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Abstract

The growing demand for sustainable and low-carbon construction materials underscores the importance of
developing cementitious composites (CCs) that utilize renewable waste-derived admixtures without sacrificing
performance. This study examines the effects of nanocellulose fibers (NF) extracted from pineapple leaf waste—
a largely untapped agricultural byproduct—-on the mechanical, microstructural, and porosity characteristics of
CCs containing Class-F fly ash. CC samples incorporating 0.0-2.0 wt.% NF were evaluated for compressive
and flexural strengths, porosity, and microstructural evolution using FTIR, XRD, and SEM analyses. The re-
sults revealed that a small addition of 0.5 wt.% NF helped maintain hydration uniformity and retained about
90% of the control compressive strength (74.1 MPa — 66.7 MPa), while higher dosages caused substantial
deterioration: compressive and flexural strengths decreased to 10.2 MPa and 2.3 MPa, respectively, corre-
sponding to an approximately 86% reduction in strength and a 253% increase in porosity (10.44% — 36.85%).
A strong inverse, nonlinear correlation between porosity and mechanical strength was identified, confirming
porosity as the principal factor governing performance. Overall, pineapple leaf—derived NF serves as a promis-
ing eco-efficient additive at low concentrations, but excessive dosages lead to agglomeration, hindered hy-
dration, and pore coarsening, emphasizing the need for optimized dispersion and dosage control in bio-based
fiber—reinforced cement systems. These findings provide insights for the sustainable design of eco-efficient
CCs.

Keywords: cement-based composites; mechanical strength; microstructure; nanocellulose fiber; pineapple
leaves; porosity.

1. Introduction

The urgent need for sustainable construction materials has driven extensive research into bio-
based reinforcements for cementitious composites (CCs). Cement production alone contributes ap-
proximately 7-8% of global CO, emissions [1], while conventional concrete formulations consume
vast quantities of natural resources. To address these challenges, eco-friendly alternatives—such as
mineral replacements (e.g., fly ash [FA], slag [2]) and renewable reinforcements derived from natural
fibers—have emerged as viable strategies to reduce the environmental footprint of concrete without
compromising mechanical strength or durability. Among these alternatives, natural fibers obtained
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from agricultural residues have shown substantial potential as sustainable reinforcements [3]. Unlike
synthetic fibers, plant-based fibers are biodegradable, cost-effective, and widely available. Recent ad-
vancements in natural fiber—reinforced CCs have demonstrated marked improvements in mechanical,
thermal, and durability performance. Particularly, nanocellulose extracted from agricultural byprod-
ucts such as pineapple leaf fiber [4] and bemban fibers has gained increasing attention due to its high
aspect ratio, crystallinity, and renewability.

Nanocellulose-reinforced cement systems have exhibited significant improvements in structural
performance. Rahmawati et al. [S] incorporated 0-3 wt.% bemban fiber nanocellulose (BFNC) into
CCs and reported that 1 wt.% BFNC increased compressive strength by 9.38%, while enhancing ther-
mal stability and microstructural compactness. Similarly, Cherian et al. [6] successfully extracted
nanocellulose fiber from pineapple leaf (PALF) using steam explosion and acid hydrolysis, produc-
ing nanoscale fibrils with high crystallinity and surface reactivity, which are compatible with cement
hydration and pore refinement processes. Investigations into macro-scale natural fibers further empha-
size the importance of surface modification. Pereira et al. [7] treated PALF with tannic acid (2-10%)
following NaOH pre-treatment and observed that a 3 wt.% fiber content improved both workability
and mechanical performance. In a related study, Kueh et al. [8] incorporated silica aerogel into PALF-
reinforced composites and found that 0-2% PALF mitigated strength reduction caused by lightweight
fillers while improving acoustic insulation and flexural strength. Hybrid and polymer-modified sys-
tems have also demonstrated favorable outcomes. Hancharoen et al. [9] combined oil palm fibers
with waste tire rubber, resulting in a 10% increase in flexural strength, an 85% reduction in water
absorption, and enhanced thermal insulation. Likewise, Demirdag et al. [10] reported that coconut
fiber reinforced with polymer binders achieved superior interfacial bonding and mechanical strength
compared to glass fibers, highlighting the critical role of interfacial morphology in fiber—matrix inter-
action.

Recent state-of-the-art reviews on natural fiber-reinforced cementitious matrix composites pro-
vide a useful benchmark for interpreting the present results. Common natural fibers such as coir,
flax, jute, sisal, bagasse, and hemp generally exhibit densities in the range of about 1.05-1.6 g/cm’
and tensile strengths from roughly 150 up to 1800 MPa, values that are lower than those of E-glass
fibers but still sufficient to enhance toughness and tensile response when properly dispersed in ce-
mentitious matrices. At the composite scale, these reviews indicate that relatively low natural fiber
dosages (around 0.03-0.5% by volume) can reduce density and, in some cases, increase compressive
and tensile strength by approximately 5-30%, whereas higher fiber fractions often reduce workabil-
ity, increase porosity, and impair compressive strength because of fiber clustering and insufficient
fiber—matrix contact [11].

Within this broader context, pineapple-leaf-derived nanocellulose fibers (NFs) can be viewed as
part of the natural-fiber family in terms of their potential to modify the physical and mechanical be-
haviour of cement-based composites. However, the present study shows that the beneficial range for
NFs is very narrow: low dosages can slightly refine the pore structure and maintain mechanical per-
formance, while higher dosages (> 1.0 wt.%) lead to a marked increase in porosity and a substantial
loss of strength. This dosage-sensitive response is consistent with previous observations on natural
fibers, reinforcing the idea that waste-derived NF cannot be assumed to act as an effective reinforce-
ment at arbitrary contents, and that careful control of fiber dosage, dispersion, and surface condition is
essential to achieve performance comparable to other natural fiber-reinforced cementitious systems.

