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Abstract: The main objective of this study is to use coconut husk to produce mortar for ferrocement.
Mortar mix proportions are selected per ACI codes’ recommendation and the WRD Handbook. Four
types of mortars: Cement and River Sand mortar (CSM), Cement, River Sand and Steel fibre mortar
(CSSFM), Cement and Coconut Husk mortar (CCHM), and Cement, River Sand (60%), Coconut
Husk (40%), and Steel fibre mortar (CSCHSFM) are used for this study Microstructural studies like
SEM, EDX, XRD, and FTIR analysis on cement mortar constituents and mortar mixes are studied and
reported. At 3,7, and 28 days tests of hardened mortar, such as compressive, split tensile, flexural
strength, and impact strength resistance, were studied. Test results revealed that the coconut husk is
innovative and sustainable and could be an alternative fine aggregate that can be utilized in place of
river sand, which in turn can be used for mortar production. Since it has a lesser density which proves
to be an advantage for developing lightweight mortar, it can be used for ferrocement applications.

Keywords: coconut husk; waste utilization; mortar; microstructural properties; hardened properties;
sustainable building material

1. Introduction

There has been a recent trend of using alternative materials to replace river sand to
make cement mortar in ferrocement applications. Cementitious composites are considered
as construction materials that possess the ability to address the mounting need for high-
performance, cost-effective, eco-friendly, and complex structures. The development of
coconut husk mortar, which is a preferred sustainable building material, is of paramount
importance. Therefore, to join hands with the “Sustainable Development Goals” (SDG) and
to contribute to developing sustainable building materials, this study aims to eliminate the
coconut husk waste generated from agricultural domains to develop coconut husk mortar
as an innovative and sustainable building material for ferrocement. It can be stated that
sustainable development brings out stability in the requirements of the environment.

The rapid expansion of the construction industry has shown a steady increase in the
use of sand from rivers for different purposes, which has led to the over-exploitation of
riverbeds and disrupted ecologies. To meet the demand for construction, the reclamation of
river sand has increased enormously in recent decades. Excessive extraction of sand from
the rivers for its utilization as fine aggregate in construction fields is responsible for river
damage. Many problems have arisen, including increasing river depth, lowering of water
levels, rising sea levels, and the destroying of riverbanks [1-4]. In addition, from 2010 to
2020, floods brought on changes in river flow, and their effects on biodiversity will be the
biggest danger to river sand reclamation. River sand utilization in the Indian construction
sector has improved from 630 to 1400 million tonnes. Due to these complications, along
with the mining of river sand, many countries have banned river sand as a fine aggregate in
construction fields. In addition, many countries adhere to strict river restoration regulations.
While the purchase of river sand has become difficult for the construction sector, there
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occurs a need for alternative solutions to be found to reduce the usage of river sand and to
ignite the demand for fine aggregate in the construction sector [5-9].

In the construction field, mortar is one of the most used materials. Timely execution
of mortar is crucial for construction efficiency and cost control. Intensive research has
recently shown that modifying mortar attained by assimilating waste materials can improve
sustainable products [10]. These efforts not only consent to economic and ecological
construction but also guard against the huge usage of natural fine aggregate. Therefore, it
is necessary to use any new material other than conventional materials so as not to disturb
pozzolanic materials and the physical performance of cement and concrete. Improvements
in the microstructures of concrete occur by filler effects in addition to the pozzolanic
reaction [11,12].

Ferrocement structures are a more suitable alternative for concrete structures due to
their flexible metal reinforcing materials and the spread over cement-sand mortar to cover
the reinforcing material. Various methods of ferrocement structure production have been
known for many years. Such structures have found application not only as cabinets for
use as commercial buildings and houses but as hulls for boats and ships [13-15]. Recently,
in the construction industry, ferrocement has been frequently used in both developed
and developing countries, which utilizes a lot of natural resources such as river sand.
Fine aggregate occupies nearly 70-80% of cement-sand mortar volume [16,17]. Thus,
the appropriate utilization of fine aggregates in ferrocement as an alternative material
becomes necessary for replacing river sand. Thus, using surplus from agriculture arose as
an effective substitute in its own right. To date, no detailed assessment has been done on
this material that exhibits its possibilities for ferrocement applications [18-20].

