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ABSTRACT

The paper presents an experimental investigation to evaluate the potential use of a
water-based nanocellulose fibre derived from wood pulp sourced from sustainably
managed forests in the applications of cementitious materials. The effect of the
fibrillated cellulose fibre and its water-based solution on the physical, mechanical,
shrinkage, and pore properties of OPC (ordinary Portland cement) mortar was
investigated. Xrd and fi-ir analyses were performed to evaluate oxide
composition, hydration products, bond interactions and functional groups present
in the hydration products of the mortar samples reinforced with cellulose fibre.
The shrinkage crack prevention provided by the cellulose fibre reinforcement
under long-term drying conditions was also evaluated. Cellulose fibres were
added to the mortar mixes in increments from 0.15% to 1.5% by weight of mortar.
Results from the investigation reveal that the addition of cellulose fibre into the
mortar mixes has a significant effect on the rheology of the matrix. The addition
of cellulose fibre into the mortar matrix results in less than 10% increase or
reduction in flexural and compressive strength at fibre contents which produce a
workable mix. Drying shrinkage data for the mortar mixes after 28 days show that
cellulose fibre in small amounts reduces the drying shrinkage as observed for
mixes with fibre content up to 0.45%. The differential cumulative pore volume
curves produced by a mercury intrusion porosimeter show that the cellulose fibres
in the mortar matrix affect the large capillary pore volume for all the mortar
mixes. All mixes exhibit bimodal pore size distribution profiles. A optimum
dosage of 0.45% CF resulted in minimum drying shrinkage and no cracking of the
mortar.
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INTRODUCTION

Waste materials mostly from agriculture wastes, have recently gained interest and
attention as fillers and additives in cementitious composites. These applications
have attracted interest from both science and construction industries, because of
the sustainable benefits offered by such wastes, in addition to their cost-effective
and environment-friendly nature. Since ancient Chinese and Egyptian civilisation,
cellulosic vegetable fibres have been used as reinforcement for inorganic matrices
to improve their mechanical properties and rheological behaviour (Ardanuy et al.
2011). This concept of fibre incorporation into cement matrix is based on the
adhesive bonding properties which exist between the fibre and mortar matrix
(Chen and Lui, 2005), control of internal micro cracking, internal self-curing
ability, and shrinkage reduction at 0.5%CF (Zaki, 2015). 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 Cellulose fibres (CFs), these
commonly used fibres have their limitations (Pandey et al. 2020). Steel fibres for
example have high susceptibility to corrosion, relatively large density and as such
may not be a choice of reinforcement for lightweight cementitious composites.
Also, steel fibres lack the ability to induce growth of the hydrate gel in the cement
matrix interface transition zone (Jie and Chun, 2021). Organic synthetic fibres are
not biodegradable and exhibit poor compatibility and dispersion in cement matrix
thereby resulting in compressive strength reduction (Kuruvilla et al. 2021). On the
other hand, glass fibres are not susceptible to corrosion and are a good choice of
reinforcement for manufacturing lightweight cementitious composites. However,
their poor wear resistance and vulnerability in long-term alkaline environment
(Kuruvilla et al. 2021) make them less desired reinforcement materials for
specific applications in an alkaline environment. Carbon fibre is easy to
agglomerate in the cement matrix, possesses long-term durability properties and
good resistance to corrosion. Its major setback is the relatively high cost (Jie and
Chun, 2021; Kuruvilla et al. 2021). Due to increasing demand for inexpensive
environmentally friendly materials, and net zero goal of reducing the emission of
greenhouse gases GHGs, researchers are making findings on 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,
hemicellulose, lignin, and other substances used for application as reinforcement
materials in cement and concrete. A recent study by Arbelaiz et al. (2023)
investigated different cement-based composite properties reinforced with
cellulose fibre. The composites were compared using the same variables and
fabrication method after the addition of microfibers. The results indicated that the
strength of mortar decreased compared with plain mortar, and the reduction was
higher with increase in the fibre content. It was further observed that on addition
of nanocellulose fibre, no change was observed in the density when compared
with unreinforced mortar. Contrary to microfiber addition, the presence of 0.25%
by weight nanocellulose in mortar slightly increased the flexural strength as
reported by Arbelaiz et al. (2023). In another study by Mejdoub et al. (2017),
nano-fibrillated oxidised cellulose (NFCox) in the range 0 - 1.5% by weight of
cement was used as a cement paste partial replacement. According to the result,