From a durability perspective, Song et al. [12] applied ZrO, coatings to natural fibers, which im-
proved alkali resistance and mechanical stability under accelerated aging conditions, offering valuable
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insights into long-term performance. These findings collectively highlight that durability performance
in natural fiber—-modified cementitious composites depends strongly on fiber surface chemistry, water
absorption behavior, and the resulting modification of pore connectivity. Surface-modified fibers tend
to enhance long-term stability by reducing alkali-induced degradation and limiting internal microc-
racking, whereas untreated natural fibers may impair durability due to swelling, delayed hydration,
and increased pore continuity. Choi [13] and Lee and Choi [14] further demonstrated that excessive
water uptake by plant-based fibers can elevate internal porosity and facilitate carbonation or moisture
transport, thereby reducing resistance to long-term chemical and physical deterioration. This con-
trast underlines an important durability-based research gap: although NF offers high aspect ratio and
reactivity, its influence on hydration uniformity, pore refinement, and long-term stability (especially
when blended with FA) remains insufficiently clarified. In terms of thermal performance, Wijesinghe
et al. [15] demonstrated that the addition of 0.5 vol.% elastane (12 mm) textile fibers to cementitious
composites reduced thermal conductivity by 62% while maintaining a compressive strength of 39.65
MPa, indicating the dual advantage of mechanical reinforcement and thermal insulation.

Although previous studies have confirmed the reinforcing potential of nanocellulose and natural
fibers, most research focuses on macrofibers or generic cellulose rather than pineapple leaf—derived
nanocellulose integrated with pozzolanic binders. The influence of such nanofibers on pore structure,
hydration processes, and long-term durability remains insufficiently understood. Pineapple leaf, a
high-cellulose-content byproduct of tropical fruit cultivation, is often discarded or incinerated, con-
tributing to agricultural waste. Utilizing this resource for material production not only offers a value-
added application but also aligns with circular economy principles. Accordingly, this study investi-
gates the effect of pineapple leaf—derived NF on the porosity, mechanical strength, and microstruc-
ture of FA-modified CCs by varying NF content from 0.0 to 2.0 wt.% and performing mechanical,
porosity, FTIR, XRD, and SEM analyses. The main objective is to identify dosage thresholds and
mechanistic effects of NF incorporation, rather than to optimize load-bearing performance; the upper
dosage of 2.0 wt.% is included specifically to capture the full response range of the system. This
allows the identification of the critical fiber content beyond which excessive water absorption, inad-
equate dispersion, and hydration interference lead to significant increases in capillary porosity and
loss of matrix densification. Such high-dosage mixtures are evaluated solely to define performance
limits and to clarify the mechanisms governing NF—cement interactions, rather than as recommended
practical proportions. The findings will contribute to the rational design of greener, fiber-reinforced
binders that integrate renewable nanomaterials into modern cement systems, while also addressing
the balance between sustainability, workability, and mechanical integrity in nanocellulose-reinforced
composites.

Despite the promising outcomes reported for various plant-based fibers, a clear gap remains in
understanding how NFs extracted from pineapple leaf biomass interacts with cement—FA blended
systems, particularly in terms of pore evolution, hydration uniformity, and performance thresholds.
Moreover, previous studies often relied on either commercially sourced NF or chemically intensive
extraction methods, leaving limited insight into fibers produced through milder, more sustainable
routes. The present study addresses these gaps by employing NFs synthesised entirely in-house from
pineapple leaves using an eco-optimized protocol, and systematically evaluating its effects across a
wide dosage range (0-2.0 wt.%). By identifying the transition from beneficial internal curing at low
NF levels to severe porosity-driven deterioration at higher dosages, this work provides new mech-
anistic understanding and establishes critical design limits for integrating waste-derived NFs into
FA-modified CCs.
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2. Fabrication of nanocellulose fiber from pineapple leaves

Pineapple leaves, a locally abundant agricultural waste byproduct, were collected, thoroughly
washed, sun-dried, and mechanically shredded to facilitate subsequent chemical processing (Fig. 1).
The shredded material was first soaked in hot water to remove surface impurities and extractable
compounds. Following this pre-treatment, 20 g of the dried biomass underwent an alkaline treatment
using sodium hydroxide (NaOH, 2 wt.%) at 100 °C for 4 hours [16]. This step effectively removed
lignin and hemicellulose fractions by disrupting intermolecular hydrogen bonds. The treated material
was then rinsed repeatedly with distilled water until a neutral pH (pH = 7) was achieved.

e

Collect and Cut to small Immerse in hot

clean waste pieces and grind water

pineapple leaves to powder

NF products  Treat with NaCIO Tr

Figure 1. Procedures of NF fabrication

Subsequently, the delignified fibers were bleached using sodium hypochlorite (NaClO, 4 wt.%)
at 80 °C under continuous stirring for 4 hours. During this stage, a small amount of acetic acid
(CH3COOH) was added to enhance the oxidation of residual chromophoric groups. As reported by
Thien et al. [16], elevated NaClO concentrations may alter the fiber length and diameter of the result-
ing cellulose, an effect later confirmed through transmission electron microscopy (TEM) imaging (as
shown later in Fig. 5). After bleaching, the sample was centrifuged and washed with deionized water
until the pH stabilized at neutrality. The nanocellulose fabrication procedure (Fig. 1) was adapted
from the method established by Lam et al. [17], with minor modifications. The process involved sul-
furic acid hydrolysis (H,SO4, 64 wt.%) conducted at 45 °C for a specified reaction period, followed
by neutralization, centrifugation, and purification. The resulting NFs exhibited high crystallinity
and thermal stability, confirming their suitability as reinforcing agents for sustainable cementitious
composites. It is important to clarify that all NFs used in this study were synthesized directly by the
authors in-house; no pre-fabricated or previously produced fibers were utilized. Instead, the entire ex-
traction route, including alkaline delignification, NaClO bleaching, and sulfuric acid hydrolysis, was
performed in-house, following and refining the protocol established in our earlier publication [16, 17].
The NFs incorporated in the mixtures were therefore freshly prepared specifically for this experimen-
tal program.

