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Abstract: This study investigates the influence of limestone powder and metakaolin as sustainable
eco-friendly additives on the properties and behavior of cementitious composite boards, with a focus
on mechanical strength, physical properties, and microstructural characteristics. The experimental
investigation begins with the characterization of the raw materials, including limestone powder, and
metakaolin, to assess their particle sizes, elemental composition, and microstructural features. Cement
composite boards were fabricated using an innovatively developed lab-simulated vacuum dewatering
process, by varying the proportions of limestone powder and metakaolin as partial replacements for
cement, along with waste kraft fibres as reinforcement. Mechanical testing was conducted to evaluate
the flexural strength and behaviour of the composite boards according to standardized procedures.
A microstructural analysis was performed using scanning electron microscopy (SEM) to examine
the effect of additives on the cementitious matrix, fibrematrix interaction, and hydration products.
The findings from the experimental study reveal insights into the influence of limestone powder
and metakaolin on the mechanical properties and microstructure of waste kraft fibre-reinforced
cement composite boards. Our analysis of the results shows that adding 9% limestone powder as
partial cement replacement produces a 24% and 50% enhancement in flexural strength at 7 and
28 days of hydration, while that of metakaolin as partial cement replacement was optimum at 6%
with an enhancement of 4% and 36%, respectively, at 7 and 28 days of hydration. The implications of
these findings for the development of sustainable cementitious composite are discussed, including
the potential benefits of using limestone powder and metakaolin as supplementary cementitious
materials in waste kraft fibre-reinforced cement composite boards. Finally, recommendations for
optimizing additive proportions are also provided to enhance the understanding and application of
these materials in the construction and building industries.

Keywords: waste cardboard paper; fibre cement board; calcium carbonate; kaolinitic clay; mechanical
properties; building applications

1. Introduction

The impact of the industrial production of cement on the environment, particularly
concerning CO; emissions and material costs, is a critical topic in contemporary trends
surrounding sustainable development [1-6]. Cement, a fundamental component in con-
struction, plays a pivotal role in infrastructure development worldwide [7-9]. However,
its production process is inherently resource-intensive, contributing significantly to green-
house gas emissions, notably carbon dioxide (CO;) [6,9,10]. Moreover, the rising costs
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of materials further exacerbate the economic challenges associated with cement produc-
tion [1,11]. Therefore, understanding and addressing these issues is imperative for adopting
environmentally responsible practices and mitigating the adverse effects of cement produc-
tion on the environment.

Indeed, exploring alternative supplementary cementitious materials offers a promising
avenue for mitigating the environmental impact of cement production while addressing
cost concerns [4,11-13]. Incorporating materials like limestone powder and metakaolin as
partial replacements for cement in producing fibre cement boards for building applications
presents a promising solution. These materials not only help to reduce the carbon footprint
associated with cement production but also offer potential economic benefits by offsetting
the escalating costs of traditional cement [14-16]. By utilizing limestone powder and
metakaolin, which can function as pozzolanic materials [17,18], the cement content in
fibre cement boards can be lowered without compromising performance or structural
integrity [13,19,20]. This innovative approach not only aligns with sustainability goals
but also underscores the importance of adopting environmentally conscious practices in
the construction industry [3,21-23]. Embracing such alternatives signifies a proactive step
towards achieving a more sustainable and cost-effective future for building materials and
construction practices.

Cement composite boards reinforced with natural fibres have become widely known
in recent times due to their advantages as environmentally friendly building materials
and sustainable alternatives to conventional construction materials [24-27]. Among the
various additives used to enhance the performance of these boards, limestone powder and
metakaolin emerge as promising candidates, offering unique properties that can positively
influence both mechanical strength and morphological characteristics [28-30].

The integration of limestone powder and metakaolin into cementitious matrices repre-
sents an important aspect of modern construction materials research. Limestone powder,
a byproduct of limestone quarrying and processing [31], possesses pozzolanic properties,
contributing to the improvement of cement hydration, densification, and the mechani-
cal strength of composite materials [32-34]. Metakaolin, derived from the calcination of
kaolin clay [35,36], exhibits high reactivity and pozzolanic activity, thereby enhancing the
microstructure and durability of cementitious composites [36-38].

This comparative investigation aims to elucidate and contrast the effects of limestone
powder and metakaolin on the mechanical properties and morphological characteristics of
cement composite boards reinforced with waste kraft fibre. Kraft pulp fibre, renowned for
its crack-bridging ability [39,40], serves as an environmentally friendly reinforcement in
cementitious materials, offering a sustainable solution for the construction industry. An
understanding of the intricate interplay between these additives and fibre reinforcement is
paramount for optimizing the performance and sustainability of cement composite boards.
Through a comprehensive analysis encompassing mechanical testing, microstructural ex-
amination, and morphological characterization, several studies [16,41-45] have attempted
to unravel the underlying mechanisms governing the synergistic interactions between
cement matrix particles and various supplementary cementitious materials.

