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Abstract 

In response to increases in worldwide environmental awareness, there is increasing and 

encouraging scientific research being done on the development of eco-friendly and more 

sustainable construction materials. The use of recycled materials and agriculture waste in 

construction is among the most attractive options because of the increasing need of the 

construction industry for these materials, their relatively low quality requirements and the 

industry’s use of widespread construction sites.  

The primary objective of this thesis is to assess the performance of flax fibre/waste glass 

cement composites. Flax fibres are used to reinforce two systems. The first system contains 

Ordinary Portland Cement (OPC) only as a binder while in the second system a part of OPC is 

replaced by finely ground waste glass powder.  The fibre parameters were selected by applying a 

Central Composite Design to plan the experiments, develop mathematical models and optimise 

the fibre parameters. In order to improve the durability and long term performance of these 

composites, nano clay particles and colloidal nano silica was added in the production of both 

systems. In order to remove the surface impurities from the fibre surface, to enhance the 

adhesion between the matrix and the fibres and to improve long term stability of the composites, 

alkali treatment of the fibres was carried out in the production of both systems. Alkali treatment 

conditions were selected by applying a Box-Behnken method to design the experiments, develop 

mathematical models and optimise the treatment conditions. 

Several fibre and composite characterisation techniques were utilized in this research. 

The characterisation was designed to obtain information on surface morphology, fibre 

crystallinity, mineralogical composition, thermal stability and the mechanical properties of alkali 

treated flax fibre and its composites. Hence, the following techniques, X-ray diffraction (XRD), 

thermogravimetry (TGA/TDA), scanning electron microscopy (SEM), tensile, flexure, 

toughness, fracture energy, impact and compressive properties testing were employed to analyse 

the results.  

The results obtained in this study provide ample evidence that waste glass powder (up to 

20% by cement weight) and nano-silica (3% by cement weight) or nano-clay (2.5% by cement 

weight) can be used together in concrete without any adverse impact. The presence of 

nanoparticles improves the mechanical and physical properties of waste glass cement systems, 

enabling the development of high performance cement composites.  Moreover, the use of 

nanoparticles and waste glass powder reduces the CO2 footprint of the cement composites which 

are produced and is also economically attractive. In brief, the proposed new composite offers 

superior performance, lower costs and provides better ecological and environmental benefits. 
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Chapter 1 : Introduction 

 

1.1 Introduction 

Next to food shortages, housing shortages is one of the most important issues 

on our planet, particularly in developing countries. To improve this situation and 

make it possible to build more houses, especially for low-income families, it is 

necessary to consider all locally available materials which can be used in the 

construction sector. Material sciences have always been a leading driver in 

construction innovation. This is still true today with new technologies producing 

new materials and improving the performance and application of old materials. 

However, many problems have to be addressed and resolved before such materials 

are broadly accepted in the marketplace. Issues such as sustainability, eco-

friendliness, durability, long-term performance, design methods to allow their 

integration in construction, and new or modified standards to facilitate these new 

construction materials acceptance in the marketplace are often mentioned.  

Globally, large amounts of agriculture wastes are generated every year. For 

example, flax is an oilseed crop where the seed is processed for its high oil content, 

while the biomass left behind tends to be a problem because it has strong fibres 

which breakdown very slowly under natural conditions. Traditionally, flax straw has 

been discarded or burned as a waste material by farmers. On the other hand, the re-

use of this waste material to reinforce cement matrixes and as a substitute for 

synthetic fibres, particularly glass fibres, provides a more environmentally 

responsible use for flax straw [1,2].   

The use of natural fibres to strengthen brittle materials, which are much 

weaker in tension than they are in compression, can be traced back to the beginning 

of human civilization. The ancient history of using natural fibres goes back to Egypt 

some 3500 years ago; clay was reinforced with straw and hair from animals to build 

walls used in housing. Around the same time period, sun-baked bricks reinforced 

with straw were used to build the 57 m high hill of Aqar Quf (near present-day 

Baghdad). Afterwards, the use of natural fibre in construction declined, due to the 
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introduction of more durable fibres such as steel and glass fibres. The history of 

modern manufactured fibre cement composites began around 1900 with the 

invention of Hatschek process. Asbestos–cement was the first fibre reinforced 

cement composite (FRC) in modern history, and was widely used as a cladding 

material, for roofs and walls. However, this composite is of little interest today due 

to its attendant health hazards. Following the success of asbestos fibres, the pace of 

FRC development accelerated through the use of  a wide variety of conventional 

fibres such as steel and glass as well as new fibres such as carbon, Kevlar, 

polypropylene and nylon [3].  

Although synthetic fibres are strong and stiff, recently, due to increasing 

environmental awareness, depletion of petroleum resources, disposal problems, and 

the introduction of new rules and regulations by legislative authorities, the 

production and use of traditional cement composite materials made with synthetic 

fibres like glass, has been criticised [4,5]. As a consequence, natural fibres such as 

flax, hemp, sisal, jute, ramie, coir and cotton have attracted attention as a 

replacement for synthetic fibres due to and increased emphasis on sustainability. 

These natural fibres offer many advantages which make them attractive for cement 

reinforcement. For example; natural fibres are abundant, relatively cheap,  low in 

density, environmentally friendly, nonabrasive and their specific properties are 

comparable with the most commonly used reinforcing glass fibres [5,6,7]. The 

leading driver for replacing glass fibres with natural fibres is their low cost. While 

the cost of glass fibre is about US $1.5-3.2 per kg and it has a density of 2.5 g/cc. , 

the price of natural fibre is about US $ 0.1-1 per kg and its density is 1.2-1.5 g/cc [8].  

Table 1.1 [1], clearly shows that although the tensile strength (TS) of natural fibre is 

lower than that of glass fibre, the specific modulus of natural fibres (Young’s 

Modulus (YM) per unit specific gravity) show values that are comparable to or even 

better than values for glass fibres.  
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Table  1.1: Properties of glass and natural fibres [1] 

Properties 
  Fibre 

E-glass Flax Hemp Jute Ramie Coir Sisal Cotton 

Density (gm/cc) 2.55 1.4 1.48 1.46 1.5 1.25 1.33 1.51 

TS (Mpa) 2400 
800-
1500 

550-
900 

400-
800 

500 220 
600-
700 

400 

YM (GPa) 73 60-80 70 10-30 44 6 38 12 

Specific modulus  
(YM/density) 

29 26-46 47 7-21 29 5 29 8 

Elongation at failure 
(%) 

3 1.2-1.6 1.6 1.8 2 
15-
25 

2-3 3-10 

Moisture absorption 
(%) 

-  7 8 12 12 10 11 8-25 

 

Despite all of the aforementioned advantages, the industrial production of 

natural cement composites has been hindered by its weakness in terms of durability 

and long term performance. The alkalinity of the cement matrix and the volumetric 

instability of the fibres are the main causes of the loss of resistance of natural fibre-

reinforced cement mortar composites. As a result, the scientific community has made  

substantial efforts in the last decade to improve the durability and long term 

performance of natural fibre-reinforced cement composites to address these 

weaknesses [7,9]. 

The decomposition of natural fibres in cement-based composites occurs due 

to the fact that the alkaline pore water dissolves the lignin and hemicelluloses 

existing in the middle lamellae of the fibres, thus weakening the link between the 

individual fibre cells.  Furthermore, the alkaline hydrolysis mechanism of cellulose 

molecules causes degradation of molecular chains, thereby leading to a reduction in 

the degree of polymerisation and the lower tensile strength of the fibres [7,10]. 

Currently, two approaches have been explored for the reduction of alkaline attack on 

fibres in natural fibre-reinforced composites. One involves the modification of the 

cement matrix by using pozzolanic materials or polymers to reduce or remove the 

alkaline compounds. This can also be achieved by the modification of the surface of 

the fibres with chemical or physical treatments in order to increase their stability in 

the cementitious matrix [7].  The reduction of cement matrix alkalinity by using 

pozzolanic materials, such as silica fume [11], fine powdered metakaolin and 
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calcined waste crushed clay brick [12] is one of the most successful techniques for 

improving the durability of natural fibre cement composites [9]. 

The use of recycled materials in construction is among the most attractive 

options because of the huge need of this industry for these materials, relatively low 

quality requirements and widespread construction sites [13]. Although glass is a 

highly recyclable material, recycling of coloured bottle glass causes major problems 

due to the high cost of cleaning and colour sorting. It is also widely believed that the 

storage of coloured bottles is cheaper than recycling them. Therefore, most coloured 

bottle glass is regarded as a low-value product and it is usually dispatched to 

landfills as waste material. Since glass is not biodegradable, landfills also do not 

offer an ecological solution. However a potential answer that would provide a 

sustainable, ecological and economic solution for mixed-colour bottle storage would 

be to re-use coloured waste glass in the cement and concrete industries.  

As reported by Shao et al. [14], a typical pozzolanic material should satisfy 

three characteristics: it should have a high silica content, be amorphous in nature and 

have a large surface area. When compared to silica fume, glass contains relatively 

large quantities of silica (54-81% by weight) and is amorphous in nature. Therefore, 

in theory, glass is pozzolanic or even cementitious in nature and thus it might satisfy 

the basic requirements for a pozzolan if it was also finely ground in order to mitigate 

the alkali silica reaction (ASR) and to activate pozzolanic behaviour [15,16]. Hence, 

it could be used as a cement replacement in natural fibre cement composites. The use 

of finely ground glass as a pozzolanic material is a relatively recent development, 

and it has also been encouraged due to the environmental issues associated with the 

continual accumulation of waste glass [17]. Furthermore, according to the 

requirements of ASTM C618 [18], glass has the potential to be functionally 

acceptable as a cement replacement. 

 However, one of the limiting factors in the use of finely ground waste glass 

powder in concrete is the lower reactivity of glass powder when compared to cement 

powder. This limitation requires the use of practical methods for increasing the 

reactivity of waste glass powder [19].  
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Recent advances in nano materials science show that nano-sized particles, such 

as nano silica and nano clay particles, have a high surface area to volume ratio that 

have the potential for tremendous chemical reactivity [20]. Furthermore, adding a 

small amount of these materials (< 3% by cement weight) to the cement matrix could 

accelerate pozzolanic activity, improve workability, control ASR, and increase the 

strength and durability of concrete [20,21,22,23,24,25,26]. Therefore, using nano 

particles to increase the pozzolanic activity of waste glass powder would be a 

promising approach in improving the performance of this material. 

Besides the properties of fibre and matrix, the interface between these two 

constituents also plays a significant role in composite materials. The interface has to 

be sufficiently strong so that mechanical loading is transferred from the matrix to the 

reinforcing fibres, thus improving toughening mechanisms like debonding and pull-

out.  Fibre-matrix adhesion should also be treated to improve fibre surface properties 

[3,27]. 

Accordingly, the incorporation of flax fibre, waste glass powder and nano 

particles into the cement matrix, provides substantial benefits.  Material cost savings 

and high mechanical performance, coupled with the advantage of being ecologically 

acceptable, make flax fibre, waste glass, cement nano composites a promising 

alternative construction material. Furthermore, re-using waste glass in construction 

can reduce the CO2 emissions associated with cement production. The social and 

environmental benefits of this composite are realized through the use of a natural 

renewable fibre and a green cement matrix. 

Therefore, the use of these new cement composites addresses several different 

sustainable construction issues: first: the environmental impact of building materials, 

secondly: the re-use of huge amounts of waste glass, third: the effective utilisation of 

a high-growth raw material (flax), and finally; the increasing demand for housing 

growing populations particularly in developing countries. 

 While technical solutions for construction material concerns have long been 

provided by engineers, this thesis intends to address to the primary goal of civil 

engineering; using technical excellence and creativity to improve the quality of life 
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by addressing the underlying concerns of environmental protection, social 

considerations, economic viability, sustainability and public safety. 

1.2 Aim of the thesis 

While the reduction of negative environmental impacts is one of the primary 

goals, the need for durable and high-quality building materials, which can be 

economically produced using simple production processes and tools, is the 

underlying concern. 

The aim of this work is to produce high quality flax fibre waste glass cement 

composites for potential use in construction applications. 

In this work, flax fibres will be used to reinforce two systems; the first 

system contains only Ordinary Portland cement (OPC) as a binder, while in the 

second system; a portion of OPC will be replaced by finely ground waste glass 

powder. In order to improve the durability and long term performance of these 

composites, nano-clay particles and colloidal nano-silica will be added during the 

production of both systems. An alkali treatment of the fibres will be carried out 

during the production of both systems in order to; remove the surface impurities 

from the fibre surface, enhance the adhesion between matrix and fibre, and improve 

long term stability of the composites.  

1.3 Thesis Objectives 

The primary objective of this thesis is to assess the performance of flax fibre 

cement composites. Based on a critical review of the literature, this study has been 

broken down into the following components: 

 Gain an understanding of natural fibre reinforced cement composites, the 

application of waste glass and nano materials in concrete industries, and an 

insight into work previously done by other researchers in this particular area.  

 Treatment of flax fibres with alkali and the development of mathematical 

models using factorial design with the aid of Design-Expert version-7 

statistical software in order to predict the tensile strength and Young's 

modulus of treated fibres. Also determine the optimal treatment conditions, 
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based on the developed models and numerical optimisation, required to 

achieve the desired criteria. 

 Characterisation of the alkali treated fibres through the use of X-ray 

diffraction (XRD), scanning electron microscopy (SEM) and 

thermogravimetric analysis (TGA) and differential thermal analysis (DTA). 

 Investigate the influence of alkali fibre treatment on the mechanical and 

thermal properties of natural fibre cement composites. 

 Determine the optimal amount of fibre content and fibre length by using 

factorial design. Also develop mathematical models in order to predict and 

optimize the following process responses:  

1. Flexure strength 

2. Fracture energy 

3. Impact strength 

4. Compressive strength 

5. Toughness indices 

6. Porosity 

 Present the developed models graphically in order to illustrate the effect of 

each mix parameter on the above mentioned responses. 

 Apply the analysis of variances (ANOVA) to test the adequacy of the 

developed models and examine each term in the developed models using 

statistical significance tools. 

 Determine the optimal combinations of mix parameters, using the developed 

models with numerical optimisation and graphical optimisation, required to 

achieve the desired criteria for the responses listed above. 

 Improve the performance of the optimised flax fibre composites through the 

incorporation of waste glass powder, nano-clay particles and colloidal nano-

silica. 

 Characterisations of the flax fibre cement composites through the use of X-

ray diffraction (XRD), ASR test, scanning electron microscopy (SEM), 

thermal expansion and thermogravimetric analyses (TGA/DTA). 

 Study the durability and long term performance of cement composites, which 

were subjected to the following three (different) ageing conditions: 

1. Immersion in water at 20 Ԩ	 േ 2 for 360 days, 



 

8 
 

2. 50 controlled wetting and drying cycles. 

3. Dublin open air weathering which started in September 2009 and 

ended in September 2010. 

1.4 Thesis Structure 

This thesis is divided into two major sections and consists of six chapters. 

The first section consists of Chapters 1, 2, 3 and 4, which represent the introduction, 

literature review, materials and characterisation techniques as well as the 

optimisation methods used in this work. 

 Chapter 1 provides a general introduction to the thesis with a brief history on 

the development of natural fibre cement composites. It also includes the thesis aim, 

thesis objectives and the structure of the thesis.  

Chapter 2 contains background information and a comprehensive literature 

review related to the present work.  

Chapter 3 contains details of relevant test methods, materials, experimental 

procedures and the equipment used for testing. 

 Chapter 4 explains the design of experiments and some details on the Box-

Behnken and central composite designs, as well as the steps followed to establish the 

design matrix and mathematical model. 

The second section includes chapters 5 and 6 which contain the results, 

discussion and conclusions drawn from the results.  

Chapter 5 deals with the chemical modification of fibres, optimisation of the 

alkali treatment conditions of flax fibres and fibre characterisation. It also shows the 

influence of fibre treatment on the mechanical and thermal properties of flax fibre 

cement composites. Additionally, it covers the optimisation of fibre parameters (i.e. 

length and volume fraction) and the content of waste glass powder, nano-clay and 

nano-silica particles. Moreover, it addresses the influence adding different types of 

additives such as waste glass powder, nano-clay and nano-silica have on the 

mechanical properties, thermal behaviour, microstructure, alkali silica reaction and 

durability of flax fibre composites.  
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Chapter 6 provides the conclusions drawn from the results, some 

recommendations and suggestions for future work based on the current study. 
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Chapter 2 : Literature Review 

 

2.1 Introduction 

According to ASTM C-150, ordinary Portland cement (OPC) is hydraulic 

cement produced by pulverizing clinker, which consists of hydraulic calcium 

silicates, usually containing one or more types of calcium sulphate, as an interground 

addition. OPC is a mixture of silica, aluminium oxide, calcium oxide and ferric 

oxide. The primary source of lime is limestone or chalk and the main source for 

silica and aluminium oxide are shales, clays or salts. The major phases of OPC are 

tri-calcium silicate C3S (alite), di-calcium silicate β-C2S (belite), tri-calcium 

aluminates (C3A) and the ferrite phase of tetra calcium alumina ferrite, C4AF (celite). 

Alite and belite together make up 75-80% of OPC. In the presence of a limited 

amount of water, the reaction of alite is characterised by a rapid rate of hydration 

within a few hours and rapid strength development, while the reaction of belite is 

characterised by a slow rate of hydration within days and slow strength development 

within weeks. Although celite makes up about 4-11% of OPC, it significantly 

influences the early reactions. Celite is characterised by a very rapid rate of 

hydration within a few minutes and very rapid strength development within the first 

24 hours [28].    

Generally, the hydration process is a chemical reaction between the cement 

clinker and water. Calcium silicate reacts with water in two phases. In the first phase, 

calcium silicate hydrates (C-S-H) produce particles of colloidal sizes with poor 

crystallinity that develops a high surface area. The second phase uses calcium 

hydroxide (Portlandite) for hexagonal crystallinity. The hydration process is 

explained as follows. As soon as the alite comes into contact with water, it releases 

calcium and hydroxyl ions exothermally with rapid heat generation until a certain 

critical concentration of crystallisation of both Portlandite (CH) and C-S-H is 

reached. Finally, within about 12-24 hours, a slow formation of the product is 

reached. The hydration of celite proceeds in similar way to that of alite, but is slower. 

The hydration of belite also proceeds in a similar way to that of alite, but at much 

slower rate and with a lower heat release when compared to alite. The hydration of 
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tricalcium aluminate is controlled by the addition of gypsum in order to regulate setting 

time. It reacts with gypsum and water to form ettringite within a few minutes. Ettringite has 

prism-shaped hexagonal crystals (needle-like) which are longer than CH crystals. After all of 

the gypsum is converted to ettringite, the excess tricalcium aluminate reacts with ettringite to 

form a monosulpho-aluminate hydrate. This takes, on average, 12-36 hours depending on the 

sulphate ion contents of the gypsum. Generally, the rate of hydration in order of 

decreasing rates are as follows;    aluminate > alite> celite> belite [28]. 

The ettringite phase (abbreviated as AFt) in cement paste, develops during 

the first few hours leaving a small amount in cement past after a few days of 

hydration. The ettringite appears as stumpy rods in SEM analysis with an average 

length of a few micrometres. The monosulpho-aluminate phase (AFm) forms after the aft 

disappears and comprises around 10% of the solid phase in the mature cement phase. The 

monosulpho-aluminate has a hexagonal morphology resembling that of CH. C-S-H is the 

principal product of the OPC hydration process, which governs the mechanical and physical 

properties of hardened cement paste. The morphology of C-S-H is subdivided into three 

types; Type (I) C-S-H, occurs at an early age and appears as elongated or fibrous particles a 

few micrometres in length.  Type (II) C-S-H forms in conjunction with type (I), and appears 

as a reticular or honeycombed structure, while type (III), which is a late hydration product, 

appears as a compacted and dimpled structure [28,29,30]. Calcium hydroxide (CH) is a 

soluble compound, which means it moves throughout the pore system in the 

presence of water. This movement increases the past’s porosity and its susceptibility 

to sulphate attack. Supplementary cementitious materials (SCMs) such as silica fume 

and blast furnace slag are used as partial cement replacements in concrete in order to 

improve durability, ultimate strength, workability, hydration heat and permeability. 

These improvements  develop during the pozzolanic reaction between amorphous 

silica in the SCMs and Portlandite (CH) and the formation of insoluble C-S-H [19]. 

2.2 Pozzolanic Materials 

A pozzolan is a siliceous or aluminous material, which in itself posses little 

or no cementitious property, but it the presence of moisture chemically reacts with 

calcium hydroxide at room temperature to form compounds that possess cementing 

properties. 

The concept of using of pozzolans in building materials can be traced back to 

the very beginning of civilization. Lime- natural pozzolan composites were used as 
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the primary cementitious material for the construction of ancient structures in Egypt, 

Greece, Rome and India. In Egyptian and Indian civilizations the source of 

pozzolans was calcined clay from crushed bricks, tile and pottery, while, in Greece 

and Rome the source was volcanic ash. In fact, the term pozzolan was first used in 

Italy to describe the volcanic ash mined at Pozzuoli, a village near Naples [31]. 

Later on, lime- natural pozzolans lost favour, due to the discovery and use of 

hydraulic lime (impure lime that contained a substantial amount of calcined clay) 

during the 18th century, which was the forerunner for the invention of Portland 

cement in 1824. Due to the superior setting and hardening characterises of OPC, it 

rapidly became the most favoured cementing material instead of lime- natural 

pozzolans. However, due to the technological, economical and environmental 

considerations (described below), large quantities of pozzolans are in use today by  

concrete industries in the form of mineral admixture and supplementary cementitious 

materials (SCMs) such as silica fume and blast furnace slag [31]. The benefits of 

using pozzolans in the cement and concrete industries can be divided into the 

following three categories: 

Engineering benefits: The incorporation of finely divided particles into a concrete 

mixture tends to improve workability, increase ultimate strength, enhance durability, 

reduce porosity, improve resistance to thermal cracking due to the lower heat of 

hydration, and increase tensile strain capacity. 

Economic benefits: Whenever a pozzolanic and/or cementitious by-product can be 

used as a partial replacement for OPC in concrete, it provides substantial energy and 

cost savings. OPC is a highly energy intensive material and increases in energy costs 

have been reflected in correspondingly higher cement costs. Therefore, OPC also 

represents the most expensive component of a concrete mixture. On the other hand, 

most of the pozzolanic and cementitious materials are industry by-products that 

require low or even no expenditure of energy for their use in concrete industries.  

Ecological benefits: the total volume of pozzolanic and cementitious by-products 

exceeds 500 million tons per year. Many of these by-products are hazardous to 

human health, ground water and soil if they are not disposed of safely. The concrete 

industries provide an excellent way to dispose these hazardous by-products, where 
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the most harmful components can be safely incorporated into the hydration of 

cement. Furthermore, incorporation of these by-products into the cement matrix can 

greatly mitigate the emissions of CO2 and other air pollutants emitted from the 

manufacturer cement clinker, where every ton of  OPC production is accompanied 

by  a similar amount of CO2 emissions into the environment [19,31]. 

2.2.1 Waste Glass Powder as a Pozzolanic Material  

The concept of using waste glass in concrete is not new; early efforts were 

conducted in the 1960s to use crushed waste glass as an aggregate replacement [15]. 

However, these attempts were not satisfactory due to the strong reaction between the 

alkalinity of the cement and the reactive silica in glass, also known as  alkali silica 

reaction (ASR) [14,15]. In addition to ASR, using waste bottle glass limits the size 

and shape of coarse aggregate because crushed bottles will tend to form flat and 

elongated shapes, which may negatively affect workability and reduce compressive 

strength. Also, most mixed colour bottles are of different chemical compositions and 

may be contaminated due to paper or plastic labels, caps and sugars that remain from 

the original contents of the bottles [19,32]. Furthermore, using waste glass as an 

aggregate could decrease slump, air content, fresh unit weight, tensile and flexure 

strengths [33]. 

In the last decade, the re-use of waste glass in the cement and concrete 

industries has again attracted many researchers [13,14,34] due to the high disposal 

costs for glass and environmental regulations.  Currently, several efforts have been 

made to overcome the limitations of ASR, which focused on reducing the particle 

size of the waste glass through prolonged grinding. The results of this work showed 

that very fine glass powder greatly decreased ASR expansion. Furthermore, the 

results revealed an improvement in compressive strength, resistance to sulphate 

attack and chloride ion penetration with the use of very fine glass powder (less than 

100 µm).  

Shao et al. [14] used 30% waste glass, namely fluorescent lamps, as cement a 

replacement, and their results showed that waste glass finer than 38µm recorded a 

significant reduction in ASR expansion when compared to control mortar.  
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Shi et al. [13] also found that finely ground glass powders exhibited very 

high pozzolanic activity. Their results showed that the pozzolanic activity of glass 

powder greatly increased by decreasing the glass particle size, which in turn greatly 

deceased the tendency for ASR and improved the compressive strength of concrete.  