If the alternative materials are also from sustainable sources, it is advantageous to
construction and maintenance sectors. Many researchers have investigated the performance
of industrial by-products such as palm oil clinker, bottom ash, corncob ash, steel slag, copper
slag, and fine rubber crumb as a fine aggregate in concrete. Some recycled aggregates
that perform similar to fine aggregates are recycled glass, recycled brick, recycled concrete,
recycled rubber, recycled plastic, and recycled ceramic [21-23]. Many new materials have
been proposed to replace river sand, which includes quarry dust, manufacturing sand,
marble dust, granite dust, crushed sand, and sandstone, all of which are non-sustainable
sources. However, as result of their huge availability, many works have been attempted
to investigate their suitability as a fine aggregate for concrete structures [24-28]. On the
other hand, coconut shell has been utilized as a sustainable alternative coarse aggregate
in concrete. A reinforced slab using coconut shell concrete has been made and is under
service. Even after a decade, coconut shell concrete slabs continue their service without
damage [29,30]. This practical example further assures that coconut shells can be used as a
coarse aggregate in preference to conventional aggregate. However, when coconut shells
are crushed, a considerable amount of coconut husk is obtained as a by-product. Coconut
husk can be used as an alternative for fine aggregates since its particle size distribution
is similar to conventional fine aggregates [31-33]. Interestingly, using agricultural waste
products as a substitute for river sand in both concrete and ferrocement as a fine aggregate
is approaching a sustainable joint resolution concerning the difficulties related to the
over-extraction of river sand and soil pollution [34].

Cement mortar is a heterogeneous material. Even though it has a combination of
cement and fine aggregate on a macroscopic level, the cement itself may contain non-
hydrated components and a few amorphous hydration products such as ettringite needles,
calcium hydroxide (CH) crystal, fibrous crystals of calcium silicate hydrates (C-S-H), and
pore factors that affect the strength and durability of cement mortar. Thus, it is necessary to
check whether using any new material other than conventional mortar affects pozzolanic
materials and the physical performance of cement and mortar. Improvements in the
microstructures of mortar occurs not only by pozzolanic reaction but also by filler effects.
Since the combination of coconut husk in mortar is a novelty for ferrocement, in this
investigation, coconut husk was utilized as a fine aggregate to develop a cement mortar
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that can be used to develop ferrocement structures. The physical properties and mechanical
strength of cement mortar were also studied. The composition of pore structure and
microstructure are described using Scanning Electron Microscopy (SEM), Energy Dispersive
X-ray Analysis (EDX), X-ray Diffraction Analysis (XRD), and Fourier Transform Infrared
Spectroscopy (FTIR), respectively.

2. Materials

Ordinary Portland Cement (OPC) of grade 53 and specific gravity 3.11 was used in
accordance with IS 12269:2013 [35]. Because the codes advise using a 2.36 mm maximum
fine aggregate for mortar developed for ferrocement [36-39], the same size was used in
this work. For conventional cement mortar, river sand of zone II as per IS 383:2016 [36]
was utilized as the fine aggregate. Crushed coconut husk particle size was also evaluated
using sieve analysis and was found to correspond to IS 383:2016 grading zone III [36]. The
fine aggregates’ specific gravity, bulk density, water absorption, and fineness modulus are
listed in Table 1. Figure 1a,b show the raw coconut shells and collected coconut husk after
crushing. Figure 2 depicts the relationship between particle sizes and the river sand and
coconut husk that passed in a sieve analysis.

Table 1. Properties of aggregates used.

Properties River Sand Coconut Husk
Specific gravity 2.55 1.14
Bulk density 1665 kg/m? 575 kg/m3
Water absorption - 30%
Fineness modulus 2.98 2.53
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Figure 2. Particle size distribution of river sand and coconut husk.
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3. Mortar Mix Proportions

Initially, the mix proportioning recommended in the ACI codes [37,38] and the WRD
Handbook [39] were used as guides. For the most typical applications of ferrocement, it
was proposed that the weight of the sand-to-cement ratio is 1.5 to 2.5 [37] and 1:1.5 to
1:4 [39], and the water-to-cement ratio is 0.35 to 0.50. Mortars with Cement and River Sand
mortar (CSM), Cement, River Sand and Steel fibre mortar (CSSFM), Cement and Coconut
Husk mortar (CCHM), and Cement, River Sand (60%), Coconut Husk (40%), and Steel
fibre mortar (CSCHSFM) are utilized. The mixes of CSSFM and CSCHSFM are enhanced
by incorporating crimped steel fibre at a percentage of 6, with an aspect ratio of 26. The
conventional mortar with river sand achieved a minimum strength of 35 N/mm?. Based
on the reference of ACI codes and the WRD handbook [37-39], the mix proportions of 1:3
(by volume) for all CSM, CSSFM, CCHM, and CSCHSFM mortar mixes were used in this
investigation, despite differences in the characteristics of the materials. However, since the
coconut husk has a lower density than the river sand, more volume was necessary to retain
the same cement content (1:3 by volume base). Hence, the water-cement ratio obtained is
0.60, and the CCHM mix could not attain the target strength of 35 N/ mm?. As a result, in
the CSCHSFM mix, the coconut husk is replaced by 40% and river sand by 60%, with the
same cement content of 1:3 by volume base, with a water—cement ratio of 0.40. Therefore,
1.5% superplasticizer and 6% crimped steel fibre were added to achieve the target strength
of the cement mortar as suggested in the ACI Codes [37,38] and the WRD Handbook [39].
Table 2 shows a mix proportion (1:3 by volume) of different mixes and the corresponding
percentage composition of constituents used.

