during granulation
were consistent across all samples. One reference batch (G-R) was pre-
pared using deionized (DI) water. After the granulation process, freshly
prepared granules were sieved into a diameter to obtain a size range of
2-8 mm. The granule size range was selected during material develop-
ment to achieve favorable packing density, based on previous study
showing that mixed-size granular distributions allow smaller particles to
fill the voids between larger ones [49]. This packing configuration
promotes intergranular contact and bonding during expansion and
curing for the acoustic investigations presented in this study. The sieved
granules were placed in a plastic bag and kept at 60 °C for 4 h and
preserved in separate plastic containers at room temperature (22 °C)
until used.

To produce the consolidated acoustic panels, freshly prepared 2-8
mm granules were immediately transferred into cylindrical silicone
molds (internal diameter 45 mm, thickness 50 mm) to ensure random
packing without orientation. This size range provided effective particle
interlocking and air-void distribution while maintaining structural sta-
bility during foaming. Each packed mold was lightly compacted to
eliminate large voids and sprayed with a thin layer (~1 mL) of aqueous
H,0; solution matching the granule batch concentration to promote
surface bonding and open-pore connectivity at particle interfaces. The
sealed molds were then subjected to thermal consolidation at 60 °C for 4
h, followed by curing at room temperature (22 °C) for 24 h. Curing
parameters were optimized through exploratory trials: HyO, dosages
exceeding 5% led to excessive foaming and loss of the granular struc-
ture, so 1-5 wt% solutions were selected for subsequent panel devel-
opment (Fig. S1 in supplementary material). The temperature and
duration were chosen as the minimum conditions enabling sufficient
surface geopolymerization and neck formation between granules
without causing dehydration cracking or bubble collapse. At low tem-
perature (< 22 °C) or shorter durations (< 4h), incomplete consolidation
and weak intergranular bonding were observed (Fig. S2 in the supple-
mentary material).

During heating, residual HoO5 and moisture released additional ox-
ygen, enhancing microporosity near particle contacts as the geo-
polymeric gel hardened into a cohesive network of bonded granules.
Consolidation was confirmed by stable geometry, absence of surface
cracking or granule detachment, and continuous bonding between
particles observed under microscopy [25,26,49]. After heat treatment,
the panels were cooled and cured at room temperature for 24 h and later
they were demolded and preserved in a plastic container until used. The
experimental design is illustrated in Fig. 1, while a representative
sample image is shown in Fig. 2. All samples were prepared at laboratory
scale using the same equipment, formulation, and processing parameters
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Fig. 1. Sample ID for the porous granules and granular media preparation. The
abbreviations used for different batches are shown in the figure (in the ab-
breviations, AP = acoustic panel or G = granules, the concentration in the
granulation fluid of H,0 is indicated by the number associated with the IDs).

to ensure consistent material fabrication. A systematic analysis of scale-
up behavior and batch-to-batch variability was beyond the scope of the
present study.

2.2. Characterization of granules and acoustic panels

2.2.1. Density and porosity measurement
The true density (Dr) of the loose granules and the acoustic panels
was determined by using a helium gas pycnometer (Micrometrics,
AccuPyc II 1340, unit 1 SN1296) using approximately 2 g of each
sample. 10 measurements were taken for each sample type. Apparent
density (Dp) and open porosity were determined according to EN
1936:2006 [50] using the Archimedes method for acoustic panels. Total
Porosity (P%) was determined using the following Eq. (1). closed
porosity was obtained as the difference between total and open porosity.
P% = {M}*loo 1)

Dy

Bulk density (p) is measured by the following Eq. (2) in unit, g/cm®. 6

samples were measured for each batch.

Applied Acoustics 250 (2026) 111332

_ Mass of acoustic panel
B Total volume

(2)

Total volume (V) of the samples was measured by the following
equation (3).

_ Ty
V= 4d h 3
where d and h are the diameter and height of the sample, respectively.

2.2.2. Specific surface area and nanometer-scale porosity

The specific surface area of the loose granules and consolidated
acoustic panels were measured using a Micromeritics ASAP 2020
equipment. Measurements were carried out based on nitrogen (N3)
adsorption-desorption isotherms at liquid nitrogen temperature
(=196 °C). The Brunauer-Emmett-Teller (BET) method was used to
determine the specific surface area, while the Barrett-Joyner-Halenda
(BJH) model was applied to analyze pore size distribution and pore
volume using the desorption data. The BET method effectively captures
contributions from micropores (< 2 nm) and mesopores (2-50 nm)
[51,52].

However, both BET and BJH techniques are limited in their ability to
detect macropores (> 50 nm) [53], which are commonly formed in
porous materials produced with chemical blowing agents such as
hydrogen peroxide (H20>) as incorporated in this study. As a result, the
measured surface area and pore volume may underestimate the total
porosity, particularly in samples containing larger pores. These meth-
odological limitations were considered during the result interpretations.
Accordingly, the BET analysis was primarily used to confirm the pres-
ence and evolution of nanometer-scale porosity in response to increasing
Hy0, concentration, rather than to characterize the macroporous
structure governing sound absorption. Optical microscopy (Section
2.2.3) and scanning electron microscopy (SEM) (Section 2.2.4) were
employed to characterize larger pores and evaluate the evolution
porosity in consolidated panels. This combined approach enabled multi-
scale assessment of pore formation (from nanometers to millimeters
scale) and supports an integrated interpretation of how hierarchical pore
structure develops with H,O5 concentration.

2.2.3. Optical microscopy image analysis

The X-Y cross-sectional (shown in Fig. 2) surfaces of the acoustic
samples were examined using a Leica MZ6 optical microscope equipped
with a DFC420 camera. Images were acquired in TIFF format, with pore
regions segmented as shown in Fig. 3 (left). The files were studied in
ImageJ-win64 (v 1.54P) to classify the pore size, pore area as well as the
frequency of the pores. For each sample, 3 images were analyzed. All the
images were binarized using same automatic thresholding option in

Fig. 2. (a) 2-8 mm loose granules; Sample image of the consolidated acoustic panel: (b) full panel; (c) bottom surface; and (d) top surface. The coordinates shown in

the figure are used to describe the sample orientation in the image analyses.
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RO

Fig. 3. Illustrative optical images used for pore structure analysis: original image (left) and processed image (right). In the processed image, black regions indicate

pores, while white regions correspond to the solid matrix.