Although NF fabrication typically involves several chemical stages, the procedure adopted in this
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work was deliberately kept mild. Both the alkaline treatment (2 wt.% NaOH) and bleaching step (4
wt.% NaClO) were performed under moderate temperatures, following eco-optimized protocols re-
ported in recent studies. These conditions reduce chemical consumption compared with conventional
extraction routes, while the use of pineapple leaves, an agricultural residue without cultivation inputs,
further limits the environmental footprint of the process. The synthesized NFs displayed nanoscale
diameters of approximately 10-35 nm, high aspect ratio, and an interconnected fibrillar network,
as evidenced by the TEM images (as shown later in Fig. 5). These characteristics align with the me-
chanical performance reported for acid-hydrolyzed NF in literature, where tensile strengths frequently
reach several gigapascals. Although direct tensile testing of individual fibrils was not performed here,
these benchmark values help contextualize the reinforcing potential of the NFs used in this study,
which was beyond the scope of the present work.

3. Materials and experimental methods
3.1. Materials

The primary binder used in this study was Portland cement (specific gravity of 3.07), classified
as grade 40 (PC40), conforming to the Vietnamese standard TCVN 2682:2020 [18], which specifies
consistent quality in terms of fineness, chemical composition, and compressive strength development.
Fly ash (FA), classified as Class F according to TCVN 10302:2014 [19], was obtained from a Southern
thermal power plant of Vietnam. The FA, with a specific gravity of 2.27, was employed as a partial
cement replacement to improve sustainability and enhance the reactivity of the binder system. The
chemical compositions of cement and FA are summarized in Table 1.

Table 1. Chemical compositions of binder materials

Chemical elements (wt.%) Cement Fly ash
SiO; 18.2 62.0
Al O3 3.0 20.8
Fe,03 4.3 9.1
CaO 69.6 2.3
MgO 0.9 -
SO3 2.8 0.5
K>,O 0.6 2.8
NagO - 0.5
Others 0.6 2.0

As shown in Table 1, the cement primarily consists of CaO (69.6 wt.%), accompanied by mod-
erate amounts of SiO, (18.2 wt.%), Fe,O3 (4.3 wt.%), and Al,O3 (3.0 wt.%), which are typical of
Ordinary Portland Cement. In contrast, the FA exhibits a markedly different composition, dominated
by Si0, (62.0 wt.%) and Al,O3 (20.8 wt.%), with a relatively low CaO content of 2.3 wt.%, thereby
confirming its classification as a Class F pozzolan as aforementioned. The high silica and alumina
contents of the FA contribute to its pozzolanic reactivity, promoting the formation of secondary cal-
cium silicate hydrate (C—S—H) phases when blended with cement. Minor constituents such as SO3,
K50, and Na,O are also present in trace quantities and may influence parameters such as setting
behavior, sulfate resistance, and overall durability.

The morphology and mineralogical characteristics of the binder components were examined us-
ing scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and X-ray
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diffraction (XRD). As depicted in Fig. 2, SEM micrographs reveal that cement particles exhibit angu-
lar and irregular morphologies, which enhance mechanical interlocking and bonding efficiency within
the cementitious matrix. In contrast, the FA particles appear predominantly spherical and smooth, a
morphology that improves workability and packing efficiency through the well-known ball-bearing
effect [20, 21].

(a) Cement

Figure 2. SEM images of cement and FA

Fig. 3 presents the FTIR spectra of cement and FA, highlighting the principal functional groups
within the wavenumber range of 4000—400 cm™'. Both materials exhibit broad absorption bands
between 3840 and 3610 cm™!, corresponding to O—H stretching vibrations attributed to hydroxyl
groups and adsorbed moisture [22, 23]. In the cement spectrum, absorption peaks at 1697, 1506,
and 1425 cm™! are associated with H—O—H bending and carbonate vibrations [23], indicating partial
carbonation and the presence of calcite. Prominent Si—O stretching modes appear at 1113 and 887
cm™! [24], whereas low-frequency bands at 673 and 527 cm™" correspond to Al-O and Si—O bend-
ing vibrations characteristic of hydrated cement phases such as calcium silicate hydrate (C—S—H) and
calcium aluminate hydrate (C—A—H) [25, 26]. For FA, a dominant peak centered at 1074 cm™! rep-
resents the asymmetric stretching of Si—O—Si bonds in the amorphous aluminosilicate glassy phase.
Additional peaks at 812 and 467 cm™' correspond to mullite and quartz, respectively [27]. These
spectral features confirm the chemical reactivity and mineralogical composition of both binders, with
FA exhibiting pronounced pozzolanic potential owing to its high content of amorphous silicate struc-
tures.