Table 2. Mix proportions and percentage composition of constituents.

Mix Proportion ~ Cement Sand Coconut w/c Steel Super
(1:3 by Volume) (%) (%) Husk (%) Ratio Fibre (%)  Plasticizer (%)
CSM 100 00 0.50 00 00
CSSEM 100 100 00 0.50 06% 00
CCHM 00 100 0.60 00 00
CSCHSFM 60 40 0.40 06% 15

4. Microstructural Studies

SEM, EDX, XRD, and FTIR were used for investigating the microstructural properties
of OPC, river sand, and the coconut husk’s chemical elements. Peak positions and inten-
sities related to the patterns were examined for quantitative analysis. Table 3 shows the
chemical compositions and amount of OPC in relation to the peak positions and intensities
related to the EDX pattern. The FTIR is used to determine the bonding nature of materials
by detecting Infrared (IR) absorptions for emissions of a liquid or solid sample in the
wavelength range from 400 cm ! to 4000 cm ! [40—42]., For the CSM, CSSFM, CCHM, and
CSCHSFM mortar mixes, SEM, EDX, and XRD were performed.

Table 3. Chemical composition of OPC, river sand, and coconut husk.

Chemical Composition (%) OPC River Sand Coconut Husk
Calcium (Ca) 50.56 0.97 0.21
Oxygen (O) 30.52 45.07 48.30
Silica (Si) 8.47 33.67 0.47
Carbon (C) 7.80 8.93 49.93
Iron (Fe) - 6.35 -
Aluminium (Al) - 3.17 1.09

Sulphur (S) 1.39 - -
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Table 3. Cont.
Chemical Composition (%) OoPrC River Sand Coconut Husk
Magnesium (Mg) - 0.89 -
Potassium (K) 1.33 - -
Sodium (Na) - 0.56 -
Others 1.15 0.38 -

This study aimed to investigate the microstructural qualities of cement and mortar, as
well as the hydration mechanisms responsible for the internal microstructures. Because the
hydration process begins with the addition of water to the cement, it needs to keep track of
the hydration and, as a result, the microstructures. Therefore, 0, 1, 3, 7, and 28 days were
selected as the ages of the observation days on the CSM, CSSFM, CCHM, and CSCHSFM
mortar mixes to verify the development of key long and thin ettringite, aggregation of
fibrous crystals and clusters, and a reticular system of C-S-H.

5. Experimental Programme

Microstructural studies such as SEM, EDX, XRD, and FTIR analysis on cement mortar
constituents and mortar mixes were selected and reported. To study the workability
of cement mortar mixtures, slump and flow table tests were performed. At 3, 7, and
28 days, compressive, split tensile, and flexural strengths, and impact resistance was
undertaken for hardened mortar. For slump and flow table tests, the approach indicated by
15 5512:2004 [43], ASTM C 1437-20 [44], and ASTM C 143-10 [45] was followed. Compressive
strength was measured on 150 x 150 x 150 mm mortar cube specimens according to the
WRD Handbook [39] and ASTM C 109 [46]. Splitting tensile strength tests were performed
on cylindrical specimens using the procedure described in the WRD handbook [39] and
ASTM C 496-11 [47], with cylinders gauging 150 mm in diameter and at a length of 300 mm.
A flexural strength test using a simple beam of 600 x 50 x 100 mm with a mid-three-point
loading, as defined in the WRD handbook [39] and ASTM C 348 [48], was conducted.

The impact resistance of the mortar mixes utilized was tested using a cylindrical disc
specimen, as recommended by ACI 544.2R-89 [49]. The cylinder disc specimen utilized in
this test is 152 mm in diameter and 63.5 mm thick. Concerning the hammer’s mass (4.44 kg)
and the fall height (457 mm), one stroke impact energy is computed to be 19.89 joules.

6. Results and Discussion

This section discusses the results of various tests, including microstructural properties,
cement mortar consistency, and strength under compression, flexure, split tensile and
impact resistance.