0.7 wt.% of NFCox had the best outcome in lowering the thermal conductivity of
the nanocomposite by 58% in comparison to the control sample’s thermal
conductivity value. The investigation further showed that by increasing the
NFCox content, cement hydration increases as evident in the production of Ca
(OH), and C-S-H gel. These results were further supported by patterns from XRD
and FTIR spectroscopy (D’Erme, Caseri and Santarelli, 2022). More studies have
shown that the influence of fibrillated cellulose (FC) at dosages of 0%, 0.1%,
0.2% and 0.3 wt% by weight of binder on lime pastes and lime-based mortars
enhances the flexural and compressive strengths respectively by 57% and 44%
(D’Erme, Caseri and Santarelli, 2022). This current study aims to investigate the
use of fibrillated cellulose fibre derived from wood pulp as a multifunctional
additive in mortars.

MATERIALS AND METHODS
Materials and mixes

The Ordinary Portland Cement (OPC) conforming to CEM type 1 with a strength
class of 32.5R used in this investigation was supplied by Frank-key Group,
Sheffield. The sharp sand was supplied by WBB Minerals Ltd, Congleton,
Cheshire. The gradation of the sand lies within the fine gradation zone (F Zone)
specified in the British standard BS EN 882:2016 and ASTM C33. Table 1 shows
the clinker phases obtained by Bogues calculation. The chemical analyses of the
OPC and sand are shown in Table 2. The water used for the mixes conforms to the
specifications in the British standard BS EN 1008:2002. The fibrillated cellulose
fibre is derived from wood pulp that has been sourced from sustainably managed
forests. The product is a multifunctional bio-based additive which can be used in
concrete to provide unique rheological and physical properties. The cellulose fibre
is supplied by Sappi Netherlands Services BV, Maastricht, Netherlands. The
product specification and FT-IR spectra analysis are shown in Table 3 and Figure
1 respectively. The cellulose fibre was premixed with part of the mixing water at a
Fibre content of 0.15wt %, 0.31wt%, 0.45wt%, 0.51wt%, and 1.5wt% of mortar.
The mixture was homogenized by vigorously stirring at 1400 rpm/min at room
temperature.

Table 1. Chemical compositions of Type 1 OPC calculated from

Bogues.
CsS C,S
Compounds (Alite) (Belite) C,A CAF ALO; CaCO;,
composition i
(mass %) 31 38 4 2 24

Table 2. Chemical composition of Portland cement, sharp sand in (wt %).

Oxide SiO, ALO; Fe,0; CaO Mg K, NaO TiO P,O; Mn SO; LO
s (0) (0) 2 (0] I
orPC 11.1 835 316 642 209 119 023 1.88 201 214 3.6

Sand 917 6.1 1.62 028 0.03 - 2.08 - - - 0.1 23




Specific gravity of OPC cement (g/cm’): 3.15 [33],
Specific gravity of sharp sand (g/cm’): 2.53 [33

Table 3. Product Specification of cellulose fibre
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Figure 1. FT-IR spectra of cellulose fibre showing various functional groups.

Details of OPC control mortar and CFRM mixes are given in Table 4. Seven
mixes of mortar (M0-M6) were investigated, MO being the control mix
comprising of Ordinary Portland cement and fine aggregates (sharp sand),
MO-M6 mixes comprising the mortar matrix and cellulose fibre. The mortar
mixes were based on a trial mix design for 40MPa, and they were investigated for
compressive and flexural strength together with other properties.