Fig. 4 illustrates the XRD patterns of cement and FA, recorded over a 26 range of 10°~70°. The
cement sample exhibits well-defined crystalline peaks at 29.14°, 32.05°, and 34.17°, corresponding
to alite (C3S) and belite (C,S), which are the principal clinker phases responsible for early- and long-
term strength development [28]. Additional diffraction peaks observed at 25.12°, 42.84°, and 51.54°
are attributed to gypsum and calcite, confirming minor sulfate and carbonate phases within the ce-
ment [29]. In contrast, the FA sample displays distinct diffraction peaks at 26.28°, 30.69°, 34.92°,
and 38.99°, characteristic of crystalline quartz and mullite phases [30]. The broad background hump
centered around 20°-35° further indicates the presence of an amorphous aluminosilicate glassy phase,
which contributes to its pozzolanic reactivity. These XRD profiles collectively highlight the high re-
activity of cement clinker minerals and the role of FA as a supplementary pozzolanic material capable
of enhancing long-term strength and microstructural refinement in blended cementitious systems.
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Figure 3. FTIR spectra of cement and FA Figure 4. XRD patterns of cement and FA

Fig. 5 presents transmission electron microscopy (TEM) micrographs of NFs synthesized from
pineapple leaf biomass. The fibers exhibit a highly entangled, web-like morphology, consisting pri-
marily of elongated and flexible fibrils. Occasional spherical particles are observed, which may indi-
cate localized aggregation or incomplete hydrolysis during the acid treatment process. The uniform
nanoscale diameters and fibrillar network confirm the successful defibrillation of cellulose microfib-
rils achieved through the sulfuric acid hydrolysis procedure.
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Figure 5. TEM observation of synthesized NFs

Fig. 6 illustrates the FTIR spectra of synthesized NFs subjected to sequential chemical treatments,
including hot-water extraction, alkaline treatment with NaOH, and bleaching with NaClO. The initial
spectrum of the hot-water—treated sample displays prominent absorption bands at approximately 1728
cm™', 1514 cm™, and 1246 cm™!, which correspond to the C=0 stretching vibrations of hemicel-
lulose ester linkages [31], the aromatic skeletal vibrations of lignin, and the C—-O stretching modes
in lignin and hemicellulose, respectively [32]. These characteristic peaks are substantially dimin-
ished or completely absent following the subsequent NaOH and NaClO treatments, confirming the
effective removal of hemicellulose and lignin from the biomass. Concurrently, a progressive increase
in transmittance intensity is observed at around 3340 cm™' and 2900 cm™!, associated with O—H
and C—H stretching vibrations, respectively, indicating the enrichment of cellulose within the treated
fibers [33]. The emergence of sharp bands near 896 cm™', assigned to B-glycosidic linkages charac-
teristic of cellulose, further validates the isolation of high-purity cellulose fibers [34]. These spectral
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transitions collectively verify the effectiveness of the chemical purification sequence, consistent with
prior findings by Thien et al. [16] and Zheng et al. [35]. The results affirm that pineapple leaves
constitute a promising and renewable source of nanocellulose with high purity and structural integrity
suitable for reinforcing sustainable cementitious composites.
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Figure 6. FTIR spectra of synthesized NFs

The fine aggregate used in this study was natural river sand sourced from local construction ma-
terial suppliers in Southern Vietnam. Its particle characteristics satisfied the grading and quality
requirements for fine aggregates used in concrete production. A polycarboxylate-based superplasti-
cizer (SP) was employed as a high-range water-reducing admixture. Potable tap water was used for
all mixing and curing processes.

3.2. Mixture proportions and samples preparation

The mix proportions for the cementitious composites (Table 2) were developed based on the mix
design framework proposed by Alzoubi et al. [36], with modifications introduced to align with the
objectives of this study. A constant water-to-binder (w/b) ratio of 0.25 was maintained to ensure low
water demand and minimize internal porosity. The binder system consisted of 85 wt.% cement and 15
wt.% FA, selected for its pozzolanic reactivity and contribution to long-term strength development.
The sand-to-binder ratio was fixed at 1.0 across all mixtures to maintain a consistent aggregate con-
tent throughout the experimental program. To ensure comparable workability among all mixtures, SP
was incorporated at a dosage of 1.2 wt.% of the total binder. The dosage was optimized through pre-
liminary trials to achieve a target flow spread diameter of 25 + 2 cm, consistent with the requirements
for self-compacting or highly flowable cementitious composites. All mixtures incorporating different
NF dosages met this target flow range, indicating that fixing SP at 1.2 wt.% was sufficient to maintain
the required workability without causing fiber-induced loss of flowability or segregation. NFs were
added to the mixtures at varying dosages of 0.5, 1.0, 1.5, and 2.0 wt.% relative to the total binder
mass (cement + FA). The control mixture (NFO0.0) contained no NF addition. Table 2 summarizes the
detailed mix proportions of each formulation, expressed in weight percentages, allowing for a direct
comparison of binder composition, NF dosage, and admixture content used in this study.

All components listed in Table 2 were thoroughly blended using a laboratory-scale pan mixer to
ensure homogeneous dispersion of NFs within the cementitious matrix. First, dry materials (cement,
FA, sand, and NFs) were blended for 2 minutes to ensure uniform dispersion. Water and SP were
then gradually added, and mixing continued for an additional 3 minutes until a homogeneous mixture
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was achieved. The resulting fresh CC mixture was cast into molds of various sizes depending on the
target tests. After casting, the specimens were covered to minimize moisture loss and cured under
controlled laboratory conditions until the designated testing ages.

Table 2. Material proportions of CC samples

Mixtures Binder (wt.%) Sand/binder ratio Water/binder ratio NF SP
Cement FA (by weight) (by weight) (wt.% of binder) (wt.% of binder)

NF0.0 85 15 1.0 0.25 0.0 1.2

NFO0.5 85 15 1.0 0.25 0.5 1.2

NF1.0 85 15 1.0 0.25 1.0 1.2

NF1.5 85 15 1.0 0.25 1.5 1.2

NF2.0 85 15 1.0 0.25 2.0 1.2

3.3. Test methods

Flexural strength was determined using prism specimens with dimensions of 40 x 40 X 160 mm
after 7 and 28 days of curing (Fig. 7(a)), following the procedure outlined in ASTM C348-21 [37].
Compressive strength was evaluated on the two broken halves of each prism after flexure (Fig. 7(b))
in accordance with ASTM C349-18 [38]. For both tests, the reported strength values represent the
average of three replicate specimens to ensure statistical reliability and reproducibility.
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Figure 7. Test methods used to determine the CC’s properties

