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Abstract: This study investigates the influence of nanocellulose fibre (CF) derived from
wood pulp on the hydration, mechanical, shrinkage, and pore properties of ordinary Port-
land cement (OPC) mortar. The CF was incorporated into mortar mixes at varying dosages
(0.15-1.5% by weight of mortar) to evaluate its effect on physical, mechanical, and mi-
crostructure properties. X-ray diffraction (XRD), thermogravimetric analysis (TGA/DTG),
and mercury intrusion porosimetry (MIP) were employed to assess the hydration phases
and microstructural changes induced by the CF addition. Experimental results indicate that
CF alters the hydration kinetics of cement mortar by influencing the formation of hydration
products such as calcium silicate hydrate (C-5-H), portlandite (CH), and carbonate phases.
The introduction of CF enhances crack resistance and shrinkage control, particularly at
an optimal dosage of 0.45%, which exhibited reduced drying shrinkage and improved
phase stability. While CF incorporation had minimal impact on compressive and flexural
strength at lower dosages (<0.45%), higher CF contents (>0.99%) caused pore structure
modifications, leading to an increase in total porosity and a reduction in strength. The
XRD analysis revealed that CF does not introduce new hydration phases but modifies
the crystallinity of existing phases. The hydration behaviour, as indicated by TGA /DTG,
showed an increase in bound water content at moderate CF dosages, suggesting enhanced
internal curing and prolonged hydration. Overall, the findings demonstrate that CF is a
viable sustainable additive for cementitious materials, offering advantages in shrinkage
control, hydration enhancement, and durability improvement. The results suggest that an
optimal CF dosage of 0.45% provides a balance between workability, mechanical properties,
and durability, making it an effective additive for enhancing the performance of OPC
mortars in sustainable construction applications.

Keywords: nanocellulose fibre; hydration products; shrinkage control; mechanical
properties; chloride resistance; sustainable cementitious materials

1. Introduction

The incorporation of waste materials, particularly agricultural by-products, as fillers
and addjitives in cementitious composites has gained significant attention in recent years.
These applications are drawing interest from both the scientific community and the construc-
tion industry due to their sustainability benefits, cost-effectiveness, and environmentally
friendly nature. Utilizing such materials in cement systems reduces environmental impact
while simultaneously enhancing material properties and performance [1]. Historically, the
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use of cellulosic vegetable fibres in inorganic matrices dates back to ancient civilizations
such as those of China and Egypt where fibres were employed to improve the mechani-
cal strength and workability of building materials [2]. Modern advancements in cement
composite technology have built on this concept, leveraging the ability of fibres to form
adhesive bonds with the cement matrix, enhance resistance to microcracking, facilitate
internal self-curing, and reduce shrinkage at optimal dosages, such as 0.5% cellulose fibre
(CF) [3]. These properties highlight the potential of fibre-reinforced cementitious compos-
ites to enhance durability and mechanical behaviour, making them an ideal solution for
sustainable construction.

Some of the commonly used fibres, such as steel fibres, organic synthetic fibres, carbon
fibres, and glass fibres, for reinforcements in cementitious composites exhibit advantages
such as long application time, relatively mature technology, and interesting physical and
mechanical properties. However, compared to CF, these commonly used fibres have
their limitations [4]. Steel fibres, for example, have high susceptibility to corrosion and
a relatively large density and, as such, may not be a choice for reinforcing lightweight
cementitious composites. Also, steel fibres lack the ability to induce growth of the hydrate
gel in the cement matrix interface transition zone [5]. Organic synthetic fibres are not
biodegradable and exhibit poor compatibility and dispersion in cement matrix, thereby
resulting in compressive strength reduction, as reported by Luna et al. [6]. On the other
hand, glass fibres are not susceptible to corrosion and are a good choice for reinforcing
the manufacturing lightweight cementitious composites. However, their poor wear resis-
tance and vulnerability in a long-term alkaline environment [6] make them less desired
reinforcement materials for specific applications in an alkaline environment. Carbon fibre
easily agglomerates in the cement matrix, possesses long-term durability properties, and
has good resistance to corrosion. Its major setback is the relatively high cost [5,6]. Due to
increasing demand for inexpensive environmentally friendly materials and the net zero
goal of reducing the emission of greenhouse gases (GHGs), researchers are discovering
the benefit of incorporating agricultural wastes in the form of processed fibres into cement
mortars and concretes. Plant fibres are agricultural waste composed of cellulose, hemicellu-
lose, lignin, and other substances used for application as reinforcement materials in cement
and concrete.