An extensive, yet most recent literature survey, covering the key aspects of materials
sustainability, including the various synergistic interactions between these materials, and
the ensuing mechanical, morphological, and durability properties, is presented as follows.

Cao et al. [46], conducted an elaborate study reviewing the contributions of many
researchers [47-52] who have worked on the effects of calcium carbonate on the properties
of cementitious composites. The authors concluded in their review that to contribute to
the strength of hardened cementitious composites, macro-calcium carbonate (>1 mm) is
primarily used as an inert filler and can be used to construct the framework of the materials.
Furthermore, the authors explained that, through dilution, nucleation, and even chemical
reactions, micro-calcium carbonate (1 um-1 mm) not only fills the spaces between cement
grains but also speeds up the hydration process and influences workability, mechanical
characteristics, and durability. In addition, they also highlighted the fact that nano-calcium
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carbonate (<1 um) exhibits significantly more potent physical and chemical effects on the
characteristics of cementitious composites than macro- and micro-calcium carbonate.

Antonija et al. [53] reported the effects of the synergistic integration of waste fibres,
limestone powder, and metakaolin on the compressive strength and capillary water-
absorption properties of ultra-high-performance concrete. The authors concluded that the
addition of limestone powder and metakaolin as supplementary cementitious materials
resulted in a 25% increase in the modulus of elasticity and a 35% reduction in capillary
water absorption over time. Additionally, they reported that reduction in compressive
strength at early ages was quite minimal, suggesting that this combination of supplemen-
tary cementitious materials can refine the microstructure.

Natalija and Gregor [54] studied the combined effects of metakaolin and hybridized
fibres on self-compacting concrete’s mechanical characteristics, durability, and microstruc-
tural performance. The authors reported that concrete composite containing 5-15% metakaolin
as partial cement replacement showed higher fracture energy and better pore refinement, as
well as improved compressive strength up to 31% higher than the reference concrete sample
without a metakaolin and fibre addition. Furthermore, the strong bond at the fibrematrix
interface was confirmed in the microstructural analysis of the hybridized fibre-reinforced
concrete. They concluded that the concrete microstructure becomes denser as a result of
the metakaolin particles filling the pores of the concrete composite.

Konduru et al. [55] studied the performance of metakaolin as a partial cement replace-
ment on the flexural, compressive, and durability properties of grade M80 high-strength
concrete. The authors studied the 0-15% replacement of cement with metakaolin and
reported that, after 28, 56, and 90 days of hydration, the flexural and compressive strength
of the concrete was optimum at 10% metakaolin replacement, with values of 15.94, 18.40,
and 18.44 MPa, respectively, for flexural strength and 102.16, 114.41, and 116.32 MPa,
respectively, for compressive strength. They concluded that the replacement of cement
with 10% metakaolin resulted in a 10%, 13%, and 15% enhancement in flexural strength,
while the compressive strength was increased by 8%, 12%, and 14%, respectively, compared
to the control sample without metakaolin addition.

Consequently, the following benefits (among others) of adding limestone powder and
metakaolin to cement-based composite materials were identified in the literature: improve-
ment in mechanical properties, including compressive strength, flexural strength [56], and
modulus of elasticity [53]; reduced permeability, including improving resistance against
water penetration and chemical ingress [57]; enhanced durability, including improving re-
sistance to various degradation mechanisms, such as freeze-thaw cycling [58] and chloride
penetration [59]; reduced workability [60]; and reduced carbon footprint [61].

Despite these potential benefits, the incorporation of these materials presents several
challenges, such as the need to understand the interaction between these additives and
cement matrices, how the additives influence the mechanical and durability properties,
and how these sustainable eco-friendly additives can be optimized to enhance composite
performance. Furthermore, the lack of comprehensive studies on the microstructural
behaviour of these composites limits the ability to predict long-term performance and their
applicability in real-world scenarios. Therefore, the current research aims to fill this gap
by assessing the mechanical, physical, and microstructural performance of waste kraft
fibre-reinforced cement composite boards containing sustainable eco-friendly additives,
providing insights that could lead to the development of sustainable building materials for
construction applications.

2. Materials and Methods
2.1. Materials

The following materials were utilized in the course of this research.