ImageJ for all samples, where black areas denote pores and white areas
represent the geopolymer matrix in Fig. 3 (right). This image analysis
provided an evaluation of surface pore distribution and intergranular
void size in the X-Y plane to support understanding of how foaming
behavior influences airflow pathways and acoustic response. Pore fea-
tures were expressed as percentage (%) and averaged over multiple
cross-sectional images. Optical microscopy represents a local two-
dimensional (2D) surface observation of pore morphology in the
micrometer to millimeter range, which is relevant to airflow pathways
and to the acoustic behavior in the studied frequency range. These 2D
statistics are therefore used to illustrate relative pore-size ranges and
comparative trends between samples rather than to provide bulk volu-
metric measurements.

2.2.4. Scanning electron microscopy (SEM)

For all the acoustic panels, surface morphology was studied for X-Z
cross sections (shown in Fig. 2) at 250 x magnification using a field-
emission scanning electron microscope fitted with an energy disper-
sive X-ray spectrometer (FE-SEM-EDS, a Zeiss Ultra plus instrument).
For each batch, three samples were imaged. Prior to analysis, the cross-
sections were revealed by casting the samples in epoxy resin (Buehler,
Epoxicure) and polishing them with SiC grinding paper (Buehler Grit
P240, P600, and P1200) using ethanol flushing. The samples were
coated with carbon before SEM analysis. Epoxy mounting served only
for mechanical support during preparation, and pore features were
assessed in the interior cross-section rather than the external surface.
Any potential resin infiltration is expected to be limited, and the
nanometer-thin carbon coating does not affect the micrometer-scale
pore morphology reported here. SEM was used for qualitative visuali-
zation of the transition in pore morphology and connectivity with
granulation fluid concentration in the X-Z plane at the micrometer scale
as well as to observe the bonding quality between granules and to verify
the presence of open-pore connections and airflow pathways that in-
fluence viscous dissipation in the X-Z plane, corresponding to the sound
propagation direction.

2.2.5. X-ray computed microtomography (XCT)

Three (X-Z cross sections in Fig. 2) of the acoustic panels (AP-1, AP-3-
AP-5) were imaged using a GE Phoenix V|tome|x X-ray computed
microtomography device. The scans were conducted using an acceler-
ating voltage of 100 kV and a tube current of 280 pA, resulting in a total
power output of 28 W. A 0.1 mm copper (Cu) filter was applied to reduce
beam hardening effects. All samples were imaged using helical scanning
mode, in which the sample rotated while simultaneously moving verti-
cally. The total vertical travel ranged from 91.68 to 92.00 mm, with
3666 to 3918 angular steps acquired per scan. Each step corresponded to
an angular increment of 0.18°, leading to a total rotation of 651.8° to

696.7°. At every step, the detector captured three exposures, each with
an exposure time of 333 ms, and averaged them to enhance image
quality. As a result, total scan durations ranged from 96 to 101 min.
During reconstruction, a beam hardening correction coefficient of 8 (on
a scale of 0-10) was applied, and the final voxel size of the reconstructed
volume was 25.02 um. Micro-CT enabled three-dimensional (3D) visu-
alization of internal structure of representative samples and quantifi-
cation of porosity (3D), and tortuosity, parameters directly linked to
airflow resistivity and acoustic absorption. Although vertical gradients
layered along the foaming/curing direction are observed in the XCT
images, they were used in this work to qualitatively represent pore
connectivity along the sound propagation direction, in line with the
objectives of this study.

Porosity values are compared only within the same measurement
technique. Archimedes measurements are used for quantitative com-
parison among samples. Optical microscopy and X-ray computed to-
mography are employed to qualitatively assess pore morphology and
connectivity in different planes. Optical microscopy reflects surface
porosity in the X-Y plane, while XCT provides internal structural infor-
mation in the X-Z plane, aligned with the sound propagation direction.
The voxel size (=~ 25 um) enables characterization of pore connectivity
and structural features at a scale relevant to airflow pathways and
acoustic behaviour in the studied frequency range.

2.2.6. Tortuosity

1 <~ Branch length,
_ 1y~ _Branch length; 4
Tavg = 1 ; Euclidean distance; S

Tortuosity was used as a representative descriptor of pore connectivity
in this study, given its relevance to transport-related behavior and
compatibility with the available imaging resolution. It was determined
using ImageJ-win64 (v 1.54P, Fiji distribution) based on 3D X-ray
microtomography images. The image stacks were first preprocessed by
applying Gaussian filtering to reduce noise, followed by thresholding to
segment the pores and solid phases. The binarized images were then
skeletonized using the Skeletonize3D plugin and the resulting skeletons
were analyzed with the Analyze Skeleton (2D/3D) plugin to quantify
path lengths in Fig. 4 (right). Skeleton-based tortuosity captures geo-
metric path complexity and pore connectivity, which are relevant to
sound propagation, but does not explicitly account for pore throat
constrictions which dominate viscous loss.

Tortuosity was calculated as the ratio of the branch length (pixel)
and Euclidean distance (pixel) for each branch. The average Tortuosity
(Tavg) of the samples was determined from the following equation (4).
Tortuosity analysis was performed on representative samples (AP-1, AP-
3, and AP-5) to illustrate the evolution of pore connectivity trends across
the H205 concentration range. The results were later compared with the
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Fig. 4. Illustrative X-ray microtomography image of acoustic panel (left), showing examples of intra-granular pores (yellow) and inter-granular pores (green). The

processed skeletonized image (right) is used for tortuosity analysis.

sound absorption results to interpret how pore connectivity and path
complexity influence viscous and thermal losses across frequency bands.

2.2.7. Mechanical properties

Both the flexure and compression tests were performed to measure
the mechanical properties of the acoustic panels using a Zwick/Roell
7100 testing machine. Young’s modulus and the stress at maximum load
break were measured. A 1 kN load cell was used for the flexural test and
compression tests at 1 mm/min rate until breakage.

80 x 20 x 20 mm specimens were used to carry out both the flexural
tests (by means of a three-point loading system) and compression test,
following the procedures described by [26]. Six tests were carried out for
each specimen to determine the average mechanical properties. Statis-
tical differences among groups were evaluated using one-way analysis of
variance (ANOVA) with a significance level of 0.05. The mechanical

e e

Mounting and
sealing position

Loudspeaker

results are presented to evaluate the structural integrity and behavior of
the panels resulting from the material processing and to support the
demonstration of the consolidation approach for granular acoustic ma-
terials. Environmental effects, such as moisture-conditioned mechanical
performance, were beyond the scope of the present study. Mechanical
strength data were later correlated with porosity and intergranular
bonding features to evaluate the structural integrity.

2.2.8. Acoustic test method

The normal incidence sound absorption coefficient (hereafter
referred to as ®) was measured using a Kundt’s tube system (Materi-
acustica) equipped with three precision microphones (Fig. 5b) (PCB
Piezotronics 378C10) and a data acquisition unit (NI USB-4431)
(Fig. 5a), following ISO 10534-2 [54] and the extended three-
microphone method. Although ISO 10534-2 defines a two-

. -l 1 _y PCB Piezotronics
378C10 microphones

(b)

(c)

Fig. 5. (a) Data acquisition unit (NI USB-4431), (b) The complete impedance tube, (c) The sample holder with rigid backing.
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microphone transfer-function method, an extended three-microphone
configuration was used here to improve measurement accuracy. The
additional microphone enables simultaneous estimation of sound pres-
sure and particle velocity, reducing phase and standing-wave errors at
higher frequencies. The setup included a rigid cylindrical tube (Fig. 5a)
(45 mm diameter) designed for plane wave propagation in the
200-4300 Hz frequency range. All acoustic panels (AP-R to AP-5) were
tested at their as-cast thickness of 50 mm. Each sample was placed at the
tube’s end against a rigid backing (Fig. 5c¢), while a chirp signal was
generated by a loudspeaker at the opposite end. A chirp signal was used
because it provides a high signal-to-noise ratio under linear measure-
ment conditions in accordance with ISO 10534-2. Due to surface
asymmetry, measurements were initially performed for both sample
orientations; the smoother bottom face showed lower absorption;
therefore, all reported results correspond to the top-surface orientation.
Three flush-mounted microphones at known positions enabled simul-
taneous capture of transfer functions. The three-microphone method
allowed for accurate estimation of the complex reflection coefficient and
sound absorption coefficient by taking into account both pressure and
particle velocity. This method improves measurement reliability, espe-
cially where two-microphone techniques are prone to phase errors and
standing waves. Calibration was performed using a reference sample,
with corrections applied for phase mismatch and tube losses. Six spec-
imens for each batch were tested under identical environmental condi-
tions at room temperature to ensure repeatability, variation and
accuracy. To ensure measurement consistency, each specimen was
carefully mounted with tight sealing in the impedance tube.

From the measurements, a widening of the min-max range at higher
frequencies was observed (Fig. 15), which reflects the intrinsic proper-
ties of the granular composite. Granular and porous materials exhibit
broad and complex sound absorption due to their heterogeneous struc-
tures and multi-scale acoustic interactions [43]. However, this hetero-
geneity also complicates sound propagation measurements, as
demonstrated by Owens and Daniels, who also showed that acoustic
transmission in granular media depends on particle-scale contact net-
works; although the present materials differ from granular chains, this
concept supports the interpretation that pore connectivity influences
macroscopic acoustic behavior in heterogeneous porous granular media
[55]. At higher frequencies, where wavelengths are smaller than pore or
grain sizes, absorption increases via viscous friction, thermal losses, and
scattering within the material's microstructure [40]. The random dis-
tribution of particles and voids generates multiple scattering and local
impedance fluctuations, which enhance viscous and thermal dissipation
and thereby broaden the effective absorption bandwidth [56]. This
wideband absorption is both expected and beneficial for acoustic ap-
plications [57]. To compare the results further, the mean values (rep-
resented by dotted lines) were considered in section 3.4. The obtained
absorption data were analyzed in conjunction with pore structural pa-
rameters to identify how microstructural changes influenced the
acoustic response at different frequencies in section 4.

3. Results

While the following sections first present the structural and
morphological characteristics of the developed materials, the primary
objective of this study is to assess their sound absorption performance.
Accordingly, the acoustic properties will be discussed in detail after
presenting the material characteristics.

3.1. True density and porosity measurement

The density of the milled raw material comprising MK and Na-
metasilicate was 2.6 g/cm®. The true density of the individual gran-
ules (G-1 to G-5, G-R) was 1.8-2.1 g/ cm3, indicating that the addition of
H,0; or DI water reduced the density by approximately 30% compared
to raw materials. Similarly, the true density of the acoustic panels (AP-1
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to AP-5, AP-R) remained within 2.01-2.1 g/cm?®, suggesting the
consolidation process had no significant impact on the overall density.
The bulk density of the panels (Table 2) decreased with increasing HoO»
content, reflecting the effect of peroxide-induced foaming. Compared to
the reference sample AP-R, AP-1 showed a 16% reduction, indicating a
significant decrease even at 1 wt% Hy0,. Samples AP-2 to AP-4
exhibited a 25-37% reduction, suggesting the decrease became less
pronounced with moderate peroxide levels. At 5 wt% Hy05 (AP-5), the
density dropped, marking a 41% reduction compared to AP-R. These
findings confirm that H,O, effectively induces porosity, resulting in
lightweight structures. Such structures are known to be suitable for
acoustic applications [58].

Porosity analysis (Fig. 6) showed that the total porosity in acoustic
panel batches (AP-1 to AP-5) changed in a narrow range, with an initial
50% increase at 1 wt% HyO5 compared to the reference prepared with DI
water (AP-R). Increasing H2O2 beyond this did not significantly raise
total porosity but shifted pore structure from closed pores to more open
pores, enhancing connectivity and bonding. This transition indicates a
pore connectivity threshold between approximately 2 and 3 wt% H0o,
as inferred from qualitative analysis from Fig. 6, where isolated or closed
pores progressively evolve into a continuous open pore network. This
indicates that further increases in HoO, content concentration led to
only modest increases in total volumetric porosity, while pore structural
evolution becomes the dominant effect. Similar trends have been re-
ported in literature. Alves et al. [59] found that beyond a saturation
threshold (0.6 wt% H205 solution), porosity remained constant (50%) in
lightweight geopolymer panels (prepared with metakaolin, sodium sil-
icate, sodium hydroxide, and hydrogen peroxide), possibly due to the
matrix's limited capacity to accommodate more gas bubbles. Likewise,
Kim et al. [19] observed that although H>0» improved pore uniformity
and increased porosity, adding it beyond 10 wt% H3O4 solution caused
pore coalescence and foam collapse, thereby limiting further enhance-
ment in porosity (maximum 54%) within the geopolymer matrix pre-
pared with metakaolin and sodium dodecyl sulfate. Prior studies have
reported diverse density-porosity characteristics in acoustic absorber
systems. Fly ash-based geopolymer incorporating aluminum waste, for
example, has shown bulk densities in the range of 0.9-1.2 g/cm? with
open porosities between 11% and 21% [37]. In another case, epoxy-
resin-bound expanded clay aggregates demonstrated a significantly
lower bulk density of 0.45 g/cm> alongside a total porosity of 55% [25].
The geopolymer granular panels developed in this present study offer a
notable advancement, achieving open porosities of 23-40% while
maintaining bulk densities approximately 30-40% lower than those
reported by Leiva et al. [37] and comparable to the values observed in
the epoxy-based system, yet with enhanced total porosity. These com-
parisons serve to contextualize performance relative to geopolymer-
based panels and granular acoustic media, acknowledging that direct
quantitative equivalence is limited by differences in material chemistry
and processing.

3.2. Pore structure analysis
Table 3 presents the specific surface area values of the granules and
their corresponding consolidated acoustic panels. The objective was to

assess how increasing HyO5 concentration influences surface area and

Table 2
Bulk density of the acoustic panels.

Batch ID Bulk density, g/cm®
AP-R 1.00
AP-1 0.84
AP-2 0.75
AP-3 0.68
AP-4 0.63
AP-5 0.59
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Fig. 6. Porosity of acoustic panels.
Table 3

Specific surface area of the granules and acoustic panels.

BatchID  Specific surface area, m?>/  BatchID  Specific surface area, m2/
4 8

G-R 4.0 AP-R 4.0

G-1 0.3 AP-1 0.4

G-2 0.26 AP-2 0.44

G-3 0.2 AP-3 0.5

G-4 0.46 AP-4 0.66

G-5 0.6 AP-5 1.0

nanometer-scale porosity. Reference samples without HoO5 (G-R and
AP-R) exhibited the highest specific surface areas, likely due to the dense
and uniform microstructures formed during geopolymerization without
foaming agents.

In HyO,-treated samples, the surface area varied with concentration.
A general increasing trend was observed in the acoustic panels from AP-
1 to AP-5 (0.4 to 1.0 m?/g), reflecting the role of gas evolution in
creating finer, interconnected pore networks. This interpretation is
supported by the findings of Gonzalez et al. [60], who investigated the
role of gas evolution in pore formation during the synthesis of porous
carbon materials using 30 wt% HyO, as blowing agent. Compared to
their granule counterparts (e.g., AP-5 = 1.0 m2/g vs. G-5 = 0.6 mz/g),
panels consistently showed higher surface areas, attributed to the
compaction process, which enhanced interfacial porosity and exposes
additional internal surfaces among granules. Increasing the specific
surface area in porous materials enhances acoustic absorption by pro-
moting greater interaction between sound waves and internal surfaces,
leading to more effective energy dissipation [61].

Pore size distribution curves (Fig. 7a-b) reveal a shift toward larger

9 F Micropores Mesopores Macropores
8 | ;
=]
E7 1 =GR
% 6 ’g (-1
@ 5
E F ——G-2
B4+ -+-G3
= E
- 3 4 —--G-5
w F / ]
£y ‘ a et
1+ 1
0 [ cormemesaeEtde

1 10 100 1000
Pore size, nm

(a)

Applied Acoustics 250 (2026) 111332

pores with increasing HoO5 concentration in the granules and acoustic
panels. While nanometer-scale pore volume initially decreased at lower
concentrations (AP-1 to AP-3) due to rapid bubble formation, higher
concentrations (AP-4 and AP-5) demonstrated a distinct increase in pore
volume beyond ~ 50 nm. This increase was less evident in the corre-
sponding granules (G-4 and G-5), highlighting the crucial role of
consolidation and compaction during panel fabrication. This process
developed interfacial porosity between granules and enhanced
nanometer-scale pore connectivity within the structure. Such a struc-
tural transformation likely facilitates the formation of a more contin-
uous porous network, which is beneficial for both acoustic performance
and mass transport properties [62,63]. The presence of larger voids,
ranging from micrometers to millimeters, was confirmed by optical
microscopy (Fig. 8) and SEM images (Fig. 11), beyond the detection
capabilities of nitrogen adsorption methods [64]. Following the suc-
cessful consolidation of loose granules into a stable structure, subse-
quent analysis was conducted to evaluate the acoustic characteristics of
the acoustic panels.

The optical microscopy images (Fig. 8) reveal how the pore structure
evolved across the X-Y sections of the panels. In AP-R (Fig. 8a), the
structure was dominated by large intergranular voids with only limited
pores inside the granules, likely due to shrinkage and absence of a
foaming agent. With increasing HoO5 concentration (1-3 wt%) from AP-
1 to AP-3 (Fig. 8b-d), a gradual increase in intragranular pore size and
number was observed, while intergranular voids decreased, indicating
partial granule expansion and internal pore network growth. At higher
concentrations (4-5 wt%) of HoOy (AP-4 and AP-5, Fig. 8e-f), a clear
morphological shift occurred. The boundaries between granules became
less distinct where pores merged into a more continuous and finely
distributed network. This suggests that higher H»O; levels led to better
gas dispersion and more uniformity throughout the matrix.

The combined analysis of pore size frequency (Fig. 9) and cumulative
pore area (Fig. 10) illustrates how pore structure evolves in alkali-
activated geopolymer panels with increasing HyO, content. In this
study, dual porosity refers to the coexistence of intergranular voids be-
tween granules and intragranular pores within granules which are
clearly visible in the optical images (Fig. 8). While intragranular and
intergranular porosity contributions are identified and partially quan-
tified (in section 3.2.1), the dual porosity is discussed in terms of
observed pore morphology. As pores of comparable sizes occur in both
within and among granules, the pore size frequency quantified in Figs. 9
and 10 represents an integrated contribution from intragranular voids
and intergranular pores, providing a comprehensive view of the overall
porosity distribution. This broad range of pore sizes confirms the hier-
archical nature of the structure and supports the presence of dual-level
porosity in the panels. The reference sample (AP-R), prepared with DI
water exhibited a relatively wide pore size distribution (Fig. 9) centered
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Fig. 7. Pore size distribution curves and cumulative pore volume curves of (a) the loose granules and (b) the acoustic panels.
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Fig. 8. Acoustic panel imaged from the X-Y cross-sections with optical microscopy (a) AP-R; (b) AP-1; (c) AP-2; (d) AP-3; (e) AP-4 and (f) AP-5.

Pore frequency, %

mAP-R
mAP-1
EAP-2
mAP-3
EAP4
HAP-S

N o Qo
& & R M
£

Pore diameter, pm

Fig. 9. Frequency distribution of pores categorized by diameter range. The number of pores was grouped into manually defined diameter bins ranging from 14 to >
2000 pm to visualize the distribution of pore sizes in the sample, using consistent bin ranges across all samples for comparative analysis.

around small to medium pores (14-200 um), with limited cumulative
pore area (Fig. 10), reaching just over 30% at larger diameters (~10
um?). This indicates minimal gas evolution and mostly intergranular
voids caused by drying shrinkage. With 1-4 wt% H05 (AP-1 to AP-4),
the dominant pore size progressively shifted from 14-30 pm to a
wider range of 30-500 um (Fig. 9) exhibiting progressively refined pore
structures. Simultaneously, the cumulative pore area (Fig. 10) increased
distinctly from AP-2 to AP-4 (reaching up to 55% for AP-4), reflecting
improved pore distribution. This was due to improved gas trapping and
better setting of the material at medium Hy0O, concentration levels.
Interestingly, AP-5 (5 wt% H303) departed from this prior trend.
Although its cumulative pore area reached 59% (Fig. 10), the dominant
pore frequency reverted to 14-30 um (Fig. 9), which sharply increased
to 68%. This suggests dense intragranular pore formation with fewer
intergranular voids. The higher HoO5 concentration in this study likely

caused rapid gas generation, promoting pore growth within the granules
while reducing larger intergranular voids. This behavior consistent with
Shi et al. [65], who reported that HyO, concentrations up to 3 wt%
induced early gas evolution before complete hardening, leading to dense
intragranular porosity and fewer intergranular voids in fly ash-
metakaolin geopolymer concretes.

To evaluate vertical pore connectivity, SEM analysis of X-Z cross-
sections (Fig. 11) was performed aligned with the direction of sound
propagation. AP-R displayed a dense structure with isolated pores, while
AP-1 to AP-3 showed growing vertical porosity through intragranular
expansion and partial merging. AP-4 revealed a homogeneous, contin-
uous pore network with aligned channels, while AP-5 exhibited exten-
sive intragranular porosity with very thin walls as merges with optical
microscopy image analyses.

These insights from the analysis of optical microscopy and SEM
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Fig. 10. Cumulative pore area (%) as a function of pore size distribution obtained from 2D optical microscopy analysis of porous acoustic panels. The final value of
each curve represents the total porosity of the corresponding panel, indicating the overall percentage of surface area occupied by pores.

Fig. 11. X-Z cross-sections with scanning electron microscopy (a) AP-R; (b) AP-1; (c) AP-2; (d) AP-3; (e) AP-4 and (f) AP-5.

images demonstrate that increasing concentration of HyO solution
systematically transformed the panel morphology from scattered voids
in AP-R to a highly interconnected porous network in AP-4 and AP-5.
Such porosity is ideal for sound absorption due to increased internal
surface area and pore connectivity [63]. Park et al. [66] showed that
sound absorption between 100 and 5000 Hz is typically associated with
pore sizes of 1 to 5 mm. The panels developed in this study achieved a
broad pore size distribution ranging from nanometers up to approxi-
mately 7 mm, supporting effective broadband absorption, as previous
research indicates that granular media with such a wide pore size range
(nm to mm) significantly enhances sound absorption, particularly at low
frequencies relevant to indoor noise (< 500 Hz) [43,67].

3.2.1. Porosity analysis
Archimedes-based porosity represents the total volumetric porosity
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of the panels, whereas porosity derived from optical microscopy and X-
ray microtomography is section-resolved and limited by the spatial
resolution of each technique. Consequently, image-based porosity
values are particularly used to represent pore morphological evolution.

Porosity values calculated from X-Y cross sections showed a consis-
tent increase with higher HyO; content (Table 4). Porosity

Table 4
Porosity analysis across the horizontal (X-Y) and the vertical (X-Z) cross-section
determined from optical microscopy and XCT images, respectively.

Batch ID X-Y cross section X-Z cross section

28%
34%
35%

AP-1
AP-3
AP-5

45%
52%
59%
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measurements from X-ray microtomography (XCT) of the X-Z sections
followed the same trend, though absolute values differed. Optical mi-
croscopy employed thinner slices, enabling high-resolution and 2D
quantification of fine-scale porosity. In contrast, XCT’s lower resolution
limited detection of pores smaller than ~ 50 um due to voxel size con-
straints required for full sample scanning. Notably, Fig. 9 shows that the
dominant pore size contributing to porosity lies between 14-30 um
which is below XCT’s detection threshold. Nevertheless, XCT analysis
was strategically employed to capture macroscopic structural charac-
teristics, such as pore interconnectivity and granule spatial distribution
across the X-Z cross section. These structural characteristics directly
influence acoustic attenuation via multiple scattering and dissipation
mechanisms [40].

The representative XCT images (Fig. 12a-c) illustrate the progressive
development of internal pore structures with increasing H,O5 content.
Gas evolution produced a tortuous, multi-scale pore network, where
larger pores were interconnected by smaller ones [68]. In AP-1
(Fig. 12a), the structure comprised densely packed granules with mini-
mal interconnectivity and distinct intergranular voids, indicating
limited structural continuity. In contrast, AP-3 and AP-5 (Fig. 12b-c)
showed more open, interconnected frameworks where granule expan-
sion led to particle merging and the formation of an integrated porous
network. In AP-5, the upper region exhibited a more pronounced mac-
roporous structure than the lower region, likely due to pore coalescence
during foaming. This vertical porosity gradient created a channel
network that likely allows sound waves to enter while limiting their
escape as suggested by [37]. Notably, in AP-1, dual porosity could be
clearly differentiated into two primary categories: intragranular
porosity, accounting for 7% of the grain volume, and intergranular
porosity, representing 23% of the total sample volume. This dual
porosity can enhance both the structural and functional properties of
materials, particularly in sound absorption [43]. Cox and D’Antonio
[69] also highlighted that combining large pores for sound entry with
smaller pores for energy dissipation is essential for effective absorption.
This supports the dual-scale pore structure used in this study to enhance
broadband acoustic performance.

3.3. Mechanical characterization

Mechanical properties were evaluated to observe the structural
integrity and behaviour of the developed panels. The tests were con-
ducted under quasi-static loading to represent strength and stiffness
associated with the processing-induced pore structure. The panels
developed in this study achieved flexural strengths between 0.60 and
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1.20 MPa under maximum load (Fig. 13a). In reference to prior work,
Bartolini et al. [25] reported a flexural strength of 0.62 MPa for a resin-
bonded granular acoustic absorber, indicating that the current panels
achieved comparable or higher strength without additional binders
despite having a similar density profile. The AP-1 panel (1 wt% H,05)
showed a threefold increase in strength compared to the reference
sample AP-R (DI water). However, higher HyO, concentrations did not
lead to further improvement. Instead, the strength values for AP-1 to AP-
4 remained relatively stable with slight fluctuations. A significant
reduction was observed in AP-5, which had approximately half the
strength of the other HyO,-treated samples. The overall trend was AP-1
~ AP-2 > AP-4 ~ AP-3 > AP-5 > AP-R. The elastic modulus followed a
similar pattern. AP-R exhibited the lowest modulus at 49 + 7 MPa, while
AP-1 achieved the highest at 137 + 35 MPa. Modulus values for AP-2 to
AP-4 varied between 66 + 7 and 95 + 8 MPa, and AP-5 dropped again to
53 £ 13 MPa.