However, using up to 50% waste glass as a cement replacement, Chen et al. 

[34] found that a particle size less than 75µm possesses cementitious capability and 

improves compressive strength, resistance to sulphate attack and chloride ion 

penetration.  

Whereas, The works of Shi et al. [13], and Schwarz et al. [35] , indicated that 

below 100 µm, glass can have a pozzolanic reactivity greater than that of fly ash as a 

low cement replacement (10 to 20%) after 90 days of curing. 

Corinaldesi et al. [36] used sodium-calcium glasses with particle sizes 

ranging from 36 µm to 100 µm, to study the effect of glass particle size on ASR. 

Their results did not detect any deleterious effect at a macroscopic level due to the 

reaction between cement paste and ground waste glass with particle sizes up to 100 

µm. Also, their results showed a strong improvement in the compressive and flexure 

strength of the mortar, due to the positive contribution of the waste glass to the 

micro-structural properties.  

Work by Karamberi and Moutsatsou [37] indicated that finely ground colour 

glass cullet up to 90 µm was found to increase pozzolanic activity, improve 

compressive strength and caused negligible ASR expansion.  

 Idir et al. [16] showed that pozzolanic activity increases with glass fineness 

and that equivalent or superior compressive strength can be attained using up to 40% 

mixed colour glass (less than 40µm) when compared to their reference specimen 

without glass. 

Some researchers [38, 39] also investigated the effect of glass colour on the 

mechanical properties of concrete. Park et al. [38] and Sobolev et al. [39] showed 

that there was no significant difference in the performance of coloured glasses.  
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The incorporation of glass into concrete as a SCM will depend on its 

performance, namely its strength, durability and volumetric stability over time. 

Controlling of the beneficial pozzolanic reactions and damaging ASR, which 

depends on several factors involving calcium content, particle size, and alkalinity, 

the dissolved silica will depolymerise into expansive gel, hydrate into C-S-H or a 

combination of both. Buchwald el al. [40] and Urhan [41]  proposed that at any time 

in a cement matrix containing either reactive aggregate or pozzolanic material, ASR 

gel and C-S-H, as well as a range of intermediate products, can be found. The 

availability of calcium ions in combination with a relatively high rate of C-S-H 

formation will lead to a pozzolanic reaction, and over time, any ASR product will 

take on the texture of C-S-H. AS glass powder reacting like a pozzolan will follow 

Eq. (1), and the product will be a type of C-S-H [19]. 

ܱܵ݅ଶ	ሺݏሻ ൅ ሻݍଶାሺܽܽܥ ൅ ሻݍሺܽ	ିܪ2ܱ	 → 	݊ଵܱܽܥ. ܱܵ݅ଶ. ݊ଶܪଶܱ	ሺݏሻ																ሺ1ሻ 

When the reaction of glass results in ASR gel, sodium or potassium ions may be 

substituted for calcium as shown in Eq.(2) [19]. 

ܱܵ݅ଶ	 ൅ 2ܰܽଶାሺܭାሻ ൅ ିܪ2ܱ	 	→ 	ܰܽଶሺܭଶሻ. ܱܵ݅ଷ.  ሺ2ሻ																																	ଶܱܪ

This system may be lead to variability in the swelling properties of ASR products. 

Wang and Gillott [42] proposed that the mechanism which differentiates 

between pozzolanic and ASR products is the degree of aggregation or the particle 

size of the silica source. They demonstrated that the two reactions compete with each 

other and that the ease with which calcium ions can reach the pozzolanic reaction 

results in a more stable and less expansive product.  The re-use of glass in concrete 

industries is accompanied by two antagonistic behaviours, depending on the size of 

the glass particles. First; ASR involves the production of a swelling product and 

secondly; beneficial pozzolanic reaction improves the strength and durability of 

concrete.  

 Previous works show that the use of waste glass as a SCM produces 

controversial and mixed results over a range of levels of replacement and particle 

sizes. As regards the requirements of ASTM C 618 [18], glass has the potential to 

function at acceptable level as an SCM, as shown in Table 2.1. 
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 However, proper methods must be developed to control the ASR/pozzolanic 

reaction and increase glass powder reactivity. Recent studies have shown that nano 

sized particles such as nano clay and nano silica have a high surface area to volume 

ratio that provides the potential for tremendous chemical reactivity [20, 48, 49]. 

Also, they accelerate pozzolanic activity, improve workability, control ASR, and 

increase the strength and durability of concrete. 

Table  2.1: Chemical composition of waste glass powder and other pozzolans 

Compound Glass [43,44] OPC [45] Slag [19,46] Silica fume [47]

SiO2 63.0-80.5 21.78 11.8-35 92 

Al2O3 0.8-6.2 6.56 2.0-12 0.7 

Fe2O3 0.0-3.0 4.13 0.3-22.6 1.2 

CaO 0.3-12.76 60.12 39.6-47.5 0.3 

MgO 0.0-8.7 2.08 0.0-7.5 0.2 

K2O 0.4-6.0 0.42 0.0-0.4 1.8 

Na2O 1.9-22.0 0.36 0.2-0.3 1.5 

SO3 0.0-3.50 2.16 0.2-9.0 0.3 

others 0.05-3.5 2.39 - 2 
 

2.3 Nanotechnology in Concrete 

Nanotechnology is commonly defined as the creation of materials with 

fundamentally new properties and functions by controlling matter at the levels of 

atoms, molecules and super molecular (i.e., less than 100 nm) to create materials. 

Although nanotechnology science is new, nano-sized materials have been on earth 

for as long as life. The superior mechanical performance of biomaterials, such as 

bone, tooth, lobster and crab exoskeletons, oyster shells, coral, ivory, pearls, sea 

urchin spines, cuttlefish bone, is due to the presence of nano-crystals of calcium 

compounds [48,49]. Although nano-products are costly, research in nano-technology 

is gaining momentum with the motivation of immediate novel properties. 

Since nanotechnology was introduced  by Richard Feynman on December, 

29, 1959, during his famous lecture ‘‘There’s Plenty of Room at the Bottom,” there 

have been many revolutionary breakthroughs in physics, chemistry, and biology that 

have employed Feynman’s ideas of manipulating matter at an extremely small scale, 
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i.e., the nano-scale [49]. As shown in Figure 2.1 nano materials can be created by 

two main approaches:  

 

Figure  2.1: Setup of the ‘‘top-down” and ‘‘bottom-up” approaches in 
nanotechnology [49]. 

1- The ‘‘top-down” approach, in which bulk materials are broken down into 

nano-particles by mechanical attrition and etching techniques at nano-scale, while 

maintaining their original properties without atomic-level control (e.g., 

miniaturisation in the domain of electronics) or deconstructed from larger structures 

into their smaller composite parts [49].   

2- The ‘‘bottom-up” approach defined by Drexler et al. [50], in which materials 

are constructed from atoms or molecular components through a process of assembly 

or self-assembly.  

Successfully mimicking nature's bottom-up construction processes; is one of 

the most promising directions in contemporary nanotechnology. Although, nano 

applications in the construction and building materials fields; are mostly at 

laboratory stage, construction industry will be one of the major potential consumers 
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of nano-structured materials. Nanotechnology has the potential to enhance the 

desirable properties of concrete and overcome the common problems in concrete 

such as brittleness, dimensional instability, moisture fluctuation and insufficient 

resistance to chemical attacks. The majority of recent nanotechnology research in 

construction has been in the nano-science of cementitious materials that focuses on 

the structure of cement-based materials and their fracture mechanisms [20,49]. New 

advances in equipment for observation and measurement at the nano-scale; are 

providing a wealth of new and unprecedented information about concrete. This 

makes it possible to observe the structure at its atomic level. It provides further 

insight into the mechanism  of cementisation at the nano-scale (e.g., structure and 

mechanical properties of the main hydrate phases, origins of cement cohesion, 

cement hydration, interfaces in concrete, and mechanisms of degradation) [20,49].  

To date, nanotechnology applications in the building materials ranked eighth out of 

ten of most major developing areas of research. The most important areas of nano-

engineering and nano-modifications of cementitious composites involve [20]: 

 Incorporation of nano-scale spherical materials (e.g., nano-SiO2, TiO2, 

Al2O3, Fe2O3 etc.) and nano-tubes or fibres  and nano-clay into cementitious 

materials during mixing , which improve mechanical and thermal behaviour  as well 

as add novel properties, 

 improve interfacial transition zone in concrete by adding nano-porous thin 

film on aggregate surfaces before concrete mixing, 

 Enhance the workability of self-consolidated concrete.  

2.3.1 Incorporation of Nano-Silica (NS) in Cement Matrix 

Incorporation of nano-particles into the cement matrix to improve mechanical 

properties emerged as a promising research field of nano-composite. Most of the 

recent research [24, 51, 52, 53] is conducted with nano-silica particles (NS) and a 

few studies on incorporation of nano-clay particles (NC). Nano-scale particles are 

characterized by a high surface area to volume ratio providing potential for 

tremendous chemical reactivity.  Nano-particles can act as nuclei for different 

cement phases, promoting cement hydration owing to their high reactivity. 

Furthermore, nano-reinforcement and as filler, densify the microstructure and the 

transition zone. Thus, leading to a reduced porosity and permeability. On the other 
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hand; the most significant issue for all nano-particles is that of effective dispersion 

especially at high loadings, even low loadings experiences problems with self-

aggregation. This reduces the benefits of their small size and forms un-reacted 

pockets leading to increase concentration of stresses in the material [20,49]. 

Li et al. [51] showed that the compressive and flexural strengths of cement 

mortars containing NS (3%, 5% and 10% by weight of binder) were higher than 

those of plain cement. Also, their results showed that the compressive strengths of 

mortars with NS were all higher than those of mortars containing silica fume at 7 and 

28 days period. 

 Even small amount of NS (i.e., 0.25%) Sobolev et al. [52] recorded 10% 

increase in compressive strength and 25% increase of flexure strength at 28 days. 

Björnström et al. [24] noticed that the addition of colloidal nano silica resulted in  the 

acceleration of C3S dissolution and rapid formation of C-S-H phase in cement paste.  

Nano-silica decreases the permeability and hinders the leaching of calcium. Ji 

[53], as well as, Zhang and Li [54] demonstrated that the NS concrete has better 

water permeability resistant behaviour than the normal concrete. Li [55]  noted that 

addition of small amount of NS (2wt %) leads to decrease in permeability of 

high fly concrete. In similar work, Lin et al. [25]  shown that the relative 

permeability and pores sizes in sludge ash mortar decrease with NS addition (1wt 

%). Mandal et al. [56] showed that the volume fraction of the high-stiffness C-S-H 

gel increased significantly with addition of nano-silica, which provides an evidence 

of pozzolanic reaction. Also, their results revealed that NS did not change the 

average values of the hardness and modulus of any of the phases of C-S-H gel. On 

the other hand, it modifies the relative proportions of the two C-S-H phases, 

promotes the formation of the high-stiffness phase over the low stiffness.  This has 

definitely positive significance on durability of concrete.  In similar work, Gaitero et 

al. [57] reported that high stiffness C-S-H is more resistant to calcium leaching. They 

found that cement paste with NS showed increases in the average chain length of C-

S-H gel, which hinders the leaching of calcium and improves durability. 

Several authors [24,55,58] have studied the effect of NS particles on the 

microstructure of concrete and mortars by using SEM technique. They revealed that 
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when a small quantity (up to 3wt. %) of NS is uniformly dispersed in the cement 

paste, the microstructure of the NS concrete is more uniform, dense and compact 

than for normal concrete. Also, the microstructural studies by Nuclear Magnetic 

Resonance and Mercury Intrusion Porosimerty demonstrated that NS cement 

composite produce more solid, dense, and stable bonding framework [59].  

A combined effect of the above mentioned mechanisms; produces a uniform 

dense microstructure with improvement not only in the mechanical properties of 

cement matrix but also in the physical properties. Good dispersion of NS is the key 

to achieve the full benefits of adding nano-particles in cement matrix. Self-

aggregation especially at high amount of nano-particles is a common concern, which 

sometimes leads to in-homogeneous microstructure development and poor 

mechanical properties. The use of superplasticizer and high speed mixing were found 

to be effective in proper dispersion of nano-silica particles [20]. Also, Gaitero et al. 

[60], as well as, Björnström et al. [24] noticed that the colloidal nano silica being 

more effective in cement matrix than the powder. 

2.3.2 Nano Minerals Clay  

From the beginning of human civilisation, the use of clay is known in 

architecture, industry, and agriculture. Still, the production of sun-dried or fired 

bricks for building construction follow the same ancient procedures. Clay-based 

products, involving tiles for wall and floor, ceramics, earthenware, and pipes for 

drainage, were all used for several ages. An attractive behaviour of clay is its 

capability to swell and to mould in water, and to retain the shape of the container 

after drying. This characteristic performance had been used in the creation of several 

traditional clay products [61]. 

Although clay belongs to a wider group of minerals, in chemistry, all clay 

minerals may simply be described as hydrous silicates. These involve the kaolinite 

group, the montmorillonite/smectite group and the illite group [61,62]. The smectite 

and particularly montmorillonite are the clay minerals most used as fillers in nano 

composites. Montmorillonite is a flat structured smectite and it is classified as a 

magnesium aluminium silicate, which is the most abundantly available type of 

smectite.  Thus, montmorillonite has an economical benefit over the other clay and, 
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therefore, it is commonly used for producing nano-composites [63]. Basically, it 

consists of a three layered structure of aluminium sandwiched between two layers of 

silicon. Montmorillonite is an active and major ingredient in a volcanic ash called 

bentonite, which has the ability to swell when it absorbs water. Thus, it is often 

mixed with water to give water higher viscosity and used as the drilling mud in 

removing drill debris of foundation excavation of civil constructions. In 1987, the 

techniques of cation exchange and intercalated polymerization were originally 

developed by Usuki and his colleagues in (Toyota central lab.) [65]. They produced 

for the first time to make a sheet-like nano montmorillonite with 1-nm thick 

individual layers and 100–1000 nm wide in platey dimensions and dispersed in 

nylon 6 matrix.  Since then, the practical  application of nano-montmorillonite has 

been improved from the traditional stabilizing drilling mud to some advanced 

utilizations like nano-composites [64,65]. As shown in Figure 2.2 montmorillonite 

clay is a sheet-like structure composed of tetrahedral SiO4 and octahedral AlO6 at a 

2:1 ratio.  

 

Figure  2.2: Structure of 2:1 clay minerals [66]. 

The stacking of silicate layers leads to a regular van der Waals gap between 

the layers called the interlayer or gallery. Each of these layers sustains a charge on 

their surface and edges. Montmorillonite clay is characterized by their ion exchange 

properties that lead to a high affinity to water, which makes the clay incompatible for 

use in cement matrix in their raw form. The advantage of the sheet-like configuration 

over other small particles is that the multi-layer silicate structure can be penetrated 

between layers by small molecules, forcing the silicate platelets apart. This process is 
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called intercalation. If the penetrating molecules reactive enough, this process may 

result in complete separation of the silicate layers (i.e. exfoliation), as presented in 

Figure 2.2 [20,66,67,68].  

The morphology of nano-clay composites can be divided into three 

categories: conventional miscible composites, intercalated nano-composites, and 

exfoliated nano-composites, as shown in Figure 2.3. 

 

Figure  2.3: Schematic of morphologies of nano-clay composites: (a) conventional 
miscible, (b) intercalated and dispersed, and (c) fully exfoliated and dispersed [66]. 

In the miscible state, the clay particles maintain their crystal structure and the 

particle size at micro-scale. In the intercalated state, few composite molecules are 

inserted into the silicate galleries with fixed interlayer spacing. In the exfoliated 

state, the most popular one, a small mass of montmorillonite clay results in 

numerous small, thin (e.g. 20-nm) platelets, fully separated and with very large 

surface area. These nano-size silicate platelets may be used directly as a high 

reactive pozzolans in concrete, as a result, the nano-composites exhibits vastly 

improved properties. Therefore, the most advantageous morphological state for the 

clay nano-composites is exfoliation [20,66,67,68].  
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2.3.3 Incorporation of Nano Clay Particle in Cement Matrix 

Nano-clay particles (NC) have shown promising results in improving the 

compressive and flexure properties, the resistance to chloride penetration, and the 

self-compacting properties. It also leads to reducing porosity, permeability and 

shrinkage [26,64,69,70]. As it stated earlier, the hydrophilic montmorillonite (MMT) 

micro-particles cannot be directly used as reinforcements in cement and concrete 

because;  

 Water absorbed in the interlayer regions between silicate sheets causes 

damaging swelling and  

 The interlayer alkali cations of MMT micro-particles are harmful to the 

durability of cement mortar and concrete.  

The organo-modified montmorillonite (OMMT) micro-particles modified by 

a cationic exchange reaction become hydrophobic and thus can be employed to 

greatly enhance the strength and permeability of cement matrix [20,26]. 

Kuo et al. [26] found that for an optimal dosage (less than 1%) of OMMT 

micro-particles, the compressive and flexural strengths of cement mortars can be 

increased up to 40% and 10%, respectively and the coefficients of permeability of 

cement mortars could be 100 times lower . 

They reported that the OMMT micro-particles around capillary pores can 

obstruct the diffusion of pore solution and aggressive chemicals and thus reduce the 

permeability of cement mortar and concrete. In addition, SEM micrographs revealed 

clusters of OMMT micro-particles for the dosage of OMMT micro-particles that 

exceeds 1%.  

Chang et al. [64] shown that addition of nano-montmorillonite  in cement 

paste (0.4 and 0.6 wt. %) causes increase of compressive strength (~ 13.24%) and a 

decrease of the permeability coefficient (~ 49.95%) with more dense solid materials 

and a stable bonding framework in the microstructure. Additionally, non-modified, 

nano-sized smectite clays were observed to act as nucleation agents for C–S–H and 

modified the structure of C–S–H [71]. 
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The economic and environmental benefits can also be considered to be 

among the reasons for the large research interest in smectite clays. Clays are not 

costly and available in all countries. Even after the  required treatments, their price is 

still within an acceptable range in view of the superior properties that nano-

composites [72]. Because the structure of cement nano-composites is usually 

determined during their preparation, it becomes the most crucial step to achieve good 

properties in nano-composites. Using high speed shear mixers to mix nano-clay 

particles and water were found to be effective in the proper dispersion of nano-

particles into a cement matrix according to Kuo et al. [26]. 

Although the incorporation of nano particles greatly improves the strength 

and permeability of cement matrix, however, the nano cement composite is still 

relatively brittle under normal stress and impact loads. The incorporation of short 

fibres (either natural or synthetic)  in concrete, mortar and cement paste can improve 

many of the engineering properties of the basic materials, such as their fracture 

toughness, flexural strength, impact resistance and thermal shock [73]. Recently, due 

to government regulations and a growing environmental awareness throughout the 

world, the development and utilisation of natural fibre cement composites has been 

encouraged. Natural fibres have become the most acceptable alternatives to synthetic 

fibre, especially glass fibre, and have the potential to be used in cheaper, more 

sustainable and more environmentally friendly cement composite materials. 

2.4 Natural Fibre Classification and Properties 

Depending on the source of natural fibres, they can be classified into plant, 

animal and mineral fibres.  All plant fibres are composed of cellulose, while the 

fibres of animals basically consist of proteins. Compared to animal fibres, natural 

cellulose fibres tend to be strong and stiff, and they are, therefore, widely used to 

reinforce cement matrix. Depending on the morphology of plant fibre, they can be 

classified into one of four categories [3,74]: 

 Stem or bast fibres: These fibres are derived from the stalks of plants, and 

are freed from the substances surrounding them by a process known as retting, which 

involves the combined action of bacteria and moisture. Common examples of this 

type of fibre are flax, hemp and kenaf. 
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 Leaf fibres: These fibres are extracted from the leaves of monocotyledonous 

plants by a process in which the leaf is crushed and scraped to remove the fibres, 

followed by a drying process. Common examples of fibres in this category are sisal, 

henequen and abaca.  

 Surface fibres: These fibres are found as single cell fibres on the surface of 

stems, fruits and the seeds of plants. The most common examples of this category of 

fibres are cotton, coconut and coir. 

 Wood (cellulose) fibres: These fibres are relatively short and inflexible and 

are found in the xylem of angiosperm (hardwood) and gymnosperm (softwood). 

Common examples are bamboo, pine, maple and spruce. There are several factors 

that govern the selection of suitable cellulose fibres for use in composites. Chemical 

composition, structure defects, strength, durability stiffness and costs are the most 

important factors in selecting cellulose fibres for use in cement composites.   

Table 2.2 presents a comparison of the relative costs for commonly used 

fibres, which depend on a number of factors such as supply, quality, demand and 

exchange rates [8,74,75].  

Table  2.2: Relative prices for commonly used fibres [8,74,75] 

Fibre 
Price [US 

$/kg] 
Fibre 

Price [US 

$/kg] 

Jute 0.3 - 0.7 Wood 0.2 - 0.4 

Hemp 0.5 - 1.5 Glass 1.5 - 3.2 

Flax 0.4 - 0.8 Carbon  100- 200 

Sisal 0.1 - 1 - - 

 

As it is clear from Table 2.2, the prices of cellulose fibres are considerably 

lower than those for glass and carbon, however; cellulose fibres require further 

treatment to get them ready for use in composites. Despite this, cellulose fibres are 

still cheaper than synthetic fibres [74]. Wood is the most abundantly used cellulose 
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fibre because it is widely used in the paper and pulp industries. On the other hand, 

cellulose bast fibres like flax, hemp and jute are becoming more important in 

composite production because of their superior strength and stiffness. As it can be 

seen from Table 1.1, the strongest cellulose fibres are flax, hemp and jute. Flax fibres 

are more widely accessible and somewhat cheaper than hemp because of their 

widespread use in the textiles industry. They have considerably high value for 

Young’s modulus of elasticity and have a high aspect ratio (length/diameter), which 

makes them an ideal candidate for use as an effective fibre reinforcement in cement 

matrix. Furthermore, Gram [76] noticed that flax fibres appear to be more resistant in 

concrete than sisal and jute fibres.  

2.4.1 Flax Fibre 

Flax has grown and its fibres spun and woven into linen textile for millennia. 

Still, flax is an agronomically important plant throughout the world and has been 

given the Latin appellation "linum usitatissimum”, which means the extremely useful 

flax plant. It is an existing product source for many high-value markets in textile, oil, 

feedstock, cosmetics, medicine, paint, composites and paper/pulp [77].  

The flax plant, Linum Usitatissimum is a member of family Linaceae which 

is distributed geographically in subtropical areas of the world. Its plant seed, linseed, 

is used for the production of linseed oil. Flax plants grow to a height of about 90-120 

cm and about 0.15- 0.3 cm in diameter. Flax fibres are extracted from the plant by 

retting method. The number of fibre bundles in the stem is around 15 to 40 and each 

bundle includes from 12 to 40 elementary fibres [78].  These bundles are assembled 

and maintained together by pectin, which is removed during the retting process to 

enable the separation of the bundles [79].  The elementary fibres have a length of 

between 8mm and 30 mm and each fibre has highly crystalline cellulose fibrils 

spirally connected in a complete layer by amorphous lignin and hemicelluloses [80]. 

The principles for different levels of fibres in plants are described in Figure 2.4.  
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Figure  2.4: Schematic plot of a flax stem down to a micro fibre [81]. 

2.4.1.1  Flax Fibre Constituents 

Cellulose, hemicelluloses and lignin are the basic components of cellulose 

natural fibres and govern the physical and mechanical properties of natural fibres. 

Table 2.3 [1], shows the chemical composition of some natural cellulose fibres. To 

better understand the behaviour of flax fibre-reinforced cement composites, it is 

important to know the physical and chemical properties of flax fibres. A single flax 

fibre consists of several cells arranged as concentric cylinders with a small channel 

in the middle called the lumen that contributes to water uptake as shown in Figure 

2.5.  

 

Figure  2.5: Principles of the flax fibre structure, a) the structure of a flax fibre cell, b) 
S2—layers in a 3D view, (c) S2—layers projected into a 2D view [80,82]. 
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These cells consist of crystalline microfibrils based on cellulose that are 

connected to a complete layer by lignin and hemicelluloses. They are oriented at a 

tilt angle of 10º with the axis of the fibre and, therefore, display a unidirectional 

structure, as shown in Figures 2.6 and 2.7. 

 

Figure  2.6: SEM micrographs showing (a) cross-section of flax stem x100 showing 

thickness of fibre walls and lumen and (b) cross-section of flax stem x 40 showing 

distinct fibre bundles  [1]. 