Ordinary Portland Cement (OPC) HS 52 BSEN 197-1 BSEN 1 52.5 N, was supplied
by Hanson Heidelberg Cement Group, Maidenhead, England. Kraft pulp fibres were
obtained mainly from waste brown cardboard papers collected from stationaries and mail
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stores around Cranfield University, Cranfield United Kingdom. Fisher Scientific Ltd., UK
supplied pure grade, beige Kaolin powder, and Calcium carbonate, 98% pure, light powder.

The elemental composition (SEM-EDS) and master sizer particle size analysis of
the limestone powder (LP) and metakaolin (MK) powder are presented in Table 1 and
Figure 1a,b, respectively, while the photographic and scanning electron microscope (SEM)
images of the limestone powder and metakaolin powders employed in this study are shown
Figure 2a—d. The rectangular steel mold was supplied by the Department of Civil and
Environmental Engineering, Coventry University, while the conical flask, vacuum pump,
rubber bung, hose, and other items required to successfully mimic the Hatschek method in
the laboratory were supplied internally by the Composite and Advanced Materials Centre,
Cranfield University, United Kingdom.

Table 1. Elemental composition (SEM-EDS) analysis of metakaolin and limestone powder.
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Figure 1. Master sizer particle size analysis of (a) limestone powder and (b) metakaolin powder.
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Figure 2. (a,b) Photographic and SEM image of limestone powder. (c,d) Photographic and SEM
image of metakaolin powder.

2.2. Methods
2.2.1. Waste Kraft Fibre Production

Stationaries and mail stores on the Cranfield University campus provided waste
cardboard papers, which served as the main source of waste kraft fibre utilized in this
research. To begin with, the waste cardboard papers were shredded manually into smaller
pieces with the aid of scissors, while removing all the foreign materials, such as glue and
pins, from the shredded pieces. After that, the carton papers were soaked in clean water for
48 h in the laboratory, applying a 5:1 water-to-cardboard weight ratio. Thereafter, the soaked
carton papers were continuously pulped for 2 h by gently agitating in water. The pulped
carton paper was further pulverized in a blender at a low speed for a further 8-10 min.
The product obtained from the blender was manually drained of the water used for the
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pulping process. The final product was stored in zip bags and refrigerated at 3 £ 1 °C. The
weight of the wet kraft pulp fibre divided by the weight of the oven-dried kraft pulp fibre
produces a kraft pulp fibre with 70% average moisture content. Figure 3 demonstrates
a pictorial representation of the production technique employed for producing the kraft
pulp fibre.

Shredded Cardboard Submerged Cardboard
Submerged in water being Pulped in Machine

L8 ) P e i‘i:'é B
Excess water squeezed
out Manually

Figure 3. Camera photo explaining the steps involved in producing the waste kraft Fibre.

2.2.2. Production of Waste Kraft FibreReinforced Cement Composite Boards Incorporating
LP and MK as Partial Cement Replacement

The process of composite manufacture was conducted using the guidelines provided
in Taiwo et al.’s study [24]. Using a compact handheld mixer set to spin at 600-1900 rpm,
750 mL of water and 8 g of kraft pulp fibre were first mixed thoroughly for about 5 min.
This guarantees that fibres from the kraft pulp are dispersed evenly throughout the water.
Next, 192 g of cement matrix was added, and either limestone powder or metakaolin was
introduced in the appropriate amount, as detailed in Table 2. After that, the kraft pulp
mixture was vigorously mixed for a further 5 min to achieve homogeneity. Following
mixing, the resultant slurry was gradually poured into the 180 mm by 80 mm rectangular
steel mould which was pre-assembled as shown in Figure 4a.

The vacuum pump that was fastened to the mould was turned on to extract the
excess water from the mixed slurry. One end of the mold had a conical flask attached to
it which was meant to hold the excess water. Any leftover water that might have become
trapped in the now-thickened slurry was pushed out of the specimen by compressing
it uniformly with a weight of 12 kg, while keeping the vacuum pump operating. After
running the vacuum pump for a further 2-3 min, the sample was carefully demoulded onto
a levelled rectangular surface. Following a 15-20 min exposure to the air in the laboratory,
the specimen was thereafter placed in a high-humidity chamber to complete the cement
hydration and/or curing process for a specified number of days. The fibre cement board
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samples made with this technique were placed in a high-humidity chamber with a constant
temperature of 25 £ 2 °C and 95% relative humidity to allow for cement hydration and/or
curing. The specimens were cured for the required number of days, and then their flexural
performance was assessed following BS EN 12467 [62]. Ten samples were made for each
mix design; five were evaluated after 7 days, and the other five after 28 days of hydration.
Each specimen is between 8 and 10 mm thick. Figure 4a shows the flowchart for the
vacuum dewatering process, while Figure 4b displays the laboratory setup for composite
sample production.