6.1. Microstructural Studies on Cement Mortar Constituents

The sample preparation of microstructural studies is furnished for the benefit of the
readers. Core samples of mortar square prisms of almost 10 mm? cut from samples using
a mortar cutting machine are used for SEM and EDX analysis at the end of each curing
days. Initially, the sample was flooded with acetone to stop the hydration process before
it was subjected to gold sputtering to make it conductive. Electron beams from the SEM
interact with the sample and produce images that can be used to determine chemical
composition and phase distribution. X-ray diffraction is a technique for identifying the
mineral compositions of samples or the determination of chemical assembly from crystalline
materials and for identifying phases. The principle in XRD is the production of spectra that
contains numerous components of various wavelengths. The definite wavelengths are the
feature of the target material (generally, copper Cu). Then, the X-rays are collimated and
focused. To be precise, directing X-ray beams on the sample and the diffracted X-rays are
documented as a characteristic of the crystalline phases of the sample. The intensity peaks
are recorded as the sample and detector are rotated. A detector records and processes an
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X-ray signal and converts it to a count rate outputted to a printer device or a computer
monitor. The geometry of an X-ray diffractometer is such that the rotation of the sample
occurs at an angle of 0 in the path of the collimated X-ray beam. The X-ray detector rotates
at an angle of 20 and is mounted on the arm to collect the diffracted X-rays. By comparing
the peaks with standards available to identify phases, the results are interpreted. For this
analysis, mortar samples were ground to a fine powder of less than 63 pm. X-mineralogical
analysis was carried out using PANnalytical X’—X"per PRO with source CuK radiation
(2.2 kW maximum).

As per the SEM images in Figure 3a (OPC), Figure 3b (river sand), and Figure 3c,d
(coconut husk), in general, the black spots are considered pores present in the respective
materials. When comparing coconut husk aggregate to river sand, it can be noticed that
some pores are present, which causes an increase in the water absorption capacity of the
coconut husk when compared with river sand.

HV usec mag O WD det dwell |5
20.00kV Standard 10000x 11.2mm LVD 1.00ps 8.0

(‘x. v"z‘.—‘:‘u J
Soveil sk

g det Wi spot ! use ag
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Figure 3. Internal microstructural image of (a) OPC, (b) river sand, and (¢,d) coconut husk.

The EDX analysis of OPC, river sand, and coconut husk is shown in Figures 4-6. River
sand and coconut husk are passive materials in general, and their chemical components
are generally inactive, except in rare situations; thus, this study is not concentrated on
the influence of chemical components in river sand and coconut husk on the production
of mortar. Coconut husk is composed of cellulose, semi-cellulose, and lignin molecules
in general. Carbon, hydrogen, and oxygen particles make up the molecules of cellulose,
semi-cellulose, and lignin. Apart from hydrogen, helium, and lithium, EDX can identify all
the stable elements.
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Figure 4. EDX analysis of OPC.
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Figure 5. EDX analysis of river sand.
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Figure 6. EDX analysis of coconut husk.

The XRD analyses crystalline powdered specimens by exposing them to X-ray beams
of suitable energy. A 20 angle ranging from 10° to 90° was used for OPC, river sand, and
coconut husk, as shown in Figures 7-9. Patterns of pure phases of Bogue components
were evaluated in OPC; in river sand, high silica and alumina patterns were observed, and
the coconut husk was found to have a high amount of carbon [50]. An FTIR analysis of
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OPC, river sand, and coconut husk are shown in Figures 10-12, respectively. In place of
a molecular fingerprint of the substances examined, the FTIR signal is given as a band
extending from 4000 to 400 cm~!. As each molecule structure produces a sole spectral
fingerprint, FTIR analysis is an exceptional tool for identification of chemicals. FTIR patterns
wavelengths of OPC, river sand, and coconut husk, such as the bands at 875.68 cm™ 1,
993.34 cm ™!, and 3340.71 cm ! are found in the analysis. It can also be seen that all samples
have peaked between 4000 to 500 cm~!, implying that these materials have different

bonds [51].
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Figure 7. XRD analysis for OPC.
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Figure 8. XRD analysis for river sand.

6.2. Microstructural Studies on Mortar

This section contains outcomes of the microstructural studies performed on mortar
samples made from various mixes utilizing SEM images, EDX, and XRD analyses. Core
samples were obtained at the end of various curing durations and analyzed for chemical
elements. SEM images, in general, make it difficult to draw recognizable inferences because
they primarily provide a pictorial representation of the appearance of the sample. EDX
determines the elemental composition by detecting backscattered electrons released from
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the examined areas. The strength and durability of hydrated OPC are due to a main nano-
crystalline phase called calcium-silicate-hydrate (C-S-H) gel. Because a hydrated sample
has other phases, SEM, EDX, and XRD regulate C-S-H phases in a sample. As a result, the
results of these studies used to detect C-S-H phases are discussed here.
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Figure 9. XRD analysis for coconut husk.
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Figure 12. FTIR analysis for coconut husk.

6.2.1. SEM Analysis

SEM analysis was used to acquire progression images for the samples of CSM, CSSFM,
CCHM, and CSCHSFM mixes at ages 0, 1, 3, 7, and 28 days, as shown in Figures 13-17,
respectively.
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Figure 13. Cont.
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Figure 13. SEM images on Day 0 for CSM, CSSFM, CCHM, and CSCHSFM mixes.