 

Figure  2.7: The break area of a flax fibre after a tensile test. The secondary wall 
shows the structure of a unidirectional composite, microfibrils are directed according 

to the axis of the fibre [82]. 

As summarised in Table 2.3, the main components of fully developed flax 

fibre cell walls are cellulose, hemicelluloses, lignin, pectin, waxes and water soluble 

substances. Climatic conditions, soil quality, the level of plant maturity and the 

quality of the retting process influence not only the structure of the fibres but also the 

chemical composition [80,82]. 



 

29 
 

Table  2.3: Chemical composition of plant fibres by percentage mass (%) [80,82] 

Fibre Cellulose  Hemicellulose Pectin Lignin 

Water 

soluble 

substances 

Waxes 

Flax 56.6-72 15.4-16.7 1.8-3.1 2-4.1 3.9-10.5 1.3-2.2 

Coir 32.9-43.4 0.15-0.25 2.7-3 40.5-45.8 5.2-16 - 

Jute 61-72.4 12-13.3 0.2 11.8-14.2 1.2 0.1-0.6 

Sisal 65.8-70 13.3 0.9 9.9-12 1.3 0.3 

Hemp 60-72 Nov-19 0.2-2 2.3-4.7 - 14 

Ramie 68.9-83 13.1-14.5 1.9-2.1 0.6-0.7 6.1 0.2 

 

2.4.1.1.1 Cellulose 

The long thin crystalline microfibrils in the secondary cell wall are 

essentially made of cellulose, which are responsible for providing the fibres with 

high tensile strength. Over 150 years ago the French chemist, Anselme Payenfirst, 

discovered and isolated cellulose from green plants, and in 1842 he reported its 

elemental composition. Cellulose is glucan polymer (C6H11O5) repeating units joined 

by 1, 4-ߚ-D-glycosidic linkages at the C1 and C4 positions. Each repeating unit 

contains three hydroxyl groups, which form hydrogen bonds inside the 

macromolecule itself and also among other cellulose macromolecules, as well as 

with hydroxyl groups from the air (Figure 2.8) [74].  
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Figure  2.8: The molecular structure and arrangement of cellulose [74]. 

Therefore, all of the natural fibres are hydrophilic in nature [83,84,85]. 

Cellulose may either be crystalline or non-crystalline (amorphous), and most native 

cellulose is composed of crystalline segments (around 80%) alternating with regions 

of amorphous cellulose, as presented in Figure 2.9 [74].  

 

Figure  2.9: Schematic representation of the crystallite structure of cellulose [74]. 

The rigidity and mechanical strength of cellulose based materials is a result 

of hydrogen bonding, both between chains and within chains. The amorphous 

cellulose regions have fewer inter-chain hydrogen bonds, thus revealing reactive 

inter-chain hydroxyl groups (OH) used for bonding with water molecules. On the 

other hand, crystalline cellulose is closely packed, and very few accessible inter-

chain OH groups are accessible for bonding with water. Therefore, crystalline 

cellulose is far less hydrophilic than amorphous cellulose. Crystalline microfibrils 

consist of tightly packed cellulose chains with available hydroxyl groups present on 
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the surface of the structure, as shown in Figure 2.10. Only the very strongest acids 

and alkalis such as sodium hydroxide can penetrate and modify the crystalline lattice 

of cellulose [74,80]. 

 

Figure  2.10: Microfibril surface [86]. 

2.4.1.1.2 Hemicelluloses 

Hemicelluloses are not a form of cellulose but instead consist of a group of 

polysaccharide polymers containing mainly the sugars D-xylopyranose, D-

glocopyranose, Dgalactopyranose, L-arabinofuranose, D-mannopyranose, and 

Dglucopyranosyluronic acid along with small quantities of other sugars [74,80]. The 

hemicelluloses differ from cellulose in three important features. First, hemicelluloses 

contain several different sugar units whereas cellulose contains only 1,4-β -D-

glucopyranose units. Secondly they show a considerable degree of chain branching, 

whereas cellulose is a linear polymer. Third, the degree of polymerization of native 

cellulose is ten to one hundred times higher than that of hemicelluloses [80]. 

Hemicelluloses appear to form a link between cellulose and lignin, which leads to an 

effective transfer of shear stresses between the cellulose microfibrils and the lignin 
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[86]. Unlike cellulose, the hemicelluloses polymer chains are rarely crystalline and 

are mostly responsible for water absorption in the fibre wall. Also, they are heavily 

branched and have short side chains, while cellulose is a long unbranched polymer. 

It is suspected that no chemical bonding arises between cellulose and hemicelluloses, 

but sufficient mutual adhesion is achieved through hydrogen bonds and van der 

Waals forces [87]. Hemicelluloses have greater solubility in solvents when compared 

to cellulose, and can be thermally degraded at lower temperatures (150-180°C) than 

cellulose (200-230°C) [88]. 

2.4.1.1.3 Lignin 

Together with cellulose, lignin is the most abundant and important polymeric 

organic material in the plant world. Lignin enhances the compression strength of 

slender microfibrils, and prevents them from buckling by gluing the fibres together 

to form a stiff structure, making it possible for trees of 100 meters to remain upright 

[89]. Lignin is a poorly understood hydrocarbon polymer with a highly complex 

structure comprising aliphatic and aromatic constituents that form a matrix sheath 

around the cellulose microfibrils and fibres [90]. No regular structure for lignin has 

ever been verified, and it is totally amorphous as opposed to the ordered structure of 

crystalline cellulose. Lignin is distributed throughout the primary and secondary cell 

walls, with the highest concentration being found in the middle lamella. The 

dissolution of lignin using chemicals, as is commonly done in the pulp and paper 

industries aids fibre separation. [91]. Lignin is thermally stable but is also highly 

susceptible to ultraviolet light, which is why  lignin is responsible for the ultraviolet 

degradation of the fibre [27]. 

2.4.1.1.4 Pectin 

Pectin is found in the primary cell walls of most non-wood plant fibres, and it 

consists of a complex branched structure of acidic structural polysaccharides, found 

in fruits and bast fibres. The majority of the structure consists of homopolymeric 

partially methylated poly-α-(1-4)-D-galacturonic acid residues, but there are 

substantial 'hairy' non-gelling areas of alternating α-(1-2)-L-rhamnosyl-α-(1-4) 

Dgalacturonosyl sections containing branch-points with mostly neutral side chains 

(1-20 residues) of mainly L-arabinose and D-galactose (rhamnogalacturonan I). 
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Pectin is the most hydrophilic compound in plant fibres due to its carboxylic acid 

groups and is easily degraded by de-fibration with fungi [90,92]. Pectin, along with 

lignin and hemicelluloses, are used to connect the elementary fibres together and can 

easily be hydrolysed at elevated temperatures. Pectin is the most hydrophilic 

compound in plant fibres due to the presence of carboxylic acid groups and is easily 

degraded by de-fibration with fungi [74,92]. 

2.5 Issues Regarding the Use of Natural Fibres in Cement 

Composites 

Natural fibres offer many advantages which make them attractive for low 

cost cement reinforcement.  Yet, despite their fibre advantages, untreated cellulose 

fibre composites have performed well below their potential capacities, and have 

therefore not been widely used in the concrete industry. The main reasons for their 

limited use are as follows: 

 The high moisture absorption of natural fibres 

 Poor interfacial bonding between natural fibres and the cement matrix 

 The long-term performance of Cellulose fibres 

2.5.1 Moisture Absorption Characteristics 

Natural fibres are hygroscopic in nature; therefore they are very sensitive to 

changes in moisture content which affects both the mechanical properties of the fibre 

and its dimensions.  Hence, one of the limitations of using natural fibres in durable 

composite applications is their high moisture absorption and poor dimensional 

stability. The swelling and shrinking of the fibres during wetting and drying may 

lead to micro-cracking of the composite and the degradation of its mechanical 

properties. As a result, the overall properties of the composite are more sensitive to 

moisture content than other fibre reinforced cementitious systems in which the fibres 

are not hygroscopic [2]. 

 Another problem associated with fibre swelling is the week adhesion 

between the cellulose fibres and the cement matrix, resulting in a reduction in the 

mechanical properties of the composite. The interaction between the fibre and matrix 

may begin in the development of osmotic pressure pockets at the surface of the fibre 
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which lead to leaching of water soluble substances from the fibre surface [93,94]. 

This problem can be overcome by treating these fibres with suitable chemicals such 

as sodium hydroxide in order to decrease the hydroxyl group in the fibres. The 

strong intermolecular fibre-matrix bonding results in a decreasing rate of moisture 

absorption in natural fibre composites. Also, to increase the interface adhesion 

between the fibre and matrix, the fibre surface must be cleaned, bleached, chemically 

modified and its surface roughness must be increased [95]. 

2.5.2 Interfaces and Bond 

Interfacial bonding is mainly dependent on the adhesion between the 

reinforcement and the matrix. The matrix/fibre interface plays a dual role of 

transmitting the stress between the two phases and of increasing the fracture energy 

of the composite by deflecting cracks and delocalising stress at the crack tip [96]. 

Poor surface adhesion due to surface impurities is the main reason for the formation 

of a weak or ineffective interface between the fibre and the matrix. Hence, these 

surface impurities prevent the hydroxyl groups from reacting with polar matrices, 

and form mechanical interlocking adhesion with non-polar matrices [97]. The 

interfacial bond itself can be mechanical or chemical in nature, or a 

combination of both [96]. 

2.5.2.1  Chemical Bonding 

The chemical bonding occurs when a reaction takes place between reactive 

chemical groups on the fibre surface and compatible groups within the matrix. The 

strength of the structure mainly depends on the type of bond and the number of 

bonds per unit area. The most common chemical bonds and their approximate bond 

strengths are as follows [86]: 

 Covalent Bond: 200 – 800 kJ mol-1 

 Hydrogen Bond: 10 – 40 kJ mol-1 

 Van der Waals: 1 – 10 kJ mol-1 

Cement is strongly alkaline (pH > 12) and presents metal hydroxy groups at its 

surface, such as -Ca-OH, -Si- OH, -Al-OH and -Fe-OH (due to hydration and the 
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hydrolysis of silicates, aluminates and to a lesser extent ferrites of calcium that are 

present in the cement matrix). Cellulose fibres include covalent hydroxyl groups, -C-

OH, either phenolic (from residual lignin) or alcoholic (from the cellulose 

component) and carboxylic groups due to the oxidation of end groups. Hydrogen 

bonding and /or hydroxide bridges may play a significant role in the bonding of 

natural fibre cement composites [96]. 

2.5.2.2  Mechanical Bonding (interlocking) 

Mechanical interlocking on the fibre/matrix interface occurs when the fibre 

surface is rough and jagged, as shown in Figure 2.11.  

 

Figure  2.11: Schematic of mechanical interlocking [74]. 

This mechanical interlocking increases the interfacial shear strength, and 

reduces the possibility of fibre pullout [74]. Alkali treatments were found to improve 

the fibre surface adhesive characteristics by removing natural and artificial 

impurities, hence producing a rough surface topography. These changes in the 

morphology and in the chemical composition of the fibres results in improvements to 

the interfacial bonding by giving rise to additional sites of mechanical interlocking, 

which leads to an improvement of the mechanical properties [27]. 

2.5.3 Long-term Performance of Cellulose Fibres 

Cellulose fibres degrade easily when exposed to natural weathering which 

may lead to changes in mechanical properties that are deleterious such as reductions 

in strength and toughness. Some of degradation processes involved are biological, 

thermal, aqueous, photochemical, chemical and mechanical degradation processes. 

These processes are independent but lead to undesirable results such as an increased 

sensitivity to cracking. However, with accurately designed components and 

adequately formulated and treated composites, these effects may be minimised or 

even prevented [3,74]. The key mechanism to be considered, with regard to the 

ageing of cellulose fibre in cement matrix, is the degradation of fibres due to alkaline 
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attack. The degradation of cellulose fibres in an alkaline environment can occur in 

conjunction  with the following two mechanisms [3,76]: 

 The peeling-off mechanism that occurs at the end of the molecular chain, which 

reacts with OH− ions and forms iso-saccharin acid (CH2OH) that is unhooked from the 

molecular chain. The peeling-off effect is fairly harmless, since its rate at temperatures 

below 75 Ԩ  is low, and its effect on the long cellulose molecule (with a degree of 

polymerization of 25,000) is thus relatively small. 

 The alkaline hydrolysis mechanism, which causes degradation of molecular 

chains, thus leading to a reduction in the degree of polymerization and lower tensile 

strength. Hemicelluloses and lignin are particularly susceptible to this particular 

degradation mechanism. 

Gram [76] was the first to study the durability of sisal and coir fibre 

reinforced cement composites. Gram [76] suggested that in cellulose fibres the major 

mechanism of alkaline attack is associated with the dissolution and decomposition of 

the hemicelluloses and lignin in the middle lamella.  As a result, the link between the 

individual fibre cells breaks down, as shown in Figure 2.12.  

 

Figure  2.12: Schematic description of the degradation of sisal fibres in concrete [76]. 

The breakdown of the long fibre into small unit cells results in the loss of its 

reinforcing efficiency. It should be noted that Gram [76] found that the degree of 

alkaline attack was greater in a calcium hydroxide solution than in a sodium 

hydroxide solution, even though the latter has a higher pH. This effect could also 

contribute to the presence of Ca++ ions that result in some additional degradation.  
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Ramakrishna and Sundararajan [98,99] found similar mechanisms when they 

studied the effect of alkaline mediums (calcium hydroxide and sodium hydroxide) and fresh 

water on the durability of coir, sisal, jute and hibiscus cannabinus. They noticed that there 

was a substantial reduction in the salient chemical composition of all four of these 

natural fibres (i.e. 20–85% of celluloses and 30–70% of lignin) due to their exposure 

to all three mediums and two types of immersion. It was observed that lignin was 

leaching out and that the fibre gradually broke down and fibrillized. In similar work, 

Filho et al. [100] observed similar effects in a SEM backscattered images of short 

sisal or coconut fibres extracted from a cement matrix after six months of outdoor 

ageing or when the cement matrix was submitted to wetting and drying cycles. They 

also observed that the embrittlement was mainly associated with the mineralisation 

of the fibres due to the migration of hydration products, especially calcium 

hydroxide, to the fibre lumen, walls and voids. 

2.5.4 Natural Cellulose Fibres Treatments 

Cellulose fibre-reinforced composites could offer specific properties 

comparable to those of conventional fibre composites, however, low interfacial 

properties between the fibre and cement matrix often reduce the potential of natural 

fibres as reinforcement [101,102]. Interfaces play an essential role in the physical 

and mechanical behaviour of composites [94]. In order to enhance cellulose fibre-

matrix adhesion, the fibre should be modified to better match fibre surface 

properties. Cellulose Fibres may be subject to biological, physical or chemical 

treatments in order to achieve one or more of the following objectives [74]: 

 Removal of surface impurities and undesirable fibre constituents 

 Roughening of the fibre surface 

 Separation of individual fibres from their fibre bundles 

 Chemical modification of the cellulose fibre surface 

 Reducing the hydrophilicity of the fibres 

2.5.4.1  Biological treatments  

Biological treatments include the use of naturally occurring microorganisms 

such as bacteria and fungi. These types of treatments occur in aqueous environments 
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and are somewhat cheap to perform, however they also tend to be time consuming 

and water polluting. The two biological fibre treatments that are usually used are 

retting and fungal treatment. 

Retting process  

The retting process is the controlled decomposition of plant stems in order to 

free the bast fibres from their fibre bundles and separate them from the woody core 

and epidermis.  During this process, bacteria (predominantly from the Clostridia 

species) and fungi liberate enzymes in order to degrade pectin and hemicelluloses in 

the middle lamella between the individual fibre cells. This leads to the separation of 

the bast fibres from the woody core, and leaves the fibres soft and clean [1,103].  

The retting process produces high quality fibre, however it is highly dependent on 

weather conditions and the skill and judgment of the farmer [104,105]. 

Fungal treatment 

Fungal infestations of wood, particularly by sapstain and white-rot fungi, 

cause serious wood quality problems such as decay and discolouration. On the other 

hand, these disadvantages can be used in a positive manner to assist in the selective 

removal of plant fibre components (i.e. cellulose, hemicelluloses, and lignin), and in 

physically modifying the fibre wall for improved fibre/matrix interfacial bonding. 

Sapstain fungi (Ophiostoma) obtain their nourishment from the plant cell 

contents and can spread rapidly throughout a suitable growing medium. Sapstain 

fungi are harmful because their hyphae can break into the plant fibres and make fine 

holes as they pass through the cell wall. This results in an increase in the 

permeability of the fibre, thus making it more susceptible to water absorption [74]. 

But sapstain activity has many advantages for fibre treatment, as the holes in the cell 

wall created by the fungal hyphae increase the fibre surface area and expose 

additional reactive hydroxyl (OH) groups for bonding with the matrix. These holes 

enhance the surface roughness of the cell wall, which may result in improvements in 

mechanical interlocking with the matrix [106]. 
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2.5.4.2  Chemical Modifications of Natural Fibres 

Chemical modifications of cellulose fibres play an important role in 

improving the reinforcing capabilities of cellulose fibres. These chemical treatments 

could be classified as fibre pre-treatments, coupling agents or as dispersing agents. 

Pre-treatments include the use of chemicals that remove surface impurities and non-

strength contributing fibre constituents such as lignin, pectin and hemicelluloses. 

Dispersing agents are applied in order to enhance the dispersion of fibres in the 

matrix. Coupling agents are mainly responsible for improving the adhesion between 

natural fibres and the matrix material, but can also decrease the water uptake of the 

fibres and assist with fibre dispersion. At present, the most popular treatments 

include the use of alkalis and acid hydrolysis [107].  

2.5.4.2.1 Alkali Treatments 

Alkaline treatment or mercerization is one of the most effective methods to 

produce high quality fibres [108]. The addition of aqueous sodium hydroxide 

(NaOH) to the natural fibre, promotes the ionization of the hydroxyl group to the 

alkoxide [101] Furthermore, alkaline treatment causes changes in crystallinity, which 

leads to better backing of cellulose chains [80]. The alkaline treatment causes 

disruption of the hydrogen bonding in the network structure, thereby increasing 

surface roughness which results in better mechanical interlocking.  Moreover, it 

removes certain amounts of lignin, wax and oil on the surface of the fibre cell wall as 

shown in Figure 2.13.  

 

Figure  2.13: Typical structure of (a) untreated and (b) alkalized cellulosic fibre [83]. 



 

40 
 

These changes in the physical and mechanical properties of natural fibres are  

considerably dependent on the concentration of the alkali solution and the soaking 

time and temperature [85]. Alkali treatments performed at elevated temperatures can 

lead to the selective degradation of lignin, pectin and hemicelluloses in the fibre wall 

while having little effect on the cellulose components. The removal of these 

cementing materials thus leads to stronger natural fibre reinforced composites [74].  

The use of NaOH to modify cellulose fibres for use in composites has been 

extensively reported [75,109,110,111]. NaOH plays a critical role in removing lignin 

by means of alkaline cleavage of ether linkages in the lignin, which may be 

accomplished through condensation reactions [112]. Pectin can be completely 

attacked and removed without any residue being left in the cellulose fibres after 

NaOH treatment. However the rate of lignin removal is also dependent on the NaOH 

concentration [8,112]. 

Jähn et al. [113] noticed that the cellulosic fine structure of flax fibres was 

directly influenced by mercerization treatment. Furthermore, they found that the 

alkali treatment influenced the chemical composition of the flax fibres, the degree of 

polymerization and the molecular orientation of the cellulose crystallites. This was 

attributed to the removal of cementing substances like lignin and hemicelluloses 

during the mercerization process. Le Troedec et al. [114] found that treatment with 

6% NaOH cleaned fibres by removing amorphous compounds, and increased the 

crystallinity index of hemp fibre bundles. Many studies were conducted on the alkali 

treatment of natural cellulose fibres [115,116]. They reported that alkali treatment of 

cellulose fibres leads to an increase in the amount of amorphous cellulose at the cost 

of crystalline cellulose and the removal of hydrogen bonding in the network 

structure. Saha et al. [117] also studied the effect of alkali steam treatment on the 

tensile strength of jute fibre. They found that alkali-steam treatment leads to an 

increase in the tensile strength of up to 65%. This increase in tensile strength was 

due to the removal of non-cellulosic materials like lignin, pectin and hemicelluloses 

which, in turn, resulted in increased crystallinity. In a similar study, Sawpan et al. 

[118] recorded an increase in the tensile strength of hemp fibres after soaking them 

in a 5 wt.% sodium hydroxide solution at ambient temperature. Sedan et al. [27] 

examined the effect of alkali treatment on hemp fibres, (soaked in a 6 wt.% NaOH 
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aqueous solution in a water bath at 20 ± 2 Ԩ for 48 h) on the flexure strength of 

cement composites. They recorded a 39% increase in flexural strength when 

untreated hemp fibres are replaced by alkali treated fibres.  

Sodium hydroxide (NaOH) is the most commonly used chemical for 

bleaching and/or cleaning the surface of plant fibres. This treatment was chosen for 

this work in order to change the mechanical properties, like tensile modulus and 

tensile strength, of the fibres and their surface morphology [27,107,119,120,121]. 

2.6 Natural Fibres for Low Cost Cementitious Composites 

Much of the research on the use of natural fibre cement composites has been 

motivated by the availability of such fibres as tropical plants and agricultural wastes 

which currently have limited economic value. The production processes for making 

cementitious composites of various shapes are, also, much simpler compared to the 

most common synthetic reinforcing fibres, so they are very suitable for low cost 

housing applications. In these applications the fibre is short, randomly distributed 

and its content is usually less than 5%, although it could be greater when using hand 

lay up of long fibre roving technologies [3,107]. 

The cement matrix is acknowledged to be a relatively brittle material when 

subjected to normal stresses and impact loads, where tensile strength is only around 

one tenth of its compressive strength. As a result, unreinforced concrete members 

could not support the loads and stresses which commonly take place in most 

concrete beams and slabs.  Historically, concrete members reinforced with 

continuous reinforcing bars to bear tensile stresses and improve ductility and 

strength. However, steel reinforcement is adopted to overcome potentially high 

tensile stresses and shear stresses at critical locations in a concrete member, and it 

increases the tensile strength of concrete. To produce concrete with homogenous 

tensile properties, the development of microcracks must be restrained. The 

incorporation of short fibres, which are a new form of binder could combine OPC in 

the bonding with cement matrices, was brought in as a solution for concrete to 

improve its ductility, flexural and tensile strength. Most fibres are generally short 

and randomly distributed throughout the cement matrices [3]. 
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A wide range of fibres with different mechanical, physical and chemical 

properties, such as polymeric fibres, mineral fibres and vegetable fibres, have been 

used for the reinforcement of cement matrices. Fibres can be introduced into cement 

based matrices as primary or secondary reinforcement. Fibres act as primary 

reinforcement in thin products such as cladding where conventional reinforcing bars 

cannot be used. In these applications, the fibres work to improve both the strength 

and the toughness of the composite. In components such as slabs and pavements, 

fibres are introduced in order to control cracking so in these applications they act as 

secondary reinforcement [3,73]. 

2.6.1 Factors Govern the Properties of Short Fibre Reinforced 

Composites 

2.6.1.1  Fibre Length 

A critical fibre length, Lc, is the minimum fibre length required for the build-

up of a stress (or load) in the fibre which is equal to its strength (or failure load). It 

can also be defined as twice the length of the fibre embedment which will cause fibre 

failure during pull-out. The fibre critical fracture length, Lc, can be calculated from 

equation (2.3), assuming that fibre strengthሺߜ௙ሻ, fibre diameter (D) and the shear 

stress ሺߜௌሻ developed at the interface are all uniform [3,96]. 

௖ܮ ൌ 	
ܦ௙ߜ
ௌߜ2

																																																															ሺ2.3ሻ 

In order to achieve approximately 90% strength efficiency, the fibre must be 

5–10 times longer than its critical length. This can be achieved by controlling the 

geometry of the fibre (higher aspect ratio) or by enhancing the fibre–matrix 

interaction [3].  

2.6.1.2  Fibre Aspect Ratio 

The fibre aspect ratio or the fibre length to diameter ratio ሺ	௅
஽
	ሻ is a critical 

factor in a composite material. For each short-fibre composite system, there is a 

critical fibre aspect ratio that may be defined as the minimum fibre aspect ratio in 

which the maximum allowable fibre stress can be attained for a given load [74]. The 
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critical fibre aspect ratio of a composite can be derived from equation (2.4) as 

follows: 

௖ܮ
ܦ
ൌ 	

௙ߜ
ௌߜ2

																																						ሺ2.4ሻ 

Along with the fibre and matrix properties, the critical fibre aspect ratio also 

depends on the quality of the fibre/matrix interface. In order to achieve maximum 

reinforcement, the fibre aspect ratio of any composite system should be above its 

critical value in order to ensure maximum stress transfer to the fibres before the 

composite fails. It should be noted that if the fibre aspect ratio is lower than its 

critical value, insufficient stress will be transferred and reinforcement of the fibre 

will be insufficient (i.e. the fibres are not loaded to their maximum stress values). 