Table 2. Mix design for the production of waste kraft Fibre-reinforced cement board.

Metakaolin Powder

(Cement) Waste Kraft Fibre (K) Limestone Powder (LP) Vol. of Water for

Mix  Sample Code ® ® ® (1:;1)() Mixing (mL)
Stage 1 (cement and waste kraft fibre)
1 Control 200 0 0 0 750
2 K4 192 8 0 0 750
3 K6 188 12 0 0 750
4 K8 184 16 0 0 750
5 K10 180 20 0 0 750
6 K15 170 30 0 0 750
Stage 2 (cement, waste kraft fibre, and LP)
7 K10-LP3 174.6 20 54 0 750
8 K10-LP6 169.2 20 10.8 0 750
9 K10-LP9 163.8 20 16.2 0 750
10 K10-LP12 158.4 20 21.6 0 750
Stage 3 (cement, waste kraft fibre, and MK)
11 K10-MK3 174.6 20 0 5.4 750
12 K10-MKe6 169.2 20 0 10.8 750
13 K10-MK9 163.8 20 0 16.2 750
14 K10-MK12 158.4 20 0 21.6 750

1. Slurry Preparation
& Deposition

2. Vacuum
Application

3. Water Drainage

4. Fibre Mat
Formation

5. Consolidation &
Compaction

6. Curing & Drying

Fibre Mat Formation Consolidation & Compaction Cuﬁng & Drying

(b)

Figure 4. (a) Flowchart for vacuum dewatering process. (b) Laboratory setup for composite production.
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2.2.3. Characterization of the Produced Waste Kraft FibreReinforced Cement Composite Boards
(1) Mechanical Properties Test

The manufactured cement composite boards were subjected to mechanical proper-
ties test (flexural strength and flexural behaviour) through bending, using an Instron
4467 electromechanical testing machine following BS EN 12467 [62] standards. The 7-day
and 28-day cured specimens were simply supported on the testing machine using two supports
with a radius rounded to more than 3 mm but less than 25 mm each. The distance between
the two supports was fixed and maintained at 125 mm throughout the test. By following
the standard, the individual specimen was tested to fracture within a time frame of 10
to 30 s by applying a constant crosshead speed of 5 mm/min. This is to ensure that the
specimen satisfies the requirements specified in the BS EN 12467 [57] standards. The flexu-
ral strength of the cement composite board is known as the modulus of rupture (MOR),
and it is calculated by Equation (1).

3FL,
1
2be? M)

MOR =

where F = the breaking load (N), Ls; = the span between the axes of the supports (mm),
b = the width of the specimen (mm), and ¢ = the thickness of the specimen (mm).

(2) Determination of Moisture Movement of Waste Kraft FibreReinforced Composite Boards

Following ASTM C1185-08 [63], the specimens were examined for moisture movement
using a Gallenkamp TH340L environmental conditioning chamber, which can condition
specimens at temperatures ranging from —40 °C to 180 °C and relative humidity levels
from 10 to 98%. This was performed to gain an understanding of the distinctive behaviour
of the fibrecement boards when they are exposed to various climate conditions. For testing,
three (3) samples were prepared. The samples have dimensions of 80 mm in width and
100 mm in length. The samples underwent practical equilibrium conditioning at 23 4+ 2 °C
and 30 =+ 2% relative humidity for 24 h. Following conditioning, the length of each sample
was measured to the nearest 0.02 mm. The samples underwent additional conditioning to
reach practical equilibrium at 23 £ 2 °C and 90 £ 5% relative humidity for another 24 h. The
length of each sample was measured and recorded one more time. Equation (2) was applied
to determine the moisture movement (% change in length) based on these measurements.

L —L
L, = 90RIZ 30RH 100 )
30RH

where L, = the change in length or linear moisture movement (%); Looryy = the length of
the specimen at a relative humidity of 90%, (mm); and Lzory = the length of the specimen
at a relative humidity of 30%, (mm).