Research by Arbelaiz et al. [1] investigated the effects of incorporating cellulose mi-
crofibres and nanocellulose into cement mortar composites. The study revealed that the
addition of microfibres led to a decrease in mortar strength compared to plain mortar, with
greater reductions observed at higher fibre contents. Conversely, the inclusion of nanocel-
lulose fibres resulted in minimal changes in density relative to unreinforced mortar. These
findings suggest that while microfibres may adversely affect the mechanical properties of
cement mortars, nanocellulose fibres can be incorporated without significantly altering the
material’s density, potentially offering a more favourable reinforcement option.

Mejdoub et al. [7] investigated the use of nano-fibrillated oxidised cellulose (NFCox)
as a partial replacement in cement paste with dosages ranging from 0% to 1.5% by weight
of cement. The results demonstrated that an optimal NFCox content of 0.7 wt.% signifi-
cantly reduced the thermal conductivity of the nanocomposite by 58% compared to the
control sample. Furthermore, increasing the NFCox content enhanced cement hydration,
as evidenced by the increased production of Ca(OH), and C-S-H gel, which was supported
by results from XRD and FTIR spectroscopy. Similarly, D’Erme et al. [8] studied the incor-
poration of fibrillated cellulose (FC) at dosages of 0%, 0.1%, 0.2%, and 0.3 wt.% by weight
of binder into lime pastes and lime-based mortars, which led to notable improvements in
mechanical properties. The results showed that the inclusion of FC enhanced the flexu-
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ral strength by 57% and the compressive strength by 44%, highlighting the potential of
cellulose-based additives to reinforce lime-based materials.

In recent years, there has been growing interest in sustainable materials, particularly
nanocellulose fibres derived from agricultural and forestry waste, due to their eco-friendly
and cost-effective nature. These fibres not only contribute to the reduction of greenhouse
gas emissions but also provide a promising alternative to traditional fibres such as steel and
carbon, which have higher production costs and environmental impacts. Nanocellulose
fibres, specifically, have been shown to enhance the internal curing of cementitious com-
posites by promoting better water retention and reducing autogenous shrinkage, which
is particularly crucial in high-performance concrete prone to early-age cracking [9]. Their
ability to absorb and release water can mitigate drying shrinkage and reduce the risk of
cracking in mortar and concrete, providing both reinforcement and self-curing capabilities.
Furthermore, nanocellulose fibres are biodegradable, making them a more sustainable
option compared to synthetic fibres [9]. As a result, incorporating nanocellulose fibres
into cement-based materials not only aligns with the growing emphasis on sustainable
construction practices but also offers performance advantages, such as reduced shrinkage
and improved durability.

This current study aims to investigate the use of fibrillated cellulose fibre derived from
wood pulp as a multifunctional additive in ordinary Portland cement mortars and how it
affects the physical, mechanical, chemical, hydration, and pore properties of the cement
mortar matrices.

2. Materials and Methods
2.1. Materials and Mixes

OPC conforming to CEM type 1 with a strength class of 32.5 R was used. The sharp
sand has a specific gravity of 2.53 g/cm?, conforming to the specification in BS ISO
15901-1 [10], and lies within the fine gradation zone (F Zone). The oxide analysis of
the OPC and sand are given in Table 1. The water used for the mixes conforms to the
specification in BS EN 1008 [11]. The CF, derived from wood pulp, has been sourced from
sustainably managed forests and is supplied by Sappi Netherlands Services BV, Maastricht,
The Netherlands [12]. The fibre is provided in the paste form, with a white colour and
a solid content ranging between 9.0% and 11.0%, as determined by ESTM 9302. The vis-
cosity of a 1.0% suspension at 100 s~ and 1.200 °C is >600 mPas, measured according
to ESTM 5302. The pH of a 1% suspension falls within the range of 7.0 to 9.0, measured
using a pH meter, while the total fines content is >600%, determined following ESTM
9003. Additionally, the cellulose fibre contains preservatives to maintain its stability and
performance. The cellulose fibre was premixed with a part of the mixing water at a fibre
content of 0.15%, 0.31%, 0.45%, 0.51%, 0.99%, and 1.5% by weight of mortar. The mixture
was homogenised by vigorously stirring at 1400 rpm at room temperature before adding
the mixture gradually to the mortar while mixing at a constant speed for a set duration.

Table 1. Oxide composition of Portland cement and Sharp sand.

wt.%

Oxides SiO,

A1203 Fe203 CaO MgO Kzo NaZO Ti02 P205 MnO 503 LOI

orcC 11.10
Sharp Sand  91.70

8.35 3.16 6420  2.09 1.19 0.23 1.88 2.01 2.14 3.60 0.05
6.10 1.62 0.28 0.03 - 0.21 - - - - 0.06

Specific gravity of OPC cement 3.15 g/cm?® [13]. Specific gravity of sand 2.53 g/cm3 [13].
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Seven mixes of mortar (M0-M6) were investigated, MO being the control mix compris-
ing the ordinary Portland cement and fine aggregates (sharp sand). The cement and fine
aggregate content of all mixes was 19.6 wt.% and 68.6 wt.%, respectively. The water-to-
cement ratio was 0.59. The CF content of the mixes is given in Table 2. The mortar mixes
were based on a trial mix design for 40 MPa.