Conversely, if the fibre aspect ratio is too high, the fibres may get entangled during 

mixing resulting in poor fibre dispersion [8].  

2.6.1.3  Fibre Volume Fraction 

Fibre volume fraction, V, plays a significant part in determining the 

composite mechanical properties. The mechanical properties of composites are 

highly influenced by the fibre content. At low fibre volume fractions, a decrease in 

tensile strength is usually detected. This is due to the introduction of flaws formed by 

the fibre ends, which act as stress risers and cause the bonds between the fibre and 

matrix to break. At higher volume fractions, the matrix is sufficiently restrained and 

the stress is more uniformly distributed which leads to a reinforcing effect that 

outweighs the effects of stress concentrations [122]. As the fibre volume fraction is 

further increased, the tensile properties gradually increase until they exceed those of 

the matrix. The corresponding fibre volume fraction at which the strength properties 

of the composite cease to decline and start to increase is known as the critical fibre 

volume fraction. At high fibre volume fractions, the tensile strength of the composite 

starts to decline due to insufficient filling of the matrix material [123]. 
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2.6.2 Mechanical and Physical and Properties of Natural Fibre 

Cement Composites  

2.6.2.1  Post-cracking Performance 

In fibre reinforced cement based composites the two major roles played by 

the fibres, (i.e. improving toughness and the post-cracking performance), occur in 

the post cracking zone in which the fibres cross the crack matrix. In a well-designed 

composite the fibres can serve two functions in the post-cracking zone [3,73]: 

 To increase the strength of the composite over that of the matrix by 

providing a means of transferring stresses and loads across the cracks.  

 To increase the toughness of the composite by providing energy 

absorbing mechanisms associated with the debonding and pull-out processes of the 

fibres bridging the cracks.  

Boghossian et al. [124] found that the addition of low volume fractions 

(0.05% to 0.3%) of short flax fibres (10 to 38 mm) to OPC mortar specimens reduced 

the cracking which  results from restrained plastic shrinkage under conditions that 

produce high evaporation rates. Tests showed that flax fibres were found to be 

slightly more effective in controlling restrained plastic shrinkage cracking than 

commercially available polypropylene and glass fibres for the mortar mixture 

studied. They also found that at a flax fibre volume fraction of 0.3%, total crack areas 

were decreased by at least 99.5% relative to plain mortar specimens, and that 

maximum crack widths were reduced by at least 98.5% to less than 0.022 mm. In 

similar work Filho et al. [125] found that the use of a 0.2% volume fraction of        

25 mm sisal fibres leads to free plastic shrinkage reduction. They also noticed that 

the combined use of coconut and sisal short fibres seemed to delay restrained plastic 

shrinkage, thus controlling crack development at early ages. 

2.6.2.2  The Flexure, Impact and Toughness Properties 

Short fibres are often found to have a much greater effect on the toughness, 

flexure and impact properties of natural fibre cement composites (NFC) than on 

either the compressive or tensile strengths of NFC, with increases of more than 
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100% been reported. These increases are particularly sensitive, not only to the fibre 

volume, but also to the aspect ratio of the fibres, with higher aspect ratios leading to 

larger strength and toughness increases. Thus, the above properties are often related 

to the term WL/D, where L/D is the aspect ratio and W is the weight percentage of 

fibres. On the other hand, it should be noted that for WL/D>600, the mix 

characteristics tend to become unsatisfactory due to inadequate workability or non-

uniform fibre distribution (clamping) [3,126].  

The flexure, impact and toughness properties of NFC have been widely 

reported by many authors [125,127,128,129,130,131]. Al-Oraimi and Seibi [132] 

found that using a low percentage of palm tree leaves improved the flexure 

properties and the impact resistance of concrete and had similar performance when it 

was compared to glass fibre concrete. Li et al. [133] showed that hemp fibre 

reinforced concrete results in an increase of flexural toughness by 144%, and an 

increase in the flexural toughness index by 214%. They also showed that flexural 

toughness and the flexural toughness index of coir fibre reinforced cement 

composites was increased by more than 10 times.  

Sedan et al. [27] observed a strong increase in flexure strength of hemp fibre 

cement composites compared to plain mortar. In similar work Kriker et al. [134] 

recorded improvements in the post-crack flexural strength and the toughness 

coefficients of date palm fibre reinforced concrete. The results obtained by 

Ramakrishna and Sundararajan [98] have shown that the addition of  coir, sisal, jute 

or hibiscus cannebinus fibres with fibre contents (0.5%, 1.0%, 1.5% and 2.5%—by 

weight of cement) and three fibre lengths (20mm, 30mm and 40mm) increased the 

impact resistance by 3–18 times more than that of the reference (i.e. plain mortar 

slab). Razak and Ferdiansyah [135] found that the use of small volumes (0.6–0.8%) 

of Arenga pinata fibres showed their capacity to increase the toughness of cement 

based composites. 

 Elsaid et al. [136] used kenaf fibres with fibre volume contents of 1.2% and 

2.4% to reinforce cement composites. The results of their flexural tests indicate that 

kenaf cement composites exhibit a ductile failure mode comparable to conventional 

concrete with an average measured toughness approximately three times that of 

similar plain concrete control specimens. Furthermore, they observed an 
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improvement of cracking behaviour which enhances the durability of concrete at a 

relatively low cost when compared to other types of fibres. 

2.6.2.3  Compressive Strength 

Members that include conventional reinforcement in conjunction with the 

short fibres do little to enhance the compressive strength of cement matrix, with 

increases in strength ranging from essentially nil to perhaps 25% for the normal 

range of fibre contents (<2%). At a fibre volume fraction of 2% to 3% the 

compressive strength can be reduced by about 25% to 30%. On the other hand, the 

fibres do substantially increase the post-cracking ductility or energy absorption of 

this material. Increasing the aspect ratio of the fibres also increases the compressive 

toughness, but again this has only a limited effect on compressive strength [3,73]. 

Kriker et al. [134] found that compressive strength decreases with increasing 

fibre content and the length of date palm fibre reinforced concrete. Li et al. [126] 

showed that the addition of hemp fibres into a cementitious matrix reduced the 

compressive strength of the composite, regardless of the mixing method. The 

increased porosity of the composite material as a result of fibre addition is the main 

factor responsible for the reduction in compressive strength. Elsaid et al. [136] 

showed that the addition of kenaf fibres into the concrete mixture reduced the 

average measured compressive strength of the concrete. Their results indicated that 

the compressive strength decreased with an increase in fibre volume content from 

0% to 2.5%. 

2.6.3 Durability of Natural Fibre Cement Composites (NFC) 

The durability of NFC is related to its ability to resist both external 

(temperature and humidity variations, sulphate or chloride attack, etc.) and internal 

damage (compatibility between fibres and cement matrix, volumetric changes, etc.) 

[76]. The natural fibre in the porous alkaline matrix is slowly damaged and the 

reinforcing effects of the fibre decreases. This is attributed to the fact that the 

alkaline cement attacks the lignin in the natural fibres. As a result, significant 

degradation in composite strength is observed [137]. 
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Many studies have noted the presence of calcium hydroxide in the 

cementitious matrix with the degradation of the vegetable fibres, and thus the loss of 

durability of the NFC [6]. Gram [76] was the first researcher to study the durability 

of sisal, coir, jute and flax fibre reinforced concrete. Fibre embrittlement was 

evaluated by exposing the fibres to alkaline solutions and then measuring the 

variations in their tensile strength. In addition, the durability of reinforced cement 

composites stored in water at a temperature of 20Ԩ or 50Ԩ for up to 2 years, stored 

in open air weathering for 2 years and then subjected to alterative wetting and drying 

cycles have also been investigated. Gram [76] found  a deleterious effect for Ca2+ 

elements on fibre embrittlement. Gram also found that fibres were able to preserve 

their flexibility and strength in areas with carbonated concrete that had a pH of 9 or 

less. Furthermore, Gram noticed that flax and coir fibres appear to be more resistant 

within concrete than sisal and jute fibres. 

In similar work, Filho et al. [127] investigated the durability of sisal and 

coconut fibres when they are immersed in alkaline solutions (i.e. calcium and sodium 

hydroxide). In addition, the durability of cement composites reinforced with these 

fibres when they are aged under tap water, exposed to controlled cycles of wetting 

and drying, as well as being exposed to the open air weathering have also been 

studied. Sisal and coconut fibres aged in a sodium hydroxide solution retained 72.7% 

and 60.9% respectively of their initial strength after 420 days. As for the immersion 

of the fibres in a calcium hydroxide solution, it was noticed that their original 

strength was completely lost after 300 days due to the higher attack by CH which 

can be related to a crystallization of lime in the fibres’ pores. Furthermore, the sisal 

or coconut short fibre cement composites showed a significant reduction in 

toughness after six months of exposure to open air weathering or after being 

subjected to cycles of wetting and drying. The reduction in toughness was due to the 

migration of hydration products, especially calcium hydroxide, to the fibre lumen, 

walls and voids, thus leading to degradation of the fibres. 

Ramakrishna and Sundararajan [99] also noticed the degradation of coir, 

sisal, jute and Hibiscus cannabinus fibres when they are subjected to alternate 

wetting and drying and continuous immersion for 60 days in three mediums (water, 

saturated lime and sodium hydroxide). Kriker et al. [134] also investigated the 
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durability of date palm reinforced concrete and reported low durability performance 

which was related to fibre degradation when immersed in alkaline solutions. Roma et 

al. [138] found that vegetable fibre–cement based roofing tiles showed a reduction in 

toughness of between 53% and 68% after 4 months of external weathering. The 

hygroscopic nature of plant fibres is another way to decrease the durability of fibre 

reinforced concrete because  the swelling and shrinking of the fibres leads to volume 

changes that can induce concrete micro-cracks [139,140].  

Claramunt et al. [141] and Ardanuy et al. [142] used X-ray diffraction 

techniques and Thermogravimetric Analysis to explain the migration of  hydration 

compounds in cement to bamboo fibres, kraft pulp and cotton linters. Their 

explanation is as follows: 

 In the first dry cycle, the transversal section of the selected fibres is reduced 

due to the loss of water, which causes the loss of adherence with the matrix and the 

appearance of void spaces at the fibre– matrix interface. 

 In the succeeding wet cycle, water dissolves the hydration compounds of the 

cement (calcium hydroxide) and as a consequence the fibres absorb this dissolution 

of calcium hydroxide and swell. 

 In the second dry cycle, water is lost through evaporation and the calcium 

hydroxide precipitates on the surface and in the lumen of the fibres. During the 

subsequent wet–dry cycles there is a ‘‘pump-like’’ mechanism that results in the 

densification of the surface and lumen of the fibres with high alkalinity products. 

Basically there are two approaches which could be used to improve the 

durability of natural fibre reinforced cement composites. The first one is to modify 

the cement matrix in order to reduce or remove the alkaline compounds. This 

technique includes; using low alkali cement, using cement based polymers and 

sealing the matrix pore with asphalt [143], using colophon, tannin or montan wax 

[144] and through partial replacement of OPC by pozzolanic materials, such as silica 

fume [100], fine powdered metakaolin and calcined waste crushed clay brick [145].  

The second approach to improve the durability of the NFC is to modify the 

surface of the natural fibres. This approach involves the use of chemical or thermal 

treatments [107,137], hornification of cellulose fibres [7], or modifying the fibres by 
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coating or impregnating the fibres with formine and stearic acid, potassium nitrate 

and stearic acid, sodium chromate and fluorine– carbon–hydrogen– stearate, and 

borax and chromium stearate [100]. 

2.6.3.1  Modification of Cement Matrix 

Gram [76] reported that sealing the matrix pores, admixing small beads of 

wax or zinc stearate powder in the fresh mortar, or impregnating the hardened 

product with sulphur also showed promising results. Canovas [144] showed that pore 

sealing with colophony, tannin or montan wax reduced the water absorption and 

relative porosity of sisal fibre–mortar composites, slowing, but not halting, the 

embrittlement process. Filho et al. [100] showed that early curing of composites in a 

CO2-rich environment and the partial replacement of OPC with undensified silica 

fume were also efficient approaches for producing composites with improved 

durability. In addition, they found that the use of slag as a partial cement replacement 

had no effect on reducing the embrittlement of composites. 

Reduction of cement matrix alkalinity through the use of pozzolanic 

materials to consume CH has also shown promising results [76,100,146]. Filho et al. 

[145] replaced 50% of OPC with calcined clay (metakaolin and calcined waste 

crushed clay brick) in order to produce a matrix totally free of CH. Their results 

showed that the CH-free matrix avoided the fibre embrittlement process and still 

retained its toughness after 100 wet/dry cycles. In a similar study, Silva et al. [9] 

replaced OPC with 30%  metakaolin and 20%  calcined waste crushed clay brick in 

order to increase the durability of sisal fibre cement composites. Their results 

showed that the addition of metakaolin and calcined waste crushed clay brick 

successfully sustained the energy absorption capacity of the CH free composite, 

increased its first crack strength and maintained its ultimate strength through 

accelerated aging, thus proving this to be a good solution for the durability issues of 

natural fibre as a reinforcement in cement composites. 

2.6.3.2  Modification of Fibres 

Treatments of natural fibres with blocking agents such as sodium silicate, 

sodium sulphite, magnesium sulphate, iron or copper compounds and barium and 
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sulphite salts were studied by Gram [76] but none of them improved the durability of 

the fibre in a cement matrix. Impregnation of sisal fibres with organic compounds 

obtained from timber, such as tannins, colophony and vegetable oils, were studied by 

Canovas [144]. The results indicated that there was a slight slowdown in the 

embrittlement process, but it was not completely avoided. Filho et al. [100] found 

that immersion of natural fibres in a silica fume slurry before their addition to 

cement-based composites was  an effective means of reducing embrittlement of the 

natural fibre cement composite. Asprone et al. [147] found that the latex coating of 

hemp fibres not only improved the durability of the fibres in the pozzolanic mortar 

environment, but that it also improved the bond behaviour between the fibres and the 

pozzolanic mortar. Claramunt et al. [7] found that the prior hornification of kraft 

pulp fibres and cotton linters improved the durability of cement mortar composites, 

although it did not prevent a partial loss of their mechanical reinforcement. Their 

results showed that the prior hornification of the above fibres improved the 

mechanical performance of their composites, with around 8% (kraft) and 16% 

(cotton linters) higher values in flexural tests and around 7% (kraft) and 10% (linter) 

higher values in compressive tests when compared with untreated fibres. The prior 

hornification of the kraft pulp fibres and cotton linters also improved the mechanical 

performance of their aged composites, with around 13% (kraft) and 21% (cotton 

linters) higher values for flexural strength and around 20% (kraft) and 10% (linter) 

higher values for compressive strength with compared to  untreated fibres. 
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Chapter 3 : Materials and Methods 

 

3.1 Experimental Overview 
The purpose of this research was to improve the mechanical properties and 

long term performance of flax fibre cement composites as compared to the 

characteristics of flax fibre cement composites described in the literature. 

Improvements to these properties was achieved  by optimising various cement 

composite parameters, such as fibre treatment conditions, fibre strength, fibre 

volume fraction and waste glass, as well as nano-clay and nano-silica content. 

In order to realise this objective, flax fibres were chemically treated to 

improve fibre strength, improve fibre separation and to modify the fibre surface. 

Composites were produced by incorporating chopped fibres into two systems; the 

first system contained only ordinary Portland cement (OPC) as a binder, while in the 

second system; a portion of OPC was replaced with finely ground waste glass 

powder. Furthermore, nano clay particles (NC) and colloidal nano silica (NS) were 

also added during the construction of both systems. 

Several characterisation techniques were employed during this research.  

These characterisation techniques were designed to obtain information about the 

surface morphology, crystalline structure, thermal stability and mechanical 

properties of modified fibres and cement composites containing the modified fibres. 

Hence, the following characterisation techniques using, X-ray diffraction (XRD), 

thermogravimetric/differential thermal analysis (TGA/DTA), scanning electron 

microscopy and Energy Dispersive X-ray Analyses (SEM/EDX) were employed to 

test tensile, toughness, compressive and impact properties. 

3.2 Materials 

The ordinary Portland cement (OPC) used in this study was supplied by Irish 

Cement Ltd. The cement was a grade 42.5 with a specific gravity of 3.15 g/cm3. 

Sand with particles up to a size of 1.18 mm and a specific gravity of 2.65 g/ cm3 was 

obtained from a local supplier in Ireland. The superplasticizer was obtained from 

Sika Ireland Ltd. 
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The raw flax fibres used in this research were obtained from Egypt and came 

in straight long fibre bundles. The fibre density was measured by a helium gas 

Pycnometer (Figure 3.1) and was 1.54 gm/cc. The specimen for this test was 

chopped fibres, and 3 samples were tested to obtain an average value. The test 

method was similar to the Archimedes method, but was applied using a gas medium 

rather than a liquid one. Helium gas was used to test the fibre volume using the 

helium gas Pycnometer (Figure 3.1). A known volume of helium gas was contained 

in the Pycnometer’s reference cell. During a test, the gas was released slowly from 

the reference cell into the sample cell where the fibres were located. The pressure of 

the helium gas that remained in the reference container was used to determine the 

volume of the fibre sample. The mass of the sample was measured on a digital 

balance (Figure 3.1), and the density of the fibre was determined by dividing the 

mass by the volume [148], and 98% NaOH pellets were purchased from the Aldrich 

Company for use in fibre treatment. 

 

Figure  3.1: Photography of helium gas Pycnometer. 

The clay used in this study, Closite® 30B, is commercially available from 

Southern Clay Products Inc, USA. Closite® 30B is an organically modified 

montmorillonite with quaternary ammonium salt which has an initial d-space of 18.5 

Å. The physical and chemical properties of Closite® 30B provided by the 

manufacturer are listed in Table 3.1. A SEM micrograph of Closite® 30B particles is 

shown in Figure 3.2. It shows that the particles consist mainly of fine ball-milled 
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particles with an irregular and layered microstructure and an average particle size of 

6 µm.  

Table  3.1: Physical and chemical properties of Closite® 30B as provided by the 
manufacture 

Physical properties and 
chemical properties 

  

Density 1.98 g/cc  

Moisture content <2 % 

Average size 6 µm 

Basal spacing, d001 18.5 Å 

Colour Off-white 

Modifier concentration 
90 meq*/100 g 

clay 
 

* milli-equivalents per 100 grams. 

 

Figure  3.2: SEM micrograph of Closite® 30B. 

The colloidal nano-silica sol that was used (Cembinder 50TM) contained 15 

wt% of solid material. The particle size was 5 nm with a 500 m2/g specific surface 

area, and was supplied by EKA Chemicals AB, Bohus, Sweden. 

The waste glass used in this study was obtained from recycled green alcohol 

bottles. In order to satisfy the physical requirement for fineness, glass has to be 

ground fine enough to pass through a 75 µm sieve. This was accomplished by 
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crushing and grinding the glass using a ball mill in the laboratory and then sieving 

the ground glass to the desired particle size. Table 3.2 shows the chemical 

composition of the green waste glass powder used in this study. The SEM 

examination indicates that the ground waste glass powder consists mainly of fine 

angular particles with a narrow particle size range, as shown in Figure 3.3. The 

particle size analysis of the waste glass powder (WG) was carried out using a 

Malvern Mastersizer S (Malvern Ltd., UK). Figure 3.4 compares the particle size 

distribution of the OPC with WG obtained from the grinding process. This 

characterisation technique shows that 45% of WG particles are smaller than 10 µm, 

while 50% of PC particles are smaller than 10 µm. Figure 3.5 exhibits, the 

compressive strength of the lime-glass (as explained in section 3.4.11).  It is clear 

from this figure that WG mixture satisfied the minimum strength requirement test at 

7 days (4.1 MPa) and attained an increase in strength after an additional 21 days of 

curing in water.  

Table  3.2: Chemical composition of green waste glass powder used in this work 

Na Al Si K S 

10.7 6.65 75.06 4.49 3.1 

 

 

Figure  3.3: SEM photograph of ground green waste glass powder. 
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Figure  3.4: Particle size distributions of waste glass powder and Portland cement. 

 

Figure  3.5: Compressive strength of lime-WG mixture. 

3.3 Methods 

3.3.1 Surface Treatment of Flax Fibre  

Prior to Alkali treatment the fibres were placed in a controlled hot water bath 

for 10 minutes at 100-110ºC (hot water treatment). Then the fibres were removed 
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from the bath after being cooled to room temperature and after that the fibres were 

placed in an air oven for 12 hours at 80ºC. After applying the hot water treatment, 

the fibres were placed in 2L capacity flasks. Pre-weighed sodium hydroxide (NaOH) 

solutions were developed using pellets of (NaOH) in distilled water. After that the 

NaOH solutions were poured into the flasks. The flasks were then placed in a 

controlled water bath at the required soaking temperature and time for an alkali 

treatment of fibres. The treated fibres were rinsed with distilled water until all of the 

alkali was removed from their surfaces and a fibre pH of 7 was obtained. The fibres 

were then air dried for 7days followed by oven drying for 3 hours at 70ºC. Finally, 

the fibres were characterized and used to fabricate composites. 

3.3.2 Production of Flax Fibre Composites 

Prior to the preparation of the composites, the treated flax fibres or untreated 

flax fibres (if applicable) were chopped to the desired length (10, 30 and 50 mm) and 

manually separated. For all of the cement composites the cement to sand ratio was 

1:1, the water/binder ratios were tested to reach a flow of 110 ± 5 in order to permit a 

medium workability that could be used for mixing the specimens, and the super- 

plasticizer dosage was 0.1 wt.%.  

3.3.2.1  Normal Flax Fibre Composites 

The ordinary Portland cement (OPC) and waste glass powder (if applicable), 

the sand and 50 % of the flax fibres were stirred at medium speed (70 rpm) for about 

3 minutes. Afterwards, 50% of the total water required was added to the mixture and 

stirred for another 1 minute. In order to avoid clumping of the fibres and to keep the 

mix wet enough, the remaining fibres and water were then slowly added to the 

mixture and stirred for another 2 minutes in order to enhance fibre dispersion. Next, 

the superplasticizer was added and stirred again at medium speed (70 rpm) for 2 

minutes. Then, the well mixed composite was poured into moulds. After moulding, 

the specimens were covered with a wet cloth and a polyethylene sheet and were 

allowed to cure in the moulds for the first 24 hr.  Then the specimens were allowed 

to cure in water for 20 days. Finally the specimens were kept in laboratory 

conditions of 19 ± 2 ºC and 50% ± 5% relative humidity for an additional 7 days.  
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3.3.2.2  Nano-Clay Flax Fibre Composites 

Organically modified montmorillonite particles have a relatively high surface 

area per unit volume and are difficult to mix at the same time with water, cement and 

sand. Hence, the microstructure and mechanical properties of cement mortars 

reinforced with modified montmorillonite particles are significantly influenced by 

the mixing procedure of their constituent materials. Kuo et al. [26]  have successfully 

used the high-shear mixing technique to incorporate organo-modified 

montmorillonite into the cement matrix. Therefore, this technique was chosen to 

prepare the nano-clay composites. Accordingly, the mixing was performed as 

follows. The modified montmorillonite particles were mixed with all of the mixing 

water and stirred vigorously by a high speed shear mixer (1500 rpm) for 24 hours at 

room temperature in order to form a well dispersed suspension solution. To prepare 

this group of composites, the OPC, WG (if applicable), 50% of the flax fibres and 

sand were stirred at medium speed for about 3 minutes. Afterwards, 50% of the total 

suspension solution was added to the mixture and stirred at medium speed for 3 

minutes. In order to avoid clumping of the fibres and to keep the mix wet enough, 

the remaining fibres and suspension solution were then slowly added to the mixture 

and stirred for another 3 minutes in order to enhance fibre/suspension solution 

dispersion. Next, the superplasticizer was added and stirred again at medium speed 

for 2 minutes. Then, the well mixed composite was poured into moulds. After 

moulding, the specimens were covered with a wet cloth and a polyethylene sheet, 

allowed to cure in moulds for the first 24 hr.  Then the specimens were allowed to 

cure in water for 20 days. Finally the specimens were kept in laboratory conditions at 

19 ± 2 ºC and 50% ± 5% relative humidity for an additional 7 days. For all of the 

specimens the fibre content was 1% by volume fraction and the fibre length of 30 

mm.  

