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Chapter 1
Introduction

Concrete is one of the most widely used construction materials in the world.
Portland cement is widely utilised in construction materials because it is the most
inexpensive binder [1]. The concrete, mortar and cement paste have high com-
pressive strength but they are characterized by low tensile strength, flexural strength
and flexural and fracture toughness (much weaker in tension than in compression).
The brittle concrete, mortar and cement paste matrix can be reinforced by using
steel fibres, synthetic fibres (i.e. carbon or glass fibres) or natural fibres in order to
produce fibre-reinforced cement composites (FRC) [2, 3].

Recently, natural fibres are gaining increasing popularity to develop
‘environmental-friendly construction materials’ as alternative to synthetic fibres in
fibre-reinforced concrete [4, 5]. These fibres are cheaper, biodegradable and lighter
than their synthetic counterparts. Some examples of natural fibres are: Sisal, Flax,
Hemp, Bamboo, Coir and others [6–8]. Natural and cellulose fibres are used in
polymer and cement matrices to improve their tensile and flexural strength and
fracture resistance properties [5, 9, 10]. Hemp fibres are used in a number of
products such as paper, textiles and ropes and recently they have been gaining
increasing social acceptance of natural materials [11]. Hemp fibre has high specific
tensile strength and specific modulus of elasticity that can candidate it as reinforcing
fibre in fibre reinforced composites [12, 13]. Several studies have shown that hemp
fibres as reinforcement in concrete improve the tensile strength, flexural strength
and toughness of hemp fibres-reinforced concrete [14, 15].

On the other hand, one of the most effective techniques to obtain a high per-
formance cementitious composite is by reinforcement with textile (fabrics), which
are impregnated with cement paste or mortar. Synthetic fabrics such as poly-
ethylene (PE) and polypropylene (PP) have been used as reinforcement for cement
composites [16, 17]. This system has superior filament-matrix bonding which
improve mechanical properties such as tensile and flexural strength better than
continuous or short fibres [18, 19]. In contrast, the use of natural fibre sheets and
fabrics is more prevalent in polymer matrix when compared to cement-based

© The Author(s) 2017
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matrix. For example, using cellulose-fibre sheets in epoxy or viny-ester matrix have
resulted in significantly improved fracture toughness [20, 21].

However, the long term durability of natural fibres in cement composites has
been the major issue in which it has limited their applications in cementitious
composites. These issues could be the degradation of fibres in a high alkaline
environment of cement composites and relatively weak interfacial bonding between
the natural fibre and the cement matrix [8, 22, 23]. In order to improve the dura-
bility of fibre reinforced cement composites, there are two possible methods:
(i) modification of fibre surfaces and (ii) modification of the cement matrix [24, 25].

Concerning the first method, some researchers have showed that pre-treatments
of natural fibre surfaces via some chemical agents such as alkalization, PEI
(polyethylene imine) and Ca(OH)2 have slightly improved the interfacial bonding
between the natural fibres and the cement matrix. As a result, the mechanical
properties of such composites are enhanced [26–28]. Regarding the second
approach, alkaline condition in cement can be reduced by using pozzolanic sup-
plementary cementitious materials (SCMs) such as silica fume, fly ash, metakaolin
and amorphous nanomaterials. Thus this approach could improve interfacial bond,
mechanical properties and durability of natural fibre-reinforced cement composites
[29, 30]. However, the extent of substitution is limited due to the reduction of early
strength [31–34].

Nowadays, nanotechnology is one of the most active research areas in the civil
engineering and construction materials [35, 36]. In the construction industry, sev-
eral types of nanomaterials have been incorporated into concretes such as
nano-SiO2, carbon nanotubes, nano-CaCO3, nano-Al2O3 and nano-TiO2 in order to
improve the durability and mechanical properties of concrete and Portland cement
matrix [37–39]. Supit and Shaikh [40] reported that the addition of 1% nano-CaCO3

improved the compressive strength of mortar and concrete significantly. Nanoclay
(NC) is a new generation of processed clay for a wide range of high-performance
cement nanocomposite. Some examples of nanoclay are nano-halloysite,
nano-cloisite 30B and nano-kaolin. As a kind of nano-pozzolanic material, nan-
oclay not only reduces the pore size and porosity of the cement matrix, but also
improves the strength of cement matrix through pozzolanic reactions [35, 41–44].
Calcined nanoclay is prepared by heating nanoclay at certain temperature for certain
period of time in order to transform nanoclay to amorphous state in which the
calcined nanoclay can behave as a highly reactive artificial pozzolan such as silica
fume, metakaolin, nano-SiO2, and nano-metakaolin [45–47].

The use of nanoclay and calcined nanoclay in natural fibre reinforced cement
composite especially treated hemp fabric-reinforced cement composite can be
expected to reduce the alkalinity of cement matrix by consuming calcium hydroxide
during pozzolanic reaction. Hence it can improve the durability of natural fibre in
the composite and the microstructure of nanoclay-cement matrix due to particle
packing (filler effect) of nanoclay as well as improves its bond with natural fibre.
Thus, better composite behaviour can be expected in natural fibre reinforced
nanoclay-cement composite, particularly treated hemp fabric-reinforced calcined
nanoclay-cement composite.
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In this book, we describe a novel method for synthesizing hemp fabric-
reinforced cement nanocomposites. In order to improve the durability and degra-
dation resistance of hemp fibre in hemp fibre-reinforced cement composites, the
combination of both methods (modification of hemp fibre surfaces and the cement
matrix) were used. Nano-particles such as nanoclay was used to partially substitute
Portland cement at various ratios. Hemp fibres were utilised to reinforce this
nanoclay-cement matrix. NaOH pre-treatments of fibre surfaces and thermal
pre-treatments of nanoclay were employed in order to enhance the microstructure
and mechanical and durability properties. Therefore, this work evaluated the effect
of different nanoclay and calcined nanoclay contents on various mechanical and
physical properties of cement matrix and untreated and treated hemp fabric rein-
forced cement composites. The effect of nanoclay and calcined nanoclay on thermal
behaviour of untreated and treated hemp fabric reinforced composites was also
evaluated. The effect of calcined nanoclay on the durability properties of treated
hemp fabric-reinforced cement composite was studied. The durability of the treated
hemp fabric-reinforced cement composites and nanocomposites was discussed
based on the porosity and flexural strength obtained at 56 days and 236 days
(3 wet/dry cycles). The microstructures of nanocomposites and untreated and
treated—reinforced cement nanocomposites were also investigated using High
resolution transmission electron microscopy, Quantitative X-ray Diffraction
Analysis with Rietveld refinement by Bruker DIFFRACplus TOPAS software, X-ray
Diffraction, Synchrotron radiation diffraction, Scanning electron microscopy,
Energy dispersive spectroscopy and Thermogravimetric analysis.

This work seeks to gain a better understanding of natural fibre-reinforced
nanocomposites made from Hemp fibres and nanoclay. In this work, an innovative
method is utilised to synthesize hemp fibre reinforced cement composite containing
nanoclay with unique mechanical properties for use as building materials. This
research provides new design concepts for developing cementitious composites
which will have a significant impact on the future application of this technology.
Hitherto, little or no research was reported on using of both chemically treated
hemp fabrics and nanoclay (or calcined nanoclay) as reinforcement in
cement-composites. In this work, nanoclay was utilised as partial replacement of
cement at various contents to produce the nanocomposites and hemp fabrics
(HF) were used as reinforcement to fabricate HF-reinforced cement nanocompos-
ites. Hemp fibre reinforced cement based composites are sustainable alternative to
their synthetic fibre based counterparts, due to their low cost, bio-degradable, local
availability and extremely less energy intensive manufacturing process. However,
the bond of hemp fibres with cement matrix is relatively week and high alkalinity of
cement matrix adversely affects the durability of hemp fibres in the composites,
which ultimately affects the mechanical and durability properties of the composites.
The use of nanoclay in hemp fibre reinforced cement composite could be expected
to reduce the alkalinity of cement matrix by consuming calcium hydroxide during
pozzolanic reaction, hence improves the durability of hemp fibre in the composite
and the dense nanoclay-cement matrix due to particle packing of nanoclay also
improves its bond with hemp fibre.
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In the future, this novel natural fibre-reinforced nanoclay-cement nanocomposite
could be utilised in the construction industry. Moreover, it can also be widely
employed in architectural structures, block walls, pavements, bridges, roads, fences,
poles, pipes and footings for gates. Furthermore, it can be utilised as an alternative
to steel or synthetic fibres, which replaces glass fiber reinforced concrete in some
applications including concrete tiles, roofing sheets, on-ground floors, window
trims, fountains, ceilings, structural laminate and sandwich panels.

Organisation of Chapters

This book consists of seven chapters where background and research aims are
introduced in this chapter. In second chapter, methodology to fabricate the unre-
inforced nanoclay cement matrix and HF reinforced nanoclay composite, test
methods to measure the physical, mechanical and durability properties of both
unreinforced and HF reinforced nanoclay composite are presented. In addition the
micro-scale characterisation techniques used to characterise the matrix, HF and the
interface are also presented. Finally, physical and chemical properties of all
materials used in this research are also provided in this chapter.

In Chap. 3 various engineering properties of nanoclay-cement nanocomposites
are presented. Ordinary Portland cement (OPC) was partially substituted by nan-
oclay with 1, 2 and 3 wt% of OPC. The results indicated that an optimum
replacement of OPC with 1 wt% nanoclay was observed through improved reduced
porosity and water absorption as well as increased density, flexural strength and
fracture toughness of nanoclay cement nanocomposites. The microstructural anal-
yses indicate that the nanoclay behaves not only as a filler to improve the
microstructure, but also as activator to promote the pozzolanic reaction that led to
an obvious consumption of Ca(OH)2 crystals and production of more amorphous
calcium silicate hydrate gel. The influence of nanoclay on properties of hemp
fabric-reinforced cement composites is also presented in this chapter. Two layers of
hemp fabric were used and the total amount of hemp fabric in each specimen was
about 2.5 wt%. For each series, three prismatic plate specimens of 300 mm � 70
mm � 10 mm were cast then after 56 days several rectangular specimens of each
series with dimensions 70 mm � 20 mm � 10 mm were cut from the fully cured
prismatic plate for mechanical and physical tests. The results indicated that hemp
fabric-reinforced nanocomposites containing 1 wt% nanoclay had denser
microstructure than others, and thus this improvement led to enhance the hemp
fabric-nanomatrix adhesion. In addition, the incorporation of 1 wt% nanoclay into
the hemp fabric-reinforced nanocomposites improved the thermal stability,
decreased the porosity and water absorption as well as increased the density,
flexural strength, fracture toughness, impact strength and Rockwell hardness as well
as improved thermal stability when compared to the hemp fabric-reinforced cement
composite.

In Chap. 4, the influence of nanoclay and calcined nanoclay on the mechanical
and thermal properties of cement nano-composites is presented. Calcined nanoclay
was prepared by heating nanoclay at 900 °C for 2 h. Ordinary Portland cement was
partially replaced by nanoclay or calcined nanoclay of 1, 2 and 3 wt% OPC and
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sample preparation was the same as the first part. It was found that calcined nan-
oclay was more effective than nanoclay in terms of its high pozzolanic reaction. The
optimum content of calcined nanoclay was also found to be 1 wt%. The cement
nanocomposite containing 1 wt% calcined nanoclay decreased the porosity, water
absorption and increased the density, compressive strength, flexural strength,
fracture toughness, impact strength and Rockwell hardness as well as improved
thermal stability when compared to the control cement paste and cement
nanocomposite containing 1 wt% nanoclay.

In Chap. 5, the influence of NaOH-treatment on the microstructure and
mechanical properties of treated hemp fabric-reinforced cement composites is pre-
sented. The surface modification of hemp fibres was treated by immersing the fabric
in 1.7 M NaOH solution for 48 h at 25 °C, followed by neutralization and drying.
Samples of un-treated hemp fabric-reinforced cement composites were fabricated
with various contents of hemp fabric: 4.5 wt% (4 layers of fabric), 5.7 wt% (5 layers
of fabric), 6.9 wt% (6 layers of fabric) and 8.1 wt% (7 layers of fabric). For the
fabrication of treated hemp fabric-reinforced cement composite samples, only 6
layers of treated hemp fabric were used because they have been shown to exhibit the
best mechanical performance. The results indicated that the optimum content of
hemp fabric was found to be 6.9 wt% (6 hemp fabric layers). NaOH-treated hemp
fabric-reinforced cement composites exhibit the highest flexural strength and frac-
ture toughness when compared to their non-treated counterparts. The influences of
calcined nanoclay (CNC) and NaOH treatment of hemp fabric on the thermal and
mechanical properties of treated hemp fabric-reinforced cement nanocomposites are
also presented in this chapter. The cement matrix was fabricated as the same as in the
fourth part with 1, 2 and 3 wt% of calcined nanoclay. Six layers of treated hemp
fabric were used to reinforce the cement nanocomposite matrix and the total amount
of treated hemp fabric in each specimen was about 6.9 wt%. Results indicated that
physical, mechanical and thermal properties were enhanced due to the addition of
CNC into the cement matrix and the optimum content of CNC was 1 wt%. The
treated hemp fabric-reinforced nanocomposites containing 1 wt% CNC exhibited
the highest flexural strength, fracture toughness, impact strength and thermal sta-
bility than their counterparts and good fibre-matrix interface.

In Chap. 6, the effect of calcined nanoclay on the durability of NaOH treated
hemp fabric-reinforced cement nanocomposites is investigated. The treated hemp
fabric-reinforced cement composites and nanocomposites were subjected to 3
wetting and drying cycles and then tested at 56 and 236 days. The influences of
CNC dispersion on the durability of these composites have been characterized in
terms of porosity, flexural strength, stress-midspan deflection curves and
microstructural observation of hemp surface by SEM images. Results indicated that
the CNC effectively mitigated the degradation of hemp fibre. The durability and the
degradation resistance of hemp fibre were enhanced due to the addition of CNC into
the cement matrix and the optimum content of CNC was 1 wt%. SEM micrographs
indicated that hemp fibres in treated hemp fabric reinforced cement composites

1 Introduction 5



undergo more degradation that in treated hemp fabric reinforced cement
nanocomposites containing 1 wt% CNC. Based on overall results, the addition of
CNC has great potential to improve the durability of treated hemp fabric reinforced
cement nanocomposites during wet/dry cycles, particularly at 1 wt% CNC. In the
final chapter, the results obtained in this work are summarised. The challenges and
future research directions in this field are highlighted in the concluding remarks.
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Chapter 2
Materials and Methodology

2.1 Materials

Hemp fabric (HF) and nanoclay platelets (Cloisite 30B) were used as reinforce-
ments for the cement-matrix composites in this research. The hemp fabric was
supplied by Hemp Wholesale Australia, Kalamunda, Western Australia as shown in
Fig. 2.1. The chemical composition and also the physical properties and structure of
hemp fabric are shown in Tables 2.1 and 2.2 respectively. The nanoclay platelets
(Cloisite 30B) used in this investigation are based on natural montmorillonite clay
(hydrated sodium calcium aluminium magnesium silicate hydroxide (Na,Ca)0.33(Al,
Mg)2(Si4O10)(OH)2�nH2O). Cloisite 30B is a natural montmorillonite modified with
a quaternary ammonium salt, which was supplied by Southern Clay Products, USA.
The specification and physical properties of Cloisite 30B are outlined in Table 2.3.
Ordinary Portland cement (OPC) was used in all mixes. The chemical composition
and physical properties of OPC are listed in Table 2.4. Calcined nanoclay
(CNC) was prepared by heating the nanoclay at 800, 850 and 900 °C for 2 h in an
electric furnace with a heating rate of 10 °C/min. The calcined nanoclay was then
characterized by XRD and TEM in order to determine the amorphous phase of
calcined nanoclay at calcination temperature. In order to treat the surface of the
fibres, the hemp fabrics were immersed in 1.7 M NaOH solution (pH = 14) for
48 h at 25 °C and then neutralized with 1% vol. acetic acid. They were then washed
several times with deionized water until the pH reached about at 7. Finally the
fabrics were dried in an oven at 40 °C for 24 h.

© The Author(s) 2017
I.-M. Low et al., High Performance Natural Fiber-Nanoclay Reinforced Cement
Nanocomposites, Biobased Polymers, DOI 10.1007/978-3-319-56588-0_2
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Fig. 2.1 Optical micrograph
of hemp fabric [1]

Table 2.1 Chemical analysis of hemp [2]

Cellulosic
residue (wt%)

Pectin
(wt%)

Hemicellulose
(wt%)

Lignin
(wt%)

(Wax, fat,
protein) (wt%)

Hemp fibre 56.1 20.1 10.9 6 7.9

Table 2.2 Properties and
structure of hemp fabric [2, 3]

Fabric thickness (mm) 0.43

Fabric geometry Woven (plain weave)

Yarn nature Bundle

Filament size (mm) 0.04253

Number of filaments in a bundle 24

Bundle diameter (mm) 0.21

Opening size (mm) 0.3

Fabric density (gm/cm3) 0.6

Modulus of elasticity (GPa) 38–58

Tensile strength (MPa) 591–857

Table 2.3 Physical
properties of the nanoclay
platelets (Cloisite 30B) [4]

Physical properties of the (Cloisite 30B)

Colour Off white

Density (g/cm3) 1.98

d-spacing (001) (nm) 1.85

Aspect ratio 200–1000

Surface area (m2/g) 750

Mean particle size (µm) 6
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2.2 Sample Preparation

2.2.1 Cement Nanocomposite

Ordinary Portland cement (OPC) is partially substituted by nanoclay (NC) or cal-
cined nanoclay (CNC) of 1, 2 and 3% by weight of OPC. The OPC and NC or CNC
were first dry mixed for 5 min in a Hobart mixer at a low speed and then mixed for
another 10 min at high speed until homogeneity was achieved. The binder is either
nanoclay-cement dry powder or calcined nanoclay-cement dry powder. The cement
nanocomposite paste was prepared through adding water with a water/binder ratio
of 0.485. The cement nanocomposite containing 1, 2 and 3 wt% NC is termed as
NCC1, NCC2 and NCC3, respectively. And also the cement nanocomposite con-
taining 1, 2 and 3 wt% calcined NC is termed as CNCC1, CNCC2 and CNCC3,
respectively. The cement paste (C) was considered as a control. The mix propor-
tions are shown in Table 2.5.

Table 2.4 Physical properties and chemical composition of OPC [5]

Properties/Compositions OPC (ASTM Type I)

Physical properties

Specific gravity 3.17

Specific surface, Blaine (cm2/gm) 3170

Chemical analysis

SiO2 21.10

Al2O3 5.24

Fe2O3 3.10

CaO 64.39

MgO 1.10

SO3 2.52

Na2O 0.23

K2O 0.57

LOI 1.22

Table 2.5 Mix proportions of specimens in Chap. 3

Sample name Hemp fabric (HF) (wt%) Mix proportions (wt%)

Cement Nanoclay Water/binder

NCC-0 0 100 0 0.485

NCC-1 0 99 1 0.485

NCC-2 0 98 2 0.485

NCC-3 0 97 3 0.485

NCC-0/HF 2.5 100 0 0.485

NCC-1/HF 2.5 99 1 0.485

NCC-2/HF 2.5 98 2 0.485

NCC-3/HF 2.5 97 3 0.485
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2.2.2 Untreated and Treated Hemp Fabric-Reinforced
Cement Nanocomposites

The cement paste (C) was prepared through adding water (W) with W/C ratio of
0.485. The fabrication of untreated hemp fabric-reinforced cement composite
(UHFRC) samples was done in two stages. In the first stage, the hemp fabric
(295 mm in length and 65 mm in width) was first soaked into the cementitous
matrix in order to achieve better penetration of matrix into the openings of the
fabric. Then layers of pre-soaked hemp fabric were laid on a polished timber plate.
The compacted layers of fabric were then left under a 30 kg weight (or 4.9 kPa
compressive pressure) for 1 h to reduce the air bubbles and voids which might
otherwise be trapped inside the samples. This step is essential to ensure better
penetration of the cement matrix into the filaments of the hemp fabric and thus
improves the interfacial bonding between the fibre and the matrix. In the second
stage, a thin layer of cement matrix was first poured into the prismatic mould
followed by the compacted pre-soaked hemp fabrics. Finally a thin layer of matrix
was poured into the mould to form the upper layer and the samples were left to cure
for 24 h at room temperature. Samples of un-treated hemp fabric-reinforced cement
composites were fabricated with various contents of hemp fabric: 4.5 wt% (4 layers
of fabric), 5.7 wt% (5 layers of fabric), 6.9 wt% (6 layers of fabric) and 8.1 wt% (7
layers of fabric). For the fabrication of treated hemp fabric-reinforced cement
composite (6THFRC) samples, only 6 layers of treated hemp fabric were used
because they have been shown to exhibit the best mechanical performance. The
fabrication procedure of 6THFRC was similar to that of UHFRC described above.
A schematic of of 6 treated hemp fabric layers position through the depth of sample
is shown in Fig. 2.2. The mix proportions are shown in Table 2.6.