Table 2. CF content for mortar mixes.

wt.% of Mortar
Mixes MO M1 M2 M3 M4 M5 Me6
CF content 0 0.15 0.31 0.45 0.51 0.99 1.50

2.2. Specimen Preparation
2.2.1. Flexural, Compression, and Drying Shrinkage Test Specimens

A flow chart showing the testing procedures is given in Figure 1. A total of forty-two test
prisms of dimension 160 x 40 x 40 mm3 were produced [14]. Twenty-one of the test prisms
were used as flexural and compression test specimens. The other twenty-one test prisms
were used for drying shrinkage measurements. All prisms were prepared and cured in
accordance with BS EN 1015-3 [15]. Shrinkage test specimens of same dimensions were
cast and cured in the moulds at 65 £ 5% relative humidity (RH) and 20 + 2 °C for 24 h.
After 24 h, the specimens were demoulded and DEMEC discs were attached using epoxy
along two longitudinal parallel (not the trowelled face) faces of each prism specimen at a
gauge length of 100 mm. The samples were left for another 24 h in the curing room before
datum strain measurements were taken. Specimens were placed on a rack in the curing
room with a clearance of at least 25 mm on all sides. A controlled temperature of 20 + 2 °C
and 65 &+ 5% RH was maintained in the curing room. Strain measurements were taken on
the specimens at regular intervals with a DEMEC extensometer.

Figure 1. Flow chart of testing procedures.

2.2.2. Mercury Intrusion Porosimetry (MIP)

Selected mixes (M1, M2 and M3) were investigated based on the best compressive
strength results obtained among the mixes. MIP test samples between 2 mm and 5 mm
were taken from the core of mortar specimens used for compression tests at 28 days age.
The samples were selected to avoid edges and skin effects due to the mould. They were



Sustainability 2025, 17, 2719

50f18

kept in acetone for 24 h, then dried for 1 h at 40 °C to remove the solvent. All samples were
kept in a polypropylene container prior to testing.

2.2.3. XRD, XRF (X-Ray Fluorescence) and FI-IR (Fourier-Transform Infrared Spectroscopy)

Pieces of mortars were obtained from broken compression test samples, ground into
powder using a pulveriser and preserved in airtight polypropylene bags for XRD and XRF
analysis. FT-IR analysis was conducted on CF to confirm the presence of typical functional
groups associated with CE.

2.3. Test Procedures
2.3.1. FT-IR

CF were initially prepared by freeze-drying for one day. This technique was employed
to remove moisture from the fibres while preserving their structure and chemical composi-
tion. After drying, the fibres were analysed using FT-IR to examine their functional groups.
FT-IR spectra were collected using a Nicolet FTIR spectrometer through the attenuated
total reflection (ATR) method (Thermo Fisher Scientific, Waltham, MA, USA). Spectra were
recorded in the range of 5004000 cm ™! with a 4 cm~! resolution and 32 co-added scans.

2.3.2. Scanning Electron Microscopy/Energy-Dispersive X-Ray Spectroscopy (SEM/EDS)

The SEM samples for CF were prepared as described in Section 2.3.1. The samples
were then mounted onto an SEM stud using silver paint, after which the samples were
carbon coated because CF are nonconductive. The morphology and elemental composition
of the cellulose fibres were analysed using a QUANTA 650 Field Emission Scanning
Electron Microscope (FE-SEM) equipped with EDS (Thermo Fisher Scientific, Waltham,
MA, USA). SEM was employed to examine the surface topography and fibre structure at
high magnification, while EDS provided qualitative and semi-quantitative information
about the elemental composition of the fibres. This combination of techniques allowed for
detailed investigation of both the physical and chemical properties of the cellulose fibres.
The images were collected in backscattered electron (BSE) mode utilizing a solid-state
backscattered electron detector. An electron beam energy of 20 kV and spot size between 3
and 4 were used to maximise resolution and image quality, while minimizing electron beam
damage to the specimens. All images were acquired at 1000x and 10,000 x magnification.