3.3.2.3  Nano-Silica Flax Fibre Composites 

To prepare this group of composites, colloidal nano silica was stirred with 

mixing water at a high speed (150 rpm) for 2 min.  After that the OPC and waste 

glass powder (if applicable) and 50% of the flax fibres were added and stirred at 

medium speed (70 rpm) for about 1 minute. Afterwards, the sand and the remaining 

fibres were added to the mixture and stirred at medium speed (70 rpm) for 2 minutes. 
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After that, superplasticizer was added and stirred at medium speed for 2 min.   Then, 

the well mixed composite was poured into moulds. The specimens were covered 

with a wet cloth and a polyethylene sheet and allowed to cure in the moulds for the 

first 24 hr.  Then the specimens were allowed to cure in water for 20 days. Finally 

the specimens were kept in laboratory conditions at 19 ± 2 ºC and 50% ± 5% relative 

humidity for an additional 7 days. For all of the specimens the fibre content was 1% 

by volume fraction and the fibre length of 30 mm.  

3.4 Characterisation Techniques 

3.4.1 Differential Thermal Analysis/Thermogravimetric Analysis 

(DTA/TGA) 

The Differential Thermal Analysis (DTA) and to some extent, the 

Thermogravimetric Analysis (TGA) methods; are the most widely used thermal 

analysis techniques. They are more adjustable, easier to use, and yield results in a 

short span of time. These methods measure the heat changes associated with physical 

or chemical transformations that occur during the gradual heating of a material. 

Thermal changes, such as dehydration, crystalline transition, lattice destruction, 

oxidation and decomposition, are generally accompanied by an appreciable rise or 

fall in temperature and are thus amenable to DTA investigation [28].  

3.4.1.1  Application of DTA/TGA Analysis to Cement Hydration 

Le Chatelier, who applied thermal analysis to study clay mineralogy, 

proposed the DTA method in 1887. However he did not employ this method in 

cement characterisation [149]. Kalousek et al.[150] were probably the first to 

introduce this technique for cement chemistry. Since then several papers have been 

published dealing with the DTA of cementitious materials. 

In DTA the temperature difference that develops between a sample and an 

inert reference material is recorded with both materials subjected to identical 

temperature regimes, in an environment that is heated at a controlled rate. Changes 

in the sample leading to either the absorption or evolution of heat can be detected 

relative to the inert reference. TGA indicates a number of stages of thermal 

breakdown and the weight loss in the material, in each stage, as a function of 
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temperature. Both DTA and TGA can be employed to study the thermal behaviour of 

natural fibre and its composites [8,28]. 

DTA/TGA is considered to be one of the most powerful tools in the 

investigation of the hydration of cement pastes. DTA/TGA has yielded important 

results for cement hydrated for various lengths of time under different conditions 

[28]. DTA/TGA can be used to determine the amount of pozzolanic reaction and 

hydration of blended cement pastes by estimating the CH and CHS content. This 

technique is also more suitable for studying hydration at later stages [151]. 

Vedalakshmi et al.[152] as well as Esteves [153] employed TGA/DTA to study the 

pozzolanic activity of mineral additions such as silica fume, fly ash and slag. 

Furthermore, the hydration of pozzolanic materials such as silica fume, metakaoline, 

fly ash or slag has also been investigated in Refs.[154,155,156,157]. 

In the present study, CH exhibits a peak at about 425-495°C. The area of this 

peak was used to determine the amount of CH by using the method applied by 

Esteves [153]. Accordingly, in order to calculate the CH content, a separate test was 

performed with pure CH to check the enthalpy of this compound. Thus, the amount 

of CH in the system was derived using Eq. (3.1): 

CH [wt. %] = R · A                 (3.1) 

Where CH is the wt. % of calcium hydroxide in the sample, R is the calibration 

constant obtained from the measurement of pure CH (R= 8.11×10−4) and A is the 

peak area taken from the DTA profile in µV. 

When using the TGA technique to estimate the content of CH, this method 

does not require any calibration procedure. Thus, the CH content was estimated 

directly from the weight loss measured in the TGA curve between the initial and 

final temperature of the corresponding TGA peak [151,152,153].  

3.4.1.1.1 Measurement 

The thermal behaviour of the composites was analysed using the thermal 

gravimetric analyses model of Stanton Redcroft DTA/TGA, UK (Figure 3.6). The 

weight of the specimens used in the analysis ranged from 22 to 30 mg. These 
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specimens were analysed in a platinum pan in which the analyser heated the furnace 

from room temperature to 1000ºC at 10ºC/min. Dry Nitrogen gas was circulated 

within the test cell at a flow rate of 60 cc/min. 

 

Figure  3.6: Photograph of DTA/ TGA analyser. 

3.4.1.2  Application of DTA/TGA Analysis to Cellulose Fibres 

Both DTA and TGA can be employed to study the thermal behaviour of 

natural fibre and its composites [93,158]. Many researchers [8,74,117] have studied 

the influence of chemical treatment of cellulose fibres on their thermal degradation 

by using DTA/TGA. Sahaet et al. [117] carried out a TGA analysis to study the 

weight loss and chemical composition of alkali treated and steam alkali treated jute 

fibres and to compare them with control samples. They found that both alkali and 

steam alkali jute fibre had better thermal stability than the control samples. In similar 

work, Islam [8] used TGA/TDA analysis to study the thermal behaviour of alkali 

treated hemp fibres and found that alkali treated hemp fibres had better thermal 

stability than untreated fibres. 

3.4.1.2.1 Measurement 

The thermal behaviour of treated/untreated fibres was measured using the 

same thermal gravimetric analysis model described in section 3.4.1.1.1. The weight 

of the fibres used in this analysis ranged from 19 to 24 mg. These fibres were 
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analysed in a Platinum pan in which the analyser heated the furnace from room 

temperature to 600ºC at 5ºC/min. Dry Nitrogen gas was circulated within the test cell 

at a flow rate of 60 cc/min. 

3.4.2 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive approach that reveals detailed 

information about the chemical composition and crystallographic structure of solid 

materials. Many solid materials are crystalline in nature, and include a regular three-

dimensional distribution of their atoms in space. These atoms are organised so that 

they form a series of parallel planes separated from one another by a distance d (or d-

spacing) that differs according to the nature of the material. Every plane of atoms in 

a crystalline material can act as a reflecting surface. When X-rays are directed at a 

crystalline material, they hit each plane of atoms in sequence, diffracting first off the 

surface layer, and then off the layers below it.  Since the wavelengths of X-rays are 

about equal to the distance between the planes of atoms in crystalline solids, 

reinforced diffraction peaks of radiation of varying intensities can be produced when 

a beam of X-rays strikes a crystalline solid [74]. 

If the crystalline planes are parallel and are at an angle with the incoming    

X-ray beam so that the diffracted X-rays are in-phase, the diffracted X-rays will 

reinforce one another resulting in a strong diffracted signal. The fundamental 

relationship governing the X-ray diffraction process is the Bragg law[28]as follows: 

                                                  ݊	λ	 ൌ 2݀ sin  (3.2)                                                      ߠ

Where d is the distance between the crystallographic planes, λ is the wave length of 

the X-ray radiation used, n (=1, 2…) is the order of reflection and 2 ߠ	  is the 

diffraction angle, as presented in Figure 3.7. 
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Figure  3.7: Geometric construction of the Bragg Law [159]. 

Modern powder X-ray diffractometers consist of an X-ray source, a movable 

sample platform, an X-ray detector, and connected computer-controlled electronics. 

A powdered sample is used to provide a random distribution of crystal orientations, 

so that some of the particles will be correctly oriented in the X-ray beam in order to 

permit diffraction to occur. The sample is packed in a shallow cup-shaped holder, 

and the sample holder spins slowly during the experiment in order to decrease 

sample heating. Usually, the X-ray source is Mo or Cu. The X-ray beam is fixed and 

the specimen platform rotates with respect to the beam by an angle theta (θ), while 

the detector rotates at an angle of (2θ) with respect to the incoming X-ray beam [28]. 

3.4.2.1  Application of X-ray diffraction technique to Cellulose 

Fibres 

The X-ray diffraction technique (XRD) is a well-established technique for 

determining the crystallinity of partially crystalline materials[8]. XRD has been 

extensively used to investigate the crystallinity of cellulose fibres. Mwaikambo and 

Ansell [97] measured the crystallinity index of hemp, kapok, sisal, and flax fibres by 

using the XRD method. They found that the increase in crystallinity index obtained 

by using XRD was, in fact, an increase in the order of the crystalline packing rather 

than an increase in the intrinsic crystallinity. Sawpan et al.[118], as well as Troedec 

et al.[114], used the XRD method to study the crystallinity index of alkali treated 

hemp fibres. They recorded an improvement in the crystallinity index of alkali 
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treated fibres as compared to untreated fibres due to the removal of non-cellulosic 

materials, thus enabling better packing of cellulose chains. Troedec et al.[114]. 

Different crystalline structures in cellulose fibres can be detected and 

indicated by the XRD method. The one-dimension patterns of various cellulose 

structures are shown in Figure 3.8. Usually, the change of cellulose structure affected 

by treatment and modification can therefore be followed. 

 

Figure  3.8: X-ray diffraction profile of cellulose polymorphs [160]. 

The indexing of crystalline planes is the main key for understanding the 

crystalline structure of cellulose. The general indexing for lattice planes is (hkl), i.e. 

the first plane in the family from the origin makes intercepts at a/h, b/k, and c/l on 

the axes as presented in Figures 3.19 and 3.10. When a crystal plane lies parallel to 

an axis its intercept on that axis is infinity, the reciprocal of which is zero. For 

example, the ‘front’ face of a crystal, i.e. the face which intersects the x-axis only 

and is parallel to the y and z-axes, has Miller index (100); the ‘top’ face, which 

intersects the z-axis is (001) and so on. It is useful to remember that a zero Miller 

index means that the plane (or face) is parallel to the corresponding unit cell’s axis 

[159]. 

The percentage of crystallinity index (ܫ஼௥) was determined using the Segal 

empirical method according to the following equation: 

஼௥ܫ ൌ 	
଴଴ଶܫ െ ௔௠ܫ

଴଴ଶܫ
	ൈ 100																																																																ሺ3.3ሻ	
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Where,ܫ଴଴ଶis the maximum intensity of the 002 lattice reflection (the highest peak 

for native cellulose) of the cellulose crystallographic form at 2θ = 22.5o and ܫ௔௠is the 

intensity of diffraction of the amorphous material at 2θ =18.5o[97]. 

 

Figure  3.9: Intercepts of a lattice plane (hkl) on the unit cell’s vectors a, b, c. ON= 
dhkl = inter-plannar spacing [159]. 

 

Figure  3.10: Families of planes making rational intercepts with the unit cell edges are 
identified by a set of three integers, h k l, known as Miller indices [159]. 
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3.4.2.1.1 Measurement 

A 0.5 g of fibre was compressed into a tablet by using a hydraulic press at 20 

MPa pressure. X-Ray diffraction model Bruker AXS D8 Advance, USA (Figure 

3.11) analysis with Cu-Kα radiation and a graphite monochromator with a current of 

40 mA and a voltage of 40 mV was used with a diffraction intensity in the range of 6 

to 60 o (2θ-angle range).  

 

Figure  3.11: Photograph of the XRD machine. 

3.4.2.2  Application of XRD to Concrete Chemistry 

The application of XRD to quantitative phase abundance analysis goes back 

to the mid-1920s with the Portland Association Fellowship at the National Bureau of 

Standards (now National Institute of Standards and Technology, NIST). The late 

1950s through the 1980s witnessed an increased use of XRD in the analysis of 

cements and the first international round robins on quantitative powder diffraction 

analysis [161]. 

In the hydration of cement, the chemical reactions that occur between 

anhydrous cement and water are generally complex in nature because of their 

multiphase nature and the simultaneous effects of many variables. XRD is employed 

to identify the polycrystalline phases of cement and hardened cement paste through 

the recognition of the X-ray patterns that are unique for each of the crystalline 

phases. Accordingly, this method allows the detection of ettringite (AFt), 
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monosulfate (AFm) and portlandite (CH) and the consumption of the 

anhydrousphases of the cement (i.e., gypsum, C3S, C2S, C3A andC4AF), as well as 

the formation of amorphous C-S-H, which is indicated by an upward shift of the 

diffractogram [28,162]. 

3.4.2.2.1 Measurement 

For the XRD analyses, the specimens were ground into an agate mortar and 

immersed in acetone for 45 s, rinsed twice in ethanol and then maintained in the 

same equipment, with the objective of preventing further hydration, by removing the 

evaporable water. Just before each analysis, the specimens were dried in an oven at 

50 ºC [162]. The mineralogical phases of the mortars were determined by means of 

X-ray diffraction (XRD) using the same XRD machine shown in Figure 3.11, 

according to the diffraction powder method, with sweeps from 10 to 60° 2θ. 

3.4.3 Scanning Electron Microscope (SEM) and Energy Dispersive 

X-ray Analyses (EDX) 

Scanning electron microscopy (SEM) and its adjunct micro analytical unit, 

commonly known as the energy dispersive X-ray analyser (EDX), are widely used in 

microstructure and micro-analytical inspections of cement composites. One of the 

first applications of SEM in cement hydration was by Gupta, Chatterji, and Jeffery 

[163], in the early 1970s [28]. Following the development of EDX, Diamond [164] 

demonstrated the advantages of this SEM attachment in the micro-analysis of 

concrete. Since then several researchers have practiced, and even improved the 

technique of concrete evaluation using SEM/EDX [28]. 

The principle of SEM is explained in the following paragraph. When a beam 

of primary electrons strikes a bulk solid, the electrons are either reflected (scattered) 

or absorbed, producing various signals, Figure 3.12. The incident electrons disperse 

into a “pear shaped” volume in the solid. Besides secondary electrons, backscattered 

electrons (BSE), X-rays, Auger electrons, and other responses, are also produced. 

Different modes of observation and/or microanalysis can thus be used with the object 

under examination. The most frequent modes in SEM involve the capture of 

secondary and backscattered electrons, while the most commonly used micro-
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analytical techniques, based on the detection of X-rays, are energy dispersive X-ray 

analysis and wavelength dispersive (WD) analysis. Modern SEMs are usually 

equipped with the EDX detector while the WD analyser unit remains an option for 

more expensive models [28].  

The intensity of the reflected electrons is proportional to the atomic number 

of the substances in the object and the density of the material. The energy level of 

primary electrons (PE) is up to about 50 eV as are the scattered electrons. One 

distinctive feature of the BSE is its relatively high energy. It is important to note that 

all these responses are produced in a shallow zone of the target [28]. 

 

Figure  3.12: Different interactions of an electron beam (PE) with a solid target, BSE: 
backscattered electron, SE: secondary electron, X: x-ray, AE: auger electron [28]. 

The method using a scanning electron microscope and an energy dispersive 

x-ray analyser to simultaneously study the morphology of an object and analyse its 

elemental composition is called SEM/EDX. SEM/EDX can be done using the 

following  four methods:[28] 

 The spot mode, i.e., used for analysing a small spot in a constituent for its elemental 

composition;  

 The area mode, used to analyse the bulk composition of an area;  
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 The dot mapping mode, used to scan a specific area of interest for elemental 

mapping in order to study the distribution density of different elements in a 

particular phase or region;   

 The linear traverse mode, used to determine the variation in concentration of one or 

several elements along a line. 

EDX is based on the detection of X-rays emitted by the specimen being 

examined and the fact that every element has a characteristic emission. The X-ray 

photons that originate from the specimen are collected by the Si-Li detector. After 

undergoing a conversion to a voltage pulse output, it is then transformed into 

counts/channel. These counts are displayed on a cathode ray tube screen. Since each 

element has its characteristic energy position, different elements can be readily 

identified by means of a cursor. For example, aluminium Kα is at 1.5 keV, silicon 

Kα at 1.74 keV, sulphur Kα at 2.34 keV, and calcium Kα is at 3.7 keV [28]. 

3.4.3.1 Measurement 

Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) 

analytical systems were used to characterise the microstructure of composites 

fracture surfaces using a (SEM/EDS) machine model Hitachi S-3000N VP (Figure 

3.13) in the secondary electron (SE) mode operated at around 10 and 30 kV. The 

samples used for SEM imaging and EDX analysis were slices taken from the same 

specimens used for the flexure test. The fibres used for SEM imaging were either 

non-aged treated/untreated fibres or were aged fibres carefully extracted from the 

composites fracture surfaces, mounted on SEM stubs, and then coated with a gold 

layer using an Edwards sputter coater, model Pirani 50 I (Figure 3.14).  
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Figure  3.13: Photograph of the SEM/EDX machine. 

 

Figure  3.14: Photograph of the Edwards sputter coater. 

3.4.4 Single Fibre Tensile Testing 

Treated/untreated single flax fibres were tensile tested using the ASTM 

D3379 standard test method for tensile strength (TS) and Young’s Modulus (YM) 

for high-modulus single filament materials [165]. Fibres were carefully separated by 

hand and attached to rectangular pieces of glass with 10 mm marks in their centres in 

order to provide a gauge length of 10 mm. The fibres were then placed under an 

optical microscope (Figure 3.15) in order to determine the average diameter of each 

fibre. After that the fibres were placed in the grips of a Zwick machine model Z5 kN 
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– BTI – FR005TN (Figure 3.16) with a gauge length of 10 mm and at a crosshead 

speed of 0.5 mm/min. This machine was equipped with a 5kN load cell and was 

attached to a PC with TestXpert V11.02 software for data acquisition. 

 

Figure  3.15: The set up for the single fibre tensile strength test. 

 

Figure  3.16: Photograph of the optical microscope. 

3.4.5 Thermal Expansion 

The thermal strains of the specimens were determined by using the DIL 402 

E Netzsch Ltd. Dilatometer, Germany (Figure 3.17). The linear change in the length 

of each specimen was measured by the dilatometer under temperatures ranging from 

20ºC to 1000ºC at a heating rate of 5ºC/min. The data acquisition from the digital 
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dial indicators was performed with a PC using specially developed software. The 

average of two specimens was used for defining the thermal strain values. After 

measurements of each specimen’s change in length were taken, the thermal strain 

values were determined by using Eqs. (3.4), given as follows: 

ߝ                        ൌ ܮ∆	 ଴ൗܮ                                                                    (3.4) 

Where ߝ  is the thermal strain, ∆ܮ  is the unit length change (mm), ∆ܶ  is the 

temperature difference (ºC) and ܮ௢ is the initial length (mm) of the specimen at 20ºC. 

 

Figure  3.17: Photograph of the Netzsch Model 402 E Dilatometer. 

3.4.6 Flexure strength 

For the three point flexure test, specimens of 40 x 40 x 160 mm size were 

prepared in accordance with ASTM C348 [166]. Flexure strength was obtained by 

using the Zwick machine. This machine is equipped with a 50 kN load cell and 

attached to a PC interface with TestXpert 2 version 2.1 software for data acquisition, 

as shown in Figure 3.18. All specimens were tested at room temperature with a cross 

head speed of 1 mm/min. Flexure strength values were obtained by averaging the 

measurements of at least three samples. 
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Figure  3.18: Photograph of the Zwick machine used for flexural strength test. 

3.4.7 Compressive Strength 

For the compressive tests, specimens of 50 x 50 x 50 mm in size were 

prepared in accordance with ASTM C 109 [167]. Compressive strength was obtained 

by using the same Zwick machine used in section 3.4.6. Specimens were tested at 

room temperature with a cross head speed of 0.5 mm/min.  Compressive strength 

values were obtained by averaging the measurements of at least three samples.  

3.4.8 Impact Strength 

The Charpy impact strengths of the specimens 20 x 20 x 55 mm were 

measured using a MAT21 universal pendulum impact tester at a room temperature of 

20ºC (Figure 3.19). The impact strength was reported in J/m2, and the results were 

the average obtained from four specimens.  
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Figure  3.19: Photograph of the Charpy impact pendulum. 

3.4.9 Flexural Toughness Measurements 

The addition of fibres (either natural or synthetic) significantly enhances 

many of the engineering properties of a cement matrix, especially impact strength 

and toughness. This enhanced performance in a fibre reinforced cement matrix 

compared to an unreinforced matrix comes from its greater capacity to absorb energy 

during fracture. The chief contribution of fibres to the cement matrix can be 

observed primarily after matrix cracking. While an unreinforced matrix fails with a 

quasi-brittle behaviour after cracking, the randomly distributed, short fibres in the 

reinforced matrix arrest microcracks, bridge these cracks, undergo a pullout process 

and limit crack propagation in the reinforced matrix. Hence, debonding and pulling 

out the fibres requires more energy, which leads to a significant improvement in 

toughness, and a resistance to cyclic and dynamic loading occurs, which helps 

maintain structural integrity and cohesion in the matrix [168,169]. 
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The most common method used to measure toughness is the load-deflection 

curve obtained by using a simply supported beam loaded at the third points. ASTM 

C 1018 [170] discusses the evolution of toughness indices (I5, I10 and I20), which 

refers to the area under the load-deflection curve calculated according to three 

different specified deflections. Whilst in the Japan Society of Civil Engineers (JSCE) 

standard SF-4 method, the area under the load deflection curve up to a specified 

deflection (L/150) is measured and referred to as the toughness [171]. However, the 

practical uses of these toughness parameters are not sufficient to define the tensile 

strain-softening law, which simulates the behaviour of the damaged region ahead of 

a continuous crack. This is referred to as the fracture process zone. To define this  

softening behaviour, Hillerborg et al. introduced the concept of fracture energy 

(GF)[172]. The standard test for the evaluation of this behavioural property was 

established by the RILEM 50-FMC Technical Committee [173]. In this study, two 

methods were used to describe composite toughness. In the first method, toughness 

indices (I5, I10, I20 and I30) were obtained based on  ASTM C 1018 [170]. In the 

second method three point bending tests were performed to evaluate GF based on the  

RILEM 50-FMC Technical Committee’s standard test [173].  

3.4.9.1  ASTM C 1018 

In ASTM C l0l8 [170], toughness (or energy absorption introduced as the 

area under the load deflection curve) is calculated at four specified 

deflections( ,ߪ ,ߪ3 ,ߪ5.5 ሻߪ10.5	݀݊ܽ  as shown in Figure 3.20. The toughness is 

calculated at the deflection ߪ which is considered the elastic or pre-peak toughness 

(first-crack toughness), while the other deflections ሺ3ߪ, ሻߪ10.5	݀݊ܽ	ߪ5.5  are 

considered the post-peak toughness. In addition, the terms of the toughness indices 

(I5, I10 and I20) are also calculated, as follows:  

I5 = Area OACD/Area OAB 

I10 = Area OAEF/Area OAB 

I20 = Area OAGH/Area OAB 
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Figure  3.20: Fracture toughness and Indices according to ASTM C1018 [170]. 

3.4.9.2  Fracture Energy (GF) 

One of the major roles of fibre in cement matrix is to provide an increase in 

the energy required for fracture by the resultant crack arresting process. Fracture 

energy (GF) is the energy required to develop one crack completely. In this study, for 

a notched beam in three-point bending, the procedures recommended by the RILEM 

TC 50-FMC Technical Committee [173] were applied to measure GF. The load–

deflection curves were utilised for evaluating the GF. The area under the load versus 

deflection at the mid span curve was described as a measure of the fracture energy of 

the material. The results obtained here are based on the area under the complete 

load–deflection curve up to a specified deflection (i.e. 6 mm).  

3.4.10  Evaluation of composite durability 

The durability of the flax fibre cement composites was evaluated on the basis 

of the flexural strength, toughness indices and fracture energy of the composites 

before and after exposure to various environments. From the load deflection curves, 

three parameters were calculated in order to evaluate the reinforcing effect of the 

fibre and consequently its durability or embrittlement over time: 

 Flexural strength of the composite was determined from the maximum post-peak 

load, 
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 Toughness indices (I5, I10 and I20) as explained in section 3.4.9.1, 

 The fracture energy of the composite as described in section 3.4.9.2. 

In order to study the durability of flax fibre cement composites, the 

specimens were subjected to the following three different ageing conditions: 

 360 days soaking in water at a temperature of about 20 ±2 ºC,  

 50 controlled wetting and drying cycles, 

 1 year (from 21st September 2009 to 20th September 2010) under natural weathering 

conditions in Dublin-Ireland (latitude 53° 19´ 59´´ N, longitude 6° 14´ 56´´ W). 

During the period under consideration the maximum and minimum temperatures 

were 24˚C and -4˚C, respectively, the mean wind speed was 12 m/h, rainfall was 

around 70 mm/month, the maximum and minimum relative humidity was 86% and 

70%, respectively, and solar radiation was around 921 J/cm2/ day. During the same 

period (1 year) some of the specimens were kept under laboratory conditions of 

19ºC ± 2ºC and 50% ± 5% relative humidity and used as reference specimens. 