Generally, the morphology of C-S-H phase development ranges from weakly crys-
talline fibres to clusters and reticular networks. When an OPC paste is entirely hydrated,
network clusters of C-S-H account for 50-60% of the volume of the solids, which is the
most important phase that dictates the paste qualities. Because it only shows clusters and
reticular networks and nil ettringite, the C-S5-H phase is created in practically the whole
area of the images displayed in Figure 17 in this study. All these images (Figures 13-17)
reveal that river sand and coconut husk-containing mixes undergo a systematic hydration
process. As a result, the standard cement hydration process is unaffected by substituting
coconut husk for river sand.

As an effect of the interface between calcium, sulfate, aluminate, and hydroxyl ions,
ettringite, which are needle-shaped crystals of calcium tri-sulfoaluminate hydrate, was
developed within a few minutes/hours of hydration of the cement. Figures 13 and 14 show
ettringite development in four mixes at the early phase of hydration of the cement, which
generally consumes the majority of the sulfate in the cement. Ettringite production is the
mechanism that governs mortar stiffening. The development of ettringite is frequently
connected with peak intensities of Al, S, 5i, and Ca in mortar specimens. The early formation
of primary ettringite is an important and advantageous constituent of Portland cement
systems. Similarly, the long and slender ettringite formed during an earlier phase is
converted into aggregations of fibrous crystals, with long prismatic crystals indicating the
development of calcium hydroxide (CH), and very slight fibrous crystals indicating the
formation of the C-S-H phase, as shown in Figures 15 and 16.
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Figure 16. SEM images on Day 7 for CSM, CSSFM, CCHM, and CSCHSFM mixes.
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Figure 17. SEM images on Day 28 for CSM, CSSFM, CCHM, and CSCHSFM mixes.
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Full scale counts: 759
Integral Counts: 27358

6.2.2. EDX Analysis

SEM images of the material should be collected before proceeding with EDX analysis.
To obtain the spectra, a target position on this image must be fixed. Using a backscat-
ter electron detector, EDX can be done on the same image to obtain spectra for various
spots. Using a combination of SEM and EDX results in spatially distributed elemental
studies [52,53]. A data evaluation is required to ascertain the elements contained in the
sample spectrum. Each peak in the spectrum represents an element in the complete scan
area of the image. For a C-S5-H gel to be recognized, three elements—oxygen (O), silica (5i),
and calcium (Ca)—must be found. The C-S-H phase is found in areas where Si, Ca, and O
are abundant. Furthermore, Ca and O presence is linked to calcium hydroxide (CH)-rich
locations. Atage 0, 1, 3, 7, and 28 days, EDX was used to attain evolution images for the
samples of the four mixes (CSM, CSSFM, CCHM, and CSCHSFM), which are shown in
Figures 18-22, respectively.

At the moment of analysis, an automatic table of atomic counts (in percentages) is
usually produced, from which the Ca:Si ratio can be determined. The EDX analysis indicates
that the amounts of C-S5-H in all four mixes at various ages are affected by pozzolanic
reactions. A lower atomic Ca:Si proportion indicates that a large portion of the cement was
retorted with portlandite. Because C-S-H is hyphenated and not a definite molecule, the
Ca:Si ratio for the well-hydrated C-S-H phase is estimated to be between 1.5 and 2.0 in the
literature [54,55]. Table 4 shows the Ca:Si ratios of several blends from this investigation at
various ages.
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Figure 18. EDX analysis on Day 0 for CSM, CSSFM, CCHM, and CSCHSFM mixes.
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Figure 19. EDX analysis on Day 1 for CSM, CSSFM, CCHM, and CSCHSFM mixes.
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Figure 20. EDX analysis on Day 3 for CSM, CSSFM, CCHM, and CSCHSFM mixes.
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Figure 21. EDX analysis on Day 7 for CSM, CSSFM, CCHM, and CSCHSFM mixes.
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Table 4. Ratio (Ca:Si) for different mixes on different days.

Ratio (Ca:Si)

Mixes Day 0 One Day 1 Day 3 Day 7 Day 28
CSM 2.42 2.35 1.87 1.58 1.38
CSSFM 2.36 2.07 1.98 1.95 1.12
CCHM 2.48 2.29 2.01 1.85 1.78
CSCHSFM 2.23 1.96 1.89 1.40 1.27

The Ca:Si ratio is larger in the early days and decreases with age, as seen in Table 4. At
28 days, the Ca:Si ratio for all mixes is between 1.0 and 2.5, with CSM and CCHM demon-
strating a higher Ca:Si ratio than CSSFM and CSCHSFM, emphasising that the methodical
hydration process happens in both river sand and coconut husk containing mixes.