Table 4. Mortar mix composition in (wt %)

Fine

Mixes CF Cement Aggregate Water w/C
content Content content
(FA)
MO 0 19.6 68.6 11.8 0.59
Ml 0.15 19.6 68.6 11.8 0.59
M2 0.31 19.6 68.6 11.8 0.59
M3 0.45 19.6 68.6 11.8 0.59
M4 0.51 19.6 68.6 11.8 0.59
M5 0.99 19.6 68.6 11.8 0.59
M6 1.5 19.6 68.6 11.8 0.59

Mix ratio Cement: FA (1:3.5)



CF content by weight of mortar (M;-My: 0.15%, 0.31%, 0.45%, 0.51%, 0.99%,
1.5% respectively)

Specimen Preparation
Specimens For Flexural, Compression and Drying Shrinkage Test

Flexural and compression test specimens of dimensions 160 x 40 x 40mm were
prepared and cured in accordance with BS EN 1015-11. Shrinkage test specimens
of same dimensions as specified in BS EN 1015-11 were cast and cured in the
moulds at 65+ 5% Relative Humidity (RH) and 20 + 2° for 24 hours. A total of
twenty-one shrinkage test prisms were produced. After 24hrs 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 hours 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 gauge at 65+ 5% RH and 20 + 2°C.

Specimens for Mercury Intrusion Porosimetry (MIP)

Selected mixes (M1, M2 and M3) were investigated based on the best
compressive strength results obtained for the mixes. MIP test specimens between
2mm to Smm were taken from the core of mortar specimens used for compression
tests at the age of 28 days. The pieces of mortars were selected to avoid edges and
skin effects due to mould, samples were kept in acetone for 24 hours, then dried
for Thr at 40°C to remove the solvent. All samples were kept and stored in a
polypropylene container prior to testing.

Specimens for XRD, XRF and FT-IR Analysis

Pieces of mortars were obtained from broken compression test samples, ground
into powder using a pulveriser and preserved in airtight polypropylene bags for
xrd, xrf and ft-ir analysis.

Test Procedures
Workability, flexural and compressive strength

Flow test was performed in accordance with BS EN 1015-3:1999 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 done on an
Instron testing machine conforming to BS EN 12390-4:2019 at a constant loading
rate of 30N/s. The compressive strength of the mortar was determined on two
broken halves of test samples from the flexural strength test by a compression
testing machine conforming to British standard BS EN 12390-4:2019, s at a
constant loading rate of 0.3MPa/s.



Drying Shrinkage and Mercury Intrusion Porosimetry (MIP) Test

Drying shrinkage was measured using a mechanical strain gauge (DEMEC)
which conforms to the standard BS 1881-206 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 micro strains (ue). 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 ISO 15901-1:2016.

XRD and FTIR Test

The powder samples of control mortar and CFRM were tested using a Philips
X-Pert X-ray diffractometer operating with a Cu Ka radiation source (40 KV and
40 mA, wavelength A = 0.154056 nm [6.07 %< 10—9 in.]). 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. FTIR spectra were
collected using a Nicolet FTIR spectrometer through the Attenuated total
reflection (ATR) method. Spectra were recorded in the range of 500— 4000 cm™
with a 4 cm™ resolution and 32 co-added scans.

RESULTS AND DISCUSSION
Workability, Flexural and Compressive Strength
Workability

Figure 2 shows the flow curve of the control mortar and cellulose fibre-reinforced
mortar (CFRM). The temperature of all the mixes lies between 23°C to 25°C
except for mix 3 which is 18°C. It was observed that as the cellulose fibre content
increases in the mixes, the workability (flow) reduces, resulting in stiff CFRM
mixes M5 and M6. M0, M1, M2, and M3 showed good flow and were workable,
spreadable, and easy for trowelling. M4 was moderately workable compared to
M5 and M6. It was further observed that the cellulose fibres in the mortar mixes
absorb large amount of the mixing water which led to a significant reduction in
the consistency of the mixes from MO to M6. This phenomenon has also been
reported by (Sawsen et al. 2015; Buch et al. 1999).
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Figure 2. Flow curve of mortar mixes