(8) Water-Absorption Characteristics of Waste Kraft FibreReinforced Composite Boards

Water absorption was carried out per ASTM C1185-08 [63]. A temperature of 90 & 2 °C
was used to dry three (3) 180 mm by 80 mm specimens of each board composition to a
constant weight. Following the process of drying, the samples were allowed to cool inside
the desiccator before being weighed to the closest 0.01 g. After that, the samples were
soaked for 48 + 8 h in clean water at 23 & 2 °C. After the allotted time, every sample
was meticulously dried with a blotting paper and weighed once more. Equation (3) was
employed to obtain the percentage of water absorption.
Wy = WSW;DWD x 100 ©)
where W, = the water absorption, (%); Wp = the dry weight of the specimen, (g); Ws = the
saturated weight of the specimen, (g).
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(4) Determination of the Density of Manufactured Specimens

The density of the produced fibrecement composite boards was determined in accor-
dance with ASTM C1185-08 [41] by applying the water displacement method and adhering
to Archimedes’ principles. Initially, three (3) 180 mm by 80 mm specimens of each board
composition were dried to constant weight in an oven set to 90 & 2 °C. Following the process
of drying, the samples were allowed to cool inside the desiccator before being weighed to
the closest 0.01 g. Following that, the samples were soaked in clean water at a temperature
of 23 + 2 °C for 48 & 8 h. After this time, each specimen was weighed underwater using the
Archimedes principles to determine the suspended weight. Following a meticulous process
of blotting the specimens dry, the saturated weight was determined and documented. The
density of the samples was computed using Equation (4), as defined below.

Wp

D=_ "D __
Ws — W, P

w 4)

where D = density, in. (g/cm?); Wp = dry weight of specimen, (g); Ws = saturated weight
of specimen, (g); W, = weight underwater (suspended weight), (g); and p,, = density of
water, (g/cm?).

(5) Morphological Examination of the Fractured Specimen Using SEM

The fracture mechanism and the additive interaction within the composites were
investigated on the broken surfaces of the waste kraft fibre cement board specimens by
utilizing a scanning electron microscope (SEM) Tescan VEGA 3 equipped with an Oxford
instrument detector. All fractured samples were inspected using the low vacuum mode in
order to reduce specimen charging and improve conductivity for better imaging.

(6) Results and Discussion

The performance of waste kraft fibre-reinforced cement composite boards in terms of
their response to bending load is presented in Figure 5. It was observed that the presence of
the waste kraft fibre as reinforcement improved the strength characteristics of the cement
board. Hence, all the composite samples containing waste kraft fibre reinforcement had
better flexural strength than the control sample both at 7 and 28 days of hydration. The
observed characteristic improvement in strength by the addition of the waste kraft fibre
as reinforcement can be traced to the fibrous structure of the waste kraft fibre which
enables the formation of a mechanical interlock between the fibres and cement matrix. This
enhances the bonding at the fibrematrix interface, leading to a more efficient load transfer
mechanism within the composite board. Additionally, because cement-based materials
are typically weak in tension but strong in compression, the high tensile strength of the
waste kraft fibre also improves the tensile strength of the cement composite boards; hence,
its resistance to bending or flexural stresses is improved significantly. From the graph, it
was observed that an increase in the reinforcement contents led to a steady and consistent
increase in the flexural strength of the composite boards up to a maximum of 10 wt.% before
a gradual decrease was noticed at 15 wt.% reinforcement contents. A similar observation
was reported in the work of Khorami and Ganjian [64] when they examined the effect of
fibre content on the flexural behavior of cement composite boards. The initial presence
of the waste kraft fibre as reinforcement in the 4 wt.% fibre-reinforced cement composite
board (K4 sample) produced a 34% and 17% improvement in flexural strength at 7 and
28 days, respectively, compared to the control sample. Overall, the 10 wt.% fibre-reinforced
cement composite board (K10 sample) showed the highest flexural strength, with a 65% and
47% improvement in strength compared to the control sample without any fibre addition.
A similar result was reported in another research study conducted by the authors [24].
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Figure 5. Flexural strength of composite boards reinforced with waste kraft fibre (7 and 28 days).

(7) Comparing the Effect of Varying Limestone Powder and Metakaolin Content on the
Flexural Strength of Waste Kraft Fibre-Reinforced Cement Composite Board

Figure 6 presents the results of composite boards containing 3-12% limestone or
metakaolin powder as partial cement replacement in composite samples reinforced by
10 wt.% of waste kraft fibre. It was observed that the inclusion of the limestone powder as
a partial cement replacement had a pronounced effect on the flexural strength of the waste
kraft fibre-reinforced cement composite board. This could be attributed to the filler effect
and the densification of the cementitious matrix as a result of the formation of additional
calcium carbonate by the interaction between the particles of the limestone powder and
that of the cementitious matrix. Yu et al. [65] reported a similar observation in their study
on the use of limestone calcined clay for the improvement of tensile performance of high-
strength cementitious composites. Furthermore, it was observed that different dosages of
the limestone powder addition produce varied effects on the flexural performance of the
composite board. Hence, the K10-LP9 composite sample containing 9% limestone powder
as a partial cement replacement displayed the best flexural strength, with values of 9.55
and 12.07 MPa, compared to the reference sample, K10, with values of 7.68 and 8.01 MPa,
at 7 and 28 days of hydration, respectively (an increase of 24% and 50% for 7 and 28 days
of hydration, respectively).