To determine the period of saturation and drying of the specimens, the 

percent of mass change versus time curve was developed. In order to develop this 

curve, a flax fibre cement specimen was completely saturated in water at 20 ±2 ºC 

and left to dry in an oven at 60±5 ºC. Readings of gain and loss of mass were also 

recorded during this period. The mass stabilized when the mass changed less than 

1% over a period of 3 hours, and then the specimen was assumed to be either dry or 

wet, depending on the exposure. As a result, it was found that a 48 hour cycle period 

was suitable for wet and dry conditions in flax fibre cement composites. 

3.4.11  Lime-Glass Test 

In order to study the pozzolanic activity of WG, a Lime-glass test was 

conducted following ASTM C593 [174]. The mixture proportions are given in Table 

3.3. The mixture was cast in 50 mm cube moulds, wrapped in wet burlap, sealed in a 

plastic bag, and cured at 54°C in an oven.  Compressive strength was obtained using 

the same Zwick machine noted in section 3.4.6. Specimens were tested at room 

temperature with a cross head speed of 0.5 mm/min.  Compressive strength tests 

were carried out after 7 days of curing at 54°C and after an additional 21 days curing 

at 23°C in water in order to monitor the long-term strength gain. As recommended 
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by ASTM C593 [174], a satisfactory pozzolanic material should have a minimum 

compressive strength of 4.1 MPa when mixed with lime after 7 days of curing at 

54°C and after an additional 21 days of curing in water at 23°C. 

Table  3.3: Mixture proportions for lime test (by weight percent) 

Lime WGP NC Sand Water/lime +WG 

9 18 0 73 85 

 

3.4.12  Alkali Silica Reaction (ASR) 

A study of the alkali silica reaction (ASR) was performed in accordance with 

ASTM C1260 [175]. Mortar bars 25 x 25 x 100 mm in size were cast. Then, the 

moulds were covered carefully with plastic sheets and placed in the lab at 22 ºC for 

24 hours. After that, the bars were placed in water at 80°C for another 24 hours to 

gain a reference length. They were then transferred to a solution of 1N of NaOH at 

80°C. Readings were then taken every day for 14 days. 

3.4.13  Porosity 

The porosity of composites is measured with the methanol displacement 

method [176]. In this method small cubes of 20x20x20 mm were dried until a 

constant weight W0 was reached. The dried specimen was dipped into methanol for 

24 h and the weight of the specimen hung in the methanol was recorded (W1). Then, 

the specimen was taken out of the methanol and was surface dried immediately. The 

weight of the methanol-saturated specimen with a dry surface was recorded as W2. 

The porosity (P) of the specimen was calculated as: 

ܲ ൌ ଶܹ െ ଴ܹ

ଶܹ െ ଵܹ
																																																ሺ3.5ሻ 

Where: W0 is dried weight, W1 is weight of the hung in the methanol and W2  is the 

weight of the methanol-saturated specimen with a dry surface.
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Chapter 4 : Design of Experiments  

 

4.1 Design of Experiments (DOE) 

 In the engineering field, experiments are typically carried out to explore and 

understand the data collected from the experiment, to estimate and determine the 

effect of process variables on output performance characteristics, and or to confirm 

and verify the predicted results obtained from an experiment [177]. One of the most 

common approaches employed by many engineers is one-variable-at-a-time 

(OVAT), where the engineer varies one variable at a time, while keeping all of the 

other variables involved in the experiment fixed. However, this approach always 

carries the risk that the experimenter may find that one input variable has a 

significant effect on the response (output), but will fail to notice  that a change in 

another variable has also altered the effect of the first variable (i.e. due to these 

variables dependency or interaction). OVAT also requires the use of large amounts 

of resources in order to obtain a limited amount of information about the process. As 

a consequence, OVAT experiments are often unreliable and time consuming. 

Furthermore, they may not determine  the optimal conditions and also do not address 

the interaction effect between the process variables [177,178,179].    

Statistical methods play an important role in planning, conducting, analysing 

and interpreting data from engineering experiments. DOE is a systematic technique 

used in the investigation of a system or process. With this technique, a series of 

structured tests involving planned changes are made to the input variables of a 

process or system. Then the effects of these changes on a pre-defined output are 

assessed. DOE is essential as a formal way of maximizing the amount of information 

gained while minimizing the amount of resources required. It has more to offer than 

the OVAT approach, because it allows a judgment on the significance of input 

variables acting alone on the output, as well the effect of input variables acting in 

combination with one another.  

Sir R. Fisher introduced DOE in the early 1920s, at the Rothamsted 

Agricultural Field Research Station in London, England, in order to determine the 
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effect of various fertilizers on a range of land plots. Since then, DOE has been 

applied in many other disciplines such as biology, pharmaceuticals, engineering etc. 

[177]. In the concrete industry a number of studies have been conducted on the 

optimisation of cement composites that use a statistical design of experiments and 

modelling. In one study, Sanjuán and Moragues [180] used a factorial design of 

experiments to study the effect of mix proportions (i.e. water/cement ratio, 

sand/cement ratio, and fibre content) on the tensile shrinkage stresses of 

polypropylene-fibre-reinforced mortars. They used this technique to optimise the 

mortar mix in order to minimise the plastic shrinkage process. In a similar study, 

Filho and Sanjuán [10] utilized a prediction model for the free plastic shrinkage of 

natural sisal fibre reinforced mortars based on a factorial design of experiments at 

two levels, with three factors (water/cement, sand/cement, and percentage of fibre) 

and two replications. In order to assess the durability of silica fume and blast furnace 

slag concretes, Türkmen et al. [181] used the Taguchi method to determine the 

optimum working conditions (e.g. curing time and water/binder ratio) needed to 

obtain the physical properties (e.g. capillary and porosity) that would yield the most 

durable mixtures. Correia et al. [182] used a full factorial design to model the 

physical and mechanical properties of fresh and hardened concretes that contain 

recycled aggregate which was reclaimed as a replacement for natural fine aggregate. 

In another attempt to replace natural aggregates with waste vulcanised rubber scrap 

(WRS), Correia et al. [183] used a 32 full factorial design of experiments to optimise 

the amount of WRS. They studied the effect of WRS content and water/cement 

weight ratio (factors) on the fresh mortar’s consistency index and compressive 

strength (responses). 

 Although natural fibres such as sisal, hemp, bamboo and jute have already 

been used to reinforce cement matrix in many countries like Brazil [184], India [185] 

and Australia [186], very little has been reported in the literature on the optimisation 

of the fracture parameters of natural fibre cement composites. In one study, Li et al. 

[126] used responses surface methodology (RSM) to model the mechanical 

properties (i.e. compressive and flexure strength, flexure toughness and toughness 

indices) of hemp fibre reinforced concrete composite. They used composite methods 

to analyse the reinforced concrete composite under the conditions of fibre content 

0.1 < fibre volume fraction < 1% and with an aspect ratio larger than 400.     
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The responses surface methodology (RSM) concept was introduced in the 

early 50’s by Box and Wilson and is the best known type of DOE technique [178]. 

Among the RSM methods, the two most popular types of experimental designs that 

exist for developing second-order models are the central composite design (CCD) 

and the Box-Behnken design (BBD) [178,187]. Since these particular methods are 

the ones being used in this study, some details about them will be presented in the 

following sections.        

4.2 Response Surface Methodology (RSM) 

 RSM is a collection of mathematical and statistical techniques that are useful 

for modelling and predicting how the response of interest is influenced by several 

input variables with the goal of optimizing this response [187]. RSM combines 

statistical and mathematical methods of experiment design, regression analysis and 

optimisation in order to deliver useful techniques for problem development, 

improvement, or optimisation. It provides a comprehensive, statistically based 

technique for planning, executing, and evaluating batches [168]. If all independent 

variables are measurable and can then be repeated with negligible errors, the 

response surface can be expressed as follows [188]:    

ݕ ൌ ݂	ሺݔଵ, ,ଶݔ  ௞ሻ                               (4.1)ݔ……………

Where: k is the number of independent variables 

In order to optimize the response “y”, it is necessary to find an appropriate 

estimate for the true functional relationship between the independent variables and 

the response surface. Typically a second order polynomial Eq.4.2 is used in RSM.  

   2y iiiijiijiio bbbb                                                  (4.2) 

4.2.1 Central Composite Design (CCD) 

The CCD is a very efficient design for fitting the second order model, which 

was originally developed by Box and Wilson and improved upon by Box and 

Hunter. The CCD gives almost as much information as a multilevel factorial, but 

requires much fewer experiments than a full factorial and has also been shown to be 
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adequate to describe the mechanical properties responses [189,190]. The CCD 

consists of: (a) factorial or fractional factorial design points, (b) axial points or star 

points and (c) centre points. The CCD is designed to estimate the coefficients of a 

quadratic model. All point descriptions will be made in terms of the coded values of 

the factors [178,187]. 

Factorial points  

The factorial portion of the CCD design is used to fit all linear and interaction 

terms. The two-level factorial part of the design includes all possible combinations 

of the +1 and -1 levels of the factors. For the two factors case there are four design 

points: (-1, -1) (+1, -1) (-1, +1) (+1, +1). Generally, the CCD consists of  2k  factorial 

points [178,190]. 

Star or axial points 

The star points provide additional levels of the factor for purposes of 

estimation of the quadratic terms. The star points consist of all of the factors set to 0, 

the midpoint, except one factor, which has the value +/- (the distance  of the axial 

runs from the design centre and the number of centre points). In the case of two 

factors, the star points are: (-, 0) (, 0) (0, -) (0, ). The choice of  depends upon 

the design’s region of interest. In this work, a face centred design was selected. In 

this design the star or axial points are located at the centre of each face of the 

factorial space, so  = ± 1. This particular variety requires 3 levels of each factor 

[177,178,190].  

Centre points  

Centre points (mid points) are points with all levels set to the coded level (0) the 

midpoint of each factor range: (0, 0). Centre points are typically repeated 4-6 times 

in order to get a good estimate of experimental error (pure error). These points are 

shown in Figure 4.1 for the two factors design [178,190]. 
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Figure  4.1: Generation of CCD for two factors [178]. 

4.2.2 Box-Behnken Design (BBD) 

 BBD was developed by Box and Behnken in 1960 and is based on three 

levels of each factor. They are constructed by first combining 2k factorial designs 

with incomplete block designs and then adding a specified number of centre points. 

The designs that are developed are usually very efficient in terms of the number of 

required runs [187]. In the case of three factors, the total number of points is equal to 

12 design points and 5 centre points for a total of 17 points. Although the 12 unique 

combinations represent less than one-half of all possible combinations for three 

factors with the same number of levels, they provide enough information to fit the 

coefficients of the polynomial shown in Eq. 4.2 [178]. Figure 4.2 shows a schematic 

diagram for BBD with three factors. Table 4.1 presents a comparison between the 

Central Composite and Box-Behnken designs. 

 

Figure  4.2: A schematic diagram for BBD with three factors [187]. 
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Table  4.1: Comparison between the Central Composite (CCD) and Box-Behnken 

designs (BBD) [191] 

CCD BBD 

Created from a 2-level factorial design, 

improved with centre points and axial points. 

Has specific positioning of design 

points. 

 Normally has 5 levels for each factor, this can 

be modified to a face-centred CCD by choosing 

a = 1.0. The face-centred design has only three 

levels for each factor. 

This design has 3 levels for each 

factor. 

Created for estimating a quadratic model. 

Tend to be sensitive to missing data, making 

them more susceptible to problems. 

Provides strong coefficient estimates 

near the centre of the design space, 

but weaker at the corners of the cube 

due to the absence of design points. 

Replicated centre points provide excellent 

prediction capability near the centre of the 

design space. 

Sensitive to missing data and a bad 

run. 

Region of operability must be greater than the 

region of interest in order to accommodate 

axial runs. 

Region of interest and region of 

operability are nearly the same.  

 

4.3 General Steps in RSM 

Well-designed experiments are often carried out in four phases: planning, 

process characterisation, optimisation, and verification.  The following steps are 

performed in order to develop and optimise a mathematical model for this work: 
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 4.3.1 Planning Experiments  

Careful planning helps to avoid problems that can occur during the execution 

of the experimental plan such as, personnel, equipment availability, or funding, and 

the mechanical aspects of the system may affect the ability to complete the 

experiment. Planning is the first step in any application. The planning session should 

involve individuals with first-hand knowledge of the project and this step is usually 

covered by the literature review. The critical factors can be defined through the 

literature review or by conducting a preliminary study (i.e. screening study) based on 

a factorial design or a partial factorial design. In this study the vital process factors 

were determined through the literature review and are summarised as follows: 

 The process input factors for flax fibre treatment conditions are alkali 

(NaOH) concentration, soaking time and soaking temperature. 

 The selected fibre variables are fibre length and fibre volume fraction. 

The limits of each factor (or variable) were determined through a pilot 

experiment which was carried out by changing one factor at time. Once the limits of 

each factor were determined, Design-Expert 7 software was used to divide them into 

levels determined by the selected design.  

4.3.2 Designing and Running Experiments 

Using the factors and levels determined in the previous step, the experiments 

now can be designed and the process carrying them out can be established. The 

matrix depends on the type of RSM design chosen. For three factors, the 

experimental runs for BBD are 17, while for two factors; the experimental runs for 

CCD are 13. These experimental runs are sufficient for the estimation of the 

coefficients in Eq. 4.2. After this step, the experiments were carried out according to 

the design matrix and in a random order in order to avoid any systematic error in the 

experiment. 

The mechanical properties (or responses), mentioned earlier in this study, were 

tested and measured in sequential order following the standard procedures available 

for each response. An average of at least thirty recorded measurements was 

calculated and considered for further analysis in the case of single fibre tensile 
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strength, and an average of at least three recorded measurements was calculated in 

the case of flax fibre cement composites. 

4.3.3 Development of the mathematical model 

Design expert software develops and displays the possible modules which 

can fit the input data and suggest the model that best fits the experiment data.  

4.3.4 Estimation of the coefficients in the model 

Regression analysis is carried out in order to evaluate the values of the 

coefficients in Eq. 4.2. The computer software was used to estimate the coefficients 

for all of the responses of each experiment.  

4.3.5 Testing the adequacy of the models developed 

The adequacy of the models developed was tested by using the analysis of 

variance (ANOVA). ANOVA is a general technique for studying sampled-data 

relationships. This technique enables the difference between two or more sample 

means to be analysed and is obtained by subdividing the total sum of the squares.  

One way ANOVA is the simplest case. The purpose of ANOVA is to test for 

significant differences between class means, and this is done by analysing the 

variances. The statistical significance of the models that were developed and each 

term in the regression equation were examined using the sequential F-test, lack-of-fit 

test and other adequacy measures such as  R2, Adj- R2, Pred. R2 and Adeq. Precision 

ratio by using the same computer software to obtain the best fit [187,191].  

Fv value: Check for comparing model variance with residual (error) 

variance. When the variances are close to each other, the ratio will be close to one 

and it is less likely that any of the variables (or factors) have a significant effect on 

the response. Model Fv- Value and related probability value (Prob. > Fv) are used to 

confirm model significance. Fv value is computed by dividing the term mean square 

by the residual mean square. 

  The p-value (or Prob.>F) of the model and of each term in the model can be 

calculated by means of ANOVA. If the p-value of the model and of each term in the 



 

86 
 

model does not exceed the level of significance (say = 0.05) then the model can be 

considered adequate within the confidence interval of (1- ). For the lack-of-fit test, 

the lack of fit would be considered insignificant if the p-value of the lack of fit 

exceeds the level of significance.  

Precision of a parameter estimate is based on the number of independent 

samples of information which can be determined by the degree of freedom (df), 

which is equal to the number of experiments minus the number of additional 

parameters estimated for that calculation.  

The Adequate Precision compares the range of the predicted value at the 

design points to the average predicted error. An adequate precision ratio above 4 

indicates adequate model discrimination. In this study, the values of adequate 

precision are significantly greater than 4. 

4.3.6 Model Reduction 

Model reduction includes eliminating those terms that are not desired or 

which are statistically insignificant (terms that have p-value greater that the level of 

significance ).  The elimination process can be done manually or automatically by 

using  three procedures to evaluate all possible regression equations [178,187,191]. 

In this study the elimination process was done automatically with computer 

software. With the automatic model regression, those terms which are forced into the 

model regardless of their entry/exit α values could be controlled. Basically, there are 

three types of automatic model regression:  

Forward selection technique: This technique starts with only the constant term, and 

the first variable added is the one with the highest simple correlation with y. If the 

regression coefficient of this variable is significant it will continue in the equation. 

After y has been adjusted for the effect of the first variable, a new search for the 

second variable with the highest correlation with y is started. The significance of the 

regression coefficient of the second variable is then checked. If the regression 

coefficient is significant, a search for a third variable is done in the same way. The 

procedure is complete when the last variable entered into the equation has an 

insignificant regression coefficient or when all of the variables are involved.  
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Backward elimination procedure: In this method, the full equation is fitted and the 

variables are sequentially eliminated at each step. In the backward procedure, the 

variable with the smallest contribution to the reduction of error is eliminated first, or 

the variable with the smallest t ratio (i.e. the ratio of the regression coefficient to its 

standard error) and so on. In the case of more than one variable having an 

insignificant t ratio, the technique works by dropping the variable with the smallest 

insignificant t ratio and the equation with the remaining variables is then fitted and 

the ratios for the new regression coefficient are tested.  

Stepwise regression method: this method is a combination of the forward and 

backward regressions, where the calculations used for the inclusion and deletion of 

variables are the same as they are for the forward and backward procedures. 

However, the possibility of eliminating a variable that might be added in at an earlier 

stage, as in the backward technique, is also considered. This method has the 

advantage of assuming different or similar levels of significance for inclusion or the 

deletion of variables from the regression equation. 

4.3.7 Development of final reduced model 

At this stage of development, the program automatically defaults to the 

"Suggested" polynomial model which best fits the criteria discussed in the Fit 

Summary section. This model includes only the significant terms and the terms that 

are essential in order to maintain hierarchy.  When the final model has been tested 

and checked and found to be adequate, the responses can be predicted at any 

midpoint using the adequate model. In addition, some important plots, such as 

contours, 3D surface, and perturbation plots are produced in order to show the 

factors effect and how they contribute to the response. Also, it is now possible to use 

the developed model to find the setting at which the process can be optimized. 

4.4 Optimisation 

4.4.1 Desirability approach 

The desirability approach is one of the most commonly used techniques in 

the industry for the optimisation of multiple response processes. This approach is 

based on the idea that the "quality" of a product or process that has multiple quality 
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characteristics, with one of them outside of some "desired" limits, is completely 

unacceptable. The desirability method is widely used due to its simplicity, 

availability in the software and because it also provides flexibility in weighting and 

giving importance to individual responses. Solving such multiple response 

optimisation problems using this approach involves using a technique for combining 

multiple responses into a dimensionless measure of performance called the overall 

desirability function. The desirability technique includes the transformation of each 

estimated response, Yi, into a dimensionless utility bounded by 0 < di < 1, where a 

higher di value indicates that the response value Yi is more desirable and if di = 0 this 

means a completely undesired response or vice versa, when di = 1 [192]. In this 

study, the individual desirability for each response di was calculated using Eqs. 4.3-

4.7. It is possible to change the shape of the desirability function for each goal by the 

weight field ‘wti’. Weights are used to give added emphasis to the upper/lower 

bounds or to emphasize the target value. Weights can be ranged between 0.1 and 10; 

weights greater than one provides more emphasis on the goal, while weights less 

than one provides less emphasis on the goal. In the desirability objective function 

(D), each response can be given an importance (r), relative to the other responses. 

Importance varies from the least important value of 1(+), to the most important value 

of 5 (+++++). If varying degrees of importance are assigned to different responses, 

the overall objective function is presented below in Eq. 4.7. Where n is the number 

of responses in the measure and Ti is the target value of ith response [191]. 

 

 For a goal of maximum, the desirability will be defined by: 
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 For a goal of minimum, the desirability will be  defined by: 
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 For a goal as a target, the desirability will be defined by: 
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 For a goal within range, the desirability will be  defined by: 
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4.4.2 Optimisation by Means of Design-Expert Software 

The optimisation part of Design-expert software V7 searches for a combination of 

factor levels that simultaneously satisfy the requirements placed on each one of the 

responses and the process variables. In this study, numerical and graphical 

optimisation methods were used by choosing the desired goals for each factor and 

response. As stated earlier, the numerical optimisation process includes combining 

the goals into an overall desirability function (D). The numerical optimisation feature 

in the design expert software package finds a point or more in the factors domain 

that would maximise this objective function. In a graphical optimisation with 

multiple responses, the software introduces regions where requirements 

simultaneously meet the proposed criteria by superimposing or overlaying critical 

response contours on a contour plot.  After that, a visual search for the best 

compromise becomes possible. In the case of dealing with multiple responses, it is 

recommended that the user perform numerical optimisation first; otherwise it might 

be impossible to uncover a feasible region. The graphical optimisation shows the 

area of feasible response values in the factor space [191].  Figure 4.3 presents a flow 

chart of the optimisation steps in the design-expert software. 

 

Figure  4.3: Optimisation steps [178]. 
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Chapter 5 : Results and Discussions 

 

5.1 Introduction 

This chapter describes the results of the studies that were carried out to make 

eco-friendly cement composites by using alkali treated flax fibre, waste glass powder 

(WG), nano-clay particles (NC) and colloidal nano-silica (NS). Following is a 

summary of the studies that were completed during this research project: 

 Treatment of flax fibres with alkali to obtain an optimum alkali treatment method 

and the development of an empirical model for the tensile strengths of various alkali 

treated fibres using a Box-Behnken design. 

 Comparisons of untreated and alkali treated flax fibres using single fibre tensile 

testing as well as SEM, DTA/TGA, and XRD. 

 The effect of alkali treatments on flax fibre diameter, tensile strength (TS) and 

Young’s modulus (YM). 

 Comparisons of the mechanical and thermal behaviour of untreated and optimised 

treated flax fibre composites. 

 Optimisation of fibre parameters (i.e. volume fraction and fibre length) in terms of 

the compressive, impact, porosity, flexural and toughness properties of cement 

composites a central composite design.  

 The effect of WG, NC and nano-silica (NS) content on the alkali silica reaction 

(ASR), porosity, compressive, impact, flexural and toughness properties of cement 

composites. 

 Further characterisation of optimised WG, NC and NS composites in terms of post 

cracking behaviour, TGA/DTA, SEM, XRD and thermal strain. 

 Durability and long term performance of optimised flax fibre composites. The 

durability of the optimised composites was assessed in terms of flexural, fracture 

energy and toughness well as SEM and XRD analysis. 
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5.2 Alkali Treatment of Flax Fibre  

5.2.1 Selection of the Levels of Treatment Factors 

In order to select the level of NaOH concentration, soaking time and 

temperature pilot experiments were conducted under the following conditions that 

are explained in Tables 5.1 to 5.3, and the effects of the concentration of NaOH, 

soaking time, and temperature on the TS of the fibres are shown in Figures 5.1, 5.2, 

and 5.3, respectively.  

Table  5.1: Experimental parameters for the selection of levels of concentration of 
NaOH 

NaOH 
(wt. %) 

Soaking 
time (min) 

Temperature 
(Ԩ ) 

3 60 90 

5 60 90 

7 60 90 

10 60 90 

15 60 90 

20 60 90 

 

 

Figure  5.1: Effect of Concentration of NaOH on TS (at 100Ԩ and 60 min). 
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Table  5.2: Experimental parameters for the selection of levels of soaking time 

NaOH 
(wt. %) 

Soaking 
time (min) 

Temperature 
(Ԩ ) 

5 10 90 

5 30 90 

5 60 90 

5 180 90 

5 240 90 

5 300 90 
 

 

Figure  5.2: Effect of soaking time on TS (at 100Ԩ and 5% NaOH). 

 

Table  5.3: Experimental parameters for the selection of levels of soaking temperature 

NaOH 
(wt. %) 

Soaking 
time (min) 

Temperature 
(Ԩ ) 

5 60 20 

5 60 50 

5 60 100 

5 60 150 

5 60 200 
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Figure  5.3: Effect of soaking temperature on TS (at 60 min and 5% NaOH). 

As can be seen in Figures 5.1 to 5.3, if the levels are too close, the change in 

fibre strengths are so small that they might remain masked within range of 

experimental errors. However, the linear approximation of the TS over the whole 

range of NaOH concentration, soaking time and digestion temperature under study 

would result in large inaccuracies. Therefore, in order to make linear 

approximations, it is reasonable to select neither a very small range nor a very large 

one. This leads to the selection of the following levels of treatment: 

5% ൑ ଵሻݔሺ	݊݋݅ݐܽݎݐ݊݁ܿ݊݋ܿ	ܪܱܽܰ ൑ 10% 

10	݉݅݊ ൑ ଶሻݔሺ	݁݉݅ݐ	݃݊݅݇ܽ݋ݏ ൑ 180	min 

20	Ԩ ൑ ଷሻݔሺ	݁ݎݑݐܽݎ݁݌݉݁ݐ ൑ 90Ԩ 

Table 5.4 shows the treatment input variables and experiment design levels. 