Flexural Strength and Compressive Strength

Figure 3. and 4 illustrates the effect of cellulose fibres on the mortar flexural and
compressive strength after 28 days of curing in water. The control mortar without
CF gave 7.8Mpa flexural strength at 28 days, while mixes with CF content by
weight of 0.15%, 0.31%, 0.45%, 0.51%, 0.99%, 1.5% gave 7.2Mpa, 7.5Mpa,
7.5Mpa, 7.2Mpa, 6.8Mpa, 5.3Mpa respectively. The results show that the flexural
strength of the control mortar is greater than the CFRM samples. Mortar with
cellulose fibre content of 0.31% and 0.45% gave the highest value of flexural
strength but was lower than the control mortar without CF. Increasing the CF
content incrementally beyond 1.5% results in a decrease in the flexural strength of
mortar by 7.7%, 12.8% and 32% relative to the control. A similar trend was
noticed for the compressive strength of the mortar mixes. As shown in figure 4.6,
the mixes M1, M3, and M4 have minimal improvement in compressive strengths
of 32.5Mpa, 32.6Mpa, and 34.2Mpa (7% increase) compared to the control
mortar with 32Mpa. Mix M2, showed a slight decrease in compressive strength.
CF contents beyond 0.51% result in a significant reduction in compressive
strength by 9% (M5) and 29% (M6) compared to the control mortar (32Mpa). The
fibre effect on the mechanical properties may be connected to the pore property
changes caused by the fibres. This will be discussed in detail later.
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Figure 3. Flexural strength results of mortar mixes at 28 days after curing.
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Figure 4. Compressive strength results of mortar mixes at 28 days after curing.



Drying shrinkage and surface cracking Test

Drying shrinkage was monitored for 30 days to observe the effect of CF on the
mortar mixes. The results are shown in Figure 5. The control mortar mix MO
without cellulose fibre showed a drying shrinkage value of 780Y#k. Mix M1
results in a reduction of drying shrinkage by 5% at 742V # compared to the
control mortar mix. M2 increased drying shrinkage by 5% at 816Y i, M3 (0.45%
CF) resulted in 7% reduction in drying shrinkage at a strain value of 726V s, M4,
M5 and M6 all showed an increase in drying shrinkage by 6%, 16% and 19% with
corresponding shrinkage value of 825V#, 906Y#a, and 9251 # respectively.
After long curing exposure, the control mortar without CF and M3 with 0.45% CF
were visually examined to evaluate the effect of CF on restraining surface
cracking caused by drying shrinkage. Results shown in Figures 6a and 6b indicate
that 0.45% CF prevents surface cracking compared to the control mortar which
has significant surface cracking.
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Figure 5. Drying shrinkage results of mortar mixes

Figure 6a. Control mortar without CF; Figure 6b. Mortar with 0.45CF
Mercury Intrusion Porosimetry (MIP) Test

The Mercury Intrusion Porosimetry technique was used to investigate the total
porosity of mortar mixes. The control mortar and three selected mixes (M1, M2,
M3) were investigated. Results shown in Figures 7a and 7b from the experiment
indicate that the total porosity of the control mortar mix MO is approximately
19%. M1, M2, and M3 showed a total porosity of 25%, 27% and 24%



respectively. The results indicate that the incorporation of cellulose fibre into the
OPC mortar mix significantly increased the porosity of the matrix.
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Figure 7(a) Differential pore volume curve for all mortar mixes; 7(b) cumulative
pore volume curve for all mortar mixes.