6.2.3. XRD Analysis

Analysis using X-ray diffraction was performed on samples CSM, CSSFM, CCHM, and
CSCHSFM at ages 0, 1, 3, 7, and 28 days, and the results are shown in Figures 23-27 [56],
respectively. The purpose of these analyses was to investigate the phase nature of these
materials and to identify the primary reacting compounds, which include ettringite, C-S-H,
Ca(OH);, and calcium hydroxide (CH) as the primary chemicals that can be identified by
XRD. Table 5 shows that the intensity of the C-5-H peaks has increased while the strength
of the rest of the peaks has decreased. Table 5 shows that the intensity of the C-S-H peaks
has increased while the strength of the rest of the peaks has decreased. Table 5 presents
the intensity count ranges for the C-S-H, Ca(OH),, and ettringite compounds. These
ranges are shown for each of the four mixes at varying ages. The intensity counts of the
C-5-H compounds are high compared to the formation of the Ca(OH), compounds. This
demonstrates no interruption of the pozzolanic reactions, which in turn has a substantial
positive effect on the reduction of Ca(OH),-(CH) in all of the mixes, which is advantageous
for the quality of mortar strength.
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Figure 23. XRD analysis on Day 0 for CSM, CSSFM, CCHM, and CSCHSFM mixes.
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Figure 25. XRD analysis on Day 3 for CSM, CSSFM, CCHM, and CSCHSFM mixes.
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Figure 26. XRD analysis on Day 7 for CSM, CSSFM, CCHM, and CSCHSFM mixes.
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Figure 27. XRD analysis on Day 28 for CSM, CSSFM, CCHM, and CSCHSFM mixes.

6.3. Fresh Mortar Properties

True slump patterns were obtained for all the mixes that did not experience any
segregation; hence, it can be stated that using coconut husk in place of river sand results
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in cohesive mixes. Slump values of 30 mm for the CSM mix, 10 mm for the CSSFM mix,
40 mm for the CCHM mix, and 20 mm for the CSCHSFM mix were measured. The values
from the flow table test were measured as 101.67% for the CSM mix, and 101.3% for the
CCHM mix, which is close to the requirement of IS 4031(Part 7)-1988 [57] (i.e.,) 110 & 5%.
However, these values are 64.3% for the CSSFM mix, and 27.7% for the CSCHSFM mix,
which did not satisfy the requirement of IS 4031(Part 7)-1988 [57]. Since this IS code
recommendation is meant for conventional mortar and for fibre-added mortar, it cannot
be taken for comparison and validation of the results. In general, from these results, the
workability of the mortar mixes can be stated as a medium degree of workability, when the
flow value is considered [58,59].

Table 5. Maximum intensity of compounds from XRD.

Compounds (Peak Intensity) Day 0 Day1 Day 3 Day7 Day 28
CSM Mix
C-S-H 100-120 250-300 900-1000 500-600 500-600
Ca(OH), 60-80 150-200 200-300 150-200 100-200
Ettringite 20-40 25-50 0-10 0 0
CSSFM Mix
C-S-H 80-100 100-200 500-600 300-350 600-700
Ca(OH), 60-70 50-100 100-150 50-100 200-300
Ettringite 10-20 10-50 0-10 0 0
CCHM Mix
C-S-H 150-200 70-80 70-80 140-160 140-160
Ca(OH), 50-100 50-60 40-50 100-120 120-140
Ettringite 25-50 10-20 10-20 10-20 0-10
CSCHSFM Mix
C-S-H 90-100 150-200 200-250 200-250 200-250
Ca(OH), 80-90 100-150 50-100 50-100 100-150
Ettringite 20-30 0-50 0-25 0-10 0

Both CCHM and CSCHSFM mixes generated with coconut husk have lower work-
ability than river sand-containing mortar mixes. However, their slump values are more
comparable to CSM and CSSFM mixes. This is because coconut husk typically has a much
higher water absorption rate (20-25%) as the parent material of coconut husk is wood
(Coconut shell), compared to river sand. The fresh density of each mortar mixture is
measured as 2210 kg/m? for the CSM mix, 2285 kg/m? for the CSSFM mix, 1360 kg/m? for
the CCHM mix, and 2150 kg/ m? for the CSCHSFM mix, respectively. While comparing the
fresh density of the CCHM mix with the CSM mix, the CCHM mix density is reduced to
38.5%. The fresh density of the CSCHSFM mix is compared with the CSSEM mix, and it is
decreased by 5.9%. From this study, the coconut husk mixed mortar used is reduced when
compared to the river sand mortar mix used because the coconut husk is less dense than
river sand.