2.2.3 Thermal Treatment of Nanoclay

Calcined nanoclay (CNC) was prepared by heating the nanoclay at 800, 850 and
900 °C for 2 h in an electric furnace with a heating rate of 10 °C/min. The calcined

Fig. 2.2 Schematic representation of 6 treated hemp fabric layers position through the depth of
sample [1]
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nanoclay was then characterized by XRD, EDS and TEM in order to determine the
amorphous phase of calcined nanoclay.

2.2.4 Curing and Specimens

For each series, five prismatic plate specimens of dimensions 300 mm � 70 mm �
10 mm were cast. All specimens were demolded after 24 h of casting and kept
under water for about 56 days. For durability test, the period of the wetting and
drying cycles was determined as 30 days under water followed by 30 days of
drying in air for one cycle and it was performed for 3 cycles, after that the samples
tested at 236 days counting from the casting day. Five rectangular specimens of
each series with dimensions 70 mm � 20 mm � 10 mm were cut from the fully
cured prismatic plate for each mechanical and physical test at 56 and 236 days.

2.3 Material Characterisation

2.3.1 X-Ray Diffraction

The samples were measured on a D8 Advance Diffractometer (Bruker-AXS) using
copper radiation and a LynxEye position sensitive detector. The diffractometer were
scanned from 7° to 70° (2h) in steps of 0.015° using a scanning rate of 0.5°/min.
XRD patterns were obtained by using Cu Ka lines (k = 1.5406 Å). A knife edge
collimator was fitted to reduce air scatter.

Table 2.6 Mixing proportions of specimens in Chap. 5

Sample Hemp fabric (HF) Mix proportions (wt%)

Content (wt%) Fabric layers Cement CNC Water/binder

C 0 0 100 0 0.485

4UHFRC 4.5 4 100 0 0.485

5UHFRC 5.7 5 100 0 0.485

6UHFRC 6.9 6 100 0 0.485

7UHFRC 8.1 7 100 0 0.485

6THFRC 6.9 6 100 0 0.485

CNCC1 0 0 99 1 0.485

CNCC2 0 0 98 2 0.485

CNCC3 0 0 97 3 0.485

6THFR-CNCC1 6.9 6 99 1 0.485

6THFR-CNCC2 6.9 6 98 2 0.485

6THFR-CNCC3 6.9 6 97 3 0.485
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The Quantitative X-ray Diffraction Analysis (QXDA) with Rietveld refinement
was done with Bruker DIFFRACplus EVA software associated with the International
Centre for Diffraction Data PDF-4 2013 database. Corundum [Al2O3] was chosen
to serve as an internal standard. It was selected because it does not overlap with
important cement peaks up to 2h of 60° as well as it does not react with water and
has no influence on the hydration reaction [6–11]. By using an internal standard the
concentration of the crystalline phase can be determined on an absolute basis
enabling the amorphous fraction to also be determined. The samples for QXDA
were prepared by mixing a dry weight of 3.0 g of cement paste or nano-composite
with 0.33 g of Corundum [Al2O3] as the internal standard. This powder was then
added to a McCrone micronising canister with 7 ml of laboratory grade ethanol and
sintered alumina milling media and milled for 5.0 min. The suspension was then
poured into a polypropylene dish and dried at 105 °C for 24 h. The dried powder
was then brushed into a polypropylene vial, and sealed until analysis [12].

2.3.2 High Resolution Transmission Electron Microscopy

High Resolution Transmission electron microscopy imaging was done using 3000F
(JEOL company) operating at 300 kV equipped with a 4 � 4 k CCD camera
(Gatan). HREM is an imaging technique that creates images with atomic resolution.
3000F has excellent HREM performance including 0.195 nm point resolution and
0.104 nm lattice resolution. HRTEM was carried out at University of Western
Australia. Nanoclay (Cloisite 30B) powder was dispersed in ethanol inside small
glass container by using ultrasonic device for 15 min. After that few drops of
suspension were mounted onto copper grid and then kept to dry.

2.3.3 Synchrotron Radiation Diffraction

Synchrotron radiation diffraction (SRD) measurement was carried out on the
powder diffraction beamline at the Australian Synchrotron. The diffraction patterns
of each sample were collected using a wavelength of 0.825 Å in the two-theta range
of 8–52°.

2.3.4 Scanning Electron Microscopy

Scanning electron microscopy imaging was obtained using a NEON 40ESB,
ZEISS. The SEM investigation was carried out in detail on microstructures and the
fractured surfaces of samples. Specimens were coated with a thin layer of platinum
before observation by SEM to avoid charging.

14 2 Materials and Methodology



2.3.5 Thermogravimetric Analysis

The thermal stability of samples was studied by thermogravimetry analysis (TGA).
A Mettler Toledo TGA 1 star system analyser was used for all these measurements.
Samples with 25 mg were placed in an alumina crucible and tests were carried out
in Argon atmosphere with a heating rate of 10 °C/min from 25 to 1000 °C.

2.4 Physical Properties

Measurements of bulk density and porosity were conducted to determine the quality
of of nanocomposites and HF-reinforced nanocomposites accordance with the
ASTM Standard (C-20) [13]. The thickness, width, length and weight are measured
in order to determine the bulk density. The calculation for density was carried out
by using the following equation:

q ¼ md

V
ð2:1Þ

where, q = density in (g/cm3), md= mass of the dried sample (g) and V = volume of
the test specimen (cm3).

The value of apparent porosity PS was determined using the Archimedes prin-
ciple in accordance with the ASTM Standard (C-20) and clean water was used as
the immersion water. The apparent porosity PS was calculated using the following
equation [13]:

PS ¼ ms � md

ms � mi
� 100 ð2:2Þ

where mi = mass of the sample saturated with and suspended in water, ms = mass
of the sample saturated in air.

For the water absorption test, the produced specimens were dried at a temper-
ature of 80 °C until their mass became constant and then the mass was weighed
(W0). The specimens were then immersed in clean water at a temperature of 20 °C
for 48 h. After the desired immersion period, the specimens were taken out and
wiped quickly with wet cloth, and then the mass was weighed (W1) immediately.
The rate of water absorption (WA) was calculated by using the formula:

WA ¼ W1 �W0

W0
� 100 ð2:3Þ
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2.5 Mechanical Properties

2.5.1 Compressive Strength

Compressive strength of specimens was tested according to ASTM: C109 using a
loading rate of 0.33 MPa/s. The cube samples of size 50 � 50 � 50 mm are cast.
Five cubic specimens of each composition were used to measure the compressive
strength.

2.5.2 Flexural Strength and Fracture Toughness

Three-point bend tests were conducted using a LLOYD Material Testing Machine
to evaluate the flexural strength and fracture toughness of the specimens. The
support span used was 40 mm with a displacement rate of 0.5 mm/min. The
flexural strength rF was evaluated using the following equation:

rF ¼ 3PmS
2BW2 ð2:4Þ

where Pm is the maximum load, S is the span of the sample, W is the specimen
depth and B is the specimen width.

In order to determine the fracture toughness, a sharp razor blade was used to
initiate a sharp crack in the samples. The ratio of crack length to depth ( aW)
was about 1/3. The fracture toughness was calculated using the following equation
[14, 15]:

KIC ¼ PmS
BW3=2

f
a
W

� �
ð2:5aÞ

where a is the crack length (mm) and f ð aWÞ is the polynomial geometrical correction
factor given by:

f ð a
W
Þ ¼ 3ða=WÞ1=2½1:99� ða=WÞð1� a=WÞ � ð2:15� 3:93a=W þ 2:7a2=W2Þ�

2ð1þ 2a=WÞð1� a=WÞ3=2
ð2:5bÞ

Five specimens, measuring 70 � 20 � 10 mm, of each composition were used
to measure the flexural strength and the fracture toughness.
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2.5.3 Impact Strength

The impact strength of the specimen was determined using a Zwick Charpy impact
tester with 15 J pendulum hammer and 40 mm support span. Un-notched samples
were used to compute the impact strength using the following formula:

rI ¼ E
A

ð2:6Þ

where E is the impact energy to break a sample with a ligament of area A. Five
specimens, measuring 70 � 20 � 10 mm, of each composition were used to
measure the impact strength.
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Chapter 3
Hemp Fabric Reinforced
Organoclay–Cement Nanocomposites:
Microstructures, Physical, Mechanical
and Thermal Properties

3.1 Introduction

This chapter presents the micro-structural characterisation, physical, mechanical and
thermal properties of nanoclay-cement nanocomposites fabricated and tested at
56 days. The influence of nanoclay on properties of hemp fabric-reinforced cement
composites is also presented in this chapter. Two layers of hemp fabric (HF) were
used and the total amount of hemp fabric in each specimen was about 2.5 wt%. In this
study eight series of composites are considered. The first series is the control andmade
of 100%Ordinary Portland cement without any Hemp fabric and is termed as NCC-0.
The second, third and fourth series are similar to the first series in every aspect except
where the OPC was partially substituted by nanoclay with 1, 2 and 3 wt% of OPC.
They are termed as NCC-1, NCC-2 and NCC-3, respectively. In fifth series, two
layers of HFwhich is equivalent to 2.5 wt% is added to reinforce the cementmatrix to
fabricate HF reinforced cement composite, which is termed as NCC-0/HF. The sixth,
seventh and eighth series are similar to fifth series in every aspect except where the
OPC was partially substituted by nanoclay with 1, 2 and 3 wt% of OPC. They are
termed as NCC-1/HF, NCC-2/HF and NCC-3/HF, respectively. Detail mix propor-
tions of above series can be found in Table 2.5 of Chap. 2. For each series, three
prismatic plate specimens of 300 mm � 70 mm � 10 mm were cast then
after 56 days several rectangular specimens of each series with dimensions
70 mm � 20 mm � 10 mm were cut from the fully cured prismatic plate for
mechanical and physical tests. The results indicated that hemp fabric-reinforced
nanocomposites containing 1 wt% nanoclay had denser microstructure than others,
and thus this improvement led to enhance the hemp fabric-nanomatrix adhesion. In
addition, the incorporation of 1 wt% nanoclay into the hemp fabric-reinforced
nanocomposites improved the thermal stability, decreased the porosity and water
absorption as well as increased the density, flexural strength, fracture toughness,
impact strength and Rockwell hardness as well as improved thermal stability when
compared to the hemp fabric-reinforced cement composite.
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3.2 Results and Discussion

3.2.1 High Resolution Transmission Electron Microscopy

HRTEM images for nanoclay (Cloisite 30B) are shown in Fig. 3.1a, b. The lower
magnification image in Fig. 3.1a gives a general view of the nanoclay platelets. The
high magnification image in Fig. 3.1b shows the layer structure of nanoclay pla-
telets. It can be seen clearly that the distances between the nanoclay platelets were
about 1.85 nm and thus this is evidence that the d-spacing of (0 0 1) planes in
nanoclay layers were 1.85 nm as shown in Table 2.3 in Chap. 2.

Fig. 3.1 TEM images of nanoclay (Cloisite 30B) at: a low magnification, b high magnification [1]
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3.2.2 XRD Analysis

Figure 3.2a–d show the XRD patterns of nanoclay, control cement paste and
nanocomposites containing 1 and 3 wt% nanoclay respectively. International Centre
for Diffraction Data (PDF-4 2013) database was used for phase identification.
Figure 3.2a shows XRD patterns of nanoclay, a broader diffraction peaks such as at
2h of 20.0°, indicate that nanoclay is mostly amorphous substance having a poor
crystalline structure. However, nanoclay perhaps has two trivial crystalline phases
such as Montmorillonite-18A [Na0.3(Al,Mg)2Si4O10OH2�6H2O] (PDF000120219)
and Illite-montmorillonite (NR) [KAl4(Si,Al)8O10(OH)4�4H2O] (PDF 000350652).

Fig. 3.2 XRD patterns of:
a nanoclay, b control cement
paste, c nanocomposites
containing 1 wt% nanoclay,
d nanocomposites containing
3 wt% nanoclay [1]
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In Fig. 3.2b–d, there are three important phases in this study: portlandite [Ca
(OH)2] (PDF 00-044-1481), dicalcium silicate [C2S] (PDF 00-033-0302) and tri-
calcium silicate [C3S] (00-049-0442). Moreover, there are four less important
phases: Ettringite [Ca6Al2(SO4)3(OH)12�26H2O] (PDF 000411451), Gypsum [Ca
(SO4)(H2O)2] (PDF 040154421), Quartz [SiO2] (PDF 000461045) and Calcite
[CaCO3] (PDF 000050586). The composition of Ca(OH)2 has a well-defined
crystallized structure, it has five major peaks in the XRD pattern that corresponds to
2h of 18.01°, 28.67°, 34.10°, 47.12° and 50.81°, and crystal planes of Miller indices
(hkl) of (001), (100), (101), and (102) and (110), respectively. Although there are
some overlaps of peaks and they have small intensities, dicalcium silicate (C2S) has
four major peaks that correspond to 2h of 32.05°, 32.14°, 32.59° and 41.21° as well
as tricalcium silicate (C3S) has four major peaks that correspond to 2h of 29.29°,
32.12°, 32.46° and 51.75°.

Table 3.1 shows the Quantitative X-ray Diffraction Analysis (QXDA) with
Rietveld refinement of cement paste and nanocomposites containing 1 and 3 wt%
nanoclay, respectively. Corundum [Al2O3] was chosen to serve as an internal
standard. It was selected because it does not overlap with important cement peaks up
to 2h of 60° as well as it does not react with water and has no influence on the
hydration reaction. However, generally, the addition of 1 and 3 wt% nanoclay into
the cement matrix has resulted in apparent change to the crystalline components of
the samples. As can be seen from Table 3.1 and Fig. 3.2c, the addition of 1 wt%
nanoclay reduced the amount of Ca(OH)2 from 19.5 to 15.7%, about 19.5%
reduction compared to cement paste. The intensity Ca(OH)2 at 2h angle of 18.01°
also decrease from 3817 to 2940, about 23% reduction compared to cement paste
and also other major peaks of Ca(OH)2 crystals were significantly reduced (Fig. 3.2b
and c). Furthermore, the amorphous content was increased slightly from 67.4 to
70%, about 3.7% increase. This result indicates that an obvious consumption of Ca
(OH)2 crystals mainly due to the effect of pozzolanic reaction in the presence of
nanoclay and good dispersion of nanoclay in the matrix leads to produce more
amorphous calcium silicate hydrate gel (C–S–H). This explanation is also confirmed

Table 3.1 QXDA results showing the phase abundances in cement paste and nanocomposites
containing 1 and 3 wt% nanoclay [1]

Weight %

Phase NCC-0 NCC-1 NCC-3

Portlandite [Ca(OH)2] 19.5 15.7 18.6

Ettringite [Ca6Al2(SO4)3(OH)12�26H20] 1.8 1.1 1.2

Gypsum [Ca(SO4)(H2O)2] 0.4 0.4 0.6

Tricalcium silicate [C3S] 1.5 2.1 1.6

Dicalcium silicate [C2S] 7.1 8.5 7.4

Quartz [SiO2] 0.4 0.6 0.6

Calcite [CaCO3] 1.1 0.8 1.2

Amorphous content 67.4 70.0 68.0
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by the inspection of amount of unreacted C3S (2.1%) and C2S (8.5), in which the
amount of unreacted C3S and C2S are slightly higher than the cement paste. Wei
et al. [2] reported that pozzolanic reaction decelerates the hydration reaction of C3S
and C2S during the curing time of 28–112 days. In this study, these unreacted phases
could react with water later to produce more C–S–H gel after 56 days.

On the other hand, as can be seen from Table 3.1 and Fig. 3.2d for nanocom-
posites containing 3 wt% nanoclay, there is insignificant effect of nanoclay in the
hydration reaction. For example, the amount of Ca(OH)2 was reduced from 19.5 to
18.6%, about 4.6% reduction compared to cement paste. The intensity of Ca(OH)2
at 2h angle of 18.01° was also slightly reduced from 3817 to 3549, about 7%
reduction compared to cement paste (Fig. 3.2b and d). This may be attributed to
agglomerations of nanoclay at high contents which lead to poor dispersion of
nanoclay and hence poor pozzolanic reaction. Moreover, the amount of C3S (1.6%)
is similar to the cement paste, and the amount of C2S (7.4%) is slightly higher than
the cement paste by about 4.2%; this also confirms that hydration reaction has
occurred more than pozzolanic reaction. Table 3.1 shows that Ettringite is slightly
less in nanocomposites than cement paste. For example, it decreased from 1.8 to
1.1% in nanocomposite containing 1% nanoclay. Overall, the results indicate than
1 wt% nanoclay can consume more Ca(OH)2 crystals and can improve the structure
more effectively than 3 wt% nanoclay. The mechanical and physical properties also
confirm this phenomenon, which is discussed in the following sections.

3.2.3 Porosity and Density

The porosity and density values of cement paste, nano-composites, HF reinforced
cement paste and HF reinforced nanocomposites are shown in Fig. 3.3. Generally
the composites containing HF exhibited higher porosity that these without HF. This
could be attributed to the formation of voids at the interfacial areas between HF and
matrices.

However, Fig. 3.3 shows that the addition of nanoclay decreases the porosity of
these composites when compared to control cement paste and HF composites. For
nanocomposites with 1 wt% of nanoclay, the porosity decreases by 20.6%.
Moreover, in HF reinforced nanocomposites with 1 wt% of nanoclay, it decreases
by 16%. This indicates that nanoclay has filling effect in the porosity of cement
paste composites with and without HF. This result is in agreement with the work
done by Jo et al. [3] where the porosity of cement mortar is decreased by the
addition of nano-SiO2 particles. The addition of 1 wt% of nanoclay increased the
density of control cement paste and HF nano-composites by 4 and 3.4% respec-
tively. That improvement demonstrated that cement composites with 1 wt% nan-
oclay yields more consolidated microstructure. However, the addition of more
nanoclay leads to increase in porosity and decrease in density [4]. These results are
also supported by the SEM examinations for the microstructure of cement paste,
nanocomposites containing 1 and 3 wt% nanoclay. Figure 3.4a shows the deposits
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of Ca(OH)2 crystals are distributed in the cement paste and also in Fig. 3.4b, the
C-S-H gel connected with many ettringite (needle like hydration products), as well
as the pores were extremely existed, in which that revealed weak structure.
Figure 3.4c shows the SEM micrograph for nanocomposites containing 1 wt%
nanoclay, it is different from that of cement paste, the structure is denser and
compact with few pores. On the other hand, in Fig. 3.4d, the nanocomposites
containing 3 wt% nanoclay shows more pores and microcracks which weaken the
structure.