Xrd and ft-ir Test
XRD Analysis

XRD analysis of mortar with different CF contents was investigated. The
corresponding diffraction patterns after 28 days of curing are shown in Figures 8a,
8b, 8c. The hydration products for each mix are summarised in Table 8. The XRD
patterns of all mixes with CF showed similar hydration products of portlandite
(Ca (OH), and calcium carbonate (CaCO;), unreacted alites (C;S) and belites
(C,S). These hydration products are not different from the control mortar. Similar
hydration products have been reported by (D’Erme, Caseri and Santarelli, 2022;
Mejdoub et al. 2017). Thus, no new hydration product was formed by addition of
CF. It was further observed that several overlapping peaks and patterns of the
hydration products makes it difficult to analyse changes in the hydration products
with the addition of CF. Some secondary hydration products such as goethite and
Iron dialuminium oxide were also found.
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Figure 8a. xrd patterns of mortar mixes 5° -35°; Figure 8b. xrd patterns of mortar
mixes 35° - 65°
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Table 5. XRD Quantification of hydration products of control mortar and
CFRMs after 28 days of curing in wt %

Iron di
Mixes Quartz CS CS Caco, *OW: g oH), aluminium
oxide
MO 59 - 19 5 4 13 -
M1 82 -7 4 1 5 ]
M2 82 7 - 5 3 - 3
M3 88 7 - 3 2 ] ]
M4 80 - 12 4 3 ; ;
M5 93 4 - 2 1 ] ]
M6 85 - 10 3 1 1 ]
FT-IR Analysis

Fourier transform infrared (FTIR) spectra of the control OPC mortar and CFRMs
were analysed after 28 days of curing. Results in Figure 10a and 10b show a
significant peak at about 3640 cm™ associated with O—H stretching vibrations of
portlandite (Ca (OH), in the control mortar. The Intensity reduces with the
addition of CF with mix M1 having the weakest peak absorption at 3640 cm™ and
the peak increases in M4, M2, M6, M5 and M3 respectively. This observation
agrees with the XRD results for portlandite which reduces as Cellulose fibre is
incorporated into the cement mortar matrix. The broad low peaks observed at
about 3400 cm™ and 1641 c¢m-1 are usually associated with bound capillary water
in calcium silicate hydrate colloidal gel-like structure. The peak (3400 cm™ and
1641 cm-1) shows a similar trend as observed for the band at 3640 cm™ in the
case of portlandite. With the incorporation of cellulose fibre, a weak absorption
band was observed for calcium silicate hydrate-bound water when compared to
the control mortar without CF. The peaks observed at about 1415-1421 ¢cm™ and
874 cm™ are associated with C-O and the presence of CO; bonds which indicate
the presence of CaCO; (Herting and Odnevall 2021; Isokoski, Poteet, and
Linnartz, 2013). It can be observed from the peaks that the control mortar has
high presence of CaCOj; and this calcite is reduced in intensity with an increase in
CF content. This indicates that dosages 0.31% CF (M2), 0.51% CF (M4) and
0.15% CF (M1) promote the formation of CaCOj; in the cement matrix which also
suggests that it may have contributed to the compressive strength of the mixes.



Whereas at high CF dosages, mixes M5 and M6 exhibit lower peak absorption
compared to the control mortar. The peaks at around 1030 cm™, 799, and 781 cm’
band region are assigned to Si-O crystalline structures of the mortar matrix. These
observations indicate that CF addition promotes bond interactions between the

OH functional groups and Si-O which results in slowing the hydration reaction of
the matrix.
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Figure 10. FTIR spectra of the M0, M1, M2, M3, M4, M5 and M6 mixes after 28
days of curing

CONCLUSIONS

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 workability
as the amount of CF increases in the mix. As the CF content increases, the 28-day
flexural strength reduces. The compressive strength of mortar at 28 days
marginally increases with CF weight of 1.6%, 1.9%, and 6.8% but significantly
reduces at CF dosage over 0.99% CF. 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. Cellulose fibre content of 0.45% causes very significant surface
shrinkage crack reduction in the mortar as compared to the control mortar without
CF. The cellulose fibres in the mortar matrix result in larger pore size formation
thereby making the mortar matrix more porous compared to the control mortar



without CF. The Xrd and ft-ir analysis show that, in the presence of CF, fewer
hydration products with unreacted alites and belites were formed at 28 days age of
curing. This suggests that the hydrophilic cellulose fibre absorbs a high volume of
mixing water that could have contributed to the hydration process thereby
delaying the degree of hydration and low hydration product formation. 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
alites and belites.
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