2.3.3. Workability and Flexural and Compressive Strength

A flow test was performed in accordance with BS EN 1015-3 [15] to determine the
workability of fresh mixes. The flexural strength of hardened mortar was tested by three-
point loading of specimens to failure. Flexural tests were performed on an Instron testing
machine conforming to BS EN 12390-4 [16] at a constant loading rate of 30 N/s. The
compressive strength of the mortar was determined on two broken halves from the flexural
strength test by a compression testing machine conforming to BS EN 12390-4 [16], at a
loading rate of 0.3 MPa/s.

2.3.4. Drying Shrinkage and MIP Test

Drying shrinkage was measured using a mechanical strain gauge (DEMEC) that
conforms to BS 1881-206 [17], with a gauge length of 100 mm. The DEMEC system directly
measures the strain of the sample relative to an invar reference bar, with a resolution of
8 ne. The device measures the change in distance over time between two points on each
side of the sample. The MIP test was conducted in accordance with BS 812-103 [18].
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2.3.5. TGA and XRD

A Mettler Toledo thermogravimetric analyser was used to carry out the thermogravi-
metric measurements (Mettler-Toledo International Inc., Columbus, OH, USA). Approxi-
mately, 50 mg of powdered sample with the particle size less than 74 um was taken in an
open 70 pL aluminium crucible and dried in the TG chamber at 25 °C under a constant
stream of nitrogen (N3) gas for 15 min or until the constant mass was achieved. Later the
temperature was increased to 35 °C and held constant for 5 min. Then, the sample was
heated from 35 °C to 1000 °C, at a rate of 10 °C/min. For evaluating data, Mettler-Toledo
STARe Software Version 10.00 was used. This software evaluates weight changes for a
sample thermogravimetric curve, which was then used to obtain the DTG curve by taking
the first derivative of the TG curve, calculated by an in-built function in the software. The
powder samples of control mortar and CFRM were tested using a computer programmed
Philips X-Pert X-ray diffractometer operating with a Cu K radiation source 40 kV and
40 mA and wavelength A = 0.15406 nm (Philips, Almelo, The Netherlands). XRD analysis
of powder samples was performed by scanning from 5° to 100° at an angle of 20; the
scan step size was 0.016711, with a counting time step of 0.1 s. Phase identification of
the cement mortar samples was performed using X'Pert High Score software (version 5.1,
PANalytical, Almelo, The Netherlands) [19]. The diffraction patterns were analysed using
the Search/Match algorithm to match the experimental diffraction peaks with reference
patterns from the ICDD (International Centre for Diffraction Data) database. The software
automatically identified the crystalline phases present in the samples by comparing peak
positions, intensities, and lattice parameters to those in the database. This technique al-
lowed for the qualitative identification of phases, confirming the presence of key hydrated
phases and minerals in the cement mortar matrix.

3. Results and Discussion
3.1. FT-IR and SEM-EDS Analysis

The FTIR spectrum of the CF sample in Figure 2 confirms that it is a cellulose fibre.
The strong broad absorption at 3339.39 cm ™! corresponds to the O-H stretching of hydroxyl
groups, indicating significant hydrogen bonding, a characteristic feature of cellulose, which
can cause water retention and prolonged hydration of cement mortar [20-22]. The peak at
2900.01 cm~! represents C-H stretching, while the 1646.44 cm~! band is associated with
H-O-H bending, likely due to absorbed moisture, reflecting the material’s hydrophilic
nature. Peaks at 1428.86 cm~! and 1370.62 cm ! correspond to CH, bending vibrations in
the cellulose backbone, and the bands at 1160.87 cm ™!, 1110.31 cm~?, and 1059.31 cm™!
confirm C-O-C stretching in glycosidic linkages, characteristic of 3-1,4-glycosidic bonds
in cellulose. The absorption at 898.50 cm~! further supports the presence of B-glycosidic
bonds, solidifying the identification of the sample as cellulose. Given its intended ap-
plication as an additive in cement mortars, these cellulose fibres contribute to enhanced
water retention, improved workability (when used at optimum dosage), and improve crack
resistance and surface crazing, reinforcing the mortar’s durability [23,24].

Figure 3 shows the microstructure of cellulose fibres at different magnifications reveal-
ing the morphology and networking connections between the fibre strands. The fibrous
network suggests strong hydrogen bonding interactions, which improve water retention
and slow down moisture evaporation, which can facilitate better hydration in cement
mortar matrices. The EDS analysis confirms the presence of carbon and oxygen, consistent
with the composition of cellulose reported by Sankar et al. [25]. The estimated diameter of
the cellulose fibre shown in the high magnification SEM image at 10,000 x magnification is
approximately between 1.6 and 2 um. As shown in Figure 3a, localised fibre agglomeration
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was observed. This has been reported to be due to drying at room temperature under

vacuum [26].
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Figure 3. (a) SEM image of CF at 1000 x magnification. (b) Cellulose fibre network and morphology at
10,000 x magnification. (c) EDS spectrum showing primary composition of CF. (d) Chemical structure

of CF, Source [12].