6.4. Hardened Mortar Properties

The hardened properties of four different mortars (CSM, CSSFM, CCHM, and CSCHSEM)
are presented in Table 6. After 28 days, the hardened density of the CCHM mix is compared
to the CSM mix, which is reduced to 37.7%. The CSCHSFM mix is compared to the CSSFM
mix, which is decreased to 6.84%. The hardened density of all four mixes increases with the
increase in age since the enhancement of the pozzolanic reaction of cementitious materials
takes place through the conversion of long and slender ettringite into the large prismatic
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crystal of calcium hydroxide (CH), into short fibrous crystals (C-5-H), and then into close
clusters and a reticular network due to C-S5-H creation in the later stage, which decreases
the presence of pores. This is demonstrated by the SEM analysis covered in Section 6.2.1.
Using coconut husk as a fine aggregate in mortar reduced the self-weight of the mortar by
approximately 60% compared to the river sand mortar used. Therefore, it can be considered
a lightweight mortar [60,61].

Table 6. Hardened mortar properties of mixes used.

CSM Mix CSSFM Mix CCHM Mix CSCHSFM
Test Age Density Strength Density Strength Density Strength Density Strength
(kg/m?3) (N/mm?) (kg/m?3) (N/mm?) (kg/m?3) (N/mm?) (kg/m?3) (N/mm?)
Day 3 2260 23.20 2295 28.45 1385 2.35 2170 22.15
Day 7 2275 28.35 2310 35.30 1390 2.60 2175 29.50
Day 28 2310 37.00 2340 40.25 1440 5.90 2180 36.10
In the application of ferrocement, river sand is replaced by coconut husk to produce
environment-friendly components. According to ACI codes [37,38] and the WRD hand-
book [39], the CSM, CSSEM, and CSCHSFM mixes attained the target compressive strength
of 35 N/mm?, except for the CCHM mix. The ratio of 1:3 was adopted for this study, and
the appropriate level of strength was reached for the CSM and CSSFM mixes. Though
the 1:3 ratio was adopted for the CCHM mix, it resulted in just 17% of the target strength.
Therefore, as per the trials, a CSCHSFM mix was used in combination with 40% coconut
husk, 60% river sand, and 6% steel fibre to obtain the desired level of strength.
6.4.1. Mechanical Properties
Table 7 shows the testing results of the mechanical properties including splitting tensile
and flexural strength and impact resistance.
Table 7. Mechanical properties of mixes used.
Test Age CSM Mix CSSFM Mix CCHM Mix CSCHSFM Mix
Splitting Tensile Strength (N/mm?)
Day 3 2.29 4.17 0.67 1.85
Day 7 2.51 4.39 0.95 2.45
Day 28 4.48 5.65 1.36 3.23
Flexural Strength (N/mm?)
Day 3 14.76 18.83 13.90 15.36
Day 7 18.77 22.93 16.67 20.97
Day 28 22.46 25.29 17.19 23.10
Impact Resistance in Joules
Initial Final Initial Final Initial Final Initial Final
Crack Crack Crack Crack Crack Crack Crack Crack
Day 3 159 199 318 497 80 159 179 358
Day 7 298 338 656 855 119 199 338 557
Day 28 398 438 1353 1870 179 239 358 597

6.4.2. Splitting Tensile Strength
The splitting tensile strength of the Day 28 results of the CSCHSFM mix is 3.23 N /mm?
(8.95% of its compressive strength), representing a decrease of 27.90% and 42.83% when
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compared to the CSM and CSSFM mix. The CCHM mix is 1.36 N/mm? (23% of its
compressive strength), which is 69.6% lower than the CSM mix; and the CSCHSFM mix is
57.90% higher than the CCHM mix. Similarly, the CSSFM mix is 5.65 N/mm? (14% of its
compressive strength), which increased by 26.12% more than the CSM mix. Based on the
findings of this study on splitting tensile strength, it is concluded that the CSCHSFM mix
showed a similar performance compared to the CSM and CSSFM mixes.

6.4.3. Flexural Strength

The flexural strength of the Day 28 results of the CSCHSFM mix is 23.10 N/mm?
(63.9% of its compressive strength), which decreased by 8.66% compared to the CSSFM
mix (25.29 N/ mmz). The flexural performance of the CCHM mix is 17.19 N/ mm?2, which
is higher than compressive strength (5.90 N/mm?) due to the fibrous nature of coconut
husk. Similarly, the flexural strength of the CSSFM mix is 25.29 N/mm? (62.83% of its
compressive strength), which increased by 12.6% compared to the CSM mix. However, in
the case of the CCHM and CSCHSFM mixes, it is slightly higher than compressive strength
(30% to 65%) due to the fibrous nature of coconut husk. In the presence of 6% crimped
steel fibres in the CSSFM and CSCHSFM mixes, a certain amount of coconut husk in the
CSCHSFM mixes can have better flexural strength than the CSM and CCHM mixes.