In a similar vein, the addition of metakaolin as partial cement replacement produces
a noticeable effect on the flexural strength of the cement composite board. However, its
presence at lower dosages (<3%) seems to produce very little to no effect on the flexural
strength of the composite board. However, at an intermediate dosage of 6%, the effect of
the metakaolin on the flexural performance of the cement composite board was notably
evident. According to a study conducted by Qin et al. [66], the fine particle size and the
amorphous structure of the metakaolin contributed to the formation of extra calcium silicate
hydrate gel, thus enhancing the effectiveness of the binding matrix. Hence, the K10-MK6
composite sample containing 6% metakaolin powder as a partial cement replacement
showed an optimum result, with a value of 8.01 and 10.91 MPa at 7 and 28 days of
hydration, respectively, when compared to the reference sample K10. This resulted in a
4% and 36% improvement in the flexural strength at 7 and 28 days, respectively, for the
K10-MK6 composite sample.
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Figure 6. Flexural strength of composite boards reinforced by 10 wt.% of waste kraft fibre and 3-12%
of limestone /metakaolin powder as partial cement replacement (7 and 28 days).

From Figure 6, we can see that comparing the individual effects of limestone and
metakaolin powders on the flexural strength of the cement composite boards showed that
the presence of the limestone powder had a much greater effect on the flexural strength
of the composite board than that of the metakaolin addition at lower, intermediate, and
higher dosage levels. This could be a result of the much finer particle size of the limestone
powder as compared to that of the metakaolin. Therefore, according to the current study,
the recommended maximum percentage of limestone powder permitted for partial cement
replacement in waste kraft fibre-reinforced cement composite board is 9%; a similar dosage
was reported in the study conducted by Khorami and Ganjian [33], while metakaolin is
6% by mass of the cement matrix. Dosages above this threshold result in a decrease in the
flexural strength of the composite boards for both instances of metakaolin and limestone
powder addition.

(8) Comparing the Effect of Varying Limestone Powder and Metakaolin on Flexural
Behaviour of Waste Kraft FibreReinforced Cement Composite Board

The flexural behaviour of waste kraft fibre-reinforced cement composite board incor-
porating varying percentages of limestone and metakaolin powders as a partial cement
replacement is presented in Figure 7a—d. From Figure 7a, which depicts the 3% replacement
of cement by metakaolin and limestone powder, it is observed that the addition of the
limestone powder increased the flexural strength of the composite board. This is poten-
tially due to the pozzolanic reaction between the particles of the limestone powder and
cement hydration product (calcium hydroxide), resulting in the formation of additional
calcium carbonate. Khorami and Ganjian [64] gave a similar report in their research on
the effect of limestone powder, silica fume, and fibre content on the flexural behaviour of
cement composite reinforced by waste fibre. The presence of this extra calcium carbon-
ate enhances the cohesion and interlocking of particles within the cementitious matrix,
leading to improved resistance to bending or flexural stresses. A similar assertion was
reported in the work of Eshmaiel [33] and Li et al. [57]. However, the presence of the
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metakaolin did not show any improvement in the flexural stress of the composite board at
this replacement percentage. However, when the percentage of metakaolin and limestone
powder was increased to 6%, the effect of the metakaolin was noticed, as there was an
improvement in the flexural strength of the composite board. However, the limestone
powder replacement still performs better than the metakaolin replacement. A justification
for this could be the much finer particle size of the limestone powder as compared to that
of the metakaolin, as shown in Figure 1. The additional increase in the metakaolin and
limestone powder as a cement replacement showed that the limestone powder further
improved the flexural stress of the composite board up to a maximum of 9% replacement,
as shown in Figure 7c, while such an increase in the case of metakaolin resulted in a gradual
decrease in the flexural stress of the composite board. This could be due to the coarse
particle size of the metakaolin powder, which already filled the voids in the composite
boards at a lower percentage of replacement; thus, increasing the percentage of metakaolin
as a cement replacement causes the formation of a weaker matrix, which resulted in the
observed decrease in flexural strength, as seen in Figure 7c,d. Overall, the composite board
with 9% limestone powder as a cement replacement displayed the optimum results, with a
flexural stress value of 13.20 MPa, as compared to its metakaolin counterpart, with a value
of 7.46 MPa. This shows a significant improvement in flexural strength over the reference
sample, K10, producing a 59% overall enhancement in flexural strength. Finally, it was
observed that all the composite samples containing limestone powder as a partial cement
replacement exhibited a similar displacement at failure, as they all peak between 0.5 mm
and 0.75 mm, while all the composite samples containing metakaolin as a partial cement
replacement failed at a deflection less than 0.5 mm.

(9) Comparing the Effect of Limestone Powder and Metakaolin on Moisture Movement
Characteristics of Waste Kraft FibreReinforced Cement Composite Board

Figure 8 shows the effect of increasing the percentage of metakaolin and limestone
powder on the moisture movement characteristics of waste kraft fibre-reinforced cement
composite boards. It was observed that increasing the percentage of either metakaolin or
limestone powder reduces the ingress of water into the composite board. This is because
the incorporation of the metakaolin and limestone powder contributes to a denser and
more compact cementitious matrix. This densification leads to a reduction in the size and
connectivity of pores and voids within the composite board, thus decreasing its overall
permeability to moisture. This could be attributed to the filler effect and the fine particle
size of the additives, as well as their pozzolanic reaction, which contributed to the forma-
tion of additional hydration products which fill the voids and capillary pores within the
cementitious matrix. A similar assertion was reported in the work of Yang et al. [67] when
they incorporated quarry-stone powders into ultra-high-performance concrete. Hence,
the ingress of water into the composite board is minimized, and this helps to prevent
and/or reduce the occurrence of issues such as dimensional changes and moisture-related
deterioration. Therefore, the composite board containing 9% limestone and metakaolin
powder shows the highest resistance to moisture movement, with respective values of
0.22% and 0.23%.

(10) Comparing the Effect of Metakaolin and Limestone Powder on Water-Absorption
Characteristics of Waste Kraft FibreReinforced Cement Composite Board

The effect of metakaolin and limestone powder on the water-absorption property of
composite boards reinforced with waste kraft fibre is presented in Figure 9. It was observed
that the addition of both the metakaolin and limestone powder had a positive influence
on the water-absorption property of the cement composite board. This is because the
metakaolin and limestone powder particles fill the voids and pores within the composite
board, reducing the pathways for water to penetrate the composite boards; hence, the
overall water-absorption capacity of the composite board is reduced. From Figure 9, it can
be seen that the addition of metakaolin and limestone powder at 3% cement replacement
produced a sudden decrease in the water-absorption capacity of the composite board,
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resulting in a respective 31% and 39% reduction in the volume of water absorbed by
the composite board. It was also observed that a further increase in the percentage of
metakaolin and limestone powder as partial cement replacement also led to a further
decrease in the percentage of water absorbed by the composite board. Hence, the composite
board containing 9% metakaolin and limestone powder as partial cement replacement
displayed the optimum results by absorbing the least volume of water with a value of 7.69%
and 7.25%, respectively, resulting in a 43% and 46% enhancement in the water-resistance
capacity of the composite boards, respectively, when compared to the reference sample,
K10. From the foregoing, by comparing the impact of metakaolin and limestone powder
on the water-absorption property of the cement composite board, it was noted that the
presence of limestone powder as a partial cement replacement offered a higher resistance
to water absorption than its counterpart containing metakaolin powder. This result agreed
with the previous result discussed in Figure 8.
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Figure 7. Flexural behaviour of composite boards reinforced by 10 wt.% of waste kraft fibre and (a) 3%,
(b) 6%, (c) 9%, and (d) 12% of limestone powder/metakaolin as partial cement replacement (28 days).
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Figure 8. Linear moisture movement of composite boards containing 3-9% metakaolin and limestone
powder as partial cement replacement.
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Figure 9. Water-absorption characteristics of waste kraft fibre-reinforced cement composite boards
containing 3-9% metakaolin and limestone powder as partial cement replacement.
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(11) Comparing the Effect of Limestone Powder and Metakaolin on the Density of Waste
Kraft FibreReinforced Cement Composite Board