3.2. Workability

Figure 4 shows the flow curve of the control mortar and cellulose fibre-reinforced
mortar (CFRM). The temperature of all the mixes lies between 23 °C and 25 °C, except
for mix 3, which is 18 °C. It was observed that as the cellulose fibre content increases in
the mixes and the workability (flow) decreases, resulting in stiff CFRM mixes M5 and M6.
Mixes M0, M1, M2, and M3 showed good flow and were workable, spreadable, and easily
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trowelled. M4 was moderately workable compared to M5 and Mé6. It was further observed
that the cellulose fibres in the mortar mixes absorbed large amounts of the mixing water,
which led to a significant reduction in the consistency of the mixes. This phenomenon was
also reported by Sawsen et al. in 2015 [27] and Buch et al. in 1999 [28].

197 182 .
169 1
200
e — 107

98
150
< 100

=

50
0

MO M1 M2 M3 M4 M5 M6

Cellulose fibre content (%)

Figure 4. Flow curve of mortar mixes.

3.3. Flexural and Compressive Strength

Figures 5 and 6 illustrate the effect of cellulose fibres on the mortar flexural and
compressive strength after 28 days of curing in water. To account for variability, reliability,
and measurement uncertainty of these test results, three prisms were tested for flexural
strength for each mix (M0-M6). The control mortar without CF exhibited higher flexural
strength of 7.8 £ 0.4 MPa at 28 days, while mixes with CF content by weight of 0.15%,
0.31%, 0.45%, 0.51%, 0.99%, and 1.5% gave 7.2 & 0.3 MPa, 7.5 £ 1.1 MPa, 7.2 = 1.2 MPa,
75 £ 09 MPa, 6.8 = 0.4 MPa, and 5.3 £+ 0.7 MPa, respectively. The addition of CF
(M1-M4, 0.15-0.51%) resulted in slightly lower but comparable flexural strengths, with
overlapping uncertainty ranges suggesting these differences in flexural strength may not
be statistically significant. However, higher CF contents (M5-M6, 0.99-1.5%) showed a
clear decreasing trend in flexural strength, with M6 demonstrating significantly lower
strength at 5.3 &= 0.3 MPa. The results indicate that excessive CF likely disrupts the matrix,
reducing the ability to bear flexural loads. The incorporation of fibres such as steel, glass,
polypropylene (PP), and basalt have been reported to improve bending strength in cement-
based composites by bridging microcracks and delaying crack propagation [2,7,29]. The
improvement in performance is also dependent on the dispersion, geometry, stiffness
(elastic modulus), and volume fraction of these fibres. However, as observed in Figure 5,
cellulose fibres do not increase flexural strength in a similar manner to the other fibres
due to the difference in their physical and mechanical properties. Similar results have
been reported by several studies [29] relating the decrease in bending strength to CF
agglomeration, increased porosity, and poor fibre-matrix interaction [2,7]. High CF volume
may disrupt the cementitious matrix, creating voids and weak interfacial bond, ultimately
reducing strength [30]. Additionally, cellulose fibres are highly hydrophilic, which can
hinder hydration reactions, further weakening the mortar matrices [31]. These findings
suggest that while moderate fibre content (0.15-0.51%) maintains or slightly enhances
flexural strength, excessive CF addition reduces performance due to poor dispersion and
microstructural disruptions.
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Figure 5. Relationship between flexural strength and CF content.
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A similar trend was observed for the compressive strength of the mortar mixes, as
shown in Figure 6. Compressive strength remains relatively stable for fibre contents up to
0.51% (M4), ranging from 31.1 &= 3.2 MPa to 34.2 £ 1.9 MPa. A notable peak in strength oc-
curs at M3 (0.45% CF content). However, higher fibre contents lead to significant strength re-
ductions, with M6 (1.5% CF) showing a 27.8% decrease compared to the control. The mixes
M1 (32.5 £ 2.0 MPa) and M4 (32.6 & 1.1 MPa) have a minimal improvement in compressive
strengths compared to the control mortar. Mix M3 (34.2 & 1.9 MPa) gives the optimum
compressive strength (7% increase) compared to the control mortar MO (32 £ 0.8 MPa).
Mix M2 shows a slight decrease in compressive strength. Moderate amounts of CF (up to
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0.45%) can improve compressive strength. However, CF contents above 0.51% significantly
weaken the compressive strength due to poor fibre-matrix bonding or fibre agglomeration.
This phenomenon has been reported in works of the literature [1,30,32]. The fibre effect on
the mechanical properties may also be connected to the pore property changes caused by
the fibres. This will be discussed in detail later in Section 3.5.