3.2.4 Mechanical Properties

In general, the addition of nanoclay improved the mechanical properties of the
cement matrix. In addition, the pre-soaking of hemp fabric in cement paste during
sample preparation leads to good penetration of the cement matrix in between the
reinforced filaments of the bundle as shown in Fig. 3.5, which also improved the
mechanical properties of samples.

3.2.5 Flexural Strength

Figures 3.6 and 3.7 show flexural strength and load-midspan deflection curves for
control cement paste, nano-composites, HF reinforced cement paste and HF

Fig. 3.3 Porosity as a function of nanoclay content for control cement and its nanocomposites
with and without HF [1]
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Fig. 3.4 SEM micrographs of: a and b cement paste, c nanocomposites containing 1 wt%
nanoclay and d nanocomposites containing 3 wt% nanoclay [1]

Fig. 3.5 Penetration of the cement matrix in between the reinforced fibres of hemp fabric [1]
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reinforced nano-composites. In general, the incorporation of nanoclay platelets into
cement matrix led to a modest enhancement in flexural strength for all nanocom-
posite samples as shown in Fig. 3.6. The addition of 1% nanoclay resulted in the
highest flexural strength of all nanocomposites. The flexural strength of
nanocomposites containing 1 wt% nanoclay is increased by 38.1% compared to
control one. Basically, the improvement in mechanical properties of nanocom-
posites can be attributed to two mechanisms. First is the filling effect where the
nanoclay filled the voids or pores in cement paste in which the nano-particles were
uniformly dispersed in the matrix thus making the microstructure of nanocom-
posites denser than the control cement paste [5, 6]. However, the addition of more
nanoclay than 1 wt% caused a marked decrease in flexural strength. This can be due
to the poor dispersion and agglomerations of the nanoclay in the cement matrix at
higher clay contents, which create weak zones, in form of micro-voids as stress
concentrators [5, 7].

The effect of nanoclay on the flexural strength of HF reinforced cement com-
posite can also be seen in Fig. 3.6. The flexural strength of HF reinforced
nanocomposites containing 1 wt% nanoclay is increased from 6.88 to 9.37 MPa,
about 38.1% increase compared to HF reinforced cement composite. This
improvement is explained as follows: the degradation of natural fibres in Portland
cement matrix is due to the high alkaline environment (calcium hydroxide solution)
which dissolves the lignin and hemicellulose phases, thus weakening the fibre
structure [8]. In order to improve the durability of natural fibre in cement paste, the
matrix could be modified in which calcium-hydroxide (CH) must be mostly con-
sumed or reduced [9]. In this study, the nanoclay effectively prevented hemp fabric
degradation through pozzolanic reaction as described above. Thus, the degradation
of hemp fibres in nanocomposite is mostly prevented, especially in the case of using
1 wt% nanoclay, which is evident from the higher flexural strength value. However,

Fig. 3.6 Flexural strength as a function of nanoclay content for control cement paste and its
nanocomposites with and without HF [1]
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the addition of more nanoclay (i.e. 3 wt%) led to a slight reduction in flexural
strength due to increase in porosity.

The load-midspan deflection curves for HF reinforced cement composite and HF
reinforced nanocomposites are shown in Fig. 3.7. The HF reinforced nanocom-
posites containing 1 wt% nanoclay shows highest flexural load but smaller
deflection capacity at peak load. This is due to high fibre-matrix interface bond,
which increases the maximum load capacity. On the other hand, the HF reinforced
nanocomposites containing 2 and 3 wt% nanoclay and HF reinforced cement
composite show low flexural load but large deflection capacity at peak load, thereby
higher ductility. This could be attributed to the increase in porosity which decreases
the bond strength of fibre-matrix adhesion.

3.2.6 Flexural Modulus

The calculated flexural modulus of all composites is shown in Fig. 3.8 which shows
that the addition of 1 wt% nanoclay in cement matrix increased the flexural
modulus by 18.9% over control. The addition of HF fabrics adversely affected the
flexural modulus for control cement composite and nanocomposites. For example,
flexural modulus of control cement paste was decrease from 802.04 to 598.42 MPa,
about 25.4% decrease, after the addition of HF fabrics. Similarly, Elsaid et al. [10]
reported that as the length of the natural fibres used in a concrete mixture increase,
the flexural modulus decrease. However, in HF reinforced nanocomposites the
flexural modulus was slightly enhanced. For instance, flexural modulus of HF
reinforced nanocomposites containing 1 wt% nanoclay was increase from 802.04 to
876.93 MPa, about 8.5% increase compared to control cement paste.

Fig. 3.7 Load-midspan deflection curves for curves for HF reinforced cement composite and HF
reinforced nanocomposites from flexural test [1]

3.2 Results and Discussion 27



3.2.7 Fracture Toughness

The effect of nanoclay on fracture toughness of control and nanocomposites without
and with HF is shown in Fig. 3.9. In general, all composites containing HF showed
significantly improvement in fracture toughness as well as multiple cracking
behaviour as shown in Fig. 3.10 [11]. In case of nanocomposites, the fracture
toughness of control and nanocomposites with 1, 2 and 3 wt% nanoclay was 0.356,
0.492, 0.421 and 0.396 MPa m1/2, respectively. It can be seen clearly that, the
nanocomposites with 1 wt% of nanoclay achieve better fracture properties with
improvement reaching up to 38.2%. In similar study, Alamri and Low [12] reported

Fig. 3.8 Flexural modulus as a function of nanoclay content for control cement paste and its
nanocomposites with and without HF [1]

Fig. 3.9 Fracture toughness as a function of nanoclay content for control cement paste and its
nanocomposites with and without HF [1]
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that addition of 1 wt% nano-SiC into epoxy matrix significantly increased the
fracture toughness by a maximum 89.4% compared to neat epoxy. However,
Fig. 3.9 also shows that facture toughness of nanocomposites decreased slightly
when more nanoclay was added. Because the poor dispersion of high content of
nanoclay leads to agglomeration which increased the porosity as observed in this
study. Moreover, agglomeration acts as a stress concentration that can initiate tiny
cracks, which leads to crack propagation [5, 12].

As expected, the composites reinforced with HF showed a significant increase in
fracture toughness. This extraordinary enhancement is due to fracture resistance by
hemp fabrics which resulted in increased energy dissipation from crack-deflection
at the fibre-matrix interface, fibre-debonding, fibre-bridging, fibre pull-out and
fibre-fracture [10, 11, 13, 14].

The addition of nanoclay, in HF reinforced nanocomposites also increased the
fracture toughness. The fracture toughness for HF reinforced nanocomposites
containing 1, 2 and 3 wt% nanoclay is 0.818, 0.744, and 0.652 MPa m1/2,
respectively. This is attributed to the fact that the nanoclay prevents hemp fibre
degradation through pozzolanic reaction and reduction of CH. Thus, in this study
the hemp fibres are mostly prevented, especially in the case of 1 wt% nanoclay in
which the increase in fracture toughness was 129.8% comparing to control cement
matrix. However, the inclusion of high content of nanoclay increases the porosity
which adversely affected the interfacial bond between the matrix and the fibres thus
decreased the fracture toughness [15].

Figure 3.11 shows the SEM micrographs of the fracture surface and HF/matrix
interface of HF reinforced cement composite and HF reinforced nanocomposite
containing 1 and 3 wt% nanoclay after fracture toughness test. A variety of
toughness mechanisms such as shear deformation, crack bridging, fibre pull-out and

Fig. 3.10 SEM micrographs of failure mechanisms [1]

3.2 Results and Discussion 29



rupture and matrix fracture can be clearly seen. The examination of fracture surface
of HF reinforced nanocomposites containing 1 wt% nanoclay shows good pene-
tration of matrix between hemp filaments (Fig. 3.11c) as well as rough hemp fibre
surface (Fig. 3.11d). However, poor adhesion between fibres and matrix is observed
in HF reinforced cement composite (Fig. 3.11a, b). In HF reinforced nanocom-
posite containing 3 wt% nanoclay, macro-crack is observed which revealed

Fig. 3.11 SEM images of the fracture surface at low and high magnification: a and b HF
reinforced cement composite, c and d HF reinforced nanocomposite containing 1 wt% nanoclay,
e and f HF reinforced nanocomposite containing 3 wt% nanoclay [1]
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relativity weak matrix as shown in Fig. 3.11e, and also debonding of fibre was
occurred (Fig. 3.11f).

Figure 3.12 shows the comparison of Ca2+ obtained from EDS analysis on hemp
fabric surfaces in different samples. EDS analysis supports that the nanoclay
effectively prevented the hemp fabric degradation through pozzolanic reaction as
previously described and reduces the Ca(OH)2. In previous study, Sedan et al. [16]
studied a deleterious effect of Ca2+ element on hemp fibre degradation. They
reported that hemp fibre surface can interact with Ca2+ ions to form Ca(OH)2
nodules on it, and this lead to decrease the durability of hemp fibre in alkaline
environment. Figure 3.12a shows the EDS analysis of hemp fibre surface in cement
paste, ratio of Ca2+ ions at 0.25 and 37 keV is considered high, this reveal that
hemp fibres trapped and fixed Ca++ ions on their surfaces. On contrast, in HF
reinforced nanocomposite contain 1 wt%, Fig. 3.12b, these ratios are significantly
decreased. These results confirm that durability of hemp fibre increased by good
consumption of Ca2+ ions. On the other hand, HF reinforced nanocomposite con-
taining 3 wt% nanoclay behaves very similar to that of HF reinforced cement
composite. In Fig. 3.12c, it is clearly seen that the ratio of Ca2+ ions at 0.25 and
37 keV again increased which leads to hemp fibre degradation. This could be
attributed to the agglomeration of nanoclay at high content which leads to poor
consumption of Ca2+ ions.

3.2.8 Thermal Stability

The thermal stability of samples was determined using thermogravimetric analysis
(TGA). In this test, the thermal stability was studied in terms of the weight loss as a
function of temperature in Argon atmosphere. The thermograms (TGA) of nan-
oclay, hemp fabric, cement paste, HF-reinforced cement composite and of
HF-reinforced nanocomposites are shown in Fig. 3.13. The char yields at different
temperatures are summarized in Table 3.2. For hemp fabric, it can be seen from
TGA curve that the weight loss (%) between 285 and 375 °C is due to decom-
position of cellulose. This result is in agreement with Rachini et al. [17] where the
weight loss (%) of hemp fibres under Argon is in the range of 280–380 °C is due to
cellulose decomposition. Concerning nanoclay, it can be seen from TGA curve that
the weight loss (%) between 300 and 400 °C is due to decomposition of the
ammonium salts on montmorillonite.

The TGA analysis show three distinct stages of decomposition in cement paste,
HF-reinforced cement composite and HF-reinforced nanocomposites. The first
stage of decomposition is between room temperature and 230 °C, which may be
related to the decomposition of Ettringite and dehydration of C-S-H gel. The second
stage of decomposition is between 420 and 500 °C, which corresponds to Ca(OH)2
decomposition. The last stage of decomposition is between 670 and 780 °C, which
correspond to CaCO3 decomposition [18, 19]. In the first stage, HF-reinforced
nanocomposites show slightly better thermal stability than cement paste due to
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Fig. 3.12 EDS analysis with SEM images of hemp fabric surface: a HF reinforced cement
composite, b HF reinforced nanocomposite containing 1 wt% nanoclay, c HF reinforced
nanocomposite containing 3 wt% nanoclay [1]
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resistance of nanoclay to the decomposition. In second stage, the HF-reinforced
nanocomposites containing 1 wt% show better thermal stability than all samples
due to dense and compact nanomatrix through consumption of CH and formation of
secondary CSH gels during pozzolanic reaction [2]. Whereas, HF-reinforced
nanocomposites containing 3 wt% show lower thermal stability than all cement
paste and other HF-reinforced nanocomposites, in which this result confirms that
slightly poor pozzolanic reaction has occurred and hence nanomatrix is less com-
pacted. Moreover, HF-reinforced cement composites and pure nanoclay show lower
thermal stability than others. At 800–1000 °C, HF-reinforced nanocomposites
containing 1 wt% show thermal stability slightly less than cement paste but better

Fig. 3.13 TGA curves of nanoclay, hemp fabric (HF), cement paste, HF-reinforced cement
composite and HF-reinforced nanocomposites [1]

Table 3.2 Thermal properties of nanoclay, hemp fabric (HF), cement paste, HF-reinforced
cement composite and HF-reinforced nanocomposites [1]

Sample Char yield at different temperature (%)

100 °C 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C 900 °C 1000 °C

Nanoclay 98.76 98.52 90.81 79.02 75.64 74.75 72.35 71.68 71.01 70.64

HF 97.01 95.85 86.89 26.79 24.75 23.06 21.40 20.48 19.36 18.48

NCC-0 93.63 89.38 86.14 84.35 82.21 81.77 78.19 77.25 76.81 76.08

NCC-0/HF 94.61 91.41 81.02 76.85 75.58 74.21 67.08 61.69 61.02 59.99

NCC-1/HF 94.27 90.32 86.23 84.70 83.03 82.76 78.46 76.30 75.81 74.85

NCC-2/HF 94.77 90.80 86.52 83.82 81.47 81.34 77.15 72.18 71.76 70.86

NCC-3/HF 94.89 91.14 85.93 82.10 79.94 79.43 74.39 69.04 68.55 67.62
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than other samples. From Table 3.2 at 1000 °C, the char residue of cement paste,
HF-reinforced cement composite was about 76.1 and 59.99 wt%, respectively. The
char residue of HF-reinforced nanocomposites containing 1, 2 and 3 wt% was
about 74.8, 70.9 and 67.6 wt%, respectively. It can be seen that HF-reinforced
nanocomposites containing 1 wt% performed better in thermal stability with higher
char residue of 74.85 wt% than other samples. In similar study, Chen et al. [20]
reported that addition of 10 wt% nano-TiO2 into cement paste improved the ther-
mal stability of nanocomposite, in which it was non-reactive filler.

3.2.9 Impact Strength

The impact strength can be defined as the ability of the material to withstand impact
loading [21, 22]. As shown in Fig. 3.14 the presence of nanoclay enhanced the
impact strength for HF-reinforced nanocomposites. The impact strength of
HF-reinforced nanocomposites containing 1 wt% nanoclay was 2.45 kJ/m2, about
23% increase compared to HF-reinforced cement composite. This is due to good
interfacial bonding between the fibres and the nanomatrix. But as clay loading
increased, the impact strength decreased. For example, the impact strength of
HF-reinforced nanocomposites containing 3 wt% nanoclay was 2.25 kJ/m2, about
13% increase compared to HF-reinforced cement composite. This reduction in
impact strength at higher clay loading was due to the formation of clay agglom-
erates and voids which led to reduced fibre-nanomatrix adhesion. Alhuthali and

Fig. 3.14 Impact strength as a function of nanoclay content for HF reinforced composite and
HF-reinforced nanocomposites [1]
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Low [23] reported that the addition of 3 wt% nanoclay into recycled cellulose fibres
(RCF)/vinyl ester matrix increased the impact strength by 27% compared to
RCF-reinforced vinyl ester composites.

3.3 Conclusions

Cement eco-nanocomposites reinforced with hemp fabric (HF) and nanoclay pla-
telets (Cloisite30B) are fabricated and investigated in terms of TEM, XRD, SEM,
physical, thermal and mechanical properties. Results indicated that the mechanical
properties generally increased as a result of the addition of nanoclay into the cement
matrix with and without HF. An optimum replacement of ordinary Portland cement
by 1 wt% nanoclay is concluded from the current work. It is found that, 1 wt%
nanoclay decreases the porosity and also significantly increases the density, flexural
strength and fracture toughness of cement composite and HF reinforced nanocom-
posite. The microstructural analysis results indicate that the nanoclay behaves not
only as a filler to improve microstructure, but also as an activator to promote poz-
zolanic reaction and it prevents hemp fabric surface from degradation in high
alkaline environment in cement composites. The failure micromechanisms and
energy dissipative processes in HF reinforced cement composite and nanocomposite
are discussed in terms of microstructural observations. In addition, the incorporation
of 1 wt% nanoclay into the HF-reinforced nanocomposites improved the thermal
stability and impact strength when compared to the HF-reinforced cement com-
posite. However, the addition of more nanoclay (>1 wt%) into the HF-reinforced
cement composites adversely affected the thermal, physical and mechanical
properties.
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Chapter 4
Nanoclay and Calcined Nanoclay-Cement
Matrix: Microstructres, Physical,
Mechanical and Thermal Properties

4.1 Introduction

In the construction industry, several types of nanomaterials have been incorporated
into concretes or cement based materials such as nano-SiO2, nano-Al2O3,
nano-Fe2O3, nano-ZnO2, nano-MgO, nano-CaCO3, nano-TiO2, carbon nanotubes,
nano-metakaolin and nano-ZrO2 in order to improve the durability and mechanical
properties of concrete and Portland cement matrix [1–5]. Supit and Shaikh [6]
reported that the addition of 1% nano-CaCO3 increased the compressive strength of
mortar and concrete significantly. Nano-silica (NS) has recently been introduced as
an advanced pozzolan to improve the microstructure and stability of cement based
system [7]. It has been observed that the NS consumed free lime (calcium
hydroxide) during cement hydration and formed calcium silicate hydrate (CSH) gel
due to its high fineness and reactivity [8]. In addition, the NS is particularly ben-
eficial in acting as a nucleus to make the cement hydrate dense and improves the
interfacial transition zone despite of small amount of replacement. From some
conducted experiments, Zhang and Islam [9] and Jo et al. [10] reported better
performance of concrete containing NS than that containing silica fume. Nanosilica
also improved the microstructure and mechanical properties of high calcium fly ash
based geopolymer cured at ambient temperature [11].

Nanoclay is a new generation of processed clay for a wide range of
high-performance cement nanocomposite [12, 13]. As a kind of nano-pozzolanic
material, nanoclay not only reduces the pore size and porosity of the cement matrix,
but also improves the strength of cement matrix [14]. Furthermore, nanoclay par-
ticles enhance hardened properties of cement paste and mortar. Farzadnia et al. [15]
reported that incorporation of 3% halloysite nanoclay into cement mortars increased
the 28th day compressive strength up to 24% compared to the control samples.
However, little research is reported on the use of calcined nanoclay as reinforce-
ment in cement nanocomposite. In this paper, the effect of different amounts of
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nanoclay and calcined nanoclay on the mechanical and thermal properties of
cement nanocomposite is studied. Due to calcination the amorphous contents of
nanoclay is increased, which later reacted with Ca(OH)2 of the cement hydration
products and formed additional calcium-silica-hydrate gel. The benefit of the use of
nanoclay is the improvement of microstructure of the cement nanocomposite. This
chapter presents the effect of nanoclay (NC) and calcined nanoclay (CNC) on
microstructure, physical, mechanical and thermal properties of modified matrix. In
this study seven series of mixes are considered. The first series is control which
consisted of 100% ordinary Portland cement (OPC) and is termed a “C”. The
second, third and fourth series are similar to the first series in every aspect except
the partial replacement of OPC by 1, 2 and 3 wt% of NC, respectively. These mixes
are termed as NCC1, NCC2 and NCC3, respectively. In fifth, sixth and seventh
series the effect of 1, 2 and 3 wt% of CNC as partial replacement of OPC in the first
series is studied and are termed as CNCC1, CNCC2 and CNCC3, respectively.
A fixed water/binder ratio of 0.485 is used in all mixes. For each series,
three prismatic plate specimens of 300 mm � 70 mm � 10 mm were cast then
after 56 days several rectangular specimens of each series with dimensions
70 mm � 20 mm � 10 mm were cut from the fully cured prismatic plate for
mechanical and physical tests.