Total porosity of the hardened CCs was measured using the mass-based suspension—saturation—
drying procedure following the method previously adopted by Nguyen et al. [39]. For each mixture,
50 x 50 x 50 mm cubes were immersed in water for 24 h then obtain the suspension mass (Mgys)
as shown in Fig. 7(c). After wiping surface water, the saturated mass (Mg,) was recorded. The
specimens were then oven-dried at 105+ 5 °C until constant mass to obtain the dry mass (Mgry). Total
porosity (P, %) was calculated according to Eq. (1):

155



Huynh, T.-P, et al. / Journal of Science and Technology in Civil Engineering

Mo — Mdry

P = (W
sat — sus

)x 100%. (1)

This approach captures the accessible pore volume associated with water intrusion and is consis-
tent with established porosity characterisation protocols in alkali-activated and blended binder sys-
tems.

To analyze the functional groups and chemical evolution of the CCs, FTIR analysis was performed
using a Shimadzu IRAffinity-1S WL spectrometer. The spectra were recorded in the wavenumber
range of 4000-400 cm™! to identify the organic and inorganic bond vibrations associated with hydra-
tion products and NFs interactions. Besides, XRD analysis was conducted to investigate the miner-
alogical phases present in the cement matrix. The measurements were carried out using a BRUKER
diffractometer equipped with CuKe radiation, operating at a scanning rate of 0.02° s™' over a 26
range of 10°-70°. The analysis was used to identify crystalline hydration products and unreacted
phases. Furthermore, the microstructure and morphology of the hardened composites were exam-
ined using SEM observations. Fractured samples obtained after compressive strength testing were
analyzed with a JEOL JCM-7000 microscope to observe fiber dispersion, matrix densification, and
interfacial bonding between the NFs and cementitious phases.

4. Results and discussion

4.1. Porosity
Fig. 8 presents the porosity results of CCs con- 50
taining varying NF dosages derived from pineap- 45
ple leaf waste. The control sample (NF0.0), 404 2
which contained no NF, exhibited the lowest 354 3 /

porosity at 10.44%, reflecting a dense microstruc-
ture with minimal pore connectivity. As the NF
content increased, a progressive rise in porosity
was observed, reaching 14.16% (NFO0.5), 22.07%
(NF1.0), 30.67% (NF1.5), and 36.85% (NF2.0).
Compared to the control, the porosity of the
NF2.0 mixture increased by approximately 253%,

30

254

Porosity (%)

\42207

20

\4 14.16

°
\k—i 10.44

demonstrating a positive correlation between NF NFOO  NFOS  NFLO  NFLS  NF20
dosage and matrix porosity. This trend can be at- CC samples
tributed to a combination of synergistic and com- Figure 8. Porosity of CC samples

peting mechanisms.

At low dosages (< 0.5 wt.%), NFs may assist moisture redistribution and localized internal curing,
leading to slightly improved hydration uniformity. However, when the NF content exceeds 1.0 wt.%,
excessive fiber addition may cause agglomeration and interfere with cement hydration, disrupting the
formation of a continuous calcium silicate hydrate (C—S—H) network and generating interconnected
microvoids. The hydrophilic surface functional groups of NFs increase water demand during mix-
ing, which can lead to entrapped air and higher total porosity if not adequately compensated by SP
dosage. These findings align well with those reported by Alzoubi [36], who observed that while
low NF dosages enhance matrix densification and hydration efficiency, excessive fiber content pro-
motes porosity due to fiber clustering, poor dispersion, and impaired bonding within the cementitious
matrix. The porosity evolution observed in this study is also consistent with the dosage-dependent
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effects documented in previous natural-fiber and nanocellulose research. In systems incorporating hy-
drophilic plant-based fibers, porosity typically increases once the fiber content surpasses the optimal
threshold due to excess water uptake, fiber agglomeration, and incomplete hydration. Choi [13] re-
ported that plant-derived fibers accelerate internal curing at low dosages but progressively elevate pore
connectivity as fiber concentration increases, an effect directly mirrored in the transition from 10.44%
porosity in NF0.0 to 22.07% and 30.67% in the NF1.0 and NF1.5 mixtures, respectively. Likewise,
Rahmawati et al. [5] observed that nanocellulose additions above 1 wt.% disrupt the continuity of
hydration products, producing porous zones comparable to the highly coarsened structure measured
at 36.85% porosity in the NF2.0 mixture of the present work. These earlier findings reinforce the in-
terpretation that porosity in NF-modified CCs is governed not only by the intrinsic hydrophilicity of
cellulose fibrils but also by their dispersion quality and influence on the local w/b ratio. Atlow dosage
(£ 0.5 wt.% NF), the slight porosity increase corresponds to water retention that enhances localized
hydration. However, beyond 1.0 wt.% NF, the sharp rise in porosity reflects the combined effects of
fiber clustering, hindered C—S—H gel formation, and enlarged capillary void networks—mechanisms
also evident in the SEM images presented in Section 4.5. Collectively, the comparison with previous
studies shows that the porosity range measured here (10-37%) and its strong dependence on fiber
dosage are consistent with established behaviour of natural fiber systems.