3.4. Drying Shrinkage Test and Visual Examination

Drying shrinkage was monitored for 30 days to observe the effect of CF on the mortar
mixes. The results are shown in Figure 7. The control mortar mix M0 without cellulose fibre
showed a drying shrinkage strain value of 780 pe strain. Mix M1 results in a reduction of
drying shrinkage by 5% at 742 pe strain compared to the control mortar mix. M2 increased
drying shrinkage by 5% at 816 ue strain; M3 (0.45% CF) resulted in 7% reduction in drying
shrinkage at a strain of 726 pe strain; and M4, M5, and M6 all showed an increase in
drying shrinkage by 6%, 16%, and 19%, with the corresponding shrinkage values of 825 e
strain, 906 pe strain, and 925 pe strain, respectively. After long curing, the control mortar
without CF and M3 with 0.45% CF were visually examined to evaluate the effect of CF
on restraining surface crazing caused by drying shrinkage. Results shown in Figure 8a,b
indicate that 0.45% CF prevents surface crazing compared to the control mortar, which
has significant surface crazing but no drying shrinkage cracks. The drying shrinkage
result of MO-M6 shows variability in the shrinkage behaviour with the addition of CF
(M1-M$), as compared to the control mix M0. Contrary to expectations from some studies
where CF primarily controls cracking without significantly altering shrinkage [9,33], the
current result indicates that different fibre dosages affect shrinkage to varying degrees.
This variation could be attributed to fibre dispersion and the interaction between the CF
and the mortar matrix. Furthermore, Kawashima and Shah [9] and Ban et al. [34] highlight
that fibre agglomeration or clumping can lead to inconsistent results with poorly dispersed
fibres as observed in mix M5 and M6 where higher fibre content may have led to less
effective dispersion, resulting in increased shrinkage. High shrinkage observed in some of
the mixes with CF aligns with findings by Toledo Filho et al. [35], who reported increased
shrinkage in cement matrices reinforced with natural fibres. As with sisal and coconut
fibres, CF increases matrix porosity, which leads to higher shrinkage. In contrast, M1 and
M3 appear to provide moderate control of shrinkage. Thus, while the drying shrinkage
results for M1-M6 are not uniform, the fibre’s ability to control shrinkage-induced cracking
and surface crazing is evident.

3.5. Mercury Intrusion Porosimetry (MIP)

The mercury intrusion porosimetry technique was used to investigate the total poros-
ity of mortar mixes. The control mortar and three selected mixes (M1, M2, M3) were
investigated. The values of the total porosity (cumulative pore volume) of mixes can be
deduced from the results shown in Figure 9a,b. The differential pore volume distribution in
Figure 8a reveals a significant modification of the pore structure with CF addition. M1, M2,
and M3 exhibit increased pore volume in the capillary pore range (0.01-1 pm) compared to
the control mortar M0. This effect is more pronounced for M3 (0.45% CF). This observation
aligns with findings by Toledo Filho et al. [35] who reported that when vegetable fibres
are present in higher volume in cement matrices, it can lead to increased drying shrinkage,
which is related to the volume of capillary pores in hydrated cement paste [36,37]. The
cumulative pore volume graph (Figure 9b) indicates that CF addition generally increases
the total porosity of the mortar. M1 (58 mm?®/g) and M3 show higher cumulative pore
volume compared to the control mortar M0 (57 mm3/g), with M3 (66 mm?®/g) exhibiting
the highest porosity. Interestingly, M2 (40 mm?/g) shows a lower total porosity than the
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control, which warrants further investigation of this study. The increase in total porosity
with fibre addition is consistent with observations by Onuaguluchi and Banthia [38] in
their review of plant-based natural fibre reinforcements in cementitious composites.
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Figure 7. Drying shrinkage (microstrain) of mortar mixes as a function of age (days).
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(b)
Figure 8. (a) Control mortar without CF. (b) Mortar with 0.45 CF.
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Figure 9. (a) A differential pore volume curve for mortar mixes. (b) A cumulative pore volume curve
for mortar mixes.

3.6. Thermogravimetric Analysis

Figure 10 and Table 3 show different decomposition phases at different temperature
ranges of the hydration products for the mortar mixes. The WL (weight loss due to
free water) across the different mixes at temperatures up to 105 °C agrees with results
obtained from the literature [39,40]. Weight losses between 210 and 410 °C are usually
associated with the decomposition of cellulose combined with dehydration of calcium
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silicate hydrate (C-S-H) and aluminate ferrite tetra calcium aluminate hydrate (Af;) phases.
These observations have been reported in the literature [41,42].
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Figure 10. Combined TG-DTG curves of mortar mixes after 28 days of curing.