4.2 Results and Discussion

4.2.1 XRD Analysis

Figure 4.1 shows the XRD patterns of nanoclay and those calcined at 800, 850 and
900 °C for 2 h, respectively. XRD patterns of nanoclay show wide diffraction
peaks which refer to Montmorillonite-18A [Na0.3(Al,Mg)2Si4O10OH2�6H2O]
(PDF000120219) and also exhibit crystalline phase at 2h of 4.82° which indicate
the presence of the ammonium salt. Patterns of calcined nanoclay at 800, 850 and
900 °C show that the ammonium salt peak completely disappeared at these tem-
peratures. Also other nanoclay peaks gradually disappeared and transformed to
amorphous state (calcined nanoclay) at 900 °C (see Fig. 4.1d). Results of XRD
clearly show the transformation of crystalline phases of nanoclay to amorphous
phases due to calcination [16].

4.2.2 Energy Dispersive Spectroscopy Analysis

Figure 4.2a, b show typical EDS spectra of nanoclay and calcined nanoclay (at
900 °C). In Fig. 4.2a, ammonium salt in the nanoclay is identified by carbon and
nitrogen elements. The content of nitrogen element is very small, thus EDS cannot
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Fig. 4.1 X-ray diffraction patterns of nanoclay and calcined nanoclay [17]

Fig. 4.2 EDS analysis with SEM images of: a nanoclay, b calcined nanoclay [17]
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detect it but the carbon element is clearly detected at 2.5 keV. However, in
Fig. 4.2b, the carbon element disappeared because of combustion which yielded
carbon dioxide during calcination. This result also confirms the decomposition of
ammonium salt in calcined nanoclay which agrees with XRD results.

4.2.3 High Resolution Transmission Electron Microscopy

HRTEM images of nanoclay (Cloisite 30B) at low and high magnification are
shown in Fig. 4.3. In the high magnification image (Fig. 4.3b), it can be seen
clearly that the distances between the nanoclay platelets (i.e. layers) were about
1.85 nm and thus this is evidence that the d-spacing of (001) planes in nanoclay
layers was 1.85 nm as shown in Table 2.3 in Chap. 2. The HRTEM images for
calcined nanoclay (at 900 °C) at low and high magnification respectively are shown
in Fig. 4.3c–d. In high magnification image (Fig. 4.3d), it can be seen that many
platelets in calcined nanoclay were destroyed and some of them broke to small
nanoparticles with approximate spherical shapes ranging 3–8 nm. This result also
confirms the amorphous phase of calcined nanoclay which agrees with the XRD
results above.

Fig. 4.3 TEM images of nanoclay and calcined nanoclay (at 900 °C) at: a, c low magnification,
b, d high magnification [17]
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4.3 Quantitative X-Ray Diffraction Analysis

The XRD patterns of cement paste, cement nanocomposite containing 1, 2 and 3 wt
% CNC and cement nanocomposite containing 1 wt% NC are shown in Fig. 4.4a–e,
that included Corundum [Al2O3] (PDF 000461212) phase as the internal standard.
Table 4.1 shows the results of quantitative analysis with Rietveld refinement of
cement paste and cement nanocomposite containing NC and CNC. Three important
phases are noticed in this study: portlandite [Ca(OH)2] (PDF 00-044-1481), tri-
calcium silicate [C3S] (00-049-0442) and dicalcium silicate [C2S] (PDF
00-033-0302). Moreover, four less important phases are also noticed: Ettringite
[Ca6Al2(SO4)3(OH)12.26H2O] (PDF 000411451), Gypsum [Ca(SO4)(H2O)2] (PDF
040154421), Quartz [SiO2](PDF 000461045) and Calcite [CaCO3](PDF
000050586) [2, 21, 23, 27]. As can be seen in Table 4.1 and Fig. 4.4b, the addition
of 1 wt% CNC reduced the amount of Ca(OH)2 from 16.8 to 12.1 wt%, about 28%
reduction compared to cement paste. Also the intensities of major peaks of Ca(OH)2

Fig. 4.4 XRD patterns of: a cement paste, cement nanocomposite containing: b 1 wt% CNC
(CNCC1), c 2 wt% CNC (CNCC2), d 3 wt% CNC (CNCC3), e 1 wt% NC (NCC1). [Legend
1 = Corundum [Al2O3], 2 = Portlandite [Ca(OH)2], 3 = Tricalcium silicate [C3S], 4 = Dicalcium
silicate [C2S], 5 = Ettringite, 6 = Gypsum, 7 = Quartz, 8 = Calcite] [17]
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were significantly reduced compared to cement paste (Fig. 4.4a–b). Furthermore,
the amorphous content was increased from 70.1 to 74.8 wt%, about 6.7% increase.
This indicates that an obvious consumption of Ca(OH)2 crystals mainly due to the
effect of pozzolanic reaction in the presence of amorphous CNC and good dis-
persion of amorphous calcined nanoclay in the matrix, which leads to more calcium
silicate hydrate gel (C-S-H) being produced. This explanation is also confirmed by
an increase in the amount of unreacted C3S (2.0 wt%) and C2S (6.6 wt%), relative
to the cement paste. Wei et al. [18] reported that pozzolanic reaction decelerates the
hydration reaction of C3S and C2S during the curing time of 28–90 days. In this
study, these unreacted phases could react with water later to produce more C-S-H
gel after 56 days. Recently, Shaikh et al. [19] reported that the cement nanocom-
posite containing 2 wt% nano-silica exhibited less calcium hydroxide but slightly
more C2S than the control cement paste.

On the other hand, as can be seen in Table 4.1 and Fig. 4.4e, the NCC1 cement
nanocomposite shows lower amounts of C3S and C2S and also higher amount of Ca
(OH)2 compared to CNCC1 cement nanocomposite but slightly higher amounts of
C3S and C2S and also lower amount of Ca(OH)2 compared to CNCC3 cement
nanocomposite. This result confirms that less pozzolanic reaction has occurred in
NCC1 cement nanocomposite than CNCC1 cement nanocomposite. In contrast, as
can be seen from Table 4.1 and Fig. 4.4d for cement nanocomposite containing
3 wt% CNC, the amount of Ca(OH)2 was decreased from 16.8 to 14.1 wt%, about
16% reduction compared to cement paste. Also the intensities of major peaks of Ca
(OH)2 were slightly decreased compared to cement paste (Fig. 4.4a, d). But this
reduction of amount of Ca(OH)2 is less than the reduction in cement nanocomposite
containing 1 wt% CNC. Moreover, the amounts of C3S (1.4 wt%) and C2S
(5.4 wt%) are also lower than cement nanocomposite containing 1 wt% CNC. This
may be attributed to agglomerations of CNC at high contents which lead to rela-
tively poor dispersion of CNC and hence relatively poor pozzolanic reaction [20].
Table 4.1 also shows that the calcite content varies in all samples. For example, the
content of calcite decreased from 3.7 to 2.1 wt% in cement nanocomposite

Table 4.1 QXDA results for cement paste (C) and cement nanocomposite containing 1, 2 and 3
wt% CNC and 1 wt% NC [17]

Phase Weight % (Phase abundance)

C CNCC1 CNCC2 CNCC3 NCC1

Portlandite [Ca(OH)2] 16.8 12.1 13.2 14.1 13.8

Ettringite
[Ca6Al2(SO4)3(OH)12.26H2O]

2.0 1.3 1.5 1.8 1.6

Tricalcium silicate [C3S] 1.3 2.0 1.7 1.4 1.5

Dicalcium silicate [C2S] 4.4 6.6 6.1 5.4 6.1

Gypsum [Ca(SO4)(H2O)2] 0.7 0.4 0.6 0.4 0.4

Calcite [CaCO3] 3.7 2.1 2.7 3.3 3.0

Quartz [SiO2] 0.9 0.6 0.4 0.7 0.5

Amorphous content 70.1 74.8 73.7 72.8 73.0
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containing 1 wt% CNC. This indicates that little carbonation occurred over the
56 day curing period. Table 4.1 shows that Ettringite is slightly less in cement
nanocomposite than cement paste. For example, it decreased from 2.0 to 1.3 wt% in
cement nanocomposite containing 1 wt% CNC.

4.3.1 Calculation of Ca(OH)2 Content in Cement
Nanocomposites

The Ca(OH)2 content (CH) is calculated from the TGA curves using the following
equation [21]:

CHð%Þ ¼ WLCHð%Þ MWCH

MWH2O
ð4:1Þ

where WLCHð%Þ is corresponds to the weight loss attributable to Ca(OH)2
decomposition, MWCH is the molecular weight of CH (74.01 g/mol) and MWH2O is
the molecular weight of H2O (18 g/mol).

The thermograms (TGA) of cement paste and cement nanocomposite containing
CNC and NC are shown in Fig. 4.5. Table 4.2 summarises the CH content of above
measured by QXDA and TGA techniques. Results in Table 4.2 indicate that TGA is
at least as good as QXDA for quantifying the amount of calcium hydroxide [22]. It
can be seen that there is good agreement between the two techniques, where both
measured amounts are very close to each other [28]. However, the amounts of CH by
TGA are slightly lower than the QXDA. This observation is in agreement with the
work done by Scrivenera et al. [23] and Korpa et al. [24], in which they reported that
this discrepancy could be attributed to the possible error sources of each method
itself that were difficult to quantify. Nevertheless, inside the error margin there is a

Fig. 4.5 TGA curves of cement paste (C) and cement nanocomposite: CNCC1, CNCC2, CNCC3
and NCC1 [17]
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good correlation of the values assessed by both techniques employed [24]. And also
the above consistency added a new evidence for reliability of the QXRD method to
characterize quantitatively the hydration of cement systems [28]. The TGA and
QXDA results in Table 4.2 also confirm the reactivity of 1 wt% CNC in reducing the
CH content in cement nanocomposite. The CNC is mainly amorphous material and
behaves as a highly reactive artificial pozzolan. The CH content by the TGA and
QXDA in cement nanocomposite containing 1 wt% CNC was 10.7 and 12.1 wt%,
respectively. It is also be seen that the CH content in cement nanocomposite con-
taining 1 wt% CNC is reduced significantly when compared to cement paste and
cement nanocomposite containing NC and CNC such as cement nanocomposite
containing 1 wt% NC. This could be due to the reactivity of 1 wt% CNC in cement
nanocomposite and the consumption of CH by the pozzolanic reaction.

4.3.2 Porosity, Water Absorption and Density

The porosity, water absorption and density of cement paste and cement
nanocomposite containing NC and CNC are shown in Table 4.3. It is noticed that
the addition of CNC or NC decreases the porosity and water absorption of these
cement nanocomposites when compared to control cement paste. In CNCC1
cement nanocomposite, the porosity and water absorption decreased by 31.2 and
34%, respectively compared to cement paste. This indicates that 1 wt% CNC has a

Table 4.2 Calculation of Ca(OH)2 content in cement paste and cement nanocomposite containing
1, 2 and 3 wt% CNC and 1 wt% NC by QXDA and TGA techniques. [17]

Sample TGA (wt%) QXRD (wt%) Difference (wt%)

C 15.5 16.8 1.3

CNCC1 10.7 12.1 1.4

CNCC2 12.1 13.2 1.1

CNCC3 13.0 14.1 1.1

NCC1 12.3 13.8 1.5

Table 4.3 Porosity, density and water absorption values for various samples [17]

Sample Porosity (%) Density (g/cm3) Water absorption (%)

C 23.9 1.76 13.4

NCC1 18.7 1.87 10.2

NCC2 19.6 1.78 11.0

NCC3 19.9 1.76 11.3

CNCC1 16.5 1.93 8.9

CNCC2 17.6 1.91 9.6

CNCC3 18.9 1.85 10.3
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filling effect in the porosity of cement nanocomposite. This result is in agreement
with the work done by Jo et al. [10] where the porosity of cement mortar is
decreased by the addition of nano-SiO2 particles. Supit and Shaikh [25] reported
that the addition of 2 wt% nano-silica significantly reduced the porosity of high
volume fly ash (HVFA) concrete. Furthermore, in Table 4.3, the addition of 1 wt%
CNC increased the density of control cement paste from 1.76 to 1.93 g/cm3, about
9.7% increase. This improvement demonstrates that cement nanocomposite with 1
wt% CNC yields consolidated denser microstructure. However, further addition of
CNC or NC leads to an increase in porosity and water absorption and a decrease in
density. This could be attributed to the poor dispersion and agglomerations of the
high CNC or NC contents which create more voids in the matrix [26].

SEM examinations of the microstructure of cement paste, CNCC1and CNCC3
cement nanocomposite are shown in Fig. 4.6. For cement paste, Fig. 4.6a shows
more Ca(OH)2 crystals and Ettringite as well as more pores which revealed a weak
structure. Figure 4.6b shows the SEM micrograph of CNCC1, which is different
from that of cement paste, the structure is dense and compact with few pores and

Fig. 4.6 SEM micrographs of: a cement paste, cement nanocomposite containing: b 1 wt% CNC,
c 3 wt% CNC. (Legend 1 = [Ca(OH)2], 2 = Ettringite, 3 = pores, 4 = C-S-H gel) [17]
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more C-S-H gel. On the other hand, in Fig. 4.6c, the CNCC3 shows more pores
than CNCC1which relatively weaken the structure.

4.3.3 Compressive Strength

The compressive strength of the cement paste, cement nanocomposite containing
NCC and CNCC are presented in Fig. 4.7. It can be noticed from results in Fig. 4.7
that the addition of NC and CNC to cement paste increases the compressive
strength of all cement nanocomposite pastes. For instance, the cement nanocom-
posite containing 1 wt% CNC exhibited an enhancement in the compressive
strength from 53.1 to 74.2 MPa or 40% increase, whereas in the cement
nanocomposite containing 1 wt% NC, the compressive strength reached 69.8 MPa.
The increase in compressive strength of cement nanocomposite containing 1 wt%
CNC is due to amorphous state of CNC (i.e. small particle size) and extremely large
surface area, in which the CNC reacts more quickly with free lime in the hydration
reaction than NC and subsequently produced more secondary C–S–H gel and filled
the capillary pores in the matrix efficiently [27]. Thus the microstructure of the
matrix is densified by the nanoparticles. Chang [28] reported that the addition of 0.6
wt% nano-montmorillonite into cement paste increased compressive at age of
56 days from 46 to 52.1 MPa (i.e. 13.2% increases) compared to the cement paste.
Li et al. [29] noticed 26% improvement in 28 days compressive strength of cement
mortar containing 3% nano silica. Despite benefits of CNC and NC, it is important
to note that the nano particles have a tendency to agglomerate when using at high
content (i.e. more 3 wt% CNC) in the mixes [30]. This aggregation forms

Fig. 4.7 Compressive strength as a function of calcined nanoclay (or nanoclay) content for
cement paste and cement nanocomposite [17]
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weak zones and consequently prevents the formation of homogenous hydrate
microstructure. Therefore, the appropriate proportion of CNC content should be
taken into account.

4.3.4 Flexural Strength

Flexural strengths of cement paste, cement nanocomposite containing NC and CNC
are shown in Fig. 4.8. Overall, the incorporation of CNC or NC into the cement
matrix led to significant enhancement in the flexural strength of all cement
nanocomposites. The flexural strength of cement nanocomposite containing 1, 2
and 3 wt% CNC is increased by 42.9, 34.8 and 30.6%, respectively compared to
cement paste. While the flexural strength of cement nanocomposite containing 1, 2
and 3 wt% NC is increased by 32.1, 29.3 and 24.7% respectively compared to
cement paste. This improvement clearly indicates the effectiveness of CNC in
consuming calcium hydroxide (CH), supporting pozzolanic reaction and filling the
micro pores in the matrix [30]. Thus the microstructure of cement nanocomposite is
denser than the cement matrix, especially in the case of using 1 wt% CNC, which is
evident from its higher flexural strength. Hosseini et al. [31] studied the effect of
nanoclay (Cloisite15A) on the mechanical properties of cement mortar at 28 days
with water/binder ratio of 0.4. They reported that addition of 1 wt% nanoclay
improved the flexural strength from 7.0 to 9.1 MPa, about 30% increase. Qing et al.
[8] studied the influence of 3 wt% nano-SiO2 (NS) addition on properties of
hardened cement paste. They observed that the flexural strength increased by about
72% compared to control cement matrix. They attributed this improvement to the
pozzolanic and filler effects of nano-SiO2 particles.

Fig. 4.8 Flexural strength as a function of calcined nanoclay (or nanoclay) content for cement
paste and cement nanocomposite [17]
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However, the addition of more than 1 wt% CNC caused a marked reduction in
the flexural strength. This could be attributed to the relatively poor dispersion and
agglomerations of the CNC in the cement matrix at higher CNC contents, which
create weak zones, in the form of micro-voids which cause stress concentration
[32]. Moreover, the addition of more CNC (i.e. 2 wt%) led to a significant reduction
in the flexural strength due to an increase in porosity. Nevertheless the addition of
CNC improved the flexural strength of cement nanocomposite. For example, in this
study, although the flexural strength of cement nanocomposite with 3 wt% CNC
decreased compared to cement nanocomposite with 1 wt% CNC but it is still higher
than the control cement paste.

4.3.5 Fracture Toughness

Fracture toughness of cement paste and cement nanocomposite containing NCC
and CNCC are shown in Fig. 4.9. The fracture toughness of cement nanocomposite
containing 1, 2 and 3 wt% CNC were 0.49, 0.47 and 0.44 MPa.m1/2, respectively.
It can be seen that the fracture toughness of CNCC1 cement nanocomposite is
increased by 40% compared to cement paste. This is attributed to the fact that the
CNC modified the matrix through pozzolanic reaction and reduced the Ca(OH)2
content. Alamri and Low [33] reported that the addition of 1 wt% halloysite nan-
otubes (HNTs) into epoxy matrix significantly increased the fracture toughness
from 0.85 to 1.33 MPa.m1/2 (i.e. by 56.5%) compared to epoxy matrix. However,
facture toughness of CNCC cement nanocomposite gradually decreased when CNC
contents are increased after the optimum content of 1 wt%. This is attributed to the
poor dispersion of high content of CNC into the matrix, which leads to increase in
porosity [34].

Fig. 4.9 Fracture toughness as a function of calcined nanoclay (or nanoclay) content for cement
paste and cement nanocomposite [17]
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4.3.6 Impact Strength

The impact strength is defined as the ability of the material to withstand impact
loading [35]. The impact strengths of cement paste and cement nanocomposite
containing NCC and CNCC are shown in Table 4.4. Generally, it can be seen that
the impact strength of cement paste is significantly improved due to the addition of
CNC or NC. The impact strength of NCC1 cement nanocomposite is 3.1 kJ/m2,
about 29.4% increase compared to the cement paste. While the impact strength of
CNCC1 cement nanocomposite is 3.2 kJ/m2, about 33.6% increase compared to
cement paste. Alamri and Low [36] reported that the addition of 5 wt% nanoclay to
epoxy matrix increased the impact strength from 5.6 to 7.8 kJ/m2 about 39.3%
increase compared to epoxy matrix. However, as CNC loading increased after the
optimum content of 1 wt% the impact strength is decreased. For example, the
impact strength of CNCC3 cement nanocomposite was 3.1 kJ/m2, about 4%
decrease compared to CNCC1 cement nanocomposite. This reduction in impact
strength at higher CNC loading was due to the formation of CNC agglomerates and
voids which led to weaken nanocomposite.

4.3.7 Rockwell Hardness

The Rockwell hardness of cement paste and cement nanocomposite containing
NCC and CNCC are shown in Table 4.4. Generally, the addition of CNC or NC
into the cement matrix led to significant enhancement in the Rockwell hardness of
all cement nanocomposites. As shown in Table 4.4 the Rockwell hardness of
cement nanocomposite containing 1, 2 and 3wt% CNC were 91.3, 89.0 and 86.3
HRH, respectively, which corresponds to about 31.1, 27.7 and 23.9%, respectively
increase compared to cement paste. While the Rockwell hardness of cement
nanocomposite containing 1, 2 and 3 wt% NC is increased by 25.3, 21.0 and 18.6%
respectively compared to the cement paste. This improvement demonstrates that the
microstructure of cement nanocomposite is denser than the cement matrix,

Table 4.4 Impact strength
and Rockwell hardness values
for cement paste (C),
(NCC) cement nanocomposite
containing NC and (CNCC)
cement nanocomposite
containing CNC [17]

Sample Impact strength
(kJ/m2)

Rockwell hardness
(HRH)

C 2.38 ± 0.06 70 ± 1

NCC1 3.08 ± 0.15 87 ± 2

NCC2 3.01 ± 0.11 84 ± 1

NCC3 2.92 ± 0.08 83 ± 1

CNCC1 3.18 ± 0.05 91 ± 1

CNCC2 3.14 ± 0.08 89 ± 1

CNCC3 3.05 ± 0.14 86 ± 2
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especially in the case of using 1 wt% CNC. That is because of the efficiency of
CNC in promoting pozzolanic reaction and filling effect [37, 38]. In an analogous
research, Gupta et al. [39] reported that the hardness number (HRH) of the
Fe-Al2O3 metal matrix nanocomposite was much higher in comparison to the cast
iron specimen. However, the addition of high CNC or NC contents e.g. 3% did not
show any improvement in the hardness when compared to 1 wt% CNC.

4.3.8 Thermal Stability

Weight loss (%) curves of cement paste and cement nanocomposite containing
CNCC and NCC1 are shown in Fig. 4.10. The char yields at different temperatures
are summarized in Table 4.5. The TGA analysis shows three distinct stages of
decomposition in these samples. The first stage of decomposition is between room
230 °C, which may be related to the decomposition of Ettringite and dehydration of
C-S-H gel (loss of water). The second stage of decomposition is between 400 and
510 °C, which corresponds to Ca(OH)2 decomposition. The third stage of decom-
position is between 670 and 780 °C, which correspond to CaCO3 decomposition
[40, 41]. In the first stage, generally all cement nanocomposites exhibited slightly
better thermal stability than cement paste due to higher resistance of CNC or NC to
decomposition [42]. Concerning the cement nanocomposite containing CNCC in
second and third stage, the CNCC1 cement nanocomposite shows better thermal
stability than CNCC2, CNCC3 and NCC1 cement nanocomposite due to dense and
compact nanocomposite through consumption of calcium hydroxide and formation
of secondary CSH gels during pozzolanic reaction [18]. In contrast, NCC1 cement
nanocomposite shows lower thermal stability than CNCC2 cement nanocomposite
but slightly higher than CNCC3 cement nanocomposite. This result confirms that
slightly poor pozzolanic reaction has occurred and hence this NCC1 nanocomposite
is less dense when compared to CNCC1 and CNCC2 cement nanocomposites. From
Table 4.5 at 1000 °C, the char residue of cement paste, CNCC1, CNCC2 and
CNCC3 cement nanocomposite was about 74.6, 77.1, 76.7 and 75.9 wt%,

Table 4.5 Thermal properties of cement paste (C) and cement nanocomposite containing 1, 2 and
3 wt% CNC and cement nanocomposite containing 1 wt% NC [17]

Char yield (%) at different temperature (°C)

Sample 100 200 300 400 500 600 700 800 900 1000

C 95.8 88.8 86.0 83.6 79.6 78.4 76.4 75.7 75.1 74.6

CNCC1 96.19 89.32 86.83 84.88 81.75 80.86 79.01 78.33 77.61 77.10

CNCC2 96.02 89.20 86.59 84.57 81.04 80.09 78.51 77.86 77.18 76.67

CNCC3 95.82 88.82 86.03 83.96 80.03 79.02 77.60 77.05 76.45 75.93

NCC1 95.72 89.10 86.37 83.96 80.56 79.60 78.12 77.49 76.85 76.35
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respectively. It can be seen that the CNCC1 cement nanocomposite performed better
in thermal stability with higher char residue of about 3.3 and 1.5% more than cement
paste and CNCC3 cement nanocomposite, respectively. In a similar study, Chen
et al. [43] reported that addition of 10 wt% nano-TiO2 into cement paste improved
the thermal stability of cement nanocomposite considerably.

4.4 Cost-Benefit Analysis and Applications

There is a huge optimism on the use of nanomaterials in construction and building
applications although the nanoparticles are expensive and could limit their appli-
cations [44, 45]. However, nano particles exhibit unique characteristics which result
in new generation of concrete that is stronger and more durable [46]. With progress
of manufacturing technologies the cost of nano particles is also expected to drop in
future. Moreover, the nanoparticles are used in very small amount in the concrete or
other cementitious nanocomposites. For example, in this study 1 wt% calcined
nanoclay in cement nanocomposite led significant improvement in mechanical
properties. From economic point of view, the addition of 1% calcined nanoclay in
cement nanocomposite will not add any significant cost but improved the
mechanical properties by about 40%. Shaikh and Supit [28] stated that although the
use of nano-CaCO3 was first considered as filler to partially replace cement or
gypsum, some studies have shown advantages of using 1% nano-CaCO3

nanoparticles in terms of compressive strength, accelerating effect and economic
benefits as compared to cement and other supplementary cementitious materials.

Fig. 4.10 Weight loss (%) curves by TGA of cement paste (C) and cement nanocomposite:
CNCC1, CNCC2, CNCC3 and NCC1 [17]
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4.5 Conclusions

The influence of nanoclay (NC) and calcined nanoclay (CNC) on the mechanical
and thermal properties of cement nano-composites presented. Calcined nanoclay is
prepared by heating nanoclay (Cloisite 30B) at 900 °C for 2 h. Characterisation of
microstructure is investigated using Quantitative X-ray Diffraction Analysis
(QXDA) and High Resolution Transmission Electron Microscopy (HRTEM).
Estimation of Ca(OH)2 content in the cement nanocomposite is studied by the
combination of QXDA and thermogravimetry analysis (TGA) techniques. Results
showed that the mechanical and thermal properties of the cement nanocomposites
are improved as a result of NC and CNC addition. An optimum replacement of
ordinary Portland cement with 1 wt% CNC is observed through reduced porosity
and water absorption as well as increased density, compressive strength, flexural
strength, fracture toughness, impact strength, hardness and thermal stability of
cement nanocomposites. The microstructural analyses from QXRA and SEM
indicate that the CNC acted not only as a filler to improve the microstructure, but
also as the activator to support the pozzolanic reaction. Cost-benefit analysis
indicates that nanoparticles are expensive but from economic point of view nan-
oclay is used in very small amount (i.e. 1 wt%) in cementitious materials. As a
result nanoclay does not add any significant cost but improves the mechanical
properties significantly.
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Chapter 5
Chemically-Treated Hemp Fabric
and Calcined Nanoclay Reinforced
Cement Nanocomposites: Microstructures,
Physical, Mechanical and Thermal
Properties

5.1 Introduction

Recently, natural fibres are gaining increasing popularity to develop ‘environmental-
friendly construction materials’ as alternative to synthetic fibres in fibre-reinforced
concrete [1–3]. Natural and cellulose fibres have been used in polymer and cement
matrices to improve their tensile/flexural strength and fracture resistance properties
[4, 5]. They are cheaper, biodegradable and lighter than synthetic fibres. Some
examples of natural fibres are: sisal, flax, hemp, bamboo and others [6–8]. Some
researchers have shown that pre-treatments of natural fibre surfaces either via
pulping processes such as the Kraft process or some chemical agents such as
alkalization, PEI (polyethylene imine), Ca(OH)2 and CaCl2 have slightly improved
the interfacial bond strength between natural fibres and the matrix of the
eco-composites. As a result, the mechanical properties of such materials are
enhanced [9–11]. Troedec et al. [12] reported that the modification of hemp fibres
with NaOH has improved the interfacial bonding between the fibres and the
lime-based mineral matrix (mortar).

On the other hand, one of the most effective techniques to obtain a high per-
formance cementitious composite is by reinforcement with textile fabric, which is
impregnated with cement paste or mortar. Synthetic textile fabrics such as poly-
ethylene (PE) and polypropylene (PP) have been used as reinforcement for cement
composites, in which the fabrics are made of multi-filaments. When compared to
continuous or short fibres, this system has superior filament-matrix bonding which
improves the tensile and flexural strength [13–16]. The use of natural fibre sheets
and fabrics is more prevalent in polymer matrix when compared to cement-based
matrix [17].

However, the interfacial bonding between the natural fibre and the cement
matrix is relatively weak and also the degradation of fibres in a high alkaline
environment of cement can adversely affect the mechanical and durability prop-
erties of natural fibre reinforced cement composites [18]. However, little or no

© The Author(s) 2017
I.-M. Low et al., High Performance Natural Fiber-Nanoclay Reinforced Cement
Nanocomposites, Biobased Polymers, DOI 10.1007/978-3-319-56588-0_5

55



research has reported on the combined use of calcined nanoclay (CNC) and hemp
fabrics as hybrid reinforcement in cement-composites. In this chapter the effect of
CNC in hemp fibre-reinforced cement composite to overcome the above-mentioned
disadvantages of hemp fibres in cementitious composites is presented. The effect of
CNC on the microstructural and mechanical properties of chemically-treated hemp
fabric-reinforced cement composite is also presented. In this study 12 series of
mixes are considered. The first series is control series consisted of 100% OPC
without NC and HF. This series is termed as “C”. In second to fifth series 4, 5, 6
and 7 layers of untreated FF are used to reinforce the matrix in series 1 and are
termed as 4UHFRC, 5UHFRC, 6UHFRC and 7UHFRC, respectively. The com-
posite in sixth series contained 6 layers of NaOH treated FF with 100% OPC matrix
and is termed as 6THFRC. The seventh, eighth and ninth series are similar to the
first series in every aspect except the OPC is partially replaced by 1, 2 and 3 wt% of
CNC and are termed as CNCC1, CNCC2 and CNCC3, respectively. In tenth,
eleventh and twelveth series NaOH treated 6 layer of HF are used to reinforced the
CNC matrix above and are termed as 6THFRC-CNCC1, 6THFRC-CNCC2 and
6THFRC-CNCC3, respectively. Detail mix porportions are shown in Table 2.6 of
Chap. 2.

5.2 Results and Discussion

5.2.1 XRD Analysis of Calcined Nanoclay

Figure 5.1a–d shows the XRD patterns of as-received nanoclay and calcined
nanoclay at 800, 850 and 900 °C for 2 h, respectively. Four phases have been
indexed in the diffraction pattern of nanoclay (Fig. 5.1a) with the major phase being
Montmorillonite [(Ca,Na)0.3Al2(Si,Al)4O10(OH)2�xH2 O] (PDF 00052039), and
minor phases of Cristobalite [SiO2] (PDF 000391425), Quartz [SiO2] (PDF
000470718) and the quaternary ammonium salt (PDF 000571718). Montmorillonite
has five major peaks in the XRD pattern that correspond to 2h of 4.84°, 19.74°,
35.12°, 53.98° and 61.80°. Each of Cristobalite and Quartz has a peak that corre-
sponds to 2h of 21.99° and 26.61° respectively. The quaternary ammonium salt has
four peaks that correspond to 2h of 4.84°, 9.55°, 24.42° and 29.49°. Note that there
was an overlap of peaks at 2h of 4.84° for Montmorillonite and quaternary
ammonium salt. However these peaks disappeared after calcination due to the
decomposition of the latter in calcined nanoclay.

In Fig. 5.1b–c, the diffraction peaks of calcined nanoclay at 800 and 850 °C are
related to heated-Montmorillonite [NaMgAlSi4O11] (PDF 000070304). After cal-
cination at 800 °C (Fig. 5.1b), the basal spacing of Montmorillonite collapsed from
1.85 to 0.97 nm (2h of 4.84°–9.13°) due to dehydration and dehydroxylation. The
two new diffraction peaks that appeared at 2h of 18.47° and 27.87° (Fig. 5.1b)
correspond to the formation of NaMgAlSi4O11. The initial transformation process
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of nanoclay was mainly due to the dehydration and dehydroxylation of montmo-
rillonite clay. After further calcination at 850 °C (Fig. 5.1c) the basal spacing of
Montmorillonite collapsed further to 0.96 nm. Finally, the peaks belonging to
NaMgAlSi4O11 disappeared completely at 900 °C due to the destruction of its
platelets and the concomitant formation of an amorphous phase of alumino-silicate
(Fig. 5.1d).

5.2.2 High Resolution Transmission Electron Microscopy

HRTEM images of nanoclay (Cloisite 30B) are shown in Fig. 5.2a–b. The lower
magnification image in Fig. 5.2a gives a general view of the nanoclay platelets. The
high magnification image in Fig. 5.2b shows the layer structure of platelets. It can
be seen clearly that the distances between the nanoclay platelets were about
1.85 nm and thus this is evidence that the d-spacing of (001) planes in nanoclay
was 1.85 nm as shown in Table 2.3 in Chap. 2. However, Fig. 5.2c–d shows the

Fig. 5.1 X-ray diffraction patterns of nanoclay and calcined nanoclay [19]
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HRTEM images for calcined nanoclay (at 900 °C) at low and high magnification,
respectively. At high magnification (Fig. 5.2d), it can be seen that many platelets in
calcined nanoclay have been destroyed and broken into nanoparticles with
semi-spherical shapes. The transformation of nanoclay platelets into amorphous
alumino-silicate during calcination was due to: (a) dehydration and dehydroxylation
of montmorillonite clay, (b) decomposition of quaternary ammonium salt, and
(c) phase destruction of NaMgAlSi4O11. The natural montmorillonite clay [(Ca,
Na)0.3Al2(Si,Al)4O10(OH)2�xH2 O] has a 2:1 layer crystal structure that consists of
aluminium octahedrons within two silicon tetrahedron layers. Dehydration can
cause the loss of interlayer H2O at low temperature and dehydroxylation can lead to
OH removal from the octahedral sheets at higher temperatures. He et al. [20]
indicated that when montmorillonite nanoclay was calcined at 920 °C, it trans-
formed to an amorphous phase of alumina-silicate. Similarly, Shebl et al. [21]
reported that the calcination of montmorillonite nanoclay (Cloisite 30B) at 850 °C
for 2 h led to transformation from crystalline nano alumino-silicate into amorphous
nano alumino-silicate.

5.2.3 Surface Morphology of Hemp Fabric

SEM micrographs of un-treated and NaOH-treated hemp fabrics are shown in
Fig. 5.3a–b. It is clearly seen that the un-treated fabric had some impurities on its

Fig. 5.2 TEM images of nanoclay and calcined nanoclay (at 900 °C) at low magnification (a, c),
and high magnification (b, d) [19]

58 5 Chemically-Treated Hemp Fabric and Calcined Nanoclay …



surface (Fig. 5.3a), which were mostly waxes or fatty substances. However, after
chemical treatment with NaOH solution (Fig. 5.3b), it can be seen that the fabric
surface became more uniform due to the removal of these waxes or fatty substances
[22, 23].

5.2.4 Crystallinity Index of Hemp Fabric

Figure 5.4 shows the XRD patterns of un-treated and NaOH-treated hemp fabrics.
The X-ray diffraction patterns of hemp fabric show a typical crystal lattice of native
cellulose (cellulose I). The fibre crystallinity index (CrI) of hemp fabric was
determined by using the equation of the Segal empirical method [24, 25];

CrI ¼ I002 � Iam
I002

� 100 ð5:1Þ

where I002 is the maximum intensity of the (002) crystalline peak and Iam is the
minimum intensity of the amorphous material between (101) and (002) peaks as
shown in Fig. 5.4. The crystallinity index of un-treated and treated hemp fabric was
found to be about 82.6 and 86.2%, respectively. It is clear that the NaOH treatment
had increased the crystallinity index of hemp fabric as a result of the removal of
hemicellulose, pectins, oils and waxes from the surface of hemp fabric [25].
Troedec et al. [23] reported that NaOH treatment is well-known to bleach and clean
the surface of hemp fibres and to remove amorphous materials such as hemicel-
lulose, pectins and impurities (fatty substances and waxes) from their surface. They
observed that the cellulose crystallinity index of un-treated and NaOH treated hemp
fibres was increased from 80 to 86%.

Fig. 5.3 SEM images showing the surface structure of: a untreated hemp fabric, b NaOH-treated
hemp fabric [19]
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5.2.5 Quantitative X-Ray Diffraction Analysis
of Nano-Matrix

The XRD patterns of cement paste and nanocomposites containing 1, 2 and 3 wt%
CNC are shown in Fig. 5.5a–d, with Corundum [Al2O3] (PDF 000461212) as the
internal standard. Table 5.1 shows the Rietveld quantitative phase analysis of
cement paste and nanocomposites. Three important phases are noticed in this study:
portlandite [Ca(OH)2] (PDF 00-044-1481), tricalcium silicate [C3S] (00-049-0442)
and dicalcium silicate [C2S] (PDF 00-033-0302). Moreover, four less important
phases are also noticed: Ettringite [Ca6Al2(SO4)3(OH)12�26H2O] (PDF 000411451),
Gypsum [Ca(SO4)(H2O)2] (PDF 040154421), Quartz [SiO2] (PDF 000461045) and
Calcite [CaCO3] (PDF 000050586).

As can be seen from Table 5.1 and Fig. 5.5b, the addition of 1 wt% CNC
reduced the amount of Ca(OH)2 from 16.8 to 12.1 wt%, about 28% reduction when
compared to cement paste. Also the intensities of major peaks of Ca(OH)2 were
significantly reduced when compared to cement paste (Fig. 5.5a, b). Furthermore,
the amorphous content increased from 70.1 to 74.8 wt%, about 6.7% increase. This
indicates an obvious consumption of Ca(OH)2 crystals for the pozzolanic reaction
due to the presence of CNC and good dispersion of calcined nanoclay in the matrix.
As a result more amorphous calcium silicate hydrate gel (C-S-H) was produced.
This explanation can be confirmed by the inspection of the amounts of unreacted
C3S (2.0 wt%) and C2S (6.6 wt%), in which the amounts of unreacted C3S and C2S
are slightly higher than the cement paste. Wei et al. [26] reported that pozzolanic
reaction decelerates the hydration reaction of C3S and C2S during the curing time.
In this study, these unreacted C3S and C2S could react with water later to produce

Fig. 5.4 X-ray diffraction patterns of untreated hemp fabric and NaOH-treated hemp fabric [19]
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Fig. 5.5 XRD patterns of: a cement paste, nanocomposites containing various amounts of
calcined nanoclay, b 1 wt% (CNCC1), c 2 wt% (CNCC2), d 3 wt% (CNCC3). Legend
1 = Corundum [Al2O3], 2 = Portlandite [Ca(OH)2], 3 = Tricalcium silicate [C3S], 4 = Dicalcium
silicate [C2S], 5 = Ettringite, 6 = Gypsum, 7 = Quartz, 8 = Calcite [19]

Table 5.1 QXDA results (Phase abundance) by Bruker DIFFRACplus TOPAS 4.2 software for
cement paste and nanocomposites containing 1, 2 and 3 wt% calcined nanoclay (values in
parentheses are the estimated standard deviation of the least significant figure) [19]

Weight % (Phase abundance)

Phase C CNCC1 CNCC2 CNCC3

Portlandite [Ca(OH)2] 16.8 (6) 12.1 (6) 13.2 (6) 14.1 (6)

Ettringite [Ca6Al2(SO4)3(OH)12�26H2O] 2.0 (3) 1.3 (2) 1.5 (2) 1.8 (3)

Tricalcium silicate [C3S] 1.3 (2) 2.0 (2) 1.7 (2) 1.4 (2)

Dicalcium silicate [C2S] 4.4 (2) 6.6 (3) 6.1 (3) 5.4 (3)

Gypsum [Ca(SO4)(H2O)2] 0.7 (1) 0.4 (1) 0.6 (1) 0.4 (1)

Calcite [CaCO3] 3.7 (3) 2.1 (2) 2.7 (2) 3.3 (2)

Quartz [SiO2] 0.9 (1) 0.6 (1) 0.4 (1) 0.7 (1)

Amorphous content 70.1 (8) 74.8 (7) 73.7 (7) 72.8 (8)

Rwp 5.28 5.22 5.29 5.17

Rexp 3.53 3.54 3.52 3.52

ϰ2 (Rwp/Rexp) 1.50 1.47 1.50 1.47
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more C-S-H gel after 56 days [27, 28]. Recently, Shaikh et al. [29] reported that the
quantitative XRD analysis after 28 days showed that the cement paste containing
2% nano-silica exhibited less calcium hydroxide but more C2S than the control
cement paste.

On the other hand, as can be seen from Table 5.1 and Fig. 5.5d for nanocom-
posites containing 3 wt% CNC, the amount of Ca(OH)2 was reduced from 16.8 to
14.1 wt%, about 16% reduction when compared to cement paste. Also the inten-
sities of major peaks of Ca(OH)2 are slightly decreased when compared to cement
paste (Fig. 5.5a, d). But this reduction of amount of Ca(OH)2 is less than the
reduction in nanocomposites containing 1 wt% CNC. Moreover, the amounts of
C3S (1.4 wt%) and C2S (5.4 wt%) are also lower than nanocomposites containing
1 wt% CNC. This may be attributed to the agglomeration of CNC at high contents
which led to relatively poor dispersion and hence relatively poor pozzolanic reac-
tion [30].

In summary, it is important to note that the reduction of calcium hydroxide could
be attributed to two reasons: (i) increased pozzolanic reaction from amorphous
nanoparticles (i.e. CNC) that led to more C-S-H gel being produced, and (ii) re-
duction of the hydration reaction rate of the Portland cement components due to the
pozzolanic reaction. As it was found in [26, 29] and also in this study, the effect of
enhanced pozzolanic reaction by amorphous nanoparticles was more dominant than
the reduction of the hydration reaction rate, particularly at the optimum content of
nanoparticles with good dispersion.

5.2.6 Porosity and Density

The porosity, water absorption and density of cement paste, un-treated hemp
fabric-reinforced cement composites (UHFRC), 6THFRC composites, nanocom-
posites and 6THFR-CNCC nanocomposites are shown in Table 5.2. As expected
for all UHFRC composites the porosity and water absorption are increased and the
density is decreased with increasing hemp fabric content as compared to cement
paste [17]. However, it can be seen that the NaOH treatment of hemp fabric has
slightly reduced the porosity and water absorption and increased the density of
6THFRC composite when compared to 6UHFRC. This slight improvement could
be attributed to reduced voids in the fibre–matrix interface region after NaOH
treatment in 6THFRC composite. Table 5.2 also shows that the addition of CNC
decreases the porosity and water absorption of these composites when compared to
control cement paste and 6THFRC composites. In 6THFR-CNCC1 composite, the
porosity and water absorption decreased by 12.4 and 14%, respectively compared
to 6THFRC composites. This indicates that CNC has filling effect in the porosity of
cement paste composites with 6 treated hemp fabric [31]. Supit and Shaikh [32]
reported that the addition of 2 wt% NS (nano-silica) significantly reduced the
porosity of high volume fly ash (HVFA) concrete. Furthermore, In Table 5.2, the
addition of 1 wt% CNC increased the density of control cement paste and 6THFRC
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composite by 9.7 and 4.5%, respectively. This improvement demonstrated that
cement composites with 1 wt% CNC yields more consolidated microstructure.
However, the addition of more CNC leads to increase in porosity and water
absorption and also decrease in density. This could be attributed to the poor dis-
persion and agglomerations of the CNC which create more voids in the matrix [31].

SEM examinations of the microstructure of control cement paste, nanocom-
posites containing 1 and 3 wt% CNC are shown in Fig. 5.6a–c. The SEM micro-
graph of control cement matrix (Fig. 5.6a) shows more Ca(OH)2 crystals
(portlandite), Ettringite and pores when compared to nanocomposites. Figure 5.6b
shows the SEM micrograph of nanocomposites containing 1 wt% CNC, where the
microstructure appears denser with fewer pores and more C-S-H gels than the
control cement matrix. On the other hand, the nanocomposite containing 3 wt%
CNC (Fig. 5.6c) shows more pores than 1 wt% CNC nanocomposite. These SEM
results confirm the reduction of portlandite crystals in nanocomposites when
compared to cement matrix, thus in agreement with the quantitative X-ray
diffraction results (QXDA) above.

5.2.7 Flexural Strength of Hemp Fabric-Reinforced Cement
Composites

Values of flexural strength for cement paste, un-treated hemp fabric-reinforced
cement composite (UHFRC) and 6THFRC composites are shown in Fig. 5.7. It can
be seen that the flexural strengths of all hemp fabric-reinforced cement composites
have significantly improved when compared to cement paste. This enhancement in
flexural properties can be attributed to the ability of hemp fabric to withstand the

Table 5.2 Porosity and density values for cement paste (C), untreated (UHFRC) composites and
6THFRC composites, nanocomposites (CNCC) and treated hemp fabric-reinforced calcined
nanoclay-cement nanocomposites (6THFR-CNCC) [19]

Sample Porosity (%) Density (103 kg/m3) Water absorption (%)

C 24.0 ± 0.5 1.76 ± 0.02 13.4 ± 0.7

4UHFRC 30.1 ± 0.7 1.61 ± 0.01 18.7 ± 0.6

5UHFRC 31.6 ± 0.7 1.56 ± 0.03 20.3 ± 0.7

6UHFRC 33.0 ± 0.4 1.53 ± 0.03 21.6 ± 0.6

7UHFRC 34.2 ± 0.6 1.51 ± 0.01 22.7 ± 0.5

6UHFRC 32.1 ± 0.8 1.55 ± 0.01 20.7 ± 0.7

CNCC1 16.5 ± 0.6 1.93 ± 0.01 8.9 ± 0.6

CNCC2 17.6 ± 0.5 1.91 ± 0.02 9.6 ± 0.8

CNCC3 18.9 ± 0.6 1.85 ± 0.02 10.3 ± 0.4

6THFR-CNCC1 28.1 ± 0.5 1.62 ± 0.01 17.8 ± 0.4

6THFR-CNCC2 29.4 ± 0.8 1.60 ± 0.01 19.0 ± 0.7

6THFR-CNCC3 30.2 ± 0.7 1.57 ± 0.03 19.8 ± 0.3
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bending force. Peled and Bentur [13] studied the effect of High Density
Polyethylene (HDP) with 8 fabric layers on the flexural strength of cement com-
posites. They reported that the flexural strength of HDP fabric-reinforced cement
composite was increased by about 173.7% when compared to control cement paste.

In this study, the flexural strength was increased with an increase in fibre content
up to the optimum hemp fibre content, and then decreased after this limit. The
optimum hemp fabric content was found to be 6.9 wt%, in which the flexural
strength increased from 5.4 to 12.6 MPa, about 133% increase when compared to
cement paste. However, beyond this optimum content of hemp fibre, the flexural
strength of the UHFRC composites decreased due to the poor adhesion between the
fibres and the matrix [33]. For example, the flexural strength of 7UHFRC composites
with 8.1 wt% hemp fabric content decreased by about 11.5% when compared to
6UHFRC composites. In a similar work, Bentchikou et al. [34] studied recycled
cellulose fibres-cement board with fibre fraction ranged from 0 to 16 wt%. They
concluded that composite with the optimum fibre content (4 wt%) gave the

Fig. 5.6 SEM micrographs of: a cement paste, b nanocomposites containing 1 wt% calcined
nanoclay, c nanocomposites containing 3 wt% calcined nanoclay. Legend 1 = [Ca(OH)2] crystals,
2 = Ettringite, 3 = pores, 4 = C-S-H gel [19]
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maximum flexural strength. In addition, Fig. 5.7 also shows the effect of NaOH
treatment of hemp fabric on the flexural strength of 6THFRC composites. It can be
clearly seen that the flexural strength of 6THFRC composites has increased from
12.6 to 14.5 MPa, about 14.9% increase when compared to 6UHFRC composite.
This improvement may be explained as follows: after NaOH treatment, most of
waxes and fats were removed from the hemp fibre surface, and the surface became
more uniform but rough. Thus, this could lead to good interfacial bonding between
the matrix and the hemp fibres which serves to enhance the load transfer process at
the interface [35]. Sedan et al. [3] studied the untreated and treated hemp fibre
reinforced cement composites with different fibre volume fractions of 7, 10, 16 and
20 vol.% (w/c = 0.5). They reported that the flexural strength of NaOH treated hemp
fibre reinforced cement composite with the optimum fibre content of 16 vol.%
reached up to 9.5 MPa.

The flexural strengths of nanocomposites and treated hemp fabric reinforced-
nanocomposites are shown in Fig. 5.8. Overall, the incorporation of CNC into the
cement matrix has led to significant enhancement in the flexural strengths of all
nanocomposites and treated hemp fabric reinforced nanocomposites. The flexural
strength of nanocomposites containing 1, 2 and 3 wt% CNC increased by 42.9, 34.8
and 30.6% respectively when compared to cement paste. In addition, the flexural
strength of treated hemp fabric reinforced nanocomposites containing 1 wt% CNC
(6THFR-CNCC1) increased from 14.5 to 20.2 MPa, about 38.8% increase when
compared to treated hemp fabric-reinforced composites. This improvement clearly
indicates the effectiveness of CNC in consuming calcium hydroxide (CH), sup-
porting pozzolanic reaction, and filling the micro pores in the matrix. Thus the
microstructure of nanocomposite matrix was denser than the cement matrix [21, 36].

Fig. 5.7 Flexural strength as a function of hemp fabric content for cement paste, untreated hemp
fabric-reinforced cement composites (UHFRC) and treated hemp fabric-reinforced composites
(6THFRC) [19]
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Consequently, the interfacial bonding of treated hemp fabric-nanocomposite matrix
was mostly improved, especially in the case of using 1 wt% CNC, as evident from its
higher flexural strength. An analogous research was done by Khorami and Ganjian
[37] where they studied the bagasse fibre-reinforced cement matrix with fibre con-
tent of 4 wt%, and silica fume was used as 5% replacement for cement. They
observed that the flexural strength increased by about 20% when compared to
control bagasse fibre-reinforced cement matrix. They attributed this improvement to
the Pozzolanic and filler effects of very fine silica fume particles, which led to
enhancement of the bonding strength between the matrix and fibres. However, the
addition of CNC with more than 1 wt% caused a marked decrease in flexural
strength. This strength reduction could be attributed to relatively poor dispersion and
agglomeration of the CNC in the cement matrix at higher CNC contents, which
caused an increase in porosity and led to the poor adhesion between the fibres and the
matrix [38, 39]. Nevertheless the addition of CNC improved the flexural strength of
treated hemp fabric reinforced cement composites. For example, in this study,
although the flexural strength of composite with 3 wt% CNC was decreased when
compared to composite with 1 wt% CNC but it was still higher than the control
composite.

The stress-midspan deflection curves for treated hemp fabric reinforced cement
composite and treated hemp fabric reinforced nanocomposites containing 1, 2 and
3 wt% CNC are shown in Fig. 5.9. The treated hemp fabric reinforced nanocom-
posite containing 1 wt% CNC shows the highest stress. This is due to high
fibre-matrix interfacial bonding, which increases the maximum load-transfer
capacity. On the other hand, the treated hemp fabric reinforced nanocomposites
containing 2 and 3 wt% CNC and treated hemp fabric reinforced cement composite

Fig. 5.8 Flexural strength as a function of calcined nanoclay content for cement paste and its
nanocomposites with and without treated hemp fabric (6THF) [19]
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show low flexural stress. This could be attributed to the increase in porosity which
reduced the bond strength between the fibres and the matrix, and thus the
load-transfer capacity.

5.2.8 Fracture Toughness

Results of fracture toughness for cement paste, untreated hemp fabric-reinforced
cement composites (UHFRC) and treated hemp fabric-reinforced composites
(6THFRC) are shown in Table 5.3. Overall, these composites showed significant
improvement in fracture toughness. This enhancement can be attributed to fracture
resistance provided by the hemp fabric which resulted in increased energy dissi-
pation from crack-deflection at the fibre–matrix interface, fibre-debonding,
fibre-bridging, fibre pull-out and fibre-fracture [40, 41]. As such, these composites
are likely to exhibit crack-growth resistance or R-curve behaviour in their fracture
resistance due to substantial fibre-bridging at the crack-wake. In UHFRC com-
posites, the 6UHFRC composite achieved the highest fracture toughness with
improvement reaching up to 303% when compared to cement paste. However, the
increase of the fibre content beyond the optimum content led to a decrease in
fracture toughness, as indicated by the lower fracture toughness for the 7UHFRC
composites. After NaOH treatment, the 6THFRC composite exhibited 13.5%
increase in fracture toughness. This result confirms that chemical treatment has
improved the interfacial bond between the matrix and the treated hemp fibres. In a

Fig. 5.9 Stress versus mid-span deflection curves for treated hemp fabric-reinforced cement
composites and treated hemp fabric-reinforced nanocomposites [19]
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similar study, Li et al. [42] reported that the fracture toughness of treated sisal
textile reinforced vinyl-ester composites increased by 31% when compared to
untreated ones.

Values of fracture toughness for nanocomposites with and without treated hemp
fabrics are also shown in Table 5.3. The addition of CNC into treated hemp fabric
reinforced nanocomposites significantly increased the fracture toughness. The
fracture toughness of treated hemp fabric reinforced nanocomposites containing 1,
2 and 3 wt% CNC was 2.21, 2.14 and 2.04 MPa m1/2, respectively. It can again be
seen that the fracture toughness of 6THFR-CNCC1 composite was increased by
38.1% which can be attributed to the fact that CNC modified the matrix through
pozzolanic reaction and reduction of Ca(OH)2 content. Thus, good interfacial
bonding between the nanomatrix and treated hemp fibres was achieved. In a similar
study, Alamri and Low [43] reported that the addition of 1 wt% halloysite nan-
otubes (HNTs) into recycled cellulose fibres (RCF)/epoxy matrix significantly
increased the fracture toughness by 38.8%. However, when the CNC content
increased over the optimum content of 1 wt%, the facture toughness of
nanocomposites and treated-hemp fabric-reinforced nanocomposites gradually
decreased. This can be attributed to the poor dispersion of CNC within the matrix,
which leads to an increase in porosity and weakening of the interfacial bond
between the fibres and the matrix.

5.2.9 Failure Mechanisms

Figure 5.10a–f shows the SEM micrographs of 6UHFRC composite, 6THFRC
composites and treated hemp fabric-reinforced nanocomposites containing 1 and
3 wt% CNC. A variety of failure mechanisms such as fibre-matrix interfacial
debonding, fibre pull-out, rupture fibre and matrix fracture are observed. SEM

Table 5.3 Fracture
toughness values for cement
paste (C), untreated (UHFRC)
composites and 6THFRC
composites, nanocomposites
(CNCC) and treated hemp
fabric-reinforced calcined
nanoclay-cement
nanocomposites
(6THFR-CNCC) [19]

Sample Fracture toughness (MPa m1/2)

C 0.35 ± 0.02

4UHFRC 1.07 ± 0.11

5UHFRC 1.26 ± 0.09

6UHFRC 1.41 ± 0.11

7UHFRC 1.23 ± 0.08

6THFRC 1.60 ± 0.10

CNCC1 0.49 ± 0.02

CNCC2 0.47 ± 0.03

CNCC3 0.44 ± 0.03

6THFR-CNCC1 2.21 ± 0.10

6THFR-CNCC2 2.14 ± 0.11

6THFR-CNCC3 2.04 ± 0.09
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micrographs of 6UHFRC composite (Fig. 5.10a) shows relatively poor fibre-matrix
interfaces with small gaps between the fabric layers and the cement matrix. In
contrast, the 6THFRC composite (Fig. 5.10b) shows very small gaps between the
fabrics and the matrix, which indicates better fibre-matrix interfacial bonding. The
images of 6THFR-CNCC1 nanocomposite show good fibre-nanomatrix interfacial

Fig. 5.10 SEM images showing the fracture surfaces of: a 6UHFRC composite, b 6THFRC
composite, c, d 6THFR-CNCC1 nanocomposite, and e, f 6THFR-CNCC3 nanocomposite [19]
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bonding (Fig. 5.10c) with ruptured fibres (Fig. 5.10d). Similarly, there was good
adhesion between the fibre and the matrix in the 6THFR-CNCC3 nanocomposite as
evidenced by broken fibres and debonding of fibres (Fig. 5.10e, f). Relatively good
adhesion between the fibre and the matrix and fibre ruptures indicates that the
fibre-matrix interface in this nanocomposite was better than the 6THFRC composite
(Fig. 5.10b, e). In addition, these failure mechanisms of composites are in agree-
ment with the stress versus mid-span deflection curves (Fig. 5.9). For example,
6THFR-CNCC1 nanocomposite shows the highest flexural stress (Fig. 5.9) which
indicates better fibre-nanomatrix interfacial bonding as shown in (Fig. 5.10c).

5.2.10 TGA of Hemp Fabric

The thermograms (TGA) of untreated hemp fabric and treated hemp fabric are
shown in Fig. 5.11. It can be seen from TGA curve that the weight loss (%)
between 285 and 390 °C is due to decomposition of cellulose [44]. Among all
range 25–1000 °C, it can be seen that the treated hemp fabric shows slightly higher
thermal stability than untreated. This indicates that the NaOH treatment increases
the thermal stability of hemp fibres through removal of the most fats, waxes and
amorphous materials [9, 23].

5.2.11 Impact Strength

The impact strength is defined as the ability of the material to withstand impact
loading [45]. Figure 5.12 shows the impact strength of cement paste, 6UHFRC
composites, 6THFRC composites and nanocomposites with treated hemp fabrics
(6THF). Generally, it can be seen that the impact strength of cement paste is

Fig. 5.11 TGA curves of untreated hemp fabric and NaOH-treated hemp fabric [19]
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significantly improved due to reinforced by Hemp fabrics [41]. It can be seen
clearly that after NaOH treatment, the impact strength of 6THFRC composite has
slightly increased from 28.94 to 31.57 by about 9% compared to 6UHFRC com-
posite. This result indicates that relatively good interfacial bonding between the
Hemp fabric and the cement matrix was achieved due to NaOH treatment of Hemp
fabric. As shown in Fig. 5.12, the presence of CNC enhanced the impact strength
for treated hemp fabric-reinforced nanocomposites.

The impact strength of 6THFR-CNCC1 was 37.56 kJ/m2, about 19% increase
compared to 6HFRC composite. This is due to good interfacial bonding between the
fibres and the nanomatrix. Alhuthali et al. [46] reported that the addition of 3 wt%
nanoclay into recycled cellulose fibres (RCF)/vinyl ester matrix increased the impact
strength by 27% compared to RCF-reinforced vinyl ester composites. However, as
CNC loading increased after the optimum content of 1 wt% the impact strength is
decreased. For example, the impact strength of 6THFR-CNCC3 was 34.72 kJ/m2,
about 10% increase compared to 6HFRC composite, in which it is less than
6THFR-CNCC1. This reduction in impact strength at higher CNC loading was due
to the formation of CNC agglomerates and voids which led to reduced fibre–
nanomatrix adhesion [47].

5.2.12 Thermal Stability

The thermograms (TGA) of cement paste, 6UHFRC composites, 6THFRC com-
posites and treated hemp fabric reinforced-nanocomposites (6THFR-CNCC) are
shown in Fig. 5.13. The char yields at different temperatures are summarized in
Table 5.4. The TGA analysis shows four distinct stages of decomposition in these
samples. The first stage of decomposition is between room temperature and 230 °C,

Fig. 5.12 Impact strength as a function of calcined nanoclay content for cement paste and 6UHFRC
composite, 6THFRC composite and nanocomposites with treated hemp fabrics (6THF) [19]
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which may be related to the decomposition of Ettringite and dehydration of C–S–H
gel (loss of water). The second stage of decomposition is between 285 and 390 °C,
which corresponds to decomposition of cellulose of hemp fibre. The third stage of
decomposition is between 400 and 510 °C, which corresponds to Ca(OH)2
decomposition. The last stage of decomposition is between 670 and 780 °C, which
correspond to CaCO3 decomposition [48–50].

In the first stage, generally all composites with Hemp fabrics showed better
thermal stability than cement paste due to resistance of Hemp fabrics to the
decomposition. Furthermore, 6THFR-CNCC composite exhibited slightly better
thermal stability than 6UHFRC composite, 6THFRC composites and cement paste
due to resistance of calcined nanoclay to the decomposition [46, 47]. The 6THFRC
composite in the second, third and fourth stage showed higher thermal stability than
6UHFRC because of the efficiency of NaOH treatment. From Table 5.4 at 1000 °C,
the char residue of 6UHFRC and 6THFRC composites was about 65.51 and
62.94 wt%, respectively. Hence, it can be said that the 6THFRC composite per-
formed better in thermal stability with slightly higher char residue of about 4%
more than 6UHFRC [51]. Concerning 6THFR-CNCC composites in second, third

Fig. 5.13 TGA curves of cement paste and 6UHFRC composite, 6THFRC composite and
nanocomposites with treated hemp fabrics (6THF) [19]

Table 5.4 Thermal properties of cement paste (C), 6UHFRC, 6THFRC and 6THFR-CNCC
nanocomposites [19]

Sample Char yield (%) at different temperature (°C)

100 200 300 400 500 600 700 800 900 1000

C 95.82 88.82 86.03 83.57 79.57 78.44 76.37 75.69 75.09 74.61

6UHFRC 96.94 91.81 88.51 76.46 72.56 70.88 67.58 63.80 63.25 62.94

6THFRC 97.56 91.91 88.57 78.13 74.23 72.75 70.21 66.58 65.81 65.51

6THFR-CNCC1 98.38 92.76 89.53 81.32 77.93 75.99 73.66 69.40 68.86 68.57

6THFR-CNCC2 98.31 92.68 89.43 80.85 77.08 74.63 71.99 68.34 67.77 67.48

6THFR-CNCC3 97.81 92.20 88.85 79.32 75.58 73.90 71.34 67.58 66.73 66.49
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and fourth stage, the 6THFR-CNCC1 composites show better thermal stability than
6THFRC composites, 6THFR-CNCC2 composites and 6THFRCNCC3 composites
due to dense and compact nanomatrix through consumption of calcium hydroxide
and formation of secondary CSH gels during pozzolanic reaction [30]. Whereas,
6THFR-CNCC3 composites show lower thermal stability than 6THFR-CNCC1
composites but higher than 6THFRC composites, in which this result confirms that
slightly poor pozzolanic reaction has occurred and hence nanomatrix is less com-
pacted. From Table 5.4 at 1000 °C, the char residue of 6THFRC composites,
6THFR-CNCC1 composites, 6THFR-CNCC2 composites and 6THFR-CNCC3
composites was about 65.51, 68.57, 67.48 and 66.49 wt% respectively. It can be
seen that 6THFR-CNCC1 composites performed better in thermal stability with
higher char residue of about 5 and 3% more than 6UHFRC and 6THFR-CNCC3
composites, respectively. In a similar study, Chen et al. [52] reported that addition
of 10 wt% nano-TiO2 into cement paste improved the thermal stability of
nanocomposite considerably. However, overall in between 360 and 1000 °C, the
6THFR-CNCC1 composite showed lower thermal stability than cement paste but
still better than other samples.

5.3 Conclusions

The influence of calcined nanoclay (CNC) and chemical treatment of Hemp fabric
on the microstructure and mechanical properties of treated hemp fabric-reinforced
cement nanocomposites has been investigated. The optimum hemp fabric content
for these nanocomposites is 6.9 wt% (i.e. 6 fabric layers). Alkali-treated hemp
fabric-reinforced cement composites exhibit the highest flexural strength when
compared to their non-treated counterparts. In addition, mechanical properties are
improved as a result of CNC addition. An optimum replacement of ordinary
Portland cement with 1 wt% CNC is observed through reduced porosity and
increased density, flexural strength and fracture toughness in treated hemp
fabric-reinforced nanocomposite. It is shown that CNC behaves not only as a filler
to improve the microstructure, but also as the activator to facilitate the pozzolanic
reaction and thus improved the adhesion between the treated hemp fabric and the
matrix. The mechanical and thermal properties of NaOH treated hemp fabric
reinforced cement composites were noticeably improved when compared to the
nontreated counterparts. In the 6THFR-CNCC1 nanocomposites, the porosity and
water absorption declined by 12.4 and 14% respectively, as well as the density,
flexural strength, fracture toughness, impact strength and thermal stability improved
by 4.5, 38.8, 38.1, 19 and 5% respectively compared to the 6THFRC composites.
Indeed, particles agglomeration increased as CNC content increased which
adversely reduced the mechanical properties of composites. It could be recom-
mended that much research is required to overcome the CNC agglomerations.
Construction applications of this eco-nanocomposite involve ceilings and roofing.
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Chapter 6
Durability of Naoh-Treated Hemp Fabric
and Calcined Nanoclay-Reinforced
Cement Nanocomposites

6.1 Introduction

This chapter presents the durability of hemp fibre reinforced cement composites by
combining both methods e.g. modification of fibre surfaces using NaOH solution
and the cement matrix by adding calcined nano clay. The effect of calcined nan-
oclay (CNC) on the durability properties of treated hemp fabric-reinforced cement
composite is studied. The durability of the treated hemp fabric-reinforced cement
composites and nanocomposites is discussed based on the porosity and flexural
strength obtained at 56 days and 236 days. Thus eight series of mixes are con-
sidered in this study. The first series is control matrix termed as “C” and consisted
of 100% OPC. The second, third and fourth series are similar to the first series in
every aspect except the partial replacement of OPC by 1, 2 and 3 wt% of CNC,
respectively. These series are termed as CNCC1, CNCC2 and CNCC3, respec-
tively. In fifth series the control OPC matrix is reinforced by NaOH treated 6 layers
of HF and is termed as 6THFRC. The sixth, seventh and eighth series are similar to
fifth series in every aspect except the partial replacement of OPC by 1, 2 and 3 wt%
of CNC, respectively. These series are termed as 6THFRC-CNCC1, 6THFRC-
CNCC2 and 6THFRC-CNCC3, respectively. A constant water/binder ratio of 0.485
is considered in all mixes.

6.2 Results and Discussion

6.2.1 Nanocomposites

The porosity of cement paste and nanocomposites are shown in Table 6.1. Overall,
it can be seen that the porosity of C, CNCC1, CNCC2 and CNCC3 decreased
slightly in periods of between 56 and 236 days. Firstly, it is known that after
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90 days curing, the compressive strength of control concrete or cement paste
increase slightly with increasing ages as a result of reduction in porosity due to
further hydration reaction. Secondly, in nanocomposites, slight reduction in
porosity with increasing ages can be attributed to both hydration reaction and
pozzolanic reaction as well as filling effect. For example, in CNCC1 cement
nanocomposite, the porosity at 56 days is decreased by 31.2% compared to cement
paste, however at 236 days it decreased slightly from 16.5 to 15.1% by about 8%
decrease. This indicated that nanocomposites containing 1, 2 and 3 wt% CNC had
both filling and pozzolanic effects in the porosity of cement paste composites as
well as to further hydration reaction (in between 56 and 236 days), in which the
nanocomposite matrix becomes more a consolidated microstructure due to filling of
the micro pores and densification by the enhanced pozzolanic activity and further
hydration reaction [1]. This result is in agreement with the work done by Supit and
Shaikh [2] reported that the addition of 2 wt% nano-silica significantly reduced the
porosity of high volume fly ash (HVFA) concrete after 90 days. However, the
addition of more CNC leads to increase in porosity. This could be attributed to the
poor dispersion and agglomerations of the CNC which create more voids in the
matrix [3].

The XRD patterns of cement paste and nanocomposites containing 1, 2 and
3 wt% CNC after 236 days are shown in Fig. 6.1. The addition of 1, 2, 3 wt% CNC
reduced the intensities of major peaks of Ca(OH)2 when compared to cement paste.
For example intensity of Ca(OH)2 at 2h of 18.01° for CNCC1 is decreased by 13.9%
compared to cement paste. This indicated an obvious consumption of Ca(OH)2 in the
pozzolanic reaction due to the presence of CNC and good dispersion of calcined
nanoclay in the matrix which produce more amorphous calcium silicate hydrate gel
(C-S-H). The formation of more C-S-H gel in CNCC1 nanocomposites can be also
confirmed by the inspection of the increase in intensity peaks corresponding to 2h of
31° (as mentioned by Hosino et al. [5]) in the close-up of Fig. 6.1 where peak for
C3S at 2h of 29.4° is also reduced. Moreover, it can also be seen in the same close-up
figure that the Ca(OH)2 peak at 2h of 28.7° is also lower in CNCC1 nanocomposite

Table 6.1 Porosity (%) values for cement paste (C), (CNCC) nanocomposites, 6THFRC
composites and (6THFR-CNCC) nanocomposites at 56 and 236 days [4]

Sample Porosity (%) at 56 days Porosity (%) at 236 days

C 23.9 ± 0.5 22.3 ± 0.7

CNCC1 16.5 ± 0.6 15.1 ± 0.3

CNCC2 17.6 ± 0.5 16.2 ± 0.5

CNCC3 18.9 ± 0.6 17.3 ± 0.7

6THFRC 32.1 ± 0.8 36.3 ± 0.7

6THFR-CNCC1 28.1 ± 0.5 30.5 ± 0.9

6THFR-CNCC2 29.4 ± 0.8 31.8 ± 0.9

6THFR-CNCC3 30.2 ± 0.7 33.1 ± 1.0
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than the cement paste due to pozzolanic reaction. In the same close-up figure the
XRD for CNCC1 at 56 days (as reported by our previous work, Hakamy [4]) is also
plotted. By comparing the peaks for CNCC1 at 56 and 236 days it can also be seen
that the XRD peak of CNCC1 at 236 days at 2h of 31° is slightly higher than at
56 days indicating the formation of more C-S-H and consumption of CH after
236 days. The reduction of C3S peak of CNCC1 at 236 days at 2h of 29.4° com-
pared to the same at 56 days and cement paste is another indication of pozzolanic
and hydration reaction [6]. Shaikh et al. [7] reported in their XRD results that after
28 days the cement paste containing 2% nano-silica exhibited less calcium
hydroxide peaks than the control cement paste.

In nanocomposites containing 3 wt% CNC, the intensities of major peaks of Ca
(OH)2 were slightly decreased when compared to cement paste. For instance, the
intensity of Ca(OH)2 at 2h of 18.01° for CNCC3 decreased by 6.9% compared to
cement paste. This may be attributed to agglomerations of CNC at high contents
which led to relatively poor dispersion of CNC and hence relatively poor poz-
zolanic reaction. This agglomeration can be explained as follows; nanoparticles,
due to their small size, have high inter-particle van der Waal’s forces causing them
to lose the desirable specific surface area to volume ratio [2]. Therefore, due to their
higher van der Waal’s forces, the 3 wt% CNC agglomerate more than other 1 wt%
CNC and 2 wt% CNC. As a result of this, the efficiency of 3 wt% CNC (or
nanoparticles) in consuming Ca(OH)2 could be less due to the reduction of total
surface areas that contribute in pozzolanic reaction. Shaikh et al. [7] also stated that
nanoparticles agglomerate more than other micro-pozzolanic materials (e.g. silica
fume, metakaolin) due to their higher van der Waal’s forces. In summary, it is
important to note that the reduction of the porosity could be attributed to two
reasons: (i) filling effect of CNC due to its good dispersion, (ii) the pozzolanic
reaction by amorphous nanoparticles (i.e. CNC) that lead more C-S-H gel being
produced.

6.2.2 Hemp Fabric-Reinforced Nanocomposites

The effect of wetting and drying cycles on the porosity of 6THFRC composites and
6THFR-CNCC nanocomposites was also shown in Table 6.1. Generally the
porosity increased significantly after 3 wetting and drying cycles (at 236 days). The
porosity of 6THFRC composites increased from 32.1 to 36.3% by about 13%
increase. This was due to increase in voids in between fibres and matrix. Whereas in
6THFR-CNCC1 nanocomposite, the porosity increased by 8.5% compared to
CNCC1 nanocomposite at 56 days. This indicates that CNC relatively reduced the
number of the voids between hemp fibre and nanomatrix after 3 wet/dry cycles and
thus fibre-matrix interfacial bounding was slightly maintained. Roma et al. [8]
reported that in the period from 28 to 155 days, a tendency of increase in the
permeable void volume was observed for the sisal fibres reinforced cement com-
posite containing silica fume. It could be a consequence of the fast degradation of
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Fig. 6.1 XRD patterns of: a cement paste, nanocomposites containing various calcined nanoclay:
b 1 wt% (CNCC1), c 2 wt% (CNCC2), and d 3 wt% (CNCC3). Legend 1 Portlandite [Ca(OH)2], 2
Tricalcium silicate [C3S], 3 Dicalcium silicate [C2S], 4 Gypsum, 5 Quartz [4]
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sisal fibres in the alkaline environment of Portland cement or even due to the
detachment of the cellulose fibre during wet–dry cycles attributed to its shrinkage
into the cement matrix.

6.2.3 Flexural Strength of Nanocomposites

The effect of 3 wet/dry cycles on the flexural strength of cement paste and
nanocomposites (CNC) is shown in Fig. 6.2. Overall, the incorporation of CNC
into the cement composite led to significant enhancement in the flexural strength at
all ages. At 56 days, the flexural strength of cement nanocomposite containing 1, 2
and 3 wt% CNC was increased by 42.9, 34.8 and 30.6%, respectively compared to
cement paste. This improvement clearly indicates the effectiveness of CNC in
consuming calcium hydroxide (CH), supporting pozzolanic reaction and filling the
micro pores in the matrix [9, 10].

Thus the microstructure of cement nanocomposite is denser than the cement
matrix, especially in the case of using 1 wt% CNC, which is evident from its higher
flexural strength. However, after 3 wet/dry cycles at 236 days, the flexural strength
of nanocomposites increased slightly compared to their values at 56 days. For
example, the flexural strength of CNCC1 nanocomposite increased from 7.75 to
8.27 MPa by about 7% increase. Rong et al. [11] studied the effects of 3%
nano-SiO2 particles on the durability of concrete containing 35% fly ash at 28 and
90 days, they reported about 11% improvement in flexural strength at 90 days
compared to 28 days. Mohamed [12] also reported that flexural strength of concrete
containing 1% nano-SiO2 improved from 12.08 to 13.27 by 10% after 90 days
compared to its strength at 28 days.

Fig. 6.2 Flexural strength as a function of calcined nanoclay content for cement paste and
nanocomposites at 56 and 236 days [4]
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6.2.4 Flexural Strength of Hemp Fabric-Reinforced
Nanocomposites

The effect of wetting and drying cycles on the flexural strength of 6THFRC
composites and treated hemp fabric reinforced-nanocomposites (6THFR-CNCC)
are shown in Fig. 6.3. Generally all composite showed reduction in the flexural
strength after 3 wetting and drying cycles (at 236 days). This was attributed to some
partial degradation of hemp fibre in cement matrix that led to slightly deteriorate
fibre-matrix bonding and also the mineralization of the fibres in which fibre became
more brittle. The incorporation of CNC into the 6UHFRC composite led to sig-
nificant enhancement in the flexural strength of all treated Hemp fabric reinforced
nanocomposites. At 56 days, the flexural strength of 6THFR-CNCC1 increased
from 14.52 to 20.16 MPa, about 38.8% increase compared to 6UHFRC composite.
However, after 3 wet/dry cycles (at 236 days) the flexural strength of 6UHFRC
composite dropped to 26.2% of the initial strength at 56 days, whereas the flexural
strength of 6THFR-CNCC1 nanocomposites reduced by about 17.4% compered to
its value at 56 days. Moreover, the flexural strength of 6THFR-CNCC2 and
6THFR-CNCC3 nanocomposites reduced by about 18.3 and 19.7% compared to
their values at 56 days.

Based on this result, it can be concluded that the reduction in the flexural
strength for 6THFR-CNCC3 nanocomposites was less than the reduction of
6UHFRC composite after 3 wet/dry cycles (at 236 days). This improvement is
explained as follows: the degradation of natural fibres in Portland cement matrix is
due to the high alkaline environment (calcium hydroxide solution) which dissolves
the lignin and hemicellulose parts, thus weakening the fibre structure [13–15]. In
order to improve the durability of natural fibre in cement paste, the matrix could be
modified in which calcium-hydroxide (CH) must be mostly consumed or reduced.

Fig. 6.3 Flexural strength as a function of calcined nanoclay content for 6THFRC composite and
6THFR-CNCC nanocomposites at 56 and 236 days [4]
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In this study, the CNC effectively prevented the hemp fabric degradation by
reducing the CH in the matrix through pozzolanic reaction. Thus, the degradation of
hemp fibres in nanocomposite was mostly prevented and the treated hemp
fabric-nanocomposite matrix interfacial bonding was mostly improved especially in
the case of 1 wt% CNC. Other two reasons of this improvement were the effec-
tiveness of CNC in filling the micro pores in the matrix which led to denser
microstructure of nanocomposite matrix than the cement matrix and also the
pre-treatment of hemp fibre by NaOH solution. Aly et al. [16] studied the durability
of (FRCGN) flax fibre reinforced cement mortar containing 2.5 wt% nanoclay and
20 wt% ground waste glass powder at 28 days and after 50 wet/dry cycles
(378 days). They reported that the FRCGN nanocomposites after accelerating
ageing cycles showed small reduction (19%) in the flexural strength compared to its
initial strength at 28 days. Filho et al. [17] investigated the durability of sisal
fibre-reinforced mortar with 50% metakaolin (PC-MK) and without metakaolin
(PC) at 28 days and after 25 wet/dry cycles. They observed that the flexural
strength of PC and PC-MK composites decreased by 63% and 23%, respectively
compared to their control composites at 28 days. They reported that 50% meta-
kaolin replacement significantly prevented the sisal fibres from the degradation in
cement matrix. However, the addition of CNC more than 1 wt% caused a marked
decrease in flexural strength. This could be attributed to the relatively poor dis-
persion and agglomerations of the CNC in the cement matrix at higher CNC
contents, which created weak zones and then increased the porosity.

Figure 6.4 shows the effect of wetting and drying cycles on the stress-midspan
deflection behaviour of 6THFRC composites and 6THFR-CNCC1 nanocomposites.
The ductile behaviour can be observed in both treated composites with and without
CNC, with higher flexural strength (about 40% increase) and better post-peak
ductility in the composite containing CNC. It was observed that ductile behavior
and bending stress are slightly reduced due to accelerated aging. This reduction was
attributed to the lignin and hemicellulose deterioration of hemp fibre in matrix by
Ca2 ions attack and embrittlement (brittleness) of hemp fibres due to fibre cell wall
mineralization in cement matrix [13–15]. Moreover, alternating wet and dry con-
ditioning increased the porosity and interface fatigue that led to decrease the bond
strength between the fibres and the matrix, and thus the load-transfer. However, the
6THFR-CNCC1 nanocomposite (Fig. 6.4b) presented better ductile behavior and
bending stress than 6THFRC composites (Fig. 6.4a) after 236 days. This
enhancement could be due to high fibre-matrix interfacial bonding, which increases
the maximum load-transfer capacity.

6.2.5 Microstructural Analysis

Figure 6.5a–d show the fibre-matrix interfacial bonding of 6THFRC composite
and 6THFR-CNCC1 nanocomposite at 56 days and after 3 wet/dry cycles (at
236 days). At 56 days, the microstructural characteristic of the fracture surface of
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6UHFRC composite (Fig. 6.5a) showed relatively good fibre-matrix interfaces with
small gaps between the fabric layers and the cement matrix. However, after 3
wet/dry cycles (at 236 days) the interface zone between the fabrics and the matrix
increased (Fig. 6.5b), which indicated obvious deterioration of fibre-matrix inter-
facial bonding. Regarding the 6THFR-CNCC1 nanocomposite at 56 days, the SEM
image showed good fibre-nanomatrix interfacial bonding (Fig. 6.5c) compared to
the 6THFRC composite (Fig. 6.5a). However, after 3 wet/dry cycles (at 236 days)

Fig. 6.4 Stress versus mid-span deflection curves for 6THFRC composite and 6THFR-CNCC1
nanocomposites at (a) 56 and (b) after 3 wet/dry cycles (236 days) [4]

Fig. 6.5 SEM images of 6THFRC composite (a) at 56 days, (b) after 3 wet/dry cycles (236 days)
and 6THFR-CNCC1 nanocomposites (c) at 56 days, (d) after 3 wet/dry cycles (236 days) [4]
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the interface zone between the fabrics and the matrix containing CNC slightly
increased (Fig. 6.5d), which indicated very small signs of degradation of
fibre-matrix interface in nano-matrix. This confirmed that the CNC considerably
reduced the deterioration of fibre-matrix interfacial bonding. The same phenomena
was observed by Wei and Meyer [18], according to their SEM images where they
reported that the use of metakaolin in cement composite reduced the deterioration of
interface zone between natural fibre and matrix after accelerating ageing (30
wet/drying cycles).

SEM micrographs of NaOH treated hemp fibre and the hemp fibres extracted
from 6THFRC composite and 6THFR-CNCC1 nanocomposite after 3 wet/dry
cycles (at 236 days) are shown in Fig. 6.6(a–d). It can be seen that the fibre surface
of raw NaOH treated hemp fibre was more uniform (Fig. 6.6a), whereas in
6THFRC composite (Fig. 6.6b–c), the micrographs revealed some degradation on
the fibre surface during accelerating ageing. Sedan et al. [19] reported that the CH
content (Ca2+ ions) of cement matrix contributed to the degradation of hemp fibre
rapidly. Regarding 6THFR-CNCC1 nanocomposite (Fig. 6.6d), there was slight
change in the fibre surface after 236 days, which indicated that CNC slightly
prevented the degradation of hemp fibre surface.

Fig. 6.6 SEM images of (a) NaOH treated hemp fibre and the hemp fibres extracted from:
(b, c) 6THFRC composite, (d) 6THFR-CNCC1 nanocomposite after 236 days [4]
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6.3 Cost and Applications

Natural fibres/fabrics are increasingly being utilized due to low density, low cost,
renewability, recyclability and availability [13, 14]. On the other hand, nanoparti-
cles are expensive which could limit their applications [20, 21]. Singh [22] stated
that the nanomaterials have many unique characteristics which will definitely result
in high strength and durable concrete, but the cost of nanomaterial is still very
expensive due to novelty technology. Perhaps the nanomaterial cost will come
down over time as manufacturing technologies upgrade their production efficiency
[23]. However, nanomaterials are used in very small amounts in the concrete or
other cementitious composites. Shaikh and Supit [24] stated that although the use of
nano-CaCO3 was first considered as filler to partially replace cement, some studies
have shown advantages of using 1% nano-CaCO3 nanoparticles in terms of com-
pressive strength and economic benefits as compared to cement and other supple-
mentary cementitious materials.

Among all types of nanomaterials that can be used in construction and building
materials, nanoclay is considered as one of inexpensive nanomaterials. In this study
the use of (very small amounts) only 1% calcined nanoclay in CNCC1 and
6THFR-CNCC1 nanocomposite led to significant improvement in mechanical
properties and durability. From economic point of view, the addition of 1% calcined
nanoclay in cement paste or treated hemp fabric reinforced cement composite will
not add any significant cost but improved the durability significantly after 236 days
(3 wet/dry cycles).

Regarding the issue of durability/cost ratio, this study has found that (see
Fig. 6.5), after 236 days (3 wet/dry cycles), the 6THFR-CNCC1 nanocomposite
showed higher flexural strength (by 55% increase) than control 6THFR composite.
This means that the addition of 1% calcined nanoclay will not add significant cost
but can increase the life (durability) of treated hemp fabric reinforced cement
composites by 1.55 times over their counterparts without calcined nanoclay. The
benefit of developing the long-term durability of natural fibre in such
fibre-nanocomposite will overcome the few cost. The developed treated hemp
fabric reinforced nanocomposites can also be widely employed as an alternative to
synthetic fibres in some applications including concrete tiles, roofing sheets,
sandwich panels, on-ground floors, ceilings and structural laminate.

6.4 Conclusions

Cement nanocomposites reinforced with hemp fabrics and calcined nanoclay
(CNC) have been fabricated and investigated. The treated hemp fabric-reinforced
cement composites and nanocomposites were subjected to 3 wetting and drying
cycles and then tested at 56 and 236 days. The influences of CNC dispersion on the
durability of these composites have been characterized in terms of porosity, flexural
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strength, stress-midspan deflection curves and microstructural observation of hemp
surface. The microstructure of matrix was investigated using X-ray Diffraction.
Results indicated that the CNC effectively mitigated the degradation of hemp fibres.
The durability and the degradation resistance of hemp fibre enhanced due to
the addition of CNC into the cement matrix and the optimum content of CNC was
1 wt%. The treated hemp fabric-reinforced nanocomposites containing 1 wt% CNC
exhibited superior durability than their counterparts and exhibited good fibre-matrix
interface. This environmental friendly nanocomposite can be used for various
construction applications such as ceilings and roofs.
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Chapter 7
Summary and Concluding Remarks

7.1 Nanoclay-Cement Nanocomposites

Based on the XRD and SRD results, the addition of nanoclay reduced the intensities
of major peaks of Ca(OH)2 crystals comparing to the control cement paste. Also
from QXDA, the addition of 1 wt% nanoclay reduced the amount of Ca(OH)2 from
19.5 to 15.7 wt%, about 19.5% reduction compared to cement paste. Also the
intensities of major peaks of Ca(OH)2 were significantly reduced compared to
cement paste. Furthermore, the amorphous content was increased slightly from 67.4
to 70 wt%, about 3.7% increase. This indicates that an obvious consumption of Ca
(OH)2 crystals mainly due to the effect of pozzolanic reaction in the presence of
nanoclay and good dispersion of nanoclay in the matrix leads to produce more
amorphous calcium silicate hydrate gel (C-S-H). In addition, SEM images of the
microstructure of cement paste, nanocomposites containing 1–3 wt% nanoclay
were also presented. SEM images of cement paste showed more Ca(OH)2 crystals
and Ettringite as well as more pores which revealed a weak structure. It was found
that the SEM micrograph of nanocomposites containing 1 wt% nanoclay was dif-
ferent from that of cement paste, the structure was denser and compact with few
pores due to the filler effect of 1 wt% nanoclay and more CSH gel due to poz-
zolanic effect. On the other hand, the SEM micrograph of nanocomposites con-
taining 3 wt% nanoclay showed more pores and micro-cracks which led to weaken
the structure of this nanocomposite when compared to nanocomposites containing
1 wt% nanoclay.

The incorporation of nanoclay in cement matrix had led to a modest enhance-
ment in physical and mechanical properties of all nanocomposites. Moreover, it was
found that the nanocomposites with 1 wt% of nanoclay achieved the highest
improvement in all properties. The cement nanocomposite containing 1 wt% nan-
oclay decreased the porosity (by 20.6%) and water absorption (by 23.5%) and
increased the density (by 4%), compressive strength (by 31%), flexural strength (by
32%), fracture toughness (by 31%), impact strength (by 29%) and Rockwell
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hardness (by 24%) as well as improved thermal stability (by 2.3%) compared to the
control cement paste. This improvement can be attributed to pozzolanic and filler
effects of 1 wt% nanoclay in which this nanocomposite had more consolidated
microstructure than others. However, the addition of more nanoclay into cement
nanocomposite adversely affected the mechanical and thermal properties. This
could be attributed to poor dispersion and agglomerations of the high nanoclay
contents which created more voids in the matrix.

7.2 Hemp Fabric-Reinforced Nanoclay-Cement
Nanocomposites

The addition of nanoclay into hemp fabric-reinforced nanocomposite improved the
physical, mechanical and thermal properties. Moreover, the hemp fabric-reinforced
nanocomposites containing 1 wt% nanoclay achieved the highest improvements
than others. It was found that the incorporation of 1 wt% nanoclay into the hemp
fibre-reinforced nanocomposites decreased the porosity (by 16%) and water
absorption (by 18%) as well as increased the density (by 3%), flexural strength (by
28.5%), fracture toughness (by 24.6%), impact strength (by 23%) and also
improved the thermal stability (by 19%), when compared to the control hemp
fibre-reinforced cement composite.

SEM micrographs of fracture surfaces of hemp fibre-reinforced nanocomposites
containing 1 wt% nanoclay showed good fibre-matrix interface as well as the
presence of hydration products on the fibre surface indicating better fibre/matrix
interface bond. However, poor adhesion between fibres and matrix was observed in
hemp fibre reinforced cement composite. In hemp fibre reinforced-nanocomposite
containing 3 wt% nanoclay, macro-cracking was observed in the matrix which
revealed relatively weak matrix and also debonding of fibre occurred.

This improvement in physical and mechanical properties as well as fibre-matrix
interface of hemp fibre-reinforced nanocomposites containing 1 wt% nanoclay was
attributed to the fact that the nanoclay modified the microstructure of matrix
through pozzolanic reaction and pore-filling effect. Thus, good interfacial bonding
between the nanomatrix and the hemp fibres was achieved. However, the addition
of more nanoclay (> than 1 wt%) into the hemp fibre-reinforced cement composites
adversely affected the thermal, physical and mechanical properties as well as
fibre-matrix interface.

7.3 Calcined Nanoclay-Cement Nanocomposites

Based on XRD, EDS and HRTEM results, nanoclay transformed to amorphous
state (calcined nanoclay) at 900 °C. Moreover, at high magnification by HRTEM, it
was found that many platelets in calcined nanoclay were destroyed and some of
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them broke to small nanoparticles with approximate spherical shapes ranging
3–8 nm. Overall, the results showed that the microstructures, physical, mechanical
and thermal properties of the cement nanocomposites were improved as a result of
CNC addition. The optimum content of CNC was 1 wt%.

Regarding characterisation of microstructure for nanocomposites, the results of
XRD and QXDA indicated that the addition of 1 wt% CNC reduced the amount of
Ca(OH)2 from 16.8 to 12.1 wt%, about 28% reduction compared to cement paste.
Also the intensities of major peaks of Ca(OH)2 were significantly reduced com-
pared to cement paste. Furthermore, the amorphous content of C-S-H gel was
increased from 70.1 to 74.8 wt%, about 6.7% increase. This improvement in
microstructure can be explained as follows: the CNC was mainly amorphous
nanomaterial and behaved as a highly reactive artificial pozzolan and thus it could
consume more CH through the pozzolanic reaction. As a result the CH content in
cement nanocomposite containing 1 wt% CNC was reduced significantly when
compared to cement paste and other cement nanocomposites containing NC and
CNC such as cement nanocomposite containing 1 wt% NC. SEM examinations of
the microstructure of cement paste, 1 wt% CNC nanocomposites and 3 wt% CNC
nanocomposites confirmed the effectiveness of 1 wt% CNC. SEM micrograph of
1 wt% CNC nanocomposite showed that its microstructure was denser and more
compact with fewer pores, less CH and more C-S-H gel when compared to cement
paste and 3 wt% CNC nanocomposites.

Regarding the physical, mechanical and thermal properties of cement
nanocomposites, overall, the addition of CNC into the cement matrix led to sig-
nificant enhancement in these properties when compared to cement nanocomposites
containing NC or cement paste. The cement nanocomposite containing 1 wt% CNC
decreased the porosity (by 31.2%) and water absorption (by 34%) and increased the
density (by 9.7%), compressive strength (by 40%) flexural strength (by 42.9%),
fracture toughness (by 40%), impact strength (by 33.6%) and Rockwell hardness
(by 31.1%) as well as improved thermal stability (by 3.3%) compared to the control
cement paste. This improvement was due to the effective filler and pozzolanic
reaction effects and good dispersion of 1 wt% CNC. In fact, it could be recom-
mended that more research is needed to overcome the agglomerations of NC or
CNC and to identify the best method of mixing to achieve good dispersion of CNC
in the matrix.

7.4 Un-Treated and NaOH Treated Hemp
Fabric-Reinforced Cement Composites

Based on SEM, XRD and TGA results of hemp fibre surface, it was found that
NaOH treatment effectively bleached and cleaned the surface of hemp fibres and
removed the amorphous materials such as hemicellulose, pectins and impurities
(fatty substances and waxes) from their surface. Thus the fabric surface became
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more uniform with slightly higher crystallinity index and thermal stability when
compared to un-treated hemp fabric surface.

Regarding the flexural strength and fracture toughness of un-treated hemp
fabric-reinforced cement composites (UHFRC), both flexural strength and fracture
toughness increased with an increase in fibre content up to the optimum hemp fibre
content, and then decreased after this limit. This suggests that the optimum hemp
fabric content among these composites was 6.9 wt% for 6UHFRC composite. In
6UHFRC composite, the flexural strength and fracture toughness were improved by
133–303% respectively compared to the cement paste. However, beyond this
optimum content of hemp fibre, both flexural strength and fracture toughness of the
UHFRC composites were decreased. This could be attributed to an increase in
porosity which reduced adhesion between the fibres and the matrix, and thus
decreased the load transfer.

NaOH treatment of hemp fabric had a positive effect on the flexural strength and
fracture toughness of 6THFRC composites. Flexural strength of 6THFRC com-
posite increased from 12.6 to 14.5 MPa, about 14.9% increase when compared to
6UHFRC composite. Moreover, the 6THFRC composite exhibited 13.5% increase
in fracture toughness.

SEM results of 6UHFRC composite showed relatively poor fibre-matrix inter-
faces with small gaps between the fabric layers and the cement matrix. In contrast,
the 6THFRC composite showed very small gaps between the fabrics and the matrix,
which indicated better fibre-matrix interfacial bonding. This improvement could be
explained as follows: after NaOH treatment, most of waxes and fats were removed
from the hemp fibre surface, and the surface became more uniform but rough. Thus,
this led to good interfacial bonding between the matrix and the hemp fibres which
served to enhance the load transfer process at the interface.

7.5 NaOH Treated Hemp Fabric Reinforced Calcined
Nanoclay-Cement Nanocomposites

Physical, mechanical and thermal properties were enhanced due to the addition of
CNC into the 6THFRC composites and the optimum content of CNC was 1 wt%.
The treated hemp fabric-reinforced nanocomposites containing 1 wt% CNC
(6THFR-CNCC1) exhibited the highest flexural strength, fracture toughness,
impact strength and thermal stability than their counterparts and good fibre-matrix
interface. For 6THFR-CNCC1 nanocomposites, it was found that porosity and
water absorption decreased by 12.4–14% respectively. Values of density, flexural
strength, fracture toughness, impact strength and thermal stability improved by 4.5,
38.8, 38.1, 19 and 5% respectively. 6THFR-CNCC1 nanocomposite showed better
fibre-nanomatrix interfacial bonding with ruptured fibres when compared to
6THFRC and 6THFR-CNCC3 composites.
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This improvement clearly indicated the effectiveness of CNC in consuming
calcium hydroxide (CH), thus facilitating the pozzolanic reaction, and pore-filling
in the matrix. As a result, the microstructure of nanocomposite matrix was denser
than the cement matrix. Consequently, the interfacial bonding of treated hemp
fabric-nanocomposite matrix was mostly improved, especially in the case of using
1 wt% CNC, as evident from its higher strength and toughness values. It could be
seen that CNC behaves not only as a filler to improve the microstructure, but also as
the activator to facilitate the pozzolanic reaction and thus improved the adhesion
between the treated hemp fabric and the matrix. However, the mechanical prop-
erties of treated hemp fabric-reinforced composites were adversely affected when
CNC content increased beyond the optimum content of 1 wt%. This was attributed
to the poor dispersion of high content of CNC into the matrix, which led to increase
in porosity and weaken the fibre-matrix interface.

7.6 Durability of NaOH Treated Hemp Fabric Reinforced
Calcined Nanoclay-Cement Nanocomposites Subjected
to Wet/Dry Cycles

Regarding the durability of calcined nanoclay-cement nanocomposites, porosity and
flexural strength improved slightly between 56 and 236 days where the flexural
strength of CNCC1 nanocomposite increased by 7%. This improvement could
be attributed to further hydration reaction and pozzolanic reaction ands pore-
filling effect. In NaOH treated hemp fabric reinforced calcined nanoclay-cement
nanocomposites, the durability and the degradation resistance of hemp fibre was
enhanced due to the addition of CNC into the cement matrix and the optimum content
of CNC was 1 wt%. After 236 days, the flexural strength of 6THFRC composites
decreased by 26.2% compared to its initial strength at 56 days. In comparison the
flexural strength of 6THFR-CNCC1 nanocomposites decreased by only 17.4%.

SEM results after 236 days indicated that there were very small signs of
degradation of fibre-matrix interface for 6THFR-CNCC1 nanocomposites when
compared to 6THFRC composites. Moreover, the SEM images of hemp fibres
extracted from 6THFRC composites showed more degradation than hemp fibres
extracted from 6THFR-CNCC1 nanocomposites.

Overall, the addition of CNC had great potential to improve the durability of
treated hemp fabric reinforced cement nanocomposites during wet/dry cycles,
particularly at 1 wt% CNC. In order to improve the durability of natural fibre in
cement paste, the matrix could be modified in which calcium-hydroxide (CH) must
be mostly consumed or reduced. In this study, the CNC effectively prevented the
hemp fabric degradation by reducing the CH in the matrix through pozzolanic
reaction. Thus, the degradation of hemp fibres in nanocomposite was mostly pre-
vented and the treated hemp fabric-nanocomposite matrix interfacial bonding was
mostly improved especially for 1 wt% CNC.
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7.7 Concluding Remarks

High performance natural fibre-reinforced cement nanocomposites have been suc-
cessfully fabricated. The effect of nanoparticles (nanoclay and calcined nanoclay)
and hemp fabrics (untreated and NaOH treated) on the microstructure, physical,
mechanical and thermal properties as well as durability of cement nanocomposites,
untreated and NaOH treated hemp fabric-reinforced cement nanocomposites were
investigated and discussed. The research results provided a fundamental knowledge
on the mechanism and performance of a new class of treated hemp fabric-reinforced
cement nanocomposites. Despite the significant improvement in mechanical prop-
erties for both cement nanocomposites and NaOH treated hemp fabric-reinforced
cement nanocomposites, the agglomeration of nanoparticles at high content is still a
major issue. In addition, advanced computer models are required to investigate the
influence of nanostructures, such as shape and size distribution, orientation, aspect
ratio, degree of spatial and interfaces on the physical and mechanical properties of
cement nanocomposites, untreated and treated hemp fabric-reinforced cement
nanocomposites. Multi-scale mechanics models and numerical methods should be
developed for better understanding of the enhanced properties in these building
nanomaterials.
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