4.2. Mechanical strength

Fig. 9 illustrates the influence of NFs on 9 27
the mechanical performance of CCs. A dis- 801 T Compressivesstrength | ),
. A 5 —9— Flexural strength
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CS and FS, respectively. This outcome suggests CC samples

that at low dosages, NFs may function as a mild Figure 9. Mechanical strength of CC samples

water-retaining agent, enhancing internal curing
and maintaining microstructural integrity without significantly compromising the hydration network.
A more pronounced strength decline was observed at 1.0 wt.% NF (NF1.0), where the CS de-
creased to 42.80 MPa (—42.2%), and FS dropped to 8.0 MPa (-50.3%) compared to the control.
Further increases to 1.5 wt.% (NF1.5) and 2.0 wt.% (NF2.0) resulted in severe mechanical deterio-
ration, with CS values of 29.50 MPa (—60.2%) and 10.20 MPa (—-86.2%), and FS values of 4.0 MPa
(=75.2%) and 2.3 MPa (—85.7%), respectively. These steep reductions clearly indicate that mechan-
ical integrity is substantially compromised when NF dosage exceeds 1.0 wt.%. This deterioration
mirrors the substantial increase in porosity from 10.44% in NF0.0 to 36.85% in NF2.0, representing
an approximate 253% increase. Collectively, these results demonstrate that excessive NF content not
only disrupts the C—S—H network but also generates interconnected voids, which act as stress con-
centrators responsible for the severe loss of structural capacity. This degradation in performance is
primarily attributed to several interrelated mechanisms: (i) agglomeration of NF at higher concentra-
tions produces weak zones that disrupt uniform stress transfer; (ii) the high water absorption capacity
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of cellulose fibrils alters the effective water-to-cement ratio, leading to incomplete hydration; and (iii)
the formation of fiber networks physically obstructs the development of the C—S—H gel, the principal
load-bearing phase in cementitious materials. These findings are consistent with previous studies.
Rahmawati et al. [5] reported that incorporating Bemban fiber nanocellulose above 1.0 wt.% in CCs
led to diminishing mechanical performance due to fiber agglomeration and inadequate stress transfer.
Similarly, Choi [13] noted that plant-based fibers, while beneficial at low dosages through internal
curing, tend to delay hydration and reduce compressive strength as their content increases, primarily
because of their high water absorption and interference with hydration kinetics. In the present study,
the 86.2% loss in CS at 2.0 wt.% NF coincides with a 253% increase in porosity, confirming that
excessive NF loading severely compromises both matrix densification and hydration efficiency.

Compared with systems using chemically modified or surface-treated NF (e.g., carboxylated or
sulfonated NF), the performance decline observed here is more pronounced. This discrepancy can be
attributed to the unmodified surface chemistry of the pineapple leaf—derived NF, which likely results
in weak interfacial adhesion and limited chemical compatibility with cement hydration products. Poor
bonding at the fiber—matrix interface serves as a potential crack initiation site under stress, further un-
dermining mechanical reliability. In summary, while NFs extracted from pineapple leaf fiber show
promise as a sustainable reinforcing additive, their dosage must be carefully optimized. Based on
the combined mechanical, porosity, and microstructural results, the recommended practical dosage of
pineapple-leaf-derived NF in FA-modified cementitious composites is < 0.5 wt.% of binder, beyond
which fiber agglomeration, increased porosity, and hydration disruption outweigh any potential inter-
nal curing benefits. A narrow beneficial window is observed at low NF dosages, where the benefits of
internal curing are preserved without loss of structural cohesion. Beyond this threshold, adverse ef-
fects, including porosity increase, hydration disruption, and poor dispersion, dominate, emphasizing
the need for optimized fiber surface modification and dispersion control in nanocellulose-reinforced
cement systems.

It is important to note that the sharp decline in mechanical performance at higher NF dosages
indicates that the untreated pineapple-leaf-derived NF used in this study does not behave as a conven-
tional reinforcing nanofiber. Instead, once the dosage exceeds its workable dispersion limit, the NFs
act more like impurities that interrupt hydration, elevate porosity, and destabilize the C—S—H network.
This behaviour is consistent with the drastic increase in porosity (from 10.44% in NF0.0 to 36.85% in
NF2.0) and the heterogeneous, highly porous microstructures observed in the SEM images (as shown
later in Fig. 13). These findings do not contradict the purpose of the research but rather redefine its
implications: the results establish a clear dosage threshold and reveal the mechanisms that prevent re-
inforcement effectiveness under untreated conditions. Such outcomes highlight the need for improved
dispersion strategies or surface modification to unlock the potential of waste-derived NF. By identi-
fying the limits and failure modes of the current approach, the study contributes essential insight into
the design constraints and future development of sustainable NF-based additives. Accordingly, the
CC mixtures containing 1.0-2.0 wt.% NF should be regarded as intentionally overdosed conditions
used to define the upper performance boundary. Their behavior highlights how excessive NF dis-
rupts hydration kinetics, weakens the interfacial transition zone (ITZ), increases connected porosity,
and ultimately reduces load-bearing capacity. These mixtures serve as diagnostic tools for under-
standing material degradation mechanisms and for delineating the safe operational dosage window
for NF-modified CCs.

When compared with those previous reports, the porosity range measured here (about 10-37%)
and its strong coupling with mechanical properties indicate that NF behaves similarly to other natural
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fiber systems, as it provides only a narrow beneficial dosage. Above this dosage, increased porosity
and pore connectivity govern the response, outweighing any potential crack-bridging effect. This non-
linear decay trend and the narrow beneficial dosage window are consistent with previous reports on
natural-fiber-reinforced systems, where porosity and pore connectivity rapidly dominate mechanical
response once the fiber content exceeds the optimum [5, 11, 13]. Fig. 10 illustrates the relationship
between porosity and the mechanical performance of NF-modified CCs, showing a clear nonlinear
decay trend in which strength decreases rapidly as porosity increases. As the NF dosage increased,
matrix porosity rose from 10.44% in the control mixture (NF0.0) to 36.85% in NF2.0—corresponding
to a nearly 253% increase in internal voids. This substantial rise in pore volume aligns closely with
the sharp reductions in both compressive strength (from 74.1 MPa to 10.2 MPa, —86.2%) and flex-
ural strength (from 16.1 MPa to 2.3 MPa, —85.7%). The curvature of the trend in Fig. 10 reflects
the accelerating influence of porosity on strength deterioration: small increases in porosity at low
NF contents cause moderate strength loss, whereas higher porosity levels result in disproportionately
greater reductions in load-bearing capacity.