In this study, the test was designed based on a three factors, three levels Box-

Behnken design, as presented in Table 5.4.  Each of the results presented in Table 

5.4 is an average of at least thirty readings.  
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Table  5.4: Experimental data and results for treated and untreated flax fibres (n ≥ 30) 

Run 
Concentration 

of NaOH 
Soaking 

time 
(min) 

Temperature TS 
(MPa) 

YM 
(GPa) 

Diameter

 (wt. %) (Celsius) (µm) 

Untreated 
fibre  

0 0 0 611 37.2 39.04 

1 5 10 55 627 36.2 27.5 

2 10 10 55 483.75 34.4 28.43 

3 5 180 55 397.5 29.3 29.05 

4 10 180 55 398.25 26.3 29.53 

5 5 95 20 436 30.6 28.62 

6 10 95 20 312 31.9 31.65 

7 5 95 90 352.5 30.2 30.2 

8 10 95 90 229.5 24.1 30.41 

9 7.5 10 20 491.25 33.6 28.35 

10 7.5 180 20 395 29.4 30.52 

11 7.5 10 90 471 32.4 28.68 

12 7.5 180 90 290 25.3 30.1 

13 7.5 95 55 400 30.3 29.65 

14 7.5 95 55 413.75 30 28.21 

15 7.5 95 55 417.25 31.2 28.06 

16 7.5 95 55 410.5 32.5 28.68 

 

5.2.2 Development of Mathematical Models  

Further investigations of alkali treatment parameters were carried out, using 

ANOVA, in order to identify which parameters significantly affect fibre strength. 

Applying design-expert software to the outcomes, the result suggests the highest 

order polynomial where the additional terms are significant and where the model is 

not aliased. Selecting the step-wise regression method eliminates the insignificant 

model terms automatically. The sequential F-test for the significance of both the 

regression model and the individual models’ terms along with the lack of fit test 

were carried out using Design-Expert V7 software. The ANOVA for the reduced 

quadratic models summarise the analysis of tensile strength and show the significant 

model terms. Tables (5.5 to 5.6) show the ANOVA results for the tensile strength 

and Young ̕s Modulus. The same tables also show the other adequacy measures R2, 

adjusted R2 and predicted R2. All of the adequacy measures are in logical agreement 

and indicate significant relationships. The adequate precision ratios in all cases are 
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greater than 4 which indicate adequate model discrimination. The analysis of the 

variance results for the tensile strength model and Young ̕ s Modulus model show 

that, according to the results obtained, the developed models are statistically accurate 

and can be used for further analysis. The final models in terms of the actual factors 

are shown below in Equations 5.1 and 5.2. 

For the tensile strength model, the Analysis of Variance indicates that the 

main effects are NaOH concentration (x1), soaking time (x2), the soaking temperature 

(x3), the two level interaction between concentration and soaking time ሺ2ݔ1ݔሻ and the 

second order effect of soaking time and temperature (ݔଶ
ଶ) and ሺ3ݔ

2ሻ . In the case of the 

Young’s Modulus model, the main effect of NaOH concentration (x1), soaking time 

(x2), the soaking temperature (x3), the two level interactions between concentration 

and soaking time ሺ2ݔ1ݔሻ and the second order effect of soaking temperature ሺ3ݔ
2ሻ  are 

significant model terms.  

TS ൌ 692.95 െ ଵݔ35.56 െ ଶݔ3.68 ൅ ଷݔ5.97	 ൅ ଶݔଵݔ0.17	 ൅ ଶݔ0.01	
ଶ െ ଷݔ0.06	

ଶ            (5.1) 

YM ൌ 28.72 ൅ ଵݔ0.68	 െ ଶݔ0.4 െ ଷݔ0.24 െ ଷݔଵݔ0.02 െ ଷݔ	0.0012	
ଶ                              (5.2) 

where: 

TS	 is single fibre tensile strength (MPa) 

YM	 is Young ̕s Modulus (GPa) 

 ଵ is NaOH concentration (wt. %)ݔ

 ଶ  is soaking time (min)ݔ

 ଷ is soaking temperature (Celsius)ݔ
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Table  5.5: ANOVA analysis for single fibre tensile strength model 

Source 
Sum of 
Squares 

df 
Mean 

Square 
F Value p-value   

Model 121954.3 7 17422.04 73.69 
< 

0.0001 
significant 

x1 18963.78 1 18963.78 80.22 
< 

0.0001 
  

x2 43845 1 43845 185.47 
< 

0.0001 
  

x3 10603.32 1 10603.32 44.85 
< 

0.0001 
  

x1x2 5184 1 5184 21.929 0.0011   

x2x3 1795.64 1 1795.64 7.59 0.0223   

(x2)
2 22811.54 1 22811.54 96.49 

< 
0.0001 

  

(x3)
2 21058.02 1 21058.02 89.08 

< 
0.0001 

  

Residual 2127.54 9 236.39       
Lack of 

Fit 
1879.22 5 375.84 6.05 0.0528 

not 
significant 

Pure 
Error 

248.32 4 62.08       

Cor 
Total 

124081.9 16         

R2=0.982 adj. R2=  0.969 

Pred. R2=0.892 Adeq. Precision= 36.87 

 

Table  5.6: ANOVA analysis for Young’s Modulus model 

Source 
Sum of 
Squares 

df 
Mean 

Square 
F Value p-value   

Model 143.71 5 28.74 25.58 
< 

0.0001 
significant 

x1 11.52 1 11.52 10.25 0.0084   

x2 86.46 1 86.46 76.97 
< 

0.0001 
  

x3 22.78 1 22.78 20.28 0.0009   
x1x3 13.69 1 13.69 12.18 0.005   

 (x3)
2 9.26 1 9.26 8.24 0.0152   

Residual 12.35 11 1.12       
Lack of 

Fit 
8.18 7 1.16 1.12 0.484 

not 
significant 

Pure 
Error 

4.17 4 1.04       

Cor 
Total 

156.07 16         

R2=0.920 adj. R2= 0.884 
Pred. R2=0.794 Adeq. Precision= 17.37 
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5.2.3 Effect of Processing Parameters on Single Fibre Tensile 

Strength (TS)  

The effect of alkali treatment on the tensile strength of flax fibres is 

summarised in Table 5.4. Figures 5.4 and 5.5 then show the effects of NaOH 

concentration, soaking time and treatment temperature on the average fibre’s TS. 

Figures 5.4 presents a perturbation plot which illustrates the effect of the treatment 

condition on TS and Figure 5.5 is a contours graph that shows the effect of treatment 

parameters on fibre TS. From these results, it can be seen that the alkali treatment 

which resulted in the strongest fibre was treatment (1), followed by (9) and then (2). 

Compared to the TS of untreated fibre (control), it can be seen that alkali treatment 

resulted in a similar fibre TS from treatment (1), and decreased fibre TSs from 

treatments (9) and (2). As Equation clearly shows (5.1), the process variable that 

most notably affected fibre strength was NaOH concentration followed by soaking 

temperature and then soaking time. For 5% NaOH treatment at 95 min, a 19% 

reduction in TS was recorded when the temperature was increased from 20 to 90Ԩ. 

The reduction in strength was even more pronounced with a 10% NaOH, hence the 

fibre TS was reduced by 26% when the temperature was increased from 20 to 90Ԩ. 

As Figure 5.4 clearly shows, the increase in NaOH concentration and soaking time 

has a negative effect on single fibre tensile strength. A very high concentration of 

NaOH would certainly damage the fibre and consequently reduce the tensile strength 

of the fibre [83,193]. However, the reduction in TS due to the increase in soaking 

time might be caused by a softening of the inter-fibrils matrix which adversely 

affects the stress transfer between the fibrils as well as the overall stress development 

in the fibre undergoing tensile deformation [80,194]. On the other hand, the increase 

in the temperature has a slightly positive effect on TS up to 55ºC, but after that it 

seems that TS decreases with the increases in temperature.  

As can be seen from the above results, the alkali treatment (1) resulted in a 

similar fibre TS to the TS of untreated fibre. This could be caused by the removal of 

non-strength contributing fibre surface components which, as a consequence, would 

have resulted in a reduction in the average fibre cross-sectional area. The alkali 

treatment would also have led to a better packing of the cellulose microfibrils, a 

reduction in the microfibril spiral angle, and an increase in the molecular orientation 
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of the cellulose chains [80]; all of which would have acted  to not reduce the fibre TS 

of the fibre for that particular treatment. For alkali treatments (9) and (2), the TS 

appeared to have been reduced slightly owing to the removal of non-strength 

contributing components during alkali treatment, and because of a weakening of the 

cellulose fibres. For other alkali treatments, the TS were found to be reduced and the 

reductions were proportional to the degree of severity of the alkali treatments. These 

reductions reveal that the cellulose had been degraded or the fibre structure had been 

disrupted and that the fibres had been considerably weakened. 

                 

Figure  5.4: Perturbation plot showing the effect of all factors on TS. 

 

Figure  5.5: Contour plot showing the effect of NaOH concentration and soaking time 

on TS at 55°C soaking temperature. 
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5.2.4 Effect of Process Parameters on Young ̕s Modulus (YM) 

The Young’s modulus of the treated flax fibres are shown in Table 5.4. 

Figure 5.6 shows a perturbation plot illustrating the effect of the treatment condition 

on YM while Figure 5.7 displays a contour plot showing the effect of the treatment 

condition on YM. From these results, one can see that the fibre YM of treatments 

(1), (2), and (9) are slightly lower than that of the untreated control sample. For other 

alkali treatments, the reduction of YM was notable when compared to the untreated 

control fibre and it appears to decrease with the increase of the severity of the alkali 

treatment conditions. From the results, it can be seen that YM decreases with an 

increasing concentration of NaOH, soaking time and fibre treatment temperature. 

Generally, it can be said that the fibre YM decreases with the increase of the removal 

of surface components such as hemicelluloses, lignin, and pectin. In fact, lignin, 

hemicelluloses, and pectin are generally highly cross-linked, branched structures that 

keep the fibres in their proper orientation and locations, and thus provide good 

structural integrity and rigidity in the cellulose fibres. Therefore, the removal of 

these surface components from a fibre surface would lead to a decrease in fibre YM. 

These results are in substantial agreement with the results obtained by Islam [8]. 

 

Figure  5.6: Perturbation plot showing the effect of all factors on YM. 
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Figure  5.7: Contour plot showing the effect of NaOH concentration and soaking 
temperature on YM at a soaking time of 10 min. 

5.2.5 The Effects of Fibre Diameter on Fibre Tensile Strength (TS) 

Figure 5.8 and Table 5.4 present the relationship between average fibre 

diameter and average fibre TS. The results show that there is a general trend for 

smaller diameter fibres to have higher TSs when compared to the larger diameter 

fibres. This trend could be due to the presence of larger amounts of flaws and 

imperfections in the bigger diameter fibres. Hence, the presence of such flaws and 

imperfections adversely affects the mechanical properties of the fibres [105]. The 

number of flaws will increase in proportion to the fibre diameter and thus contribute 

to a decrease in fibre TSs [195]. On the other hand, it is possible that the reduction in 

TS with increased fibre diameter could be due to the fibre’s geometry. Where the 

larger fibres were slightly distorted and had elliptical, rather that circular cross 

sections. This distortion of the fibres’ cross sections from circular to elliptical 

resulted in an increase in the cross-sectional area for the larger fibre diameters. Since 

the TSs were calculated based on the assumption that the fibre cross sections were 

circular, the elliptical fibres would have been calculated as having a larger cross-

sectional area than they actually had. The TS was calculated by dividing the tensile 

load by the fibre cross-sectional area, consequently, fibres with larger than actual 

cross-sectional areas would then result in lower calculated TSs. 
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Figure  5.8: The relation between average fibre diameter and average fibre TS. 

5.2.6 Optimisation method 

Once the models have been developed and checked for adequacy, the 

optimisation criteria can then be set to find out the optimum dose. In this 

investigation, the optimisation criteria were implemented to maximise fibre tensile 

strength (TS) and Young’s Modulus (YM). Using these criteria, the goal was to 

reach the maximum TS and YM at minimum NaOH concentration, soaking time and 

temperature, as explained in Table 5.7. Table 5.8 summarises the optimal solution 

obtained by Design-Expert. It is obvious that the graphical optimisation allows for a 

visual selection of the optimum conditions according to certain criteria. The 

yellow/shaded area on the overlay plot in Figure 5.9 is the region that meets the 

proposed criteria. 

Table  5.7: Optimisation criteria used for treatment conditions 

Criterion 
Limits 

Importance Goal 
Lower Upper 

Concentration of 
NaOH (%) 

5 10 5 minimise 

Time (min) 10 180 5 minimise 

Temperature (Ԩ) 20 90 5 minimise 

TS (MPa) 290 627 5 maximise 

YM (GPa) 24.1 36.2 5 maximise 
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Table  5.8: Optimal solution as obtained by Design-Expert 

Number 
NaOH 

concentration 
(wt. %) 

Time 
(min) 

Temperature 
(°C) 

TS 
(MPa) 

YM 
(GPa) 

Desirability

1 5.0 10.00 29.09 610.81 34.72 0.94 

5 5.0 10.42 23.35 593.07 34.28 0.94 

6 5.0 10.56 26.09 601.06 34.48 0.94 

7 5.0 10.39 28.39 607.88 34.66 0.94 

8 5.0 10.00 30.59 614.51 34.82 0.94 

9 5.0 10.67 26.95 603.20 34.54 0.94 

15 5.0 12.77 20.00 575.24 33.90 0.93 

16 5.4 10.06 22.33 577.03 34.29 0.92 

17 5.0 16.67 30.98 596.83 34.58 0.92 

 

 

Figure  5.9: Overlay plot showing the region of optimal treatment condition. 

5.2.7 Validation of the developed models 

Figure 5.10 (a) and (b) shows the relationship between the actual and 

predicted values of TS and YM respectively. These figures indicate that the 

developed models are adequate because the residuals in the prediction of each 

response are minimal, since the residuals tend to be close to the diagonal line. In 

addition, to validate the developed model, two confirmation experiments were 
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carried out with conditions chosen randomly from the optimisation results. Table 5.9 

summarises the experimental conditions, the average of actual experimental values, 

the predicted value and the percentage error. It is clear that all the values of the 

percentage error for tensile strength and Young’s Modulus are in reasonable 

agreement. 

 

          (a) 

 

              (b) 

Figure  5.10: Scatter diagram of (a) single fibre tensile strength (TS) and (b) Young’s 
Modulus (YM). 
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Table  5.9: Validation test results 

Concentration 
(wt. %) 

Time 
(min) 

Temperature 
(°C) 

  
TS 

(MPa) 
YM 

(GPa) 

    Actual 610.81 34.72 

5 16.67 30.98 Predicted 596.83 34.58 

    Error % 2.22 0.41 

      Actual 627.41 35.66 

5 12.77 20.00 Predicted 575.24 33.90 

      Error % 8.32 4.91 

 

5.2.8 Surface Morphology by Scanning Electron Microscopy 

Scanning electron microscopy (SEM) provides an excellent technique for 

studying the surface morphology of untreated and treated plant fibres [193]. 

Significant changes in flax fibre surface morphology, particularly in terms of their 

level of smoothness and roughness, were observed after alkali treatments. These 

observations can be attributed to the removal of surface impurities, non-cellulosic 

materials, inorganic substances and waxes, which result in rougher surfaces and 

better fibre separation. Figure 5.11 (a to d) shows the SEM micrographs of untreated 

and alkali treated fibres (1, 2 and 9). Clearly, impurities were observed on the 

surface of the untreated flax fibre, as shown in Figure 5.11 (a). On the other hand, 

Figure 5.11 (b –d) presents the SEM micrographs of 5, 7.5 and 10% NaOH treated 

fibres. Cleary from these figures, all of the impurities have been removed from the 

flax surfaces. Also, it can be seen that although the 10% NaOH treated fibre has a 

cleaner and bleached surface, it also looks jagged, rougher and more defibrillated, 

which confirms the observations obtained by Edeerozey et al. [193] and Jähn et al. 

[113]. 
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Figure  5.11: SEM photographs of; (a) untreated flax fibre, (b) 5% treated flax fibre 
(run# 1), (c) 7.5% treated flax fibre (run# 9) and (d) 10% treated flax fibre (run# 2). 

5.2.9 X-ray Diffraction (XRD) 

Figure 5.12 shows the XRD pattern of the untreated control fibre and alkali 

treated fibres (1, 2 and 9). As can be seen, the untreated and treated fibres exhibit 

three main peaks at 2ߠ-angles of 15, 16.5 and 22.5 that correspond to the  ሺ1ത		0		1ሻ,

ሺ1ത		1		1ሻ	ܽ݊݀	ሺ	0		0		2ሻ crystallographic planes of cellulose [8]. For untreated fibre, it 

appears that the peaks at 2ߠ of 15 and 16.5 are merged, which could be due to the 

presence of a large amount of amorphous material such as lignin, hemicelluloses and 

amorphous cellulose [108,196]. As can be seen in the case of alkali treated fibres, the 

two peaks at 2ߠ of 15 and 16.5 are more separate which indicates higher cellulose 

content. As summarised in Table 5.10, alkali treatment fibres show an increase in 

their crystallinity index, which suggests an increase in crystalline and amorphous 

cellulose. This could be due to the removal of non-cellulosic materials such as 

waxes, lignin and hemicelluloses, as supported by the separation of 
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ሺ1ത		0		1ሻ	ܽ݊݀	ሺ1ത		1		1ሻ  peaks which enabled better packing of cellulose chains 

[83,97,197]. 

 

Figure  5.12: XRD pattern of untreated and alkali treated fibres. 

Table  5.10: Crystallinity indices, Icr of control untreated and alkali treated flax fibres. 

  
Untreated 

fibre 
Alkali treated fibre 

(1) 
Alkali treated fibre 

(2) 
Alkali treated fibre 

(9) 
Icr	

(%) 
75.05 84.81 84.35 83.43 

 

5.2.10  Thermal Gravimetric Analyses (TGA/DTA) 

The DTA and TGA curves of the untreated control fibre and alkali treated 

flax fibres (runs # 1, 2 and 9) are shown in Figures 5.13 and 5.14. From the DTA 

curves an endotherm can be observed for treated/untreated fibres around 60°C and 

80°C due to the moisture lost. It can also be seen that there are two exotherms at 

higher temperatures. The first one has a peak temperature of about 306 - 340°C, and 

could be caused by the decomposition of cellulose, which leads to the formation of 

volatile products [8,193]. While the second exotherm for treated/untreated fibres is 

observed at a peak temperature of about 408 - 432°C, this could be due to the 

oxidation of volatile and charred products [8,193]. Table 5.11 summarises the peaks, 

peak onsets, peak finishing temperatures and the nature of the peaks for both treated 

and untreated flax fibres.  

10 12 14 16 18 20 22 24 26 28 30

2θ

Untreated control fibre

Alkali treated fibre (1)

Alkali treated fibre (2)

Alkali treated fibre (9)
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The mass loss of the untreated control fibre and the alkali treated flax fibres 

are presented in Figure 5.13 The mass loss is shown to be slightly higher for treated 

flax fibres at the initial stages (≈ 20-370°C) of thermal degradation and slightly 

lower at the later stages (above 370°C) of thermal degradation when compared to the 

untreated flax fibre. Furthermore, the residual char left at 600°C increased from 

1.4% (untreated) to 4%, 3%, and 2.5 % in the cases of all of the alkali treated fibres 

(run# 1, 9, 2 respectively). This may be due to the formation of a stable lingo-

cellulose complex which helps to shield the fibres from mass loss at higher 

temperatures, and this was reflected in the increased amount of residual char [8,193]. 

In light of these results, it is clear that after the alkali treatment, the rate of 

decomposition of flax fibres decreased. This indicates that alkali treatment leads to 

an enhancement in the thermal stability of flax fibres, which agrees with the results 

obtained by Islam [8].  

In this investigation it was shown that a 5% NaOH solution for 10 min at 

55ºC could be used to bleach, clean and separate flax fibres from their fibre 

bundles without reducing the fibre tensile strength and Young’s modulus. 

Therefore,  this treatment was chosen to fabricate all of the cement composites. 

 

Figure  5.13: DTA curves of alkali treated and untreated flax fibres. 
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Figure  5.14: TGA curves of alkali treated and untreated flax fibres. 

 

Table  5.11: The peaks, peak onsets, peak finishing temperatures and nature of peaks 
for the treated and untreated fibres obtained from the DTA thermograms 

Type  of fibre 
Peak onset 

temperature, 
˚C 

Peak 
temperature, 

˚C 

Peak 
finishing 

temperature, 
˚C 

Nature 
of peak 

Untreated 
fibre 

38 54 78 Endo  

265 306 340  Exo 

380 436 492  Exo 

Treated fibre 
(1) 

29 60 100 Endo  

300 358 380  Exo 

383 408 472  Exo 

Treated fibre 
(2) 

38 54 65 Endo  

243 305 353  Exo 

388 420 489  Exo 

Treated fibre 
(9) 

37 58 99 Endo  

305 353 377  Exo 

378 420 490  Exo 
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5.3 Effect of Alkaline Treatment on Thermal and Mechanical 

Properties of Cement Composites 

In order to study the effect of the alkali treatment of flax fibres on cement 

composites, thermal strain measurements and flexural strength were carried out on 

specimens of plain mortar (unreinforced) and specimens with treated and untreated 

flax fibres. 

5.3.1 Thermal Expansion 

Cement reinforced composites are heterogeneous composite materials with 

multiple components that have different thermal expansion properties. Internal 

stresses are increased if the matrix is speedily heated or cooled, which causes 

cracking at the micro- or macro-scale. If the thermal strain of hardened cement 

pastes is adjusted, the thermal stress caused by the mismatch of the thermal 

expansion properties of the components can be mitigated [176]. 

Figure 5.15 shows the thermal strains as a function of the temperature of 

cement composites. It can be seen that the trend of the thermal strain for each 

specimen with fibres is the same as that of the plain mortar specimen. Furthermore, 

the thermal strain steadily increases with the temperature up to 600°C, and then it 

steeply increases with the temperature up to 830°C. After this it slightly increases 

with the temperature up to 1000°C.  

Up to 200°C the thermal expansion of unreinforced mortar (i.e. plain mortar) 

is slightly higher than that of fibre reinforced specimens. Beyond 200°C almost all 

specimens have similar thermal strains. As reported by several authors 

[198,199,200], at about 573°C siliceous aggregates containing quartz, such as natural 

sand, may cause distress in the mortar matrix since the allotropic transformation of 

quartz from the ߙ	to	ߚ  form takes place with a sudden expansion (cracking in 

siliceous aggregate) of the cement matrix.  This transformation causes a significant 

volume expansion in all specimens at about 600°C.   

Also, it is clear from Figure 5.15 that the thermal strain of treated composites 

is slightly lower than that of untreated composites (up to 200°C). As reported by 

Islam and Sedan et al. [8,27] and supported in the next section, fibres have excellent 
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resistance to fracture and tension. Therefore, the incorporation of fibres in the 

cement matrix can increase the ability of this material to resist the volume changes. 

Under the same conditions of volume content, length and type of fibre, one factor 

which results in different restrain effects of expansion is the fibre/matrix interfacial 

[201]. Under the same conditions of fibre content, the larger the size of the fibres, the 

less the number of fibres contained in the unit volume of matrix and the less the 

contact area of fibre/matrix, which results in less restraint of expansion. In this study, 

flax fibres are subjected to an alkaline treatment which removes lignin, pectin, waxy 

substances, and natural oils covering the external surface of the fibre cell wall. This 

reveals the fibrils, shrinks the dimensions, increases the contact area and gives a 

rough surface topography to the fibre [83,85]. These physical and chemical changes 

result in better mechanical interlocking, which lowers the thermal strain when 

compared to an untreated composite. Hence, the elementary fibres in untreated fibres 

still glue together (Figure 5.16) and the fibre bundles consist of cellulose, pectin, 

hemicelluloses, and lignin.   

 

Figure  5.15: Thermal strain (ε) of plain mortar and treated/untreated flax fibre 
composites. 
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Figure  5.16: SEM micrographs showing (a) untreated flax fibre composites and (b) 
treated flax fibre composite. 

5.3.2 Mechanical behaviour analysis of flax fibre cement composites 

Figure 5.17 illustrates the load deflection curves for plain mortar (i.e. 

unreinforced), untreated and treated flax fibre composites. Here it can be seen that 

there are two different types of load deflection curves. The first one shows a linear 

brittle behaviour for plain mortar, while the second curve demonstrates a typical 

composite behaviour for both treated/untreated flax fibre composites.  These curves 

can be divided into three regions, with each zone separated by a characteristic force 

value (i.e. Fst and Fmax). The first crack strength (Fst) can be considered to be the 

initial pull-out debonding force and the peak strength (Fmax) can be regarded as the 

maximum failure force. Region I shows a typical linear deflection for plain mortar as 

well as for reinforced composites. In this region, the material exhibits an elastic 

behaviour and it appears that the matrix is bearing the main applied load. Region II 

records the onset of the first macroscopic crack which can be easily observed on the 

specimen in this region, as shown in Figure 5.18. Furthermore, in this region we can 

also observe that some of the fibres are debonded on the crack’s sides and that some 

of the fibres link the two sides of the crack. This behaviour can be explained as 

follows: during the bending test of randomly short fibre composites, as bending is 

increased the direction of the fibres becomes more and more perpendicular to the 

direction of the load. This leads to a pull-out phenomenon (Figure 5.19) which 

perturbs the load transfer along the fibre/matrix interface and controls crack 
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propagation [27]. Beyond the peak strength (Region III), the mechanical behaviour 

of the plain mortar is completely different than that of both treated and untreated flax 

fibre composites. The plain mortar exhibits brittle and sudden failure, while both flax 

fibre composites demonstrate a continuous fall of load and no sudden failures are 

detected. The behaviour of the flax fibre composites highlights the most important 

role of the debonding process on the damage of the cement matrix. Figure 5.20 

summarises the different stages explained above. Figure 5.21 shows a micrograph of 

the fracture surfaces of the treated flax fibre composite. There it can be seen that the 

fibres are entirely covered with nodules that are identified as calcium rich by an 

EDX analysis. This calcium coating, that is sometimes irregularly distributed, at the 

fibre/matrix interface can explain the behaviour of the material. 

As it is clear from Figure 5.17, the flexural strength values for the untreated 

and treated composites were higher than the plain mortar’s value, which is in 

agreement with the results obtained by Sedan et al.[27] and Kriker et al.[134]. 

Furthermore, the flexural strength of treated composites was 17% higher than the 

flexural strength of untreated composites.  These differences in flexural strength 

could be attributed to the bond considerations. Alkali treatment tends to reveal the 

fibrils (Figure 5.16), increase the contact area and improve the fibre surface adhesive 

characteristics by removing natural and artificial impurities, thus producing a rough 

surface topography. These changes in morphology and in the chemical composition 

of the fibres result in improvements to the interfacial bonding by giving rise to 

additional sites of mechanical interlocking, which leads to an improvement of the 

mechanical properties and toughness. 
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Figure  5.17: Flexural strength–deflection curves for plain mortar, treated and 
untreated flax fibre composites (n = 3). 

 

 

Figure  5.18: Propagation of the crack in the composite during the three point 
bending test. 

0.00

1.00

2.00

3.00

4.00

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00

L
oa

d 
(K

N
)

Deflection (mm)

Plain mortar

Treated flax fibre composites

Untreated flax fibre composite

IIIIII

Fmax

Fst



 

115 
 

 

Figure  5.19: SEM micrographs of the composite after three point bending test 
showing (a) pull-out fibres and (b) pull-out sites. 

 

Figure  5.20: Chronology of loading and associated mechanical behaviour of the 
composite. 
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Figure  5.21: SEM micrograph of fracture surface of flax cement composite after 
three point bending test. 

5.4 Effect of Fibre parameters on the Mechanical Properties 

of Cement Composites 

For this study, the experiment was designed based on two variables central 

composite design. Trial batches of flax fibre cement composites were developed by 

varying one of the process variables in order to determine the working range of each 

variable. Increasing fibres by more than 1.5% in volume faction and 50 mm in length 

creates disruption. The low specific gravity of the flax fibres causes the fibres to 

float on top of the slurry and creates a lack of homogenous mixture in the composite 

because the top surface of the composite fills with accumulated fibres. Therefore, 

making specimens with an excess of 1.5% in volume fraction and more than 50 mm 

in length was stopped. 

Table 5.12 shows the fibre input parameters and experimental design levels 

that were used for this material. The experiment was carried out according to the 

design matrix shown in Table 5.13 and in a random order in order to avoid any 

systematic error. Eight mathematical models were successfully developed to predict 

the following responses: porosity (P), flexural strength (Fflex), fracture energy (Gf), 

impact strength (Fimp), compressive strength (Fcom) and the toughness indices I5, I10 

and I20. The procedures described earlier in Chapter 3 were then followed to 

determine and record these responses. The averages of at least three measurements 

for each response are presented in Table 5.14.  
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Table  5.12: Process variables and experimental design levels used 

Variables Code Unit 
Limits coded/actual  

-1 0 1 

Fibre 
volume 
fraction 

V % 0.5 1 1.5 

Fibre 
length 

L mm 10 30 50 

 
Table  5.13: Design matrix in actual values 

Exp. 
No. 

Run 
order 

V L 
Exp. 
No. 

Run 
order 

V L 

1 9 0.5 10 10 13 1 30 

2 4 1.5 10 11 7 1 30 

3 12 0.5 50 12 2 1 30 

4 6 1.5 50 13 11 1 30 

5 5 0.5 30 - - - - 

6 8 1.5 30 - - - - 

7 1 1 10 - - - - 

8 10 1 50 - - - - 

9 3 1 30 - - - - 

 

Table  5.14: Experimental data and results for treated flax fibre cement composites 

Run 
P Fflex 

(Mpa) 
Fcom 

(Mpa) 
Fimp 

(J/m2) 
Gf 

(N.mm) 
I5 I10 I20 

(%) 

Plain 
mortar 

9.5 5.31 21.98 255 307 1 1 1 

1 9.8 5.63 22.41 380 3164 4.46 6.07 7.19 

2 10.8 7.10 18.63 499 3996 5.15 7.95 9.90 

3 10.5 5.91 22.46 493 3425 5.26 6.84 7.74 

4 11.5 7.90 14.58 996 6239 5.47 8.21 12.12 

5 10.2 5.40 22.76 473 3718 4.64 6.81 8.02 

6 11.0 7.42 18.22 780 4009 4.96 7.87 10.75 

7 10.2 6.68 21.92 447 3547 4.47 6.08 6.81 

8 10.9 7.00 18.36 760 5155 4.93 6.09 7.62 

9 10.6 7.01 21.73 620 3665 4.89 6.42 7.42 

10 10.6 7.12 21.73 615 3671 4.99 6.55 7.58 

11 10.7 6.98 21.46 622 3663 4.92 6.456 7.47 

12 10.6 7.05 21.87 617 3670 4.79 6.28 7.27 

13 10.7 6.95 21.33 624 3667 4.77 6.266 7.25 
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5.4.1 Development of Mathematical Models  

As a result of analysing the measured responses by the design expert 

software, the fit summary output indicated that the linear model was statistically 

significant for the compressive strength, porosity and toughness index I5; therefore, it 

was used for further analysis. For the other responses, the quadratic models are 

statistically recommended for further analysis as they have the maximum predicted 

and adjusted R2 [191]. The test for significance of the regression models, the test for 

significance on individual model coefficients and the lack of fit test were done using 

the same statistical package for all responses. By selecting the step-wise regression 

method, the insignificant model terms can be automatically eliminated. The resulting 

ANOVA tables (Tables 5.15 to 5.22) for the reduced quadratic models outline the 

analysis of variance of each response and illustrate the significant model terms. The 

same tables, also, show the other adequacy measures’ R2, adjusted R2 and predicted 

R2. As it can be seen from Tables 5.15 through 5.22 most of the adequacy measures 

are close to 1, which is in reasonable agreement and indicates adequate models 

[187,191]. The adequate precision compares the range of the predicted value at the 

design points to the average prediction error. In all cases the values of adequate 

precision are dramatically greater than 4, which indicate adequate model [191]. 

For the flexural strength model, the Analysis of Variance indicates that the 

main effects are; of fibre volume fraction (V), fibre length (L), and the second order 

effect of volume fraction (V2). The same trend was observed with the toughness 

index I20 model. For the compressive strength model, the ANOVA analysis indicates 

that there is a linear relationship between the main effects of the two parameters. 

Also, in the case of the toughness index I5 and the porosity models, the ANOVA 

analysis shows a linear relationship between the main effects of the two parameters. 

In the case of the impact strength model, the main effects of fibre volume fraction 

(V), fibre length (L), the second order effect of fibre length (L2) and the two level 

interactions of volume fraction and fibre length (VL) are significant model terms. 

Finally, in the case of the fracture energy and toughness index I20 models, the 

ANOVA analysis shows that the main effect of fibre volume fraction (V), fibre 

length (L), the second order effect of fibre length (V2) and the two level interactions 
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of volume and fibre length (VL) are significant model terms. The final empirical 

models in terms of the actual factors are presented in Eqs. 5.3 to 5.10:   

Fflex = 1.991+7.02V+0.015L – 2.57V2                                                                    (5.3) 

Fcom = 25.56-3.72V-0.03L                                                                                       (5.4) 

Fimp= 311.24-21.67V-1.95L+9.6VL-0.064L2                                                         (5.5) 

Gf = 1699.62-3364.07V-4.8L+40.55VL-1471.61 V2                                              (5.6) 

I5 = 4.09-0.41V-0.013L                                                                                           (5.7) 

I10 = 8.55-6.44V+0.01L+3.94V2                                                                                                                    (5.8) 

I20 = 12.19-13.5 V-0.012L+0.042VL+7.76 V2                                                                                   (5.9) 

P =  9.16 + 0.93V+ 0.018L                                                                                   (5.10) 

 

where: 

Fflex is flexural strength (MPa) 

Fcom  is compressive strength (MPa) 

Fimp is impact strength (J/m2) 

Gf is fracture energy (N.mm) 

I5, I10 and I20 are toughness indices 

P is porosity (%) 

V is fibre volume fraction (%) 

L is fibre length (mm) 
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Table  5.15: ANOVA analysis for the flexural strength model 

Source 
Sum of 

dF 
Mean F 

Prob > F   
Squares Square Value 

Model 8.29 3 2.76 124.07 < 0.0001 Significant 

V 6.45 1 6.45 289.58 < 0.0001 

  
L 0.51 1 0.51 22.92 0.001 

V2 1.33 1 1.33 59.7 < 0.0001 

Residual 0.2 9 0.022     

Lack of 
Fit 

0.072 5 0.014 0.44 0.801 
Not 

significant 

Pure 
Error 

0.13 4 0.032     

  
Cor 

Total 
8.49 12       

R2 = 0.976 Pred R2 = 0.950 

Adj R2 = 0.968 Adeq Precision = 32.096 

 

Table  5.16: ANOVA analysis for the compressive strength model 

Source 
Sum of 

dF 
Mean F 

Prob > F   
Squares Square Value 

Model 22.92 2 11.46 24.72 0.0001 Significant 

V 20.76 1 20.76 44.78 < 0.0001 

  L 2.16 1 2.16 4.66 0.0562 

Residual 4.64 10 0.46     

Lack of 
Fit 

3.76 6 0.63 2.88 0.1625 
Not 

significant 

Pure 
Error 

0.87 4 0.22     

  
Cor 

Total 
27.55 12       

R2 = 0.832 Pred R2 = 0.699 

Adj R2 = 0.798 Adeq Precision = 15.04 
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Table  5.17: ANOVA analysis for the impact strength model 

Source 
Sum of 

dF 
Mean F 

Prob > F   
Squares Square Value 

Model 0.003 4 0.007 1463.85 < 0.0001 Significant 

V 0.001 1 0.001 2508.79 < 0.0001 

  

L 0.001 1 0.001 2497.5 < 0.0001 

VL 43056.25 1 43056.25 821.91 < 0.0001 

L2 1424.77 1 1424.77 27.2 0.0008 

Residual 419.08 8 52.39     

Lack of 
Fit 

365.88 4 91.47 6.88 0.044 Significant 

Pure 
Error 

53.2 4 13.3     

  
Cor 

Total 
0.003 12       

R2 = 0.998 Pred R2 = 0.994 

Adj R2 = 0.998 Adeq Precision = 131.73 

 

Table  5.18: ANOVA analysis for the fraction energy model 

Source 
Sum of 

dF 
Mean F 

Prob > F   
Squares Square Value 

Model 0.008 4 0.002 58584.23 < 0.0001 Significant 

V 0.004 1 0.004 0.001 < 0.0001 

  

L 0.003 1 0.003 87832.76 < 0.0001 

VL 0.006 1 0.006 18833.67 < 0.0001 

V2 0.004 1 0.004 12521.89 < 0.0001 

Residual 279.38 8 34.92     

Lack of 
Fit 

234.58 4 58.65 5.24 0.068 
Not 

significant 

Pure 
Error 

44.8 4 11.2     

  
Cor 

Total 
0.008 12       

R2 = 0.995 Pred R2 = 0.983 

Adj R2 = 0.991 Adeq Precision = 836.9 
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Table  5.19: ANOVA analysis for the toughness index I5 model 

Source 
Sum of 

dF 
Mean F 

Prob > F   
Squares Square Value 

Model 0.67 2 0.34 9.84 0.0043 Significant 

V 0.25 1 0.25 7.27 0.0224 

  L 0.42 1 0.42 12.4 0.0055 

Residual 0.34 10 0.034     

Lack of 
Fit 

0.31 6 0.051 6.04 0.0517 
Not 

significant 

Pure 
Error 

0.034 4 0.008     

  
Cor 

Total 
1.01 12       

R2 = 0.663 Pred R2 = 0.595 

Adj R2 = 0.212 Adeq Precision = 10.569 

 

Table  5.20: ANOVA analysis for the toughness index I10 model 

Source 
Sum of 

dF 
Mean F 

Prob > F   
Squares Square Value 

Model 6.4 3 2.13 42.39 < 0.0001 Significant 

V 3.09 1 3.09 61.4 < 0.0001 

  
L 0. 18 1 0.18 3.58 0.091 

V2 3.13 1 3.13 62.19 < 0.0001 

Residual 0.45 9 0.05     

Lack of 
Fit 

0.39 5 0.079 5.41 0.0635 
Not 

significant 

Pure 
Error 

0.058 4 0.0157     

  
Cor 

Total 
6.86 12       

R2 = 0.933 Pred R2 = 0.834 

Adj R2 = 0.911 Adeq Precision = 16.462 
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Table  5.21: ANOVA analysis for the toughness index I20 model 

Source 
Sum of 

dF 
Mean F 

Prob > F   
Squares Square Value 

Model 31.07 4 7.77 127.63 < 0.0001 Significant 

V 16.06 1 16.06 263.9 < 0.0001 

  

L 2.15 1 2.15 35.39 0.0003 

VL 0.7 1 0.7 11.49 0.0095 

V2 12.15 1 12.15 199.74 < 0.0001 

Residual 0.49 8 0.06     

Lack of 
Fit 

0.41 4 0.1 5.23 0.069 
Not 

significant 

Pure 
Error 

0.078 4 0.02     

  
Cor 

Total 
31.55 12       

R2 = 0.984 Pred R2 = 0.915 

Adj R2 = 0.976 Adeq Precision = 33.936 

 

Table  5.22: ANOVA analysis for the porosity model 

Source 
Sum of 

dF 
Mean F 

Prob > F   
Squares Square Value 

Model 2.04 2 1.02 246.52 < 0.0001 Significant 

V 1.31 1 1.31 315.54 < 0.0001 

  L 0.74 1 0.74 177.49 < 0.0001 

Residual 0.041 10 0.0046     

Lack of 
Fit 

0.029 6 0.0049 1.63 0.3303 
Not 

significant 

Pure 
Error 

0.012 4 0.003     

  
Cor 

Total 
2.08 12       

R2 = 0.980 Pred R2 = 0.965 

Adj R2 = 0.976 Adeq Precision = 52.826 
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5.4.2 Effect of process parameters on the properties of cement 

composites 

5.4.2.1  Flexure strength 

The results indicate that both the volume fraction and fibre length have a 

positive effect on flexure strength as shown in Figure 5.22 and Figure 5.23. 

However, the effect of volume fraction on flexure strength is much more significant. 

As presented in Table 5.14, at a fibre length of 50 mm (aspect ratio of 1428), an 

increase in the fibre volume fraction from 0 to 1.5% has resulted in an increase in 

flexure strength of 48%. For fibre lengths of 30 and 10 mm (aspect ratio 856.5 and 

285), the increases were 39% and 34% respectively. This increase in flexure strength 

agrees with the results obtained by Kriker et al.[134], Khorami et al. [202] and Sedan 

et al. [27].  

It can also be observed that for a constant fibre length, there is an increase in 

the flexural strength as the percentage of fibres is increased. The results show that 

there is an increase in flexural strength varying from 6% to 48% with the addition of 

fibres to the cement matrix. Furthermore, it can also be observed from Table 5.14 

that the maximum increase in flexural strength taken as an average varied from 6% 

to 11%, 25% to 28% and 34% to 48% for mixes having 0.5%, 1% and 1.5% volume 

fraction of fibres, respectively. The maximum increase of 48% was obtained for a 

matrix with 50 mm of fibre length at a volume fraction of 1.5%.  

The reason for this performance can be attributed to the high tensile strength 

and the high aspect ratio (i.e. length/diameter) of the flax fibres. The high aspect 

ratio of the fibres leads to an increase in the lateral surface area of the fibres coming 

into contact with the cement, hence bonding between the cement and the fibres 

increases. In addition, the high aspect ratio results in increased fibre availability and 

is thus more efficient in delaying the growth of micro-cracks and improving the 

ultimate flexural strength of the cement. Also, the high tensile strength of the fibres 

leads to a change in the rupture mechanism from breaking fibres to pulling up the 

fibres from the matrix (see Figure 5.19). This means that the bonding strength 

between the cement and the fibres controls the rupture mechanism. As observed in 

this investigation, the ultimate load increases with the increase in the aspect ratio of 
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the fibres in the cement matrix, hence the longer fibres are offering more resistance 

to the pull out of fibres in the cement matrix due to their better bond characteristics 

because of their longer length. 

 

Figure  5.22: Contour plot showing the effect of fibre parameters on flexural strength. 

 

Figure  5.23: Perturbation plot showing the effect of all factors on the flexure 
strength. 

5.4.2.2  Impact strength 

The fibres play a very important role in the impact resistance of the 
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stress transferring medium. These results demonstrate that all of the input parameters 

have a positive significant effect on the impact strength of the composites as 

presented in Figure 5.24. It is obvious from the perturbation plot shown in Figure 

5.25 and the results listed in Table 5.14 that the incorporation of flax fibres in 

cement matrix would result in an increase of impact strength by 49-290%, depending 

on the fibre’s length and content. It can be observed from the Table 5.14 and Figure 

5.25, that given a constant fibre length, the best impact performance of the flax fibre 

cement composites is provided by composites having a 1.5% volume fraction of 

fibres, followed by composites containing a 1% volume fraction and then those with 

a 0.5% volume fraction. Similarly, for a constant volume fraction of fibres, the best 

impact performance is provided by composites containing a fibre length of 50 mm, 

followed by composites with a fibre length of 30 mm and a fibre length of 10 mm. It 

can be concluded from the above discussion, that as the length of the fibre is 

decreased, there is a corresponding decrease in the performance of fibrous mortar 

against impact loading. It seems that short fibres are less effective in arresting the 

cracks caused by impact loading. This could be due to the fact that because of their 

small length, they offer less bond resistance and are more easily pulled out of the 

matrix. Relatively longer fibres are more effective in arresting the cracks due to 

impact loading because of the interlocking of the fibres in the cement matrix and 

their superior bond resistance, which would be in agreement with earlier findings 

made by Ramakrishna and Sundararajan [98]. 

 

Figure  5.24: Contour plot showing the effect of fibre parameters on impact strength. 
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Figure  5.25: Perturbation plot showing the effect of all factors on the impact 
strength. 

5.4.2.3  Compressive strength 

In the compression tests, the matrix has greater importance than the fibres so 

the reinforcement effects are less evident. The test results indicate that both fibre 

parameters have negative effects on the compressive strength of the composites as 

shown in Figure 5.26 and Figure 5.27. The higher the fibre content and the length of 

the fibres, the lower the compressive strength of the cement composites will be. 

Table 5.14 demonstrates that the compressive strength of the cement composites 

with fibre volume fraction of 0.5% increases only marginally when compared with 

that of the plain specimen. The increases in compressive strength were about 2%, 

3.5% and 2.1% for flax fibrous composites having fibre length 10, 30, 50 mm 

(aspect ratio 285, 856.5  and 1428)  respectively, which is in agreement with similar 

results obtained by Dawood and Ramli [203,204]. On the other hand, at a volume 

fraction of 1.5%, there was a decrease in the compressive strength of 34%, 15% and 

16% at fibre lengths of 50, 30, 10 mm respectively, which is in agreement with 

previously reported results [134]. 

The incorporation of natural fibres into cement mortar can actually have 

limited beneficial effects on the compressive strength, but increasing the fibre 

content would reduce the compressive strength of the composite. This phenomenon 

may be attributed to the low stiffness and the low specific gravity of these fibres and 

to the high pore volume induced by the addition of these fibres. Also, it is probably 
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due to the insufficient dispersion of the fibres in the concrete during mixing. In 

general, natural fibres are difficult to completely disperse in concrete prepared with a 

conventional mixing procedure. These fibres tend to form a so called multifilament 

structure in the concrete during mixing and that increases the local porosity 

[3,203,204]. It should also be noted that the volume of voids created by the addition 

of flax fibres is strongly linked to their characteristics (length, and content). The 

higher the amount of fibres and the longer their lengths, the higher the porosity 

induced (see section 5.4.3.6) and therefore, the lower the compressive strength of the 

composites will be. 

 

Figure  5.26: Contour plot showing the effect of fibre parameters on compressive 
strength. 
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Figure  5.27: Perturbation plot showing the effect of all factors on the compressive 
strength. 

5.4.2.4  Fracture energy 

 One of the major roles of fibre in cement composites is to improve toughness, 

where fibres increase the energy needed for fracture by the resultant crack arresting 

process. Therefore, the incorporation of flax fibres in the cement matrix effectively 

increases the post cracking behaviour of the matrix as shown in Figures 5.28 and 

5.29 and Table 5.14. It can clearly be seen that fracture energy increases as the fibre 

volume fraction increases. As seen in Figure 5.29 and Table 5.14, these flax fibre 

composites allow high values of fracture energies to be obtained and as a result of a 

high ductility; depending on the length and volume fractions of the fibres used. The 

increase in fracture energy varied from 930% to 1111%, 1055% to 1579% and 

1201% to 1932% for composites having a 0.5%, 1% and 1.5% volume fraction of 

fibres respectively. The maximum increase of 1932% was observed for composites 

with fibre lengths of 50 mm for composites containing a 1.5% volume fraction of 

fibres.  

 The reason for this performance may be attributed to fibre pull-out and fibre 

debonding during the fracture process. Fibre pull-out seems to be the most 

significant process in relation to the fracture behaviour of cement based composites. 

The increase in fracture energy with increasing fibre volume fraction could be 

attributed to the greater number of fibres, which form a bridge in the crack and lead 

to a more indirect crack propagation path. Indeed, the presence of the flax fibre did 
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not result in a compressive strength enhancement, even a slight decrease was 

observed, but the composite’s toughness and ductility were greatly improved. 

 

Figure  5.28: Contour plot showing the effect of fibre parameters on fracture energy 
(N.mm). 

 

 

Figure  5.29: Perturbation plot showing the effect of all factors on the fracture energy. 
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As explained in chapter 3, the toughness indices were determined according 
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method are presented in Table 5.14 and Figures 5.30 to 5.35. The toughness indices 

for plain mortar are equal to 1.0 in the ASTM [170] method because plain mortar 

flexural test specimens fail immediately after the formation of first crack (see Figure 

5.17).  

From a perusal of the test results, it can be seen that the inclusion of flax 

fibres has significant positive effects on the toughness indices of a cement matrix 

compared to plain mortar, due to the ability of fibres in arresting cracks at both the 

micro and macro-levels. It is evident that the indices I5, I10 and I20 increase with 

increasing fibre content and with increasing percentages of long fibres in the 

concrete mix. Furthermore, a comparison of toughness indices shows that the 

composites with long fibres (i.e. 30 and 50 mm) have higher values of the indices 

than those with short fibres (i.e. 10 mm). The toughness indices were also found to 

be sensitive to the volume fraction and the percentage of the longer fibres in the 

cement composite. Higher values of the toughness indices were achieved with higher 

fibre volume fractions and with higher percentages of longer fibres in the cement 

composite, which agrees with the results obtained by Mohammadi et al. [205] and 

Meddah and Bencheