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Abstract

The construction sector faces increasing pressure to reduce the embodied energy of building
materials while valorizing industrial waste streams. This study evaluates the direct incor-
poration of post-industrial textile waste (100% cotton and cotton—polyester blends) in its
native form to develop high-performance cementitious ceiling sheets. Composites were fab-
ricated under a controlled hydraulic compaction pressure of 2.0 MPa, optimized to achieve
matrix densification while preserving the integrity of the fibrous network. Viscoelastic
recovery of the compressed fibers induced a hierarchical double-porosity architecture
characterized by macro-voids and hollow fiber lumens. This microstructural evolution
reduced thermal conductivity to 0.091 W/m-K, approximately 50% lower than commer-
cial cement-fiber benchmarks—without compromising mechanical compliance. Scanning
Electron Microscopy (SEM) revealed a mechanistic decoupling between water absorption
and dimensional stability. Although the CP15 formulation (15 wt.% cotton—polyester)
exhibited high moisture uptake (~21%), thickness swelling remained limited to 1.35%.
This dimensional stability is attributed to the hydrophobic polyester framework, which
bridges microcracks and constrains hygroscopic expansion within the cellulosic phase. The
optimized CP15 composite achieved a Modulus of Rupture (MOR) of 8.75 MPa, exceeding
ISO 8336 Category C, Class 2 requirements. Despite increased thickness, the areal den-
sity (10.84 kg/m?) remains compatible with standard gypsum-grade suspension systems,
eliminating the need for structural modification. These findings establish a scalable, direct-
valorization strategy for circular construction materials delivering enhanced thermal insu-
lation and robust performance under tropical climatic conditions.

Keywords: textile waste valorization; cementitious ceiling sheets; thermal conductivity;
dimensional stability; circular economy; sustainable construction

1. Introduction

Rapid population growth, accelerated urbanization, and rising living standards have
substantially increased global demand for construction materials, energy, and infrastructure.
These trends have driven a sustained rise in carbon dioxide (CO,) emissions and solid
waste generation, placing unprecedented pressure on natural ecosystems and the built
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environment [1-3]. Among emerging environmental challenges, the textile and apparel
industry has become a major contributor, generating approximately 92 million tonnes
of textile waste annually, a figure projected to reach 134 million tonnes by 2030 in the
absence of effective mitigation strategies [4]. The sector accounts for nearly 10% of global
greenhouse gas emissions and approximately 20% of industrial wastewater generation
worldwide [5]. In Europe alone, textile consumption results in an estimated 654 kg of
CO,-equivalent emissions per capita per year [6]. Despite containing valuable fibrous
resources, the majority of textile waste is disposed of through landfilling or incineration,
contributing to land degradation and, in the case of synthetic textiles, persistent microplastic
pollution [7,8].

These global pressures are strongly reflected in developing economies such as Sri
Lanka, where the textile and apparel industry represents a major economic pillar while
simultaneously generating substantial quantities of fabric and yarn waste during manu-
facturing processes [9]. In the absence of dedicated textile recycling infrastructure, this
waste is predominantly managed through export, co-processing in cement kilns, or di-
rect landfilling [9,10]. Although such approaches enable partial diversion, they do not
achieve long-term material circularity or high-value resource recovery. Recent advances
in sustainable engineering emphasize that circularity must extend across diverse waste
streams, including the bioremediation of liquid effluents [11,12], integrated nutrient recov-
ery systems [13,14], and the upcycling of solid industrial by-products. Accordingly, the
valorization of textile waste into cementitious construction materials has gained increas-
ing attention as a strategy to reduce environmental burdens while preserving functional
performance, consistent with circular economy principles [15-18].

Within the construction sector, cement fiber ceiling sheets represent a high-volume yet
comparatively underexplored application for textile waste integration. Unlike structural
elements, ceiling panels prioritize low bulk density for safe overhead installation, thermal
resistivity for indoor comfort, and dimensional stability under fluctuating humidity rather
than high compressive strength [19]. Commercial cement fiber ceiling sheets remain widely
used in low-income regions of Latin America, Africa, and South Asia due to their afford-
ability, ease of installation, and durability under harsh climatic conditions [18]. However,
conventional products typically exhibit bulk densities of approximately 1350-1450 kg/m?
and thermal conductivity values ranging from 0.15 to 0.19 W/m-K, which contribute to
conductive heat transfer and reduced indoor thermal comfort. These limitations highlight
the need for thermally enhanced cementitious ceiling sheets capable of achieving thermal
conductivity values below 0.15 W/m-K while maintaining adequate flexural performance
for non-structural applications [20-22].

Post-industrial textile fabric waste presents a promising fibrous reinforcement for
addressing these performance gaps; however, composite behavior is strongly governed
by fiber composition and fiber-matrix interfacial interactions. Cotton fibers, being hy-
drophilic and cellulose-rich, generally exhibit favorable bonding with cement hydration
products but are prone to moisture uptake and dimensional instability [23-25]. In contrast,
polyester fibers are hydrophobic and offer improved durability and moisture resistance,
yet often demonstrate limited interfacial adhesion due to their smooth surface morphology.
Blended textile waste therefore offers the potential to harness synergistic benefits: enhanced
bonding from the hydrophilic cotton fraction and improved dimensional stability from the
hydrophobic polyester fraction. Despite the global abundance of cotton- and polyester-
based waste streams, optimization of their combined use—particularly in blended textile
formats for thin cementitious ceiling sheets—remains insufficiently explored [26-28].

Conventional textile waste valorization strategies typically involve energy-intensive
chemical scouring to remove industrial sizing agents, thereby increasing the embodied
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energy of the recycled product. This study challenges that paradigm by investigating a
direct-valorization pathway that utilizes textile waste in its native industrial state. It is
hypothesized that residual surface treatments may act as passive interfacial modifiers,
while elastic recovery of the fibrous network during compaction induces a hierarchical
“double-porosity” microstructure composed of macro-voids and hollow fiber lumens,
thereby enhancing thermal insulation performance.

In response to these research gaps, this study evaluates the feasibility of incorporating
post-industrial 100% cotton [29,30] and cotton—polyester (60/40) blended waste [31,32] as
reinforcement in cementitious ceiling sheets. The primary objectives are: (1) to system-
atically evaluate the influence of fiber loading (5-30 wt.%) on the physical, mechanical,
and thermal properties of the composites; (2) to elucidate the trade-offs among density
reduction, spring-back-induced porosity, and flexural integrity; and (3) to benchmark the
performance of these waste-valorized composites against commercial cement fiber ceil-
ing sheets. By engineering a functional construction material from untreated industrial
by-products, this research proposes a scalable, low-energy pathway aligned with circular
economy principles.

2. Methods

2.1. Materials Characterization
2.1.1. Cementitious Binding Matrix

Ordinary Portland Cement (OPC) of strength class 42.5 N, conforming to SLS 107:2015,
was employed as the hydraulic binding matrix. This cement grade was selected due to its
rapid early-age strength development, consistent hydration kinetics, and demonstrated
chemical compatibility with hydrophilic cellulosic fibers in fiber-reinforced cementitious
composite systems [33,34]. The key physical and mechanical properties of the cement, as

provided by the manufacturer, Tokyo cement, Colombo, Sri Lanka, are summarized in
Table 1.

Table 1. Physical and Mechanical Properties of Ordinary Portland Cement (OPC).

Property Value
Specific gravity (g/cm?) 3.15
Blaine fineness (cm?/g) 3540
Initial setting time (min) 200
Final setting time (min) 280
2-day compressive strength (MPa) 25.3
7-day compressive strength (MPa) 40.5
28-day compressive strength (MPa) 51.7

2.1.2. Reinforcing Phase

Two distinct post-industrial textile waste streams were utilized as fibrous rein-
forcement phases: 100% cotton woven fabric waste and a cotton—polyester blended
knitted fabric.

1. 100% Cotton Waste: Sourced from a leading home textile manufacturer in Sri Lanka,
this waste stream primarily consists of fabric off-cuts and defective materials generated
during cutting and inspection. Cotton was selected for its inherent biodegradability, low
density, and high tensile strength (typically 287-800 MPa), which serves to enhance the
mechanical integrity of cementitious composites while minimizing environmental impact.
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Furthermore, the hollow lumen structure of cotton fibers offers superior thermal insulation
potential, making it an ideal candidate for ceiling sheet applications [29,30,35].

2. Cotton—Polyester Blend (60/40): The second waste stream, a knitted greige fabric,
was obtained from a prominent export-oriented textile factory. The specific composition
of 60% cotton and 40% polyester was selected as it represents a “fast-moving” production
specification within the Sri Lankan apparel sector. This dominance in the local manufac-
turing landscape ensures a consistent, high-volume supply of waste material, which is
critical for the industrial scalability of the proposed recycling pathway. Scientifically, this
blend ratio offers a synergistic balance: the cotton fraction contributes to thermal resistance
and cement compatibility, while the polyester fraction enhances durability and moisture
resistance [31,36].

Key physical characteristics were determined in accordance with ASTM D3776 for
mass per unit area (GSM) and ASTM D3775 for yarn density (fabric count) to evaluate
reinforcement potential and dispersion behavior within the cementitious matrix [29-31,35].
The measured properties of the waste fabrics are summarized in Table 2.

Table 2. Characteristics of Waste Fabrics Used as Reinforcement.

Characteristic 100% Cotton Cotton-Polyester Blend (60/40)
Fabric type Woven Knitted

Specific weight (g/m?) 120.9 181.5

Yarn density (threads/inch) PPI-60, EPI-39 CPI-56, WPI-28

To elucidate the structural differences between the reinforcement types, SEM analysis
was conducted on the as-received fabrics (Figure 1). The 100% cotton reinforcement
exhibits a woven architecture characterized by orthogonal yarn interlacing, resulting in
a relatively open structure with a lower specific weight (120.9 g/m?). In contrast, the
cotton—polyester blend features a knitted architecture composed of interlocking loops. This
looped geometry facilitates a higher packing density of fiber bundles per unit area, which
explains its significantly higher specific weight (181.5 g/m?) compared to the woven cotton
fabric, despite the lower intrinsic density of polyester fibers (1.38 g/cm?) relative to cellulose
(1.54g/ cm?). This structural densification is critical for enhancing the mechanical anchoring
of the reinforcement within the cementitious matrix.
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Figure 1. Scanning Electron Microscopy (SEM) micrographs of the textile reinforcement in its native

state: (a) 100% Cotton woven fabric showing orthogonal fiber interlacing; (b) Cotton—Polyester
knitted fabric showing dense, looped yarn architecture.
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2.2. Sample Preparation
2.2.1. Processing of Textile Reinforcement

To promote uniform dispersion within the cementitious matrix and minimize fiber
agglomeration, the textile wastes were mechanically processed using a rotary shredding
machine (Figure 2). Multiple shredding cycles were evaluated during a preliminary op-
timization phase to determine the fiber aspect ratio most suitable for thin cementitious
sheet fabrication.
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Figure 2. Mechanical processing sequence of post-industrial textile waste: (a) The rotary shred-
ding machine utilized for fiber size reduction; (b) Raw textile waste off-cuts prior to processing;
(c) The resulting shredded fiber mass after the second shredding cycle, illustrating the degree of fiber
disentanglement and fluffing used for composite fabrication.

Fiber length distribution was characterized by collecting a random sample of fibers
(n = 100) from each shredding batch. The lengths were measured using high-resolution
digital imaging and analyzed via Image] (1.54p version) software to determine the
arithmetic mean.

Based on the analysis, the second shredding cycle was selected as it yielded an optimal
average fiber length of approximately 10 mm (Table 3). This length provided the most
effective balance between rheological performance and reinforcement efficiency; specifically,
itavoided the “balling” effect observed with longer fibers (Cycle 1) while ensuring sufficient
aspect ratio for crack-bridging, which was compromised in the shorter fibers (Cycle 3).

Table 3. Average Fiber Lengths Obtained from Different Shredding Cycles.

Shredding Cycle Average Fiber Length (mm)
1st cycle 12

2nd cycle (selected) 10

3rd cycle 7
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2.2.2. Mix Design and Fabrication Protocol

All composites were fabricated using a fixed water-to-cement (w/c) ratio of 0.6 and a
hydraulic pressing pressure of 2 MPa, consistent with established processing protocols for
fiber—cement sheet materials [37-40].

The experimental program comprised 11 mix formulations, incorporating textile fibers
at contents of 5, 10, 15, 20, and 30 wt.%, relative to the total dry composite mass, for both
textile types. Each formulation targeted a total specimen mass of 250 g. The detailed mix
proportions are summarized in Table 4.

Table 4. Experimental Mix Proportions and Sample Plan.

Fiber Content (wt.%) Cement Matrix (wt.%) Mix Code (Cotton) Mix Code (Cotton—Poly)
0 100 CNTRL —

5 95 C05 CP05

10 90 C10 CP10

15 85 C15 CP15

20 80 C20 CP20

30 70 C30 CP30

The fresh mixtures were cast into steel molds with dimensions of 150 x 150 x 50 mm.
Compaction pressure was selected based on a preliminary optimization study where
varying pressures (0.5, 1.0, 1.5, 2.0, and 2.5 MPa) were evaluated. The results indicated that
a pressure of 2 MPa yielded optimal mechanical consolidation without causing excessive
dewatering or fiber crushing. Consequently, all subsequent specimens were compacted
using a hydraulic press at a constant pressure of 2 MPa, as illustrated in Figure 3. Specimens
were cured for 28 days under ambient laboratory conditions. To ensure adequate hydration
during early curing, specimen surfaces were moistened daily for the first 7 days [41].

Figure 3. Fabrication process of the ceiling sheets: (a) Fresh fiber-cement mixture placed in
150 x 150 mm steel molds; (b) Hydraulic compaction of the specimens at 2 MPa; (c¢) Demolded
specimens during the initial curing phase.
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2.2.3. Commercial Reference Ceiling Sheets

To assess the practical feasibility and industrial relevance of the developed composites,
experimental results were benchmarked against commercial cement fiber ceiling sheets
commonly used in the local construction sector. Two representative product categories
were selected:

e Commercial cement fiber ceiling sheets (legacy formulation)—representing conven-
tional high-strength market products

e  Commercial cellulose fiber—reinforced cement ceiling sheets—representing widely
adopted contemporary alternatives

The commercial sheets were cut to dimensions matching the experimental specimens
(150 x 150 mm for physical and thermal testing and 150 x 20 mm for mechanical testing)
to ensure direct and consistent comparative evaluation.

2.3. Characterization Methodologies

All physical, mechanical, and thermal characterizations were conducted on both
experimental composites and commercial reference ceiling sheets under identical laboratory
conditions to minimize experimental variability.

2.3.1. Physical Properties

Physical characterization was performed to evaluate the influence of fiber incorpora-
tion on matrix compaction, pore development, and bulk material properties.

Dimensional Stability (Thickness): Specimen thickness was measured at four
distinct locations using a digital vernier caliper with 0.01 mm precision to assess
compaction uniformity.

Apparent Density: Apparent density was determined in accordance with ISO
8336:2017 [42]. Specimens were saturated in water for 24 h to determine displaced volume
(V), followed by oven drying at 100 £ 5 °C to constant mass (m). Standard calculation
methods defined in the cited standard were employed.

Water Absorption: Water absorption was evaluated following ASTM C1185-08. Speci-
mens were oven-dried at 90 & 2 °C to obtain the dry mass (W_d) [43], then immersed in
water for 48 h to obtain the saturated mass (W_s). Absorption percentages were calculated
as per the protocols specified in the standard.

2.3.2. Mechanical Properties

Flexural Performance (Modulus of Rupture, MOR): Flexural strength, expressed as
Modulus of Rupture (MOR), was determined using a three-point bending configuration in
accordance with ISO 8336:2017 and SLS 1593:2018. Specimens of dimensions 150 x 20 mm
were tested at a span length of 50 mm [42,44]. A constant displacement rate of 20 mm/min
was applied until failure. Five replicates were tested for each formulation.

2.3.3. Thermal Performance

Thermal Conductivity: Thermal conductivity was measured using the steady-state
Lee’s Disk method, in alignment with principles outlined in ASTM C518-21 [45]. Specimens
were conditioned at 22 °C, and specimen edges were insulated to minimize lateral heat
losses. The system was allowed to reach thermal equilibrium using a steam chamber
maintained at 80 °C

2.3.4. Microstructural Analysis

The microstructural morphology of fractured composite surfaces was examined using
Scanning Electron Microscopy (SEM) to elucidate fiber dispersion, fiber-matrix interfacial
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bonding behavior, Interfacial Transition Zone (ITZ) integrity, and pore distribution. Com-
parative analysis was performed between the reference composite (C20) and the optimized
formulations (C15 and CP15/CP20), enabling evaluation of reinforcement efficiency and
interfacial modification mechanisms.

Prior to imaging, specimens were oven-dried at 105 °C for 24 h to eliminate residual
moisture and subsequently sputter-coated with a thin gold layer to prevent electrostatic
charging. Imaging was conducted using a Zeiss EVO 18 microscope (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany) operating in Secondary Electron (SE) mode at an accelerat-
ing voltage of 10-15 kV.

Microstructural observations focused on:

(i) fiber pull-out and crack-bridging mechanisms;

(ii) interfacial debonding gaps and ITZ continuity;

(iif) preservation of hollow fiber lumens;

(iv) the distribution and morphology of micro-voids within the cementitious matrix.

This approach enabled correlation between processing-induced microstructural evolu-
tion and the measured mechanical and thermal performance of the composites.

2.3.5. Dimensional Stability and Moisture Movement

To assess the durability and dimensional stability of the composites under extreme
moisture exposure, a total immersion test was conducted in accordance with ISO 8336 [46].
Specimens were conditioned to a constant dry mass, and their initial dimensions (length,
width, and thickness) were recorded using a digital vernier caliper (0.01 mm precision).
The samples were then fully immersed in water at ambient temperature (27 &= 2 °C) for 24 h.
Post-immersion dimensions were recorded, and the percentage of dimensional swelling
(thickness, length, and width) was calculated relative to the initial dry dimensions, as
prescribed by the standard.

2.4. Statistical Analysis

All experimental tests were conducted in triplicate, and results are reported as
mean =+ standard deviation. Statistical significance was evaluated using one-way analysis
of variance (ANOVA) at a 95% confidence level (x = 0.05). Where statistically significant
differences were detected, Tukey’s post hoc test was applied for pairwise comparisons.

3. Results

3.1. Physical Properties
3.1.1. Process Optimization and Compaction Pressure

To determine the critical manufacturing parameters, a preliminary optimization study
was conducted by varying the hydraulic compaction pressure from 0.5 to 2.5 MPa. The
physical integrity and microstructural quality of the fresh composites were evaluated
immediately after demolding.

As summarized in Table 5, a non-linear relationship was observed between pressure
and consolidation efficiency. Lower pressures (<1.5 MPa) failed to achieve sufficient particle
packing, resulting in composites with low green strength that crumbled during handling.
Conversely, increasing the pressure to 2.5 MPa caused excessive dewatering, where the
cement paste was forced out of the mold along with the filtrate water (“cement washout”),
leaving a fiber-rich, binder-deficient surface. Additionally, microscopic inspection at
2.5 MPa revealed signs of fiber crushing, which compromises the thermal insulation poten-
tial of the hollow lumens.
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Table 5. Optimization of hydraulic compaction pressure and observed manufacturing defects.

Compaction Matrix . . 11

Pressure (MPa) Consolidation State Fiber Integrity Observed Defects Suitability
Friable edges; extensive .

0-5 Very Poor Intact delamination upon demolding. Rejected
High porosity; insufficient green .

1.0 Poor Intact strength for handling. Rejected

1.5 Moderate Intact Minor surface.dustmg; partial Rejected
recovery of thickness.

20 Optimal Intact Uniform surface; stgble geometry; o g
controlled dewatering.

25 High Compromised Excessive dewatering (cement Rejected

washout); localized fiber crushing.

Consequently, 2.0 MPa was identified as the optimal pressure, balancing adequate
mechanical consolidation with the preservation of the fiber reinforcement’s porous structure.
All subsequent specimens for physical and mechanical characterization were fabricated
using this optimized parameter.

3.1.2. Dimensional Stability and Thickness Swelling

The thickness variation in the cured cementitious ceiling sheets, benchmarked against
six commercially available cement fiber ceiling sheet products, is presented in Figure 3.
One-way analysis of variance (ANOVA) confirmed that both reinforcement type and
fiber loading level exerted a statistically significant influence on final specimen thickness
(p < 0.05).

As shown in Figure 4, the commercial cement fiber ceiling sheets of legacy formulation
(CM01-CMO04) exhibited the lowest thickness values, ranging from 3.53 to 4.62 mm, forming
a statistically distinct group (Group a). In contrast, the commercial cellulose fiber—reinforced
cement ceiling sheets (CMO05 and CMO06) displayed significantly higher thickness values
between 5.50 and 6.00 mm and were classified within Group b.
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Figure 4. Comparative thickness development of textile-reinforced cementitious ceiling sheets relative
to commercial cement fiber ceiling sheets.

Tukey’s post hoc comparison revealed no statistically significant difference (p > 0.05)
between the cellulose fiber—cement ceiling sheets and the cotton—polyester reinforced
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composites at lower fiber loadings. In particular, CP05 (5.73 £ 0.19 mm) and CP10
(6.19 £ 0.39 mm) were grouped together with the commercial cellulose fiber—cement prod-
ucts, indicating comparable dimensional development under identical pressing conditions.

With increasing fiber incorporation, a progressive increase in specimen thickness was
observed across both reinforcement systems. This behavior is attributed to the elastic
recovery (“spring-back”) of the textile fibers following the release of hydraulic pressure, a
phenomenon that prevents complete matrix densification and generates residual micro-
voids. The CP30 formulation exhibited the highest thickness value (11.54 £ 0.35 mm),
forming a statistically distinct group (Group e). Intermediate fiber contents (15-20 wt.%)
resulted in moderate thickness increases, with values distributed across Groups c and d.

The complete statistical grouping of thickness values for all experimental and com-
mercial ceiling sheet specimens is summarized in Table 6.

Table 6. Thickness development with Tukey’s statistical grouping.

Sample Code Reinforcement Type Average Thickness (mm)
C05 100% Cotton (5%) 6.94 +0.59 ¢
C10 100% Cotton (10%) 7.06 £0.98 ¢
C15 100% Cotton (15%) 6.44 +047°
C20 100% Cotton (20%) 8.86 +0.27 4
CP05 Cotton-Poly (5%) 5.73+0.19P
CP10 Cotton—Poly (10%) 6.19 +£0.39°
CP15 Cotton—Poly (15%) 6.65 +0.31°¢
CP20 Cotton—Poly (20%) 748 +£0.62°¢
CP30 Cotton-Poly (30%) 11.54 +0.35¢
CMO01 Commercial Asbestos 416 +0.23%
CMO02 Commercial Asbestos 462 +£0.20%
CMO03 Commercial Asbestos 353+0232
CM04 Commercial Asbestos 4.05+0.20%
CMO05 Commercial Non-Asbestos 6.00 £ 0.25b
CMO6 Commercial Non-Asbestos 5.50 +0.20 P

Note: Values represent mean = standard deviation. Means sharing the same superscript letter are not statistically
different according to Tukey’s post hoc test (p > 0.05).

Although identical mold dimensions and a constant hydraulic pressing pressure were
applied to all formulations, noticeable variations in final specimen thickness were observed
with increasing textile fiber content. This behavior is attributed to the viscoelastic recovery
(‘spring-back’) of the textile reinforcement following the release of hydraulic pressure. In
this study, a standardized short pressure duration was employed to maintain experimental
consistency; however, this allowed for partial elastic recovery of the fibrous network,
hindering maximal matrix densification.

It is important to note that this is a processing characteristic rather than an inherent
material defect. In large-scale industrial manufacturing, this dimensional variation can be
effectively mitigated by optimizing the pressure dwell time to allow for complete stress
relaxation within the fiber reinforcement or by calibrating the mold geometry to account
for the specific compressibility factor of the textile waste. Therefore, the reduced densities
observed in this study represent a conservative baseline that can be further enhanced
through process engineering.
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3.1.3. Apparent Density

The apparent density of the textile-reinforced cementitious ceiling sheets, bench-

marked against commercial cement fiber ceiling sheets, is presented in Figure 5, with

statistical groupings summarized in Table 7. ANOVA confirmed that fiber loading had a

statistically significant effect on apparent density (p < 0.05).

3

Average Density (g/cm’)
|_'_|
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Control C i 100% Cotton Cotton-Poly

Figure 5. Influence of textile fiber content on apparent density relative to commercial cement fiber

ceiling sheets.

Table 7. Apparent Density with Tukey’s Statistical Grouping.

Sample Code Reinforcement Type Average Density (g/cm®)
CNTRL Control (Cement Only) 250+ 0.132
Co05 100% Cotton (5%) 231 +£0.12°
C10 100% Cotton (10%) 212 £0.09 €
C15 100% Cotton (15%) 1.77 £ 0.10 ¢
C20 100% Cotton (20%) 1.53 + 0.07 ¢
C30 100% Cotton (30%) 1.42 £0.06f
CP05 Cotton—Poly (5%) 24140.11°
CP10 Cotton—Poly (10%) 1.89 +0.14 4
CP15 Cotton-Poly (15%) 1.63 + 0.08 €
CP20 Cotton—Poly (20%) 1.51 +0.09 €
CP30 Cotton-Poly (30%) 148 +0.11¢
CMO1 Commercial Asbestos 1.22 4+ 0.06 f
CMO02 Commercial Asbestos 1.45 +0.07
CMO03 Commercial Asbestos 1.36 4 0.06 f
CM04 Commercial Asbestos 1.23 4 0.05f
CMO05 Commercial Non-Asbestos 1.35 +£0.07 f
CMO06 Commercial Non-Asbestos 1.20 £0.058

Note: Values represent mean =+ standard deviation. Means sharing the same letter are not statistically different

according to Tukey’s post hoc test (p > 0.05).
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Relative to the control (2.50 + 0.13 g/ cm3), the incorporation of textile fibers induced
a pronounced, non-linear reduction in apparent density. At low fiber loadings (5 wt.%),
the density reduction was marginal (4-8%), indicating that the cement matrix remained
the dominant phase. However, a precipitous drop was observed as fiber content increased
beyond 10 wt.%, marking a transition zone where the low-density fibrous network began
to govern the composite’s bulk volume.

This trend effectively plateaued beyond 20 wt.%, suggesting a maximum packing
limit for the fibers. Ultimately, at 30 wt.% loading, the apparent density was reduced
by approximately 43.2% (to 1.42 g/cm?) for cotton and 40.8% (to 1.48 g/cm3) for cotton—
polyester composites. This significant lightening confirms that the ‘spring-back’ effect
described in Section 3.1.1 exerts a disproportionate influence at higher volume fractions,
effectively diluting the heavy cementitious matrix.

As illustrated in Figure 5, comparisons with commercial benchmarks reveal that exper-
imental composites containing 15-30 wt.% textile fibers achieved density values statistically
comparable (p > 0.05) to market products. Notably, while the control density was exces-
sive, the optimized formulations CP15 (1.63 & 0.08 g/cm?) and CP20 (1.51 4 0.09 g/cm?)
achieved density reductions of 35% and 40% respectively, aligning them directly with
the commercial cement fiber ceiling sheets (Groups f and g) required for lightweight
ceiling applications.

3.1.4. Water Absorption Behavior

The water absorption behavior of the experimental composites and commercial cement
fiber ceiling sheets is presented in Figure 6, with statistical groupings summarized in Table 8.
ANOVA confirmed that both reinforcement type and fiber loading had a statistically
significant effect on water absorption capacity (p < 0.05).
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Figure 6. Water absorption behavior of textile-reinforced cementitious ceiling sheets compared with
commercial products.

The cement-only control specimens exhibited the lowest water absorption
(12.17 £ 0.48%), forming a statistically distinct group (Group a). The commercial cement
fiber ceiling sheets of legacy formulation (CM01-CMO04) displayed similarly low water
absorption values (12.04-15.39%), reflecting relatively dense microstructures and limited
open pore connectivity.
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Table 8. Water Absorption Analysis with Statistical Grouping. Values represent Mean & Standard
Deviation (SD). Means sharing the same superscript letter are not statistically different (p > 0.05).

Sample Code Reinforcement Type Water Absorption (Mass %)
CNTRL Control (Cement Only) 12.17 £ 0.48 2
C05 100% Cotton (5%) 19.18 £ 0.85¢
C10 100% Cotton (10%) 19.31 +£0.79 ¢
C15 100% Cotton (15%) 2843 +1.25f
C20 100% Cotton (20%) 30.31 £1.358
C30 100% Cotton (30%) 34.96 £ 1550
CP05 Cotton—Poly (5%) 14.02 £ 0.61 2
CP10 Cotton—Poly (10%) 15.36 + 0.68 P
CP15 Cotton-Poly (15%) 21.64 +0.954
CP20 Cotton-Poly (20%) 27.01 +1.15f
CP30 Cotton-Poly (30%) 30.38 £1.288
CMO1 Commercial Asbestos 1253 £0.302
CMO02 Commercial Asbestos 15.39 4 0.65 P
CMO03 Commercial Asbestos 14.25 4 0.52 @b
CM04 Commercial Asbestos 12.04 £ 0.44 2
CMO05 Commercial Non-Asbestos 2412 +1.06 €
CMO06 Commercial Non-Asbestos 32.64 + 1.45 8h

For the textile-reinforced composites, water absorption increased progressively with
fiber loading for both reinforcement systems, consistent with increased capillary pore
volume and fiber-induced pore connectivity. The cotton-reinforced series exhibited sys-
tematically higher absorption values than the cotton—polyester composites, attributable to
the hydrophilic and cellulose-rich nature of cotton fibers. Water absorption increased from
19.18 £ 0.85% (CO05) to 34.96 £ 1.55% (C30).

The cotton-reinforced series exhibited systematically higher absorption values than
the cotton—polyester composites, attributable to the hydrophilic nature of the cellu-
losic fibers. The cotton—polyester reinforced composites demonstrated comparatively
lower absorption values at equivalent fiber contents. CP05 (14.02 £+ 0.61%) and CP10
(15.36 £ 0.68%) were statistically grouped with the legacy commercial products. At the
highest fiber loading, CP30 exhibited a marked increase in absorption (30.38 £ 1.28%),
indicative of a highly interconnected pore network established at high volume fractions.

The commercial cellulose fiber-cement ceiling sheets (CM05 and CM06) exhibited
higher water absorption values (24.12 £ 1.06% and 32.64 + 1.45%, respectively). Several
experimental formulations, particularly CP05, CP10, and CP15, recorded statistically lower
absorption values than these commercial references (p < 0.05).

3.1.5. Flexural Strength (Modulus of Rupture)

The flexural performance of the cementitious ceiling sheets, expressed as modulus of
rupture (MOR), is presented in Figure 7, with statistical groupings summarized in Table 9.
ANOVA confirmed that fiber reinforcement significantly influenced flexural performance
(p <0.05).
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Figure 7. Flexural performance of textile-reinforced cementitious ceiling sheets relative to
commercial benchmarks.

Table 9. Modulus of Rupture (MOR) Analysis with Statistical Grouping. Values represent
Mean =+ Standard Deviation (SD). Means sharing the same superscript letter are not statistically
different (p > 0.05).

Sample Code Reinforcement Type Average MOR (MPa)
CNTRL Control (Cement Only) 1.67 +0.137
C05 100% Cotton (5%) 6.84 +0.34 8
C10 100% Cotton (10%) 6.95 + 0.28 f&
C15 100% Cotton (15%) 8.34 +0.424
C20 100% Cotton (20%) 524+ 031"
C30 100% Cotton (30%) 2934+ 0.181
CP05 Cotton—Poly (5%) 7.55 4 0.30 ©f
CP10 Cotton—Poly (10%) 7.94 4 0.24 de
CP15 Cotton—Poly (15%) 8.75 +0.354
CP20 Cotton-Poly (20%) 5.81 & 0.41 8h
CP30 Cotton-Poly (30%) 5.92 4 0.47 8h
CMO01 Commercial Asbestos 11.51 4+ 0.35P
CMO02 Commercial Asbestos 14.79 £ 0592
CMO03 Commercial Asbestos 14.58 +£0.44 2
CM04 Commercial Asbestos 13.56 4 0.54 2P
CMO05 Commercial Non-Asbestos 8.64 + 0.43 4
CMO06 Commercial Non-Asbestos 10.00 £ 0.50 €

The cement-only control specimens exhibited the lowest MOR (1.67 £ 0.13 MPa),
indicating the brittle behavior typical of unreinforced cementitious matrices. Upon
fiber incorporation, all composite formulations demonstrated substantially enhanced
flexural performance, attributed to the crack-arresting and bridging capabilities of the
textile reinforcement.

For both reinforcement systems, an optimal performance threshold was observed
at 15 wt.% fiber loading. Maximum MOR values were recorded at this threshold, with
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CP15 achieving 8.75 4 0.35 MPa and C15 achieving 8.34 &+ 0.42 MPa. These specimens
formed a common statistical group (Group d). Beyond 15 wt.%, a marked decline in
flexural strength was observed. This reduction is attributed to excessive matrix dilution
and fiber agglomeration, which compromise the fiber-matrix interfacial bond integrity.
Consequently, the lowest MOR among the reinforced composites was recorded for the
highly loaded C30 formulation (2.93 & 0.18 MPa).

Benchmarking against commercial products reveals distinct performance tiers. The
commercial cement fiber ceiling sheets of legacy formulation (CM01-CM04) exhibited the
highest MOR values (11.51-14.79 MPa), reflective of their high-density, structural nature. In
contrast, the commercial cellulose fiber-cement ceiling sheets (CM05 and CMO06) displayed
intermediate flexural performance (8.64-10.00 MPa). Crucially, statistical analysis confirms
that the optimized experimental formulations (CP15 and C15) are statistically comparable
(p > 0.05) to the commercial non-asbestos cellulose ceiling sheet (CMO05). This demonstrates
that the waste-valorized composites possess sufficient mechanical capacity for non-load-
bearing ceiling applications, meeting the necessary industrial safety standards.

3.1.6. Dimensional Stability (Swelling)

While water absorption indicates porosity, dimensional stability is the critical parame-
ter for durability. Table 10 presents the dimensional changes in the optimized composites
after 24 h of water immersion (ISO 8336).

Table 10. Dimensional stability and swelling characteristics of optimized composites (24 h immersion).

Mix Code Reinforcement Thickness Swelling (%) Length Expansion (%) Width Expansion (%)
CNTRL Cement Only 0.12 £ 0.05 0.02 £0.01 0.03 £0.01
CMO02 Commercial 0.45 £ 0.10 0.05 + 0.02 0.06 + 0.02
Reference
CP15 Cotton-Poly (15%) 1.35+0.22 0.15+0.04 0.18 £0.05
C15 100% Cotton (15%) 2.85+ 045 0.32 £ 0.08 0.35 £ 0.09

The results presented in Table 10 confirm that the cementitious matrix effectively
restrains the hygroscopic expansion of the textile reinforcement. Although the CP15
composite exhibited a higher water absorption capacity (21.6%) compared to the commercial
reference (15.4%), its Thickness Swelling remained low at approximately 1.35%.

This behavior supports the hypothesis that while the porous network allows water
ingress, the rigid cement binder prevents significant volume expansion. Notably, the Cotton—
Polyester (CP15) formulation exhibited significantly lower swelling than the 100% Cotton
(C15) equivalent (2.85%). This is attributed to the hydrophobic nature of the polyester
fraction, which acts as a dimensionally stable skeleton within the fiber bundle, limiting the
overall hygroscopic movement.

From a practical standpoint, the linear expansion (length and width) of the optimized
CP15 composite was negligible (<0.20%). This confirms that the ceiling sheets possess
sufficient dimensional stability to prevent warping or dislodging from standard suspension
grids under humid tropical conditions.

3.2. Thermal Performance
Thermal Conductivity

The thermal conductivity of the textile-reinforced cementitious ceiling sheets, bench-
marked against commercial cement fiber ceiling sheets, is presented in Figure 8, with
statistical groupings summarized in Table 11. ANOVA confirmed that both reinforce-
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ment type and fiber loading had a statistically significant effect on thermal conductivity

(p < 0.05).
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Figure 8. Thermal conductivity of textile-reinforced cementitious ceiling sheets relative to
commercial products.

Table 11. Thermal Conductivity Analysis with Statistical Grouping. Values represent Mean + Standard
Deviation (SD). Means sharing the same superscript letter are not statistically different (p > 0.05).

Sample Code Reinforcement Type Average k-Value (W/m-K)
CONTROL Control (Cement Only) 0.109 £ 0.005 ©
C05 100% Cotton (5%) 0.102 £ 0.004 ©
C10 100% Cotton (10%) 0.094 £ 0.003 4
C15 100% Cotton (15%) 0.069 £ 0.003
C20 100% Cotton (20%) 0.061 £ 0.003 f
C30 100% Cotton (30%) 0.051 + 0.003 &
CP05 Cotton-Poly (5%) 0.109 £+ 0.004 ©
CP10 Cotton—Poly (10%) 0.101 + 0.005 4
CP15 Cotton-Poly (15%) 0.091 + 0.004 4
CP20 Cotton—Poly (20%) 0.076 £ 0.003 ©
CP30 Cotton-Poly (30%) 0.084 + 0.003 d¢
CMO1 Commercial Asbestos 0.164 + 0.006
CMO02 Commercial Asbestos 0.191 4+ 0.009 2
CMO03 Commercial Asbestos 0.183 +0.007 2
CM04 Commercial Asbestos 0.180 % 0.008 @
CMO05 Commercial Non-Asbestos 0.083 + 0.004 ©
CMO06 Commercial Non-Asbestos 0.071 =+ 0.003 ©f

The commercial cement fiber ceiling sheets of legacy formulation (CM01-CM04)
exhibited the highest thermal conductivity values, ranging from 0.164 to 0.191 W/mK,
occupying the upper statistical groups (Groups a and b). This behavior is characteristic
of their high-density, compacted matrices which facilitate conductive heat transfer. The
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unreinforced cement control specimens showed a significantly lower thermal conductivity
of 0.109 £ 0.005 W/m-K.

Progressive reductions in thermal conductivity were observed with increasing tex-
tile fiber incorporation. This trend validates the hypothesis that fiber incorporation dis-
rupts conductive heat transfer pathways through two mechanisms: (1) the lower intrinsic
thermal conductivity of the polymer/cellulose fibers compared to the cement matrix,
and (2) the creation of interfacial air voids and increased porosity induced by the fiber
“spring-back” effect.

Among the cotton—-polyester composites, a monotonic decrease was observed, reaching
a significant reduction at 20 wt.% fiber loading (CP20) with a value of 0.076 4= 0.003 W/m-K.
This represents a substantial improvement in thermal insulation compared to the legacy
commercial products. The cotton-reinforced composites exhibited the lowest thermal
conductivity values overall. Specifically, C15 achieved 0.069 + 0.003 W/m:K, and with
further fiber loading, C30 reached a minimum value of 0.051 £ 0.003 W/m-K.

Benchmarking against modern alternatives, the commercial cellulose fiber-cement
ceiling sheets exhibited intermediate thermal conductivity values (0.083 £ 0.004 W/mK for
CMO05 and 0.071 £ 0.003 W/m-K for CM06). Crucially, the experimental formulations CP20
and C15 were statistically comparable (p > 0.05) to these commercial references, confirming
that the waste-valorized composites achieve the thermal insulation standards required for
modern ceiling applications.

3.3. Microstructural Analysis

The microstructural morphology of the fractured surfaces was examined to elucidate
the mechanisms governing the physical and mechanical behavior of the composites. The
SEM analysis focused on fiber dispersion, the integrity of the fiber—matrix Interfacial
Transition Zone (ITZ), and the pore structure evolution.

3.3.1. Morphology of Cotton-Reinforced Composites (C15)

Micrographs of the C15 (15 wt.% Cotton) formulation reveal the characteristic ribbon-
like morphology of the processed cotton fibers, which appear flattened and twisted within
the cementitious matrix (Figure 9a). While the fibers are generally well-distributed, local-
ized clustering is observed, corresponding to the “spring-back” regions where the elastic
recovery of the fiber bundles inhibited full matrix penetration during compaction.

T T T
(b) (c)
Figure 9. SEM micrographs of C15 (15 wt.% Cotton) composite: (a) Fiber distribution showing

flattened, twisted ribbon morphology; (b,c) Interfacial Transition Zone (ITZ) exhibiting debonding
gaps and hollow fiber lumens.

A defining feature observed at higher magnification is the presence of interfacial
micro-gaps (debonding) between the fiber surface and the surrounding cement hydration
products (Figure 9b). This debonding is attributed to the dimensional mismatch during the
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curing phase: the hydrophilic cotton fibers absorb mix water and swell during casting, but
subsequently shrink as the cement consumes water for hydration. This shrinkage leaves
behind a distinct gap at the ITZ, which explains the reduced specific strength observed in
the monoculture cotton samples compared to the control.

Crucially, the micrographs clearly identify the hollow lumen structure of the cotton
fibers. Many fibers exhibit a collapsed or tubular cross-section. These hollow cores, com-
bined with the interfacial shrinkage gaps, act as intrinsic air traps. This visual evidence
provides the microstructural basis for the thermal conductivity results (Section 3.2), con-
firming that the high insulation value (<0.35 W/m-K) is derived from both the macroscopic
matrix porosity and the intra-fiber voids of the reinforcement.

3.3.2. Morphology of Hybrid Composites (CP20)

The CP20 (20 wt.% Cotton—-Polyester) formulation displays a complex hybrid mi-
crostructure (Figure 10a). The polyester fibers are easily distinguishable as smooth, cylin-

drical filaments that maintain their circular cross-section, contrasting sharply with the
irregular, flattened cotton ribbons.

Signal A= SE1

(@) (b)

Figure 10. SEM micrographs of CP20 (Cotton—Polyester) composite: (a) Hybrid network distinguish-
ing flattened cotton and cylindrical polyester fibers; (b) Smooth polyester fiber surface indicating
frictional pull-out failure mode.

The fiber-matrix interface for the polyester phase appears “clean,” with minimal
encrustation of C-S-H gel or hydration products (Figure 10b). This indicates a primarily
frictional bond rather than a chemical one, consistent with the hydrophobic nature of the
polymer. The fracture surfaces exhibit numerous smooth cylindrical sockets, confirming
that fiber pull-out is the dominant failure mechanism for the polyester fraction.

Unlike the cotton fibers, the polyester filaments do not show significant shrinkage
gaps at the interface. This suggests that the polyester phase acts as a dimensionally stable
scaffold within the hybrid network. While the cotton fibers swell and shrink, the inert
polyester fibers bridge the resulting micro-cracks and restrict the overall macroscopic
expansion. This microstructural observation directly validates the dimensional stability
results (Section 3.1.2), where the CP formulations exhibited significantly lower swelling
than the pure cotton equivalents despite high porosity.

4. Discussion

The results of this study demonstrate that the incorporation of post-industrial tex-
tile waste induces fundamental modifications to the physical, mechanical, and thermal
behavior of cementitious ceiling sheets. These changes arise from coupled effects of cement
matrix dilution, fiber-matrix interfacial behavior, and microstructural porosity evolution
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under hydraulic pressing. Rather than yielding monotonic improvements across all perfor-
mance metrics, textile fiber incorporation introduces a controlled performance trade-off
that must be optimized to achieve technically and industrially viable non-load-bearing
ceiling elements.

4.1. Microstructural Evolution and Process Dynamics

The results demonstrate that incorporation of post-industrial textile waste funda-
mentally alters the physical, mechanical, and thermal behavior of cementitious ceiling
sheets. These modifications arise from coupled mechanisms involving matrix dilution, fiber—
matrix interfacial interactions, and porosity evolution under hydraulic pressing. Rather
than producing monotonic performance enhancement, fiber incorporation introduces a
controlled trade-off that must be optimized to achieve technically and industrially viable
non-load-bearing ceiling elements.

The progressive reduction in apparent density with increasing fiber content is gov-
erned by two concurrent mechanisms: material substitution and microstructural expansion.
First, partial replacement of the high-density cementitious matrix with lower-density textile
fibers directly decreases bulk density. Second, elastic recovery (“spring-back”) of fibers
following compaction limits full matrix consolidation, amplifying porosity development.

The preliminary optimization study (Section 3.1.1) confirms that this microstructural
evolution is strongly dependent on applied processing energy. During pressing, textile
fibers undergo temporary deformation; upon pressure release, partial elastic recovery gener-
ates distributed micro-voids within the cementitious matrix. This spring-back phenomenon
becomes increasingly pronounced at higher fiber loadings, consistent with the measured
increases in specimen thickness and open pore volume reported in Section 3.1.2 [23,47-49].

Critically, the selection of 2.0 MPa as the compaction pressure represents a deliberate
processing threshold. Although higher pressures (e.g., 2.5 MPa) could reduce spring-back
and produce thinner sheets, experimental observations indicate that excessive compaction
causes localized crushing of hollow fiber lumens. Because thermal insulation performance
relies on air entrapment within these lumens, increased compaction would compromise the
material’s primary functional advantage. Thus, the thickness increase observed at 2.0 MPa
should not be interpreted as a manufacturing defect, but rather as a necessary structural
consequence of preserving a thermally functional porous architecture.

4.2. Structural Loading and System Compatibility

For ceiling applications, areal density (kg/m?) governs structural compatibility, as
it determines the dead load imposed on suspension systems. Interpreting density solely
through bulk values (g/cm?) can be misleading, particularly since the experimental sheets
exhibit increased thickness due to spring-back.

Based on measured physical properties (Tables 6 and 7), the optimized CP15 composite
exhibits an areal density of approximately 10.84 kg/m? (1.63 g/cm? x 6.65 mm). Although
this represents a 61.8% increase relative to thin legacy asbestos-cement sheets (6.70 kg/m?),
benchmarking must consider contemporary safe alternatives. Standard 12.5 mm gypsum
ceiling boards typically impose a dead load of 9.0-10.5 kg /m?. The CP15 composite falls
within this operational range, confirming compatibility with conventional gypsum-grade
suspension grids.

This finding is industrially significant. It demonstrates that, despite increased thick-
ness, the proposed composite does not require specialized heavy-duty framing. Therefore,
the enhanced thermal performance is achieved without compromising structural system
integration or increasing installation complexity.
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4.3. Thermal Conductivity Mechanisms

Thermal conductivity trends directly reflect the microstructural transformations de-
scribed in Section 4.1. The substantial reduction in thermal conductivity observed in
textile-reinforced composites arises from the combined influence of intrinsic fiber morphol-
ogy and increased pore volume.

SEM analysis (Section 3.3) provides mechanistic evidence for this behavior. Processed
cotton fibers retain their hollow lumen structure and exhibit localized interfacial debonding
gaps resulting from shrinkage (Figure 9b). These features establish a hierarchical double-
porosity system comprising:

(1) macro-porosity generated by fiber spring-back;
(2) micro-porosity associated with hollow fiber lumens.

Air entrapped within these discontinuities disrupts conductive heat transfer pathways
through the cementitious matrix, thereby significantly lowering effective thermal conductiv-
ity (<0.10 W/m-K) [50-52]. The hollow lumens act as intrinsic insulating micro-chambers,
while macro-voids further increase tortuosity of heat flow.

Although polyester fibers lack internal lumens, they contribute to thermal resistance
by interrupting continuous cementitious conduction pathways. Due to comparatively
weaker fiber-matrix adhesion, polyester fibers promote interfacial air gap formation, fur-
ther enhancing thermal impedance. At elevated fiber contents, additional micro-void
generation through elastic recovery increases air entrapment, thereby amplifying insulation
performance [53-55].

Collectively, these mechanisms explain the observed 40-50% reduction in thermal
conductivity relative to legacy commercial cement fiber ceiling sheets, confirming that
porosity engineering, rather than simple material substitution, is the dominant thermal
efficiency driver.

4.4. Moisture Dynamics and Dimensional Stability

Water absorption behavior provides critical insight into the interplay between fiber
chemistry and pore connectivity. The progressive increase in moisture uptake with increas-
ing fiber content is primarily attributed to the hydrophilic nature of cotton fibers, which
contain abundant hydroxyl functional groups capable of hydrogen bonding with water
molecules [56,57]. Additionally, the intrinsic lumen structure of cotton fibers facilitates
capillary transport, particularly at higher fiber loadings (e.g., CP30), where interconnected
pore networks become more pronounced [58].

Importantly, a distinction must be made between volumetric absorption (porosity-
driven water uptake) and dimensional swelling (macroscopic expansion). Durability
results (Table 10) demonstrate a clear decoupling between these parameters. Although the
CP15 composite exhibited relatively high water absorption (~21%), its thickness swelling
remained limited to 1.35%. This behavior is governed by a matrix-confinement mechanism,
wherein the rigid cementitious matrix imposes internal restraint that suppresses fiber
expansion at the macroscale.

SEM observations of the hybrid CP20 composite (Figure 10) further elucidate the
role of fiber synergy. Unlike cotton fibers, which exhibited localized shrinkage-induced
debonding, the hydrophobic polyester fibers maintained a stable frictional interface with
the cement paste. These fibers function as a dimensionally stable scaffold, bridging microc-
racks and restricting moisture-induced deformation [59,60]. Such behavior is particularly
advantageous for ceiling applications in humid tropical environments, where resistance to
moisture-driven degradation is essential for long-term serviceability [61-63].
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4.5. Mechanical Efficiency and Failure Modes

Mechanical performance reveals a reinforcement threshold governed by fiber disper-
sion and interfacial efficiency. At low to intermediate fiber loadings, fibers are sufficiently
dispersed to enable effective crack-bridging, thereby enhancing modulus of rupture relative
to unreinforced matrices [48,64-66]. In this regime, stress transfer across the fiber-matrix
interface is optimized without excessive porosity or agglomeration.

SEM-based failure analysis clarifies the governing mechanisms. The C15 (100% cotton)
samples exhibited distinct interfacial gaps (Figure 9b), which act as stress concentrators and
promote premature crack initiation. In contrast, the hybrid CP20 samples displayed clear
evidence of fiber pull-out (Figure 10b), indicating a toughening mechanism dominated by
frictional energy dissipation. Although chemical bonding between polyester fibers and
the cement matrix is limited, the frictional anchorage is sufficient to preserve structural
continuity during crack propagation.

Beyond the optimal 15 wt.% threshold, excessive fiber incorporation promotes agglom-
eration and increases interfacial defects, reducing effective stress transfer and resulting in
diminished flexural performance [67-69]. This confirms that mechanical efficiency is con-
trolled not solely by fiber content, but by the balance between dispersion quality, interfacial
interaction, and pore architecture.

4.6. Comparative Analysis and Industrial Relevance

The inverse relationship observed between thermal and mechanical performance
underscores an inherent optimization challenge. Elevated fiber contents enhance thermal
resistance through increased porosity but compromise mechanical integrity. Conversely,
lower fiber contents maintain structural strength but provide limited thermal insulation
benefit [70-72].

Among the evaluated formulations, CP15 achieves the most favorable performance
balance. It attains a flexural strength of approximately 8.75 MPa—exceeding ISO 8336
Category C [2], Class 2 requirements—while reducing thermal conductivity by approxi-
mately 40-50% relative to commercial cement fiber benchmarks. Comparative assessment
highlights the practical relevance of this balance: conventional cement fiber sheets provide
adequate strength but limited thermal performance, whereas cellulose-based sheets often
suffer from moisture sensitivity. The optimized cotton—polyester hybrid composites demon-
strate a balanced property profile that integrates thermal efficiency, mechanical compliance,
and dimensional stability [20,73,74].

From an industrial perspective, the direct utilization of post-industrial textile waste
aligns with circular economy objectives. The fabrication process relies on conventional
cement processing techniques, suggesting that large-scale adoption could be achieved
with minimal modification to existing production infrastructure [24,75,76]. By elucidating
the mechanisms governing density reduction, thermal conductivity modification, inter-
facial performance, and moisture stability, this study establishes a mechanistic frame-
work for optimizing textile-reinforced cementitious composites in sustainable ceiling and
partition applications.

5. Conclusions

This study systematically demonstrated the feasibility of valorizing post-industrial
textile waste (100% cotton and cotton—polyester blends) as functional reinforcement in
cementitious ceiling sheets. The results confirm that controlled processing conditions fun-
damentally govern composite performance. In particular, a hydraulic compaction pressure
of 2.0 MPa was identified as a critical process threshold. At this pressure, the fibrous
network undergoes controlled viscoelastic recovery (“spring-back”) upon demolding, in-
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creasing the final sheet thickness by approximately 60-66% relative to the mold depth.
Rather than constituting a manufacturing defect, this phenomenon generates a hierarchical
double-porosity architecture composed of macro-voids formed by elastic recovery and
micro-voids associated with hollow fiber lumens, which collectively underpin the material’s
thermal functionality.

The induced porosity substantially enhanced thermal insulation without compromis-
ing structural reliability. The optimized CP15 (cotton—polyester) composite achieved a
thermal conductivity of 0.091 W/m-K, representing an approximate 50% reduction com-
pared to conventional cement fiber ceiling sheets. Mechanical evaluation identified an
optimal reinforcement threshold at 15 wt.% fiber loading, where the CP15 formulation
attained a Modulus of Rupture (MOR) of 8.75 MPa, exceeding the ISO 8336 Category C,
Class 2 requirement (7 MPa) for non-load-bearing applications. Although the spring-back
effect increased sheet thickness, the resulting areal density (10.84 kg/m?) remains com-
parable to standard 12.5 mm gypsum boards (9.0-10.5 kg/m?), confirming compatibility
with conventional suspended ceiling grid systems and eliminating the need for specialized
structural reinforcement.

From a durability perspective, a key mechanistic insight was the decoupling between
water absorption and dimensional swelling. Despite relatively high moisture uptake
(~21%), thickness swelling of the optimized CP15 hybrid composite was limited to 1.35%.
Scanning Electron Microscopy (SEM) indicates that the hydrophobic polyester scaffold
provides frictional anchorage and microcrack-bridging capacity, thereby constraining the
hygroscopic expansion of the hydrophilic cotton fraction. This hybrid reinforcement
strategy effectively mitigates the durability limitations commonly associated with bio-fiber
composites under humid tropical conditions.

Collectively, these findings validate a direct-valorization pathway utilizing textile
waste in its native industrial state, thereby reducing embodied energy by eliminating
chemical scouring processes. The study demonstrates that high-performance, thermally
efficient, and structurally compliant circular construction materials can be engineered from
untreated industrial by-products.

Limitations and Future Work

While the present work establishes physical, mechanical, and thermal feasibility, fur-
ther investigation is required prior to large-scale commercialization. Given the combustible
nature of cellulosic and polymeric textile constituents, fire performance and flame spread
characteristics should be evaluated (e.g., BS 476 [77] or ASTM E84 [78]) to determine ap-
propriate fire-retardant strategies for indoor applications. Additionally, the highly porous
architecture suggests potential acoustic functionality; future studies should quantify the
Noise Reduction Coefficient (NRC) to assess suitability as a dual-purpose thermal-acoustic
ceiling system. Finally, a comprehensive Life Cycle Assessment (LCA) is recommended
to quantify embodied carbon reduction and broader environmental impacts relative to
conventional gypsum and fiber—cement alternatives, thereby providing holistic validation
of the proposed circular economy approach.
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