6.4.4. Impact Resistance

Regarding the impact resistance on Day 28, the initial crack resistance of the CSM mix
is 398 joules (20 blows), and the final crack resistance is 438 joules (22 blows). Similarly,
the impact resistance of the CSSFM mix is 1353 joules (68 blows) for the initial crack and
1870 joules (94 blows) for the final crack. Likewise, the initial crack resistance of the CCHM
mix is 179 joules (9 blows), whereas the final crack resistance is 239 joules (12 blows).
The impact resistance of the CSCHSFM mix is 358 joules (18 blows) for the initial crack
and 597 joules (30 blows) for the final crack. The CSSFM and CSCHSFM mixes contain
6% crimped steel fibres, which improve the impact resistance in both the initial and final
cracking compared to the CSM and CCHM mixes. As a result, the mortar mixes of CSM,
CSSEM, and CSCHSFM mixes can be used for structural elements and the CCHM mix can
be used for non-structural elements. Figures 28 and 29 illustrate the impact resistance in
joules for initial cracking and final cracking at various ages (3, 7, and 28 days) of the mortar
mixes, respectively.

®CSM m CSSFM ® CCHM = CSCHSFM

o
u
[ag]
—

Impact Resistance in (Joules)

Figure 28. Impact resistance of mortar mixes at initial failure.

Table 8 compares the characteristics of river sand and coconut husk in order to show
the findings of this study for the benefit of the reader.
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Figure 29. Impact resistance of mortar mixes at final failure.

Table 8. Comparison of river sand and coconut husk characteristics.

Characteristics River Sand Coconut Husk
Surface structure Smooth texture Rough texture
Oversizing It cannot be avoided Can be avoided
FTIR pattern Different patterns
Bonding nature Different patterns
Cement hydration processes Not affected
Ratio (Ca:Si) at 28 days for mortar 1.38 2.24
Workability Increases Decreases
Mortar density More Less
Mortar strength More Less

Using coconut husk as a fine aggregate in mortar production has similar microstruc-
tural properties and results in traditional mortar behaviour (CSM). This has advantages
because these two mixes (CCHM and CSCHSFM) are innovative and made from environ-
mental waste resources generated from the agriculture sector. Therefore, coconut husk can
considered as a sustainable alternate material. The compressive, split tensile, and flexural
strength, and impact resistance of the mortar made with coconut husk and steel fibre in the
CSCHSFM and CSSFM mixes are higher than other mixes that used river sand and without
steel fibre in the CSM and CCHM mixes. The mechanical properties have been studied in
depth, but other important aspects, such as bonding, cracks, and deflection characteristics,
need to be examined further to arrive at definitive conclusions about the advantages of
ferrocement structural elements.

For the benefit of the readers, the coconut husk used and fresh mortar (CCHM and
CSCHSFM) are shown in Figure 30.

() (b)
Figure 30. Fresh mortar (a) CCHM and (b) CSCHSFM.
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References

7. Conclusions

Coconut husk is an alternative fine aggregate that can be utilized in place of river
sand, which in turn can be used for mortar production. Since it has a lesser density, which
has been proven to be an advantage for developing lightweight mortar, it can be used for
ferrocement applications.

Through FTIR analysis it was found that the primary IR band of river sand and coconut
husk are located between 4000 to 500 cm™!, but the wavelength of bands are different,
indicating that both materials have different bonds and chemical structures. Additionally,
a methodical hydration process was found through SEM analysis of CSM, CSSFM, CCHM,
and CSCHSFM mix for 0, 1, 3, 7, and 28 days. Therefore, it is possible to suggest that
substituting coconut husk for river sand does not affect the process of conventional cement
hydration. At 28 days, the Ca:Si ratio for all four mixes is between 1.0 to 2.5, with CSM
and CCHM mixes having a higher Ca:Si ratio than CSSFM and CSCHSFM mixes. This
demonstrates and emphasizes that the systematic hydration process has taken place in
mixes containing river sand and coconut husk, as noted in the EDX analysis. The results
of CSM, CSSFM, CCHM, and CSCHSFM mixes at 0, 1, 3, 7, and 28 days of SEM and EDX
analysis were compared with XRD analysis. The intensity count of C-5-H compounds is
higher than Ca(OH), compounds, and no interruption of pozzolanic reactions is evident,
which has a considerable favourable impact on the decrease of Ca(OH),-(CH).

Furthermore, as per ACI 549.1R-93 and the WRD handbook, the mortars attained
the required compressive strength. The results of splitting tensile and flexural strengths,
and impact resistance show that the mixes used in this study can be used in ferrocement
applications. Coconut husk can be used as an alternative sustainable material to produce
both CCHM and CSCHSFM mixes. Without any doubt, this study found sustainable
alternate materials for producing mortar from renewable resources and waste.

In the case of non-structural ferrocement elements, the strength being non-significant
criteria, the CCHM mix can be adopted so that the self-weight of that element can be
reduced. The CSCHSFM mix can be highly recommended for structural elements. This
study concludes that using coconut husk as a fine aggregate in the manufacturing of mortar
is viable, and the materials are undoubtedly sustainable alternative materials for making
mortar, which is used for ferrocement techniques.
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