Table 3. TGA-DTG decomposition phases at different temperatures in mortar mixes after 28 days of
curing in wt.%.

Mortar Mixes WL WLg WLg WLg WLcy%  WLcarcrre% — WLt%

35-105°C 105-210°C  210-350°C  350-410°C  410-480°C  480-750°C  35-1000°C
M0—0%CF 1.476 0.943 0.853 0.273 0.755 3.962 8.726
M1—0.15%CF 1.404 0.910 0.896 0.228 0.707 3.697 8.178
M2—0.31%CF 1.404 0.913 0.895 0.236 0.705 3.695 8.140
M3—0.45%CF 1.649 1.062 0.991 0.268 0.804 3.437 8.547
M4—0.51%CF 1.453 0.987 0.989 0.284 0.752 3.347 8.122
M5—0.99%CF 1.436 0.927 0.970 0.260 0.731 3.308 7.927
M6—1.5%CF 1.538 0.986 1.046 0.279 0.785 3.398 8.389

The addition of cellulose fibres slightly varies the calcium hydroxide (CH) content
across different mixes, as shown in Table 4. The highest CH content is in M3 (0.45% CF),
while the lowest is in M1 (0.15% CF). This suggests that cellulose fibre affects the hydration
of cement mortar, possibly by influencing the water distribution and retention within the
matrix [27]. Since the mixes were cured in the air, the presence of calcite (CC) is likely
due to natural carbonation from CO; in the atmosphere. The trend, as observed from the
data, shows reduced calcite content with higher cellulose fibre content, which suggests that
cellulose fibres reduce the extent of carbonation. This could be due to the fibres affecting
the pore structure, making it less permeable to CO; access. Reduced carbonation might
be beneficial for long-term durability as excessive carbonation can lead to shrinkage and
cracking in mortars and concretes.
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Table 4. TGA-DTG quantification of CH and calcite (CC) in mortar mixes.
Mortar Mixes CH Measured (%) CC Measured (%) WLE (%) WLg (%) WLt (%) H)]r?lig‘:‘ie:no(f" %)
M0—0% CF 3.104 9.004 1.476 2.533 4.009 12.28
M1—0.15% CF 2.906 8.402 1.404 2221 3.624 11.92
M2—0.31% CF 2.898 8.397 1.404 2.026 3.430 11.95
M3—0.45% CF 3.305 7.812 1.649 2.207 3.855 13.59
M4—0.51% CF 3.090 7.606 1.453 2.060 3.513 13.09
M5—0.99% CF 3.004 7.519 1.436 1.462 2.898 12.55
M6—1.5% CF 3.226 7.724 1.538 1.168 2.706 13.46

Table 4 and Figure 11 provide more detailed analysis obtained using Equations (1)—(5).
The notations in the equations are defined as: WLy (loss due to CH decomposition),
WLcarLcrte (loss due to calcite decomposition), WLE (loss due to free water), WL (loss
due to bound water from 105 to 410 °C), and WLt (total weight loss in the sample from
35 to 1000 °C). The degree of hydration (%) indicates how much of the cement has reacted
during the hydration process, and it is calculated as % [4,22,40,42]. M1 and M2 show
relatively stable degree of hydration between 11.92 and 11.95%, which suggests minimal
influence on the hydration compared to the control mortar. This aligns with findings from
studies by Kulisch et al. [4] that report minimal impact on hydration at low fibre contents
due to the lack of fibre agglomeration in the mortar matrix. Further observations, as shown
in Table 4, indicate an increase in the degree of hydration at moderate CF contents for M3
(0.45% CF) and M4 (0.51% CF), which might be due to good fibre dispersion, leading to
fibre matrix interaction and potential improvement in hydration. Higher CF percentages
tend to show variability as observed in M5 and M6. The drop at 0.99% CF in M5 suggests
that excessive CF may hinder the hydration process, possibly due to poor fibre-matrix
bonding or agglomeration issues, though this effect is somewhat mitigated at 1.5% CF
content. This indicates that higher cellulose fibre content potentially interferes with the full
hydration of the cement, possibly by either reducing the availability of water for hydration
or by altering the internal curing conditions within the mortar. Similar conclusions have
been drawn by Sangkeaw et al. [30]. M3 (0.45% CF) appears to strike a balance between
maintaining hydration and incorporation of cellulose fibres. This suggests that there may
be an optimal range of cellulose fibre content that maximizes the benefits of the fibres
without significantly compromising hydration [4,22,31-34,42].

WLt = WLg + WLg 1
WLt = WLt — WLcH — WLealcite — WLcellulose )
Ca(OH), measured = WLCH X I?P(I:;I): WLy x % 3)
CaCO5, messured = Wleatee X sy = Wlcatee X g7 @
Degree of hydration = % )

where WL is chemically bound water (CBW). Also, 1 g of anhydrous cement produces
0.23 g of CBW [40,43,44].
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Figure 11. CH content of mortar mixes from TGA analysis.

3.7. XRD Analysis

XRD analysis of mortar with different CF contents and the corresponding diffraction
patterns after 28 days of curing are shown in Figure 12. The XRD diffraction patterns of
all mortar mixes with CF show similar hydration products of portlandite or CH at around
18.1°, 34.1°, 47.1° (20), poorly crystallised C-S-H around 29-32° (26), ettringite at 21.9°,
very stable quartz peaks at 26.6° indicating it is not affected by the CF content; the presence
of calcite (CaCQO3) is observed at 39.5°, 47.5° and unhydrated silicates such as C3S (with
peaks around 29.3°, 32.2°, 51°), and C,S (32.6°), which may be due to incomplete hydration.
MO without CF shows prominent peaks for portlandite and ettringite. As the CF increases,
the intensity of some peaks like the portlandite seems to decrease slightly. These hydration
products and unhydrated minerals are not different from the control mortar. The inclusion
of CF does not seem to have a significant effect on the phases formed but may slightly
result in peak intensity reduction, mostly associated with portlandite and other crystalline
phases, which suggests minimal effect on the crystallinity of the mixes as the CF content
increases. Similar hydration products have been reported in the literature [7,8]. Thus, no
new hydration product was formed by addition of CE
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Figure 12. XRD patterns of mortar mixes from 5° (20) to 100° (26).
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4. Conclusions

The study promotes the use of recycled cellulose fibres in mortars, which helps reduce
the reliance on non-renewable resources. By carefully managing CF content, it is possible
to achieve an acceptable balance between workability, mechanical strength, and durability.
The following conclusions can be drawn from the study on the effect of cellulose fibre on
OPC mortars:

The incorporation of cellulose fibre into the mortar matrix decreases the workability
and flexural strength as the amount of CF increases in the mix. CF contents up to 0.51%
(M1-M4) maintain flexural strength within 10% of the control sample. Higher CF contents
(>0.99%) result in a statistically significant strength reduction, which is greater than 10% of
the control mortar flexural strength. The optimal CF content appears to be in the 0.15-0.51%
range (M1-M4), balancing any benefits of fibre addition with minimal strength impact. The
compressive strength of M1, M3, and M4 mortar at 28 days marginally increased by 1.6%,
6.8%, and 1.9%, respectively, but was significantly reduced at CF dosage over 0.99% CF.
MO0-M4 show overlapping error ranges for compressive strength values, suggesting differ-
ences may not be statistically significant. M5 and M6 show clear, statistically significant
strength reductions.

Incorporation of CF at 0.15% and 0.45% into the mortar matrix results in lower drying
shrinkage than the control mortar, while higher dosages cause a marginal rise in the drying
shrinkage than the control mortar. The cellulose fibre content of 0.45% causes a very
significant reduction in surface shrinkage cracking in the mortar compared to the control
mortar without CE. These findings suggest that an optimal CF content and dispersion are
key to achieving both reduced shrinkage and enhanced crack resistance.

The cellulose fibres in the mortar matrix M3 result in larger pore size formation,
thereby making the mortar mixes more porous compared to the control mortar without CF.
The effects on pore structure appear to be dosage-dependent, with the highest CF content
(M3) showing the most significant changes in both total porosity and pore size distribution.

The TGA analysis shows that, in the presence of CF, fewer hydration products with
unreacted alites and belites were formed at 28 days of curing. Optimal CF content of 0.45%
CF enhances degree of hydration and portlandite content while reducing carbonation,
suggesting this as an optimal range for balancing hydration, strength, and durability.
Likewise, higher CF contents may disrupt hydration or introduce variability, but they
can also benefit long-term durability by reducing carbonation and its negative effects on
shrinkage and cracking. Furthermore, the addition of cellulose fibres can provide better
control over water retention and internal curing, influencing the overall hydration process.
This phenomenon could benefit long-term durability and strength development by the
gradual release of the absorbed water in the fibres for continuous hydration of the anhydrite
alites and belites.

The addition of cellulose fibres from wood affects both the hydration and carbonation
processes within the cement mortar, likely due to changes in water retention and pore
structure. At high CF content, the degree of hydration is reduced, which affects the strength
development of the mortar. M3 (0.45% CF) seems to be a balanced mix, suggesting an
optimal cellulose fibre content for achieving good hydration, which improves mechan-
ical and durability properties. This balance between using sustainable materials (like
cellulose fibres) without significantly compromising structural performance aligns with
sustainability goals.
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