The nonlinear nature of the correlation sug- 80 2
gests that once porosity exceeds approximately 704
20-25%, the cement matrix enters a critical degra-
dation zone where pore coalescence, capillary
connectivity, and weakened I'TZs significantly un-
dermine structural integrity. This behavior is
consistent with the microstructural observations,
where excessive NF leads to fiber agglomera-

Compressive strength
y=-4.1e"""+4.1
R*=0978

60

50

40

T
N}

Flexural strength (MPa)

30

Compressive strength (MPa)

Flexural strength
y=31.7""""-34

20+

tion, localized water depletion, hindered C—S—-H 10+ R =099 L3
gel formation, and the development of intercon- . . . ] . . . o
nected void networks. These defects serve as S0 1520025300 35 40
stress concentrators under loading, explaining the Porosity (%)

rapid decline in both compressive and flexural per- Figure 10. Correlation between porosity and

formance in high-porosity mixtures. Overall, the mechanical strength of CC samples

correlation shown in Fig. 10 confirms that porosity

is the principal parameter governing the mechanical response of NF-modified CCs. The steep decay
in strength with increasing porosity highlights the importance of optimizing NF dosage to avoid ex-
cessive fiber clustering and associated microstructural disruption. The trend also demonstrates that
low NF dosages, which maintain porosity near the lower bound, preserve structural capacity, whereas
higher dosages push the system into a pore-dominated failure regime. This relationship provides a ro-
bust basis for predicting performance and designing NF-reinforced composite mixtures with balanced
strength and sustainability.

4.3. FTIR analysis

Fig. 11 presents the FTIR spectra of CCs within the range of 4000-400 cm™'. All specimens,
including those incorporating NF, exhibited characteristic peaks corresponding to standard cement
hydration products, similar to the control mix (NF0.0). However, variations in peak intensity and
broadening indicate compositional and microstructural differences resulting from the inclusion of
NE. The broad absorption band centered around 3614 cm™! corresponds to the stretching vibration
of hydroxyl groups (OH) primarily associated with calcium hydroxide [Ca(OH);], a key hydration
product [23]. The intensity of this band typically increases with curing age as hydration progresses.
In NF-containing composites, this band appears slightly broadened, which can be attributed to the
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overlapping OH stretching of both bound water and the hydroxyl functionalities of the cellulose fib-
rils.

A weak band detected near 2981 cm™! in
higher NF dosages is associated with C-H
stretching vibrations, indicating minor contribu-
tions from organic residues in the nanocellulose
structure [40]. Meanwhile, the absorption peak
around 1525 cm™! corresponds to the asymmetric
stretching of carbonate ions (CO32’) [23], which
is indicative of calcium carbonate (CaCQj3) for-
mation through partial carbonation of portlandite
during curing. This peak becomes slightly more
pronounced with increasing NF content, likely
due to the elevated porosity that facilitates CO,

ingress and carbonation reactions. The strong
1
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monly associated with the asymmetric stretching Wavenumber (cm'™)
of Si—O bonds within the C-S-H gel-the prin- Figure 11. FTIR spectra of CC samples

cipal strength-contributing phase in hydrated ce-

ment [41]. Additionally, a distinct peak at 961 cm™' is assigned to the asymmetric stretching of
Si—O-Al or Si—O-Si linkages, typical of C—(A)-S—H gels in blended cement systems [25]. This
suggests partial substitution of Al into the silicate network, consistent with the pozzolanic contribu-
tion of FA. The absorption peak near 779 cm™' corresponds to the out-of-plane bending mode of
CO32_ [25], confirming minor carbonation in all samples. Furthermore, bands in the 660440 cm™!
region are attributed to bending vibrations of Si—O and Ca—O bonds [42], which are characteristic
of crystalline hydration products and silicate frameworks.

Overall, the FTIR spectra confirm the presence of typical hydration phases (C—S—H, portlandite,
and minor CaCO3) in all mixtures. To avoid over-interpreting individual bands, these assignments are
treated as qualitative indicators rather than definitive phase identifications. Accordingly, the discus-
sion focuses on broader spectral changes, such as the relative broadening of O—H and Si— O regions,
which more reliably reflect hydration evolution and the influence of NF on water retention and gel
development. However, the variation in intensity and band broadening observed in NF-modified
specimens indicates subtle changes in hydration dynamics, likely influenced by the water retention
capacity, surface chemistry, and fiber—gel interactions of the NF. These spectroscopic observations
are consistent with the previously reported differences in porosity and mechanical performance, par-
ticularly at higher fiber contents.

4.4. XRD analysis

Fig. 12 presents the XRD patterns of CCs containing varying dosages of NF. A prominent diffrac-
tion peak at 20 = 17.80°, corresponding to portlandite [Ca(OH),] [43], is clearly observed across
all samples. The intensity of this peak increases markedly with higher NF content, particularly in
NF2.0, suggesting the accumulation of unreacted Ca(OH),. This trend likely reflects incomplete hy-
dration, caused by excessive water absorption and hindered ion mobility arising from fiber clustering
at elevated NF dosages. A distinct peak at 20 = 26.36°, attributed to quartz (SiO,) [44], appears
consistently in all mixes with nearly unchanged intensity. This confirms the mineralogical stabil-
ity of the FA and fine aggregate components, and indicates that NF incorporation did not alter the
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crystalline silica content of the matrix. The strong diffraction peak centered around 20 = 29.13°,
assigned to calcite (CaCO3) [45], exhibits a noticeable increase in intensity for NF2.0. This suggests
enhanced carbonation due to higher porosity and improved CO, diffusion within fiber-rich matrices.
Conversely, the peak at 20 = 39.25°, also corresponding to calcite [46], shows a gradual decrease in
intensity with increasing NF content, indicating that the polymorphic form or spatial distribution of
the carbonation products may shift depending on matrix porosity and curing conditions. This con-
trasting trend among calcite-associated peaks may reflect differences in polymorph distribution or
localized carbonation pathways within the more porous NF-rich matrices.