The granular panel developed in this study exhibited compressive
strengths up to three times higher than those reported by Bartolini et al.
[25] for an epoxy-bonded granular acoustic absorber (1.25) of similar
density. The compressive strength (Fig. 13b) of acoustic panels con-
taining HpO4 generally surpassed that of the reference sample (AP-R),
with AP-1, AP-2, and AP-3 exhibiting up to four times greater strength.
The strength trend followed: AP-2 > AP-3 > AP-1 > AP-4 > AP-5 > AP-
R, showing a similar pattern to the flexural strength but with clearer
differentiation. The elastic modulus values from the compression test
followed a similar trend to the flexural strength results. AP-R exhibited
the lowest modulus at 27 + 12 MPa, while AP-1 showed the highest
modulus at 1575 + 248 MPa. The modulus values for AP-2 to AP-4
ranged between 1310 + 130 MPa and 806 + 90 MPa, reflecting a
gradual decrease as the HyO5 concentration increased. Finally, AP-5
exhibited a notable drop in modulus, with a value of 362 + 47 MPa,
suggesting that higher HoO> concentrations reduce the material’s stiff-
ness. Both compressive and flexural tests revealed a notable increase in
strength with the inclusion of 1-2 wt% H30, solution, whereas con-
centrations of 3-5 wt% solutions led to a gradual reduction in strength.
These findings suggest that low concentrations of HyO5 solutions (1-2
wt%) are associated with higher stiffness and strength of the panels as
the foaming effect from 1 to 2% Hy0, improved interconnectivity in AP-
1 and AP-2, resulting in stronger panels compared to the more brittle AP-
R. Conversely, higher levels may compromise mechanical integrity,
aligning with observed structural changes as the higher porosity of AP-3
to AP-5 (with 3-5 wt% H»05 solutions) (detailed in Section 3.2) led to
lower density and reduced strength despite improved interconnectivity.
Elastic modulus values are reported here as mean =+ standard deviation

Fig. 12. X-Z cross section imaging by X-ray microtomography: (a) AP-1; (b) AP-3 and (c) Ap-5.
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Fig. 13. Strength evaluation of induvial acoustic panel. (a) Flexural strength and (b) Compressive strength of. 6 samples were measured for each bar.

based on six specimens per panel. One-way ANOVA indicated statisti-
cally significant differences in elastic modulus among the panel groups
(p < 0.05).

Fig. 14 presents the load-displacement behavior of an AP-1 panel as
a representative case, demonstrating the results from both the three-
point flexural test (Fig. 14a) and the compression test (Fig. 14b). The
fracture occurred progressively rather than as a single sudden event, as
seen from the multiple peaks in the load-displacement curves. This
gradual failure is influenced by the heterogeneous and multi-scale pore
structure inherent to the granular system, where crack propagation and
the sequential fracture of individual granules (Fig. 14c) contributed to
the overall response. For consistency, the failure point was defined as
the first peak load prior to the major drop in the curve. This behavior
reflects the influence of structural heterogeneity on crack initiation and
propagation within the granular network.

3.4. Acoustical properties

3.4.1. Acoustical tests

Fig. 15 represents the normal incidence sound absorption coefficient
of individual acoustic panels. Overall, all the samples prepared with DI
water (AP-R) and 1-5 wt% H50, solutions (AP-1 to AP-5) absorbed more
than 30% to maximum 93% of sound over the frequency range from 200
to 4300 Hz. The absorption profile for the AP-R sample (Fig. 15a)
exhibited two distinct sharp peaks: a primary peak near 1000 Hz and a
secondary one around 3300 Hz where the absorption coefficient « was
found to be = 0.95 and ~ 0.88, respectively. Besides that, the absorption
was not found to be effective throughout frequencies, especially be-
tween 1500-3000 Hz, the absorption is significantly lower (a < 0.4). AP-
R had almost similar open porosity as the other H>O5 treated samples. In
the absence of a foaming agent, the granules underwent shrinkage rather

than expansion, which heavily leads to the creation of inter granular
space, however porosity within the granules was not found much as
described in section 3.2. Likely due to low porosity and fewer tortuous
air pathways, sound energy was only efficiently dissipated at specific
resonant frequencies. This suggests that AP-R behaved like a resonator-
based material, with well-defined peaks where the material geometry
and internal structure (possibly from granule packing and binder
bridges) matched sound wave patterns at specific frequencies [70],
where sound energy was efficiently converted into heat. This behavior
can be attributed to tightly packed granules forming enclosed and
partially connected air cavities that trap sound waves and enhance
viscous and thermal energy dissipation within the porous framework.
Moreover, the sound absorption of granular materials is related to flow
resistance, porosity and structure factor, and finally attributed to the
pellets gap. When the gap is too large or too small, insufficient friction
and heat exchange occur during the propagation of sound waves, which
results in reduced sound absorption efficiency [71].

AP-1 (Fig. 15b), prepared with 1 wt% H3O solution, exhibited a
hybrid absorption profile, combining a sharp resonance peak near 500
Hz and a broader peak around 3500 Hz extending into a plateau beyond
4000 Hz. This suggests that even a minimal amount of HyO5 induced the
formation of interconnected pores, enhancing tortuosity and thus sound
energy dissipation. AP-1 thus transitioned from pure resonant absorp-
tion (as in AP-R) toward a mixed-mode mechanism that combined cavity
resonance with porous damping for tunable broadband performance
[72]. AP-2 (Fig. 15c), in contrast, showed a broader and more distrib-
uted absorption response between 500-4000 Hz which suggests a shift
toward classical porous absorber behavior, likely due to a more aerated
microstructures, enhancing flow resistivity and internal friction which
are the key factors in dissipating acoustic energy across a wider fre-
quency range [73]. The absorption coefficient o showed approximately
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Fig. 14. Load-displacement curve from (a) flexure test; (b) compression test and (c) conceptual view of progressive crack propagation.
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Fig. 15. Each plot shows the normal incidence sound absorption coefficient () over a frequency range of 200-4300 Hz (6 specimens per batch). The dotted line
represents the average value of a. The shaded region indicates the maximum and minimum value at each frequency.

0.47 near 950 Hz, followed by a gradual rise to ~ 0.70 at 4000 Hz. These
results indicated that, compared to AP-1, pore development has pro-
gressed, improving performance particularly in the mid to high-
frequency range (above 1500 Hz).

AP-3 (Fig. 15d) showed smoother absorption across the frequency
spectrum with a moderate low-frequency absorption o ~ 0.45 at 700 Hz
and a rise to =~ 0.75 above 4000 Hz. This behavior suggests a more
advanced pore network, likely formed through increased H;O content
contributing to an increase in absorption performance, especially at
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higher frequencies. However, the less intense peaks may indicate the
presence of over-aerated or coalesced pores, which could reduce tortu-
osity or disrupt the optimal pore structure leading to impedance mis-
matches, diminishing absorption efficiency at low frequencies [40]. AP-
4 (Fig. 15e) presented dual higher absorption behavior (=~ 0.55 at 1000
Hz and ~ 0.78 at 3800-4000 Hz), similar to AP-1, but with overall better
absorption performance. These results suggest that higher hydrogen
peroxide (H0,) content enhanced the material’s resonance and scat-
tering capabilities at lower frequencies. This comparatively higher
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broadband absorption can be attributed to increased tortuosity and pore
connectivity, which contributed to more effective sound absorption
across a wider frequency range.

AP-5 (Fig. 15f) delivered the highest absorption performance at high
frequencies among the modified samples (=~ 0.42 at 800 Hz rising to =~
0.80 at 4000 Hz) as well as effective sound absorption across a broad
spectrum. The highly porous and interconnected structure supported
both thermal and viscous energy dissipation, making it suitable for ap-
plications in interior building elements where high-frequency sound
control is critical, such as in reducing reverberation and improving room
acoustics [74]. Studies on the acoustic performance of building mate-
rials highlight the significance of high-frequency absorption for con-
trolling sound reflection and enhancing indoor acoustics [72]. The
developed pore structure likely influenced airflow resistivity while
having sufficient open porosity for sound wave penetration, thereby
enhancing viscous and thermal energy dissipation and maximizing
performance [71,72]. In general, increasing HyO5 concentration pro-
gressively increased pore connectivity, tortuosity, and open porosity
which likely altered the acoustic impedance of the material, leading the
progressive broadening of observed dominant absorption features but
within the similar frequency regions and indicating that the absorption
behavior is governed by changes in airflow resistivity and pore structure
rather than the formation of new resonant modes. This evolution reflects
a transition from localized resonance-dominated behavior to broadband
porous absorption influenced by viscous-thermal losses in the air phase
[40,70,72]. This structural evolution enables improved acoustic per-
formance across wider frequency ranges, particularly in the mid to high
frequency spectrum.

3.4.2. Correlation of tortuosity with acoustic absorption behavior

The evolution in sound absorption behavior observed across samples
AP-1, AP-3, and AP-5 shows a consistent trend with changes in measured
tortuosity (Table 5), which increased with higher H,O5 content. Tortu-
osity is associated with high-frequency sound absorption within the
samples investigated, as it represents the complexity of internal path-
ways through which sound must propagate. In AP-1, the relatively low
tortuosity correlates with the material's hybrid profile retaining a sharp
resonant peak at low frequencies (~ 500 Hz) while starting broader
porous absorption beyond 3500 Hz. As tortuosity increases in AP-3, the
absorption curve becomes smoother, and broadband performance im-
proves, suggesting enhanced pore interconnectivity. However, moderate
tortuosity may indicate that some over-aeration or pore coalescence may
reduce structural complexity, impacting peak intensity as mentioned in
section 3.4. In contrast, AP-5, with the highest tortuosity, a compara-
tively higher broadband response among the samples studied, particu-
larly above 2000 Hz. The increased tortuosity in this case is associated
with longer and more intricate flow paths, which may enhance viscous
and thermal dissipation and contribute to increased acoustic attenuation
at higher frequencies within the studied range. These findings align with
the theoretical framework presented by Allard & Atalla [40], which
emphasizes tortuosity as a key parameter in enhancing high-frequency
acoustic performance in porous materials. Typical tortuosity values for
granular absorbers range between 1.10 and 1.80, [69] and the panels
developed in this study fall well within this range, indicating transport
characteristics consistent with granular porous absorbers.

Table 5
Tortuosity of the acoustic panels.
Batch ID Tortuosity
AP-1 1.20
AP-3 1.32
AP-5 1.60
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4. Discussion

As noted by Allard & Atalla [40], acoustic materials which contain
open porosity below 20% (fraction of open pores within the total
porosity) tend to absorb better at low frequencies but poorly at higher
frequencies. Developed panels in this study demonstrated open porosity
higher than 20% (Fig. 6), so the relatively weaker low-frequency ab-
sorption and stronger mid-to-high frequency performance are expected.
This suggests that pore structure plays a major role in influencing
acoustic behavior of the panels. The broad and consistent absorption
observed across AP-1 to AP-5 supports this, aligning with design prin-
ciples for multilayer porous materials [69,75]. Empirical analysis
revealed a consistent relationship between the pore structure and the
acoustic response of the panels. With increasing HoOy concentration,
open porosity increased from 24.8% to 39%, while tortuosity rose from
1.2 to 1.6, reflecting enhanced intergranular connectivity. These
microstructural modifications were accompanied by a downward shift
of the main absorption peak from approximately 1000 Hz to 500 Hz and
a broadening of the absorption bandwidth. The results indicate that
larger and more interconnected pores are associated with improved air
movement and viscous dissipation, contributing to enhanced low-
frequency attenuation, whereas finer intragranular pores are associ-
ated with increased high-frequency absorption. The acoustic response is
therefore interpreted as the result of the combined influence of pore
morphology and tortuosity, which evolve simultaneously with the pro-
cessing conditions.

As summarized in Table 6, panels containing a higher proportion of
small pores (15-30 pm), such as AP-R and AP-5, exhibited improved
mid- to high-frequency absorption, while AP-R showed negligible ab-
sorption at low frequencies, confirming that smaller pores are less
effective for long-wavelength attenuation. This observation is consistent
with the findings of Liu and Nagel [56], who reported that at high fre-
quencies, when the sound wavelength (A) becomes comparable to the
pore or grain size, scattering and local resonances dominate the energy
dissipation. Between AP-1 and AP-2, the appearance of medium pores
(75-500 pm) led to an increase in low-frequency absorption, whereas
AP-3 and AP-4, characterized by a balanced distribution of small, me-
dium, and large pores, achieved the most uniform broadband perfor-
mance. Notably, AP-5 maintained comparable low-frequency absorption
despite containing fewer 75-200 um pores, likely due to its higher pore
interconnectivity and the presence of very large pores (> 500 pym, ~ 6%)
(as discussed in Section 3.2). Such a structure likely enabled better low-
frequency sound attenuation, as larger pores help absorb longer sound
wavelengths (1)), supporting the relationship identified by Liu and Nagel
[56]. Additionally, the continuous interconnected structure of AP-5
allowed the entire panel to damp vibrations effectively, which is
particularly relevant since low-frequency sounds can also manifest as
vibrations. Therefore, its ability to attenuate low-frequency sound
despite having fewer large pores may result not only from pore-scale
absorption but also from bulk vibration damping. Overall, these
empirical findings highlight that panels produced with moderate
foaming levels (3-5 wt% H3O5 solutions) develop a hierarchical pore
structure that supports broadband sound absorption through the
coupled effects of pore size, connectivity, and tortuosity.

The mechanical behavior of the lightweight geopolymer panels re-
flects the characteristic balance between porosity and structural
strength observed in alkali-activated porous systems. Increasing pore
content and interconnectivity reduced density and increased brittleness,
as commonly reported for geopolymer foams [76]. Reported compres-
sive strengths for comparable lightweight materials range from 0.75-3.6
MPa [76,77], with flexural strengths between 1.1-3.7 MPa [78,79],
consistent with the values obtained for panels AP-2 to AP-4 in this study.
The interconnected pore network and strong intergranular bonding
contributed not only to adequate mechanical rigidity but also to increase
acoustic efficiency, since the same structural continuity supports viscous
and thermal energy dissipation across multiple scales. This
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Table 6
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Pore size frequency (%) of the panels and their corresponding average sound absorption performance; minor pore fractions (including 500-2000 um and > 2000 pm)

are not included. The complete pore size distribution is provided in Fig. 9.

Batch ID Percentage distribution of Average normal incidence sound absorption coefficient, a

dominant pore size ranges

15-30 pm 30-75 pm 75-200 pm 200-500 pm Low frequency (< 500 Hz) Mid frequency (500-2000 Hz) High frequency (2000-4000 Hz)
AP-R 56% 16% 20% 6% 0.09 0.50 0.60
AP-1 36% 18% 26% 16% 0.35 0.44 0.53
AP-2 42% 16% 25% 15% 0.31 0.40 0.58
AP-3 38% 16% 26% 16% 0.37 0.48 0.55
AP-4 46% 16% 22% 15% 0.31 0.46 0.60
AP-5 68% 18% 6% 4% 0.37 0.45 0.65
Commercial polyurethane foam 0.15 0.40 0.70
Melamine foams 0.20 0.30 0.56

microstructure-driven synergy distinguishes the panels from conven-
tional polymeric absorbers such as polyurethane (PU) [16] and mel-
amine foams (MF) [80]. Although the overall sound absorption
performance is comparable at mid to high frequencies (Table 6), the
geopolymer panels (50 mm thick) achieve superior low-frequency ab-
sorption and exhibit compressive strengths in the MPa range, compared
to 13-38 kPa for 40 mm thick PU foam [81] and ~ 14 kPa for 20 mm
thick MF foam [80]. The substantially higher compressive strength
provides the mechanical integrity necessary for structural rigidity and
shape retention while effectively dissipating sound energy to enhance
absorption performance [82]. Based on the measured mechanical
strength, the panels may have potential applicability in building
acoustic elements such as wall linings and ceiling panels, as well as in
resilient layers used in floating floor systems [83-85].

Table 7 presents a thickness-matched comparison of the octave-band
absorption of AP-4 and AP-5 with a 50 mm polyurethane foam. The
developed panels show absorption levels comparable to polyurethane
foam over the mid- and high-frequency ranges, with similar perfor-
mance observed around 500-4000 Hz. This comparison provides an
indicative benchmark at equal thickness, noting that the acoustic per-
formance of commercial materials may vary with product characteristics
and mounting conditions. Together, these findings confirm that the
developed geopolymer panels combine broadband acoustic absorption,
mechanical robustness, and inherent fire and thermal resistance,
demonstrating clear potential as viable alternatives to conventional
absorbers, with the added advantage of reducing the need for supple-
mentary protective layers [86].

5. Conclusions

This study aimed to address the demand for sustainable, binder-free
acoustic materials by developing HyOs-treated granular composite
panels with influenced pore structures. By systematically varying the
H20; content, it was possible to achieve adequate porosity and tortu-
osity while maintaining acceptable mechanical stability. All panels
produced with 1-5% H3O2 solution granulation doses consistently
exhibited high porosity (60-70%) and effective sound absorption across
a wide frequency range (250-4300 Hz), highlighting their suitability for
broadband acoustic applications. Among them, the panels prepared with
4 wt% and 5 wt% HsO» solutions exhibited the highest overall acoustic

Table 7

Octave-band normal-incidence sound absorption coefficients of the developed
panels (AP-4 and AP-5) compared with a 50 mm polyurethane foam [87]
(thickness-matched comparison).

Material 250 500 1000 2000 4000
Hz Hz Hz Hz Hz
Polyutherane foam (50 0.40 0.65 0.55 0.70 0.70
mm)
AP-4 0.30 0.55 0.60 0.60 0.70
AP-5 0.40 0.55 0.40 0.60 0.70

15

performance. The panel prepared with 4 wt% Hy05 solution achieved an
absorption coefficient increasing from ~ 0.55 at 1000 Hz to ~ 0.78 at
3800-4000 Hz, while the 5 wt% H50; panel increased from ~ 0.42 at
800 Hzto ~ 0.80 at 4000 Hz. Notably, the 4 wt% H,0, panel performed
better at frequencies below 1000 Hz. This improvement for both panels
was attributed to a highly interconnected and tortuous pore network,
which facilitated enhanced viscous and thermal dissipation mecha-
nisms, particularly at mid to high frequencies (500-4300 Hz).

The self-consolidating process yielded stable microstructural and
acoustic properties without external binders, confirming viability for
applications where integrity and reproducibility are critical. Limitations
remain in the low-frequency range, and the roles of particle size distri-
bution and closed porosity require further study. Future investigations
should consider hybrid foaming or multilayer configurations to enhance
low-frequency performance as well as the use of recycled/bio-based
fillers to reduce environmental impact, and computational modeling
to guide optimization. Moreover, the reported acoustic performance is
based on normal-incidence measurements (ISO 10534-2); therefore, the
results represent material-level behavior, and performance under diffuse
field conditions may differ and require further evaluation using rever-
beration room measurements.

In summary, the most influential factors for improving acoustic
performance in porous geopolymers are: (i) pore connectivity that es-
tablishes continuous air pathways, (ii) tortuosity that increases effective
path length and viscous/thermal losses, and (iii) a balanced pore-size
hierarchy (dual porosity) combining finer intragranular pores with
larger intergranular pores. Within this framework, moderate HoO5 so-
lutions dosing (3-5 wt%) provides a practical route to module these
parameters simultaneously. Considering the demonstrated MPa-level
compressive strength, the panels are competitive with conventional
absorbers at comparable thickness, particularly due to better low-
frequency absorption. These findings suggest that, with appropriate
modifications and standardization, the panels have potential for use as
indoor building materials for sound absorption.

6. Data Availability

The data supporting the findings of this study are openly available at
d0i:10.23729/fd-7e85cf6e-0079-3e85-80f6-c4203690d890.
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