Figure 10 shows the impact of the addition of metakaolin and limestone powder as
partial cement replacement on the density of cement composite boards reinforced with
waste kraft fibre. It was observed that adding metakaolin and limestone powder increased
the density of the composite boards. This is primarily due to the improved particle packing
caused by the metakaolin and limestone powder particles interacting with the cement
particles in the composite mixture. This improved particle parking contributes to a denser
microstructure, hence increasing the overall density of the composite board. From Figure 10,
it is observed that incorporating 3% metakaolin and limestone powder as a partial cement
replacement in the waste kraft fibre-reinforced cement composite board produced a slight
but equal increase in the density of the composite board. Increasing the percentage of
metakaolin and limestone powder to 6% produced a subsequent increase in the density of
the composite board, resulting in a 2.4% and 3% increase, respectively. The composite board
containing 9% metakaolin and limestone powder as a partial cement replacement displayed
the maximum density, with a value of 1.74 and 1.75 g/ cmS, respectively. This culminated in
an overall increase of 3.6% and 4.2%, respectively, compared to the reference sample, K10.
Consequently, by comparing the impact of adding metakaolin and limestone powder as a
partial cement replacement on the density of waste kraft fibre-reinforced cement composite
board, it was noted that limestone powder had a slightly higher influence on the density of
the composite board than its counterpart containing metakaolin powder. This could be due
to the finer particle size of the limestone powder as compared to that of the metakaolin.
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Figure 10. Density of waste kraft fibre-reinforced cement composite boards containing 3-9%
metakaolin and limestone powder as partial cement replacement.
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(12) SEM Micrographs of Cement Composite Boards with LP and MK Powders as Partial
Cement Replacement

Figure 11a,b show the SEM morphology of the fractured surfaces of 10 wt.% and
15 wt.% waste kraft fibre-reinforced cement composite boards. It was observed that the
composite board reinforced with 10 wt.% waste kraft fibre displayed homogeneity and
uniform fibre distribution; this culminated in the high strength observed in the composite
sample. On the other hand, in the composite board reinforced with 15 wt.% waste kraft fibre,
there was a significant occurrence of fibre clogging and/or clumping which was primarily
due to the presence of the excess fibre in the composite board. Hence, the flexural strength
of the composite sample decreased gradually as a result of the formation of a weak point
within the composite (shown and explained earlier in Figure 5). From Figure 11c,d, it was
observed that the addition of the limestone powder as a partial cement replacement fulfills
its role as an inert additive by filling the voids and capillary pores within the composite
boards, thereby contributing to and increasing the densification and the particle parking
within the composite. Hence, the flexural strength of the composite boards improved,
as noted previously, in Figure 6. In the same vein, in Figure 11e,f, the addition of the
metakaolin as a partial cement replacement also fulfilled its role as a pozzolanic material
and a filler. It was observed that the composite board containing 6% metakaolin as a
partial cement replacement showed a refined microstructure when compared to that of
Figure 11a. This is due to the presence of the metakaolin, which forms additional calcium
silicate hydrate gel through the pozzolanic reaction with the calcium hydroxide produced
during the cement hydration process. This additional calcium silicate hydrate gel and the
refined microstructure contribute to the densification and, hence, the overall strength of the
composite board. This evidence agreed with the submissions of other researchers [68,69].

EGA3 TEsCAN SEM MAG: 300 x SEM H kv VEGA3 TESCAN

200 pm Bl: 18.00 WD: 12.92 mm 200 pm
View field: 923 pm TESCAN-UK Det: BSE View field: 923 pm TESCAN-UK

Figure 11. Cont.
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Figure 11. SEM micrographs of fractured surfaces of (a) K10, (b) K15, (c) K10-LP6, (d) K10-LP9,
(e) K10-MKS#, and (f) K10-MK9.

3. Conclusions

After a detailed investigation of the mechanical properties and morphological char-
acteristics of cement composite boards reinforced with waste kraft fibre, elucidating the
distinct impacts of limestone powder and metakaolin as sustainable eco-friendly individual
additives, the following conclusions can be drawn from this study:

o  Waste kraft fibres can be employed as a traditional or local reinforcement in cement
composite boards by utilizing an appropriate dosage not exceeding 10 wt.% of the
composite composition. This would contribute to the sustainability and recycling of
waste products and hence, contribute to a circular economy.
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e  The addition of limestone powder at lower, intermediate, and higher dosages not
exceeding 9% by mass of the cement matrix had a better influence on the flexural per-
formance of the waste kraft fibre-reinforced cement composite boards when compared
to its counterparts containing metakaolin powders at similar dosage levels.

e The addition of the metakaolin and limestone powder as partial cement replace-
ment enhances the water-resistance capability of the composite board; however,
the limestone powder replacement had a much higher influence than that of the
metakaolin replacement.

e  Theindividual addition of both additives increased the density of the cement compos-
ite board; however, a slightly higher density was recorded in the composite boards
containing the limestone powder addition.

e  Thereplacement of a significant fraction of cement with limestone powder or metakaolin
will result in lowering the CO, emissions associated with the cement board production
process and, hence, may lead to a reduction in the overall cost of composite production.

e The morphological study of the composite boards incorporating metakaolin and
limestone powders as partial cement replacement showed improved particle packing,
densification, and microstructural refinement.
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