Interestingly, the diffraction signal near 26 =

is placed on overall trends, such as the variations
of portlandite intensity and changes in the amor-
phous hump, which more reliably indicate mod-
ified hydration progression and the microstruc-
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ter the fundamental hydration chemistry of the ce- Figure 12. XRD patterns of CC samples

mentitious system. Instead, its influence appears

to be microstructural-modulating the morphology, porosity, and carbonation behavior of hydration
products through its water-retention capacity and physical interaction with the developing gel net-
work.

4.5. SEM observation

Fig. 13 presents the SEM micrographs of CC after 28 days of curing, revealing clear morpholog-
ical variations in hydration products and matrix integrity as a function of NF content. In the control
sample (Fig. 13(a)), the microstructure appears dense and homogeneous, characterized by a continu-
ous network of hydration products, predominantly C—S—H gel and well-formed ettringite needles. The
absence of visible cracks or major voids indicates a well-hydrated matrix, consistent with the superior
mechanical strength observed earlier. The NF0.5 specimen (Fig. 13(b)) maintains a generally com-
pact structure, although localized porosity and partially developed gel bridges begin to emerge. Some
unreacted particles are visible, but the hydration products remain well connected, suggesting that a
small amount of NF contributes a mild internal curing effect without severely hindering hydration
reactions. At 1.0 wt.% NF (Fig. 13(c)), the microstructure becomes noticeably heterogeneous. Unhy-
drated cement grains, porous regions, and irregularly shaped FA residues are evident. The presence of
large needle- and plate-like crystals suggests localized supersaturation and non-uniform precipitation
of portlandite. These features indicate that excessive NF begins to disrupt hydration uniformity, likely
due to its high water absorption and fiber agglomeration—consistent with the concurrent reduction in
mechanical strength.
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Figure 13. SEM micrographs of CC samples

In the NF1.5 specimen (Fig. 13(d)), further deterioration of the matrix is apparent, with visible
cracks and interconnected pores. The presence of poorly bonded hydration products and discon-
tinuous gel phases implies that NF is not only altering water availability but also disturbing parti-
cle packing and cement-FA interactions, leading to diminished matrix cohesion. The most severe
degradation is observed in NF2.0 (Fig. 13(e)), where the surface morphology is highly porous and
fractured. Extensive microcracking, irregular voids, and loosely bound crystalline clusters dominate
the structure. The observation of fibrous remnants and unreacted FA confirms that excessive fiber
content consumes mix water and obstructs binder formation, resulting in incomplete hydration and
phase separation. In particular, SEM images of NF1.5 and NF2.0 mixtures illustrate fiber-rich clus-
ters and interconnected void networks, confirming that water absorbed by agglomerated NF disrupts
the local w/b ratio and prevents the formation of a dense C—S—H matrix. These porous regions act
as crack initiation sites, explaining the severe reduction in mechanical properties and supporting the
porosity—strength correlations as above discussion. This microstructural disintegration also aligns
closely with the drastic reductions in compressive and flexural strength reported earlier. Overall, the
SEM observations confirm that moderate NF incorporation (< 0.5 wt.%) preserves matrix integrity
and may promote localized internal curing, whereas higher dosages (= 1.0 wt.%) induce heteroge-
neous hydration, porosity, and cracking. These microstructural trends corroborate the FTIR, XRD,
and mechanical test results, collectively underscoring the critical importance of dosage optimization
in achieving balanced performance in NF-modified CCs. In this sense, excessive NF contents be-
have more like micro-impurities than reinforcements, as they introduce fiber-rich porous clusters that
destabilize the load-bearing C—S—H network.
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5. Conclusions

This study comprehensively evaluated the influence of pineapple leaf—derived NF on the mechani-
cal, physical, and microstructural properties of CCs incorporating FA. Across five mixtures containing
0-2.0 wt.% NF, mechanical tests, porosity measurements, and microstructural analyses (FTIR, XRD,
and SEM) consistently demonstrated that NF content plays a decisive role in governing hydration
dynamics and overall performance.

- CS and FS decreased markedly with increasing NF content—from 74.1 MPa (NF0.0) to 10.2 MPa
(NF2.0) and from 16.1 MPa to 2.3 MPa, respectively—corresponding to reductions of about 86.2%
and 85.7%. Meanwhile, porosity rose from 10.44% to 36.85%, exhibiting a strong inverse, nonlinear
correlation with strength: higher porosity levels led to disproportionately greater reductions in both
compressive and flexural performance.

- FTIR and XRD analyses confirmed the presence of conventional hydration and carbonation
products (C—S-H, Ca(OH);, and CaCO3), yet peak broadening and reduced intensities in high-NF
samples indicated suppressed hydration and enhanced carbonation due to water absorption and fiber
agglomeration. SEM micrographs further revealed a transition from dense, cohesive matrices (< 0.5
wt.% NF) to porous, cracked structures at higher dosages, with unreacted FA and incomplete gel
formation.

- Collectively, these results suggest that while NFs may contribute to localized internal curing
at low dosages and contribute to sustainability objectives, excessive incorporation (> 0.5 wt.%) im-
pairs hydration efficiency, increases porosity, and weakens structural integrity. An optimal dosage
below 0.5 wt.% is therefore recommended to balance eco-efficiency with mechanical performance in
NF-reinforced cementitious systems. Future studies may explore surface modification or dispersion
enhancement to further optimize NF performance in cement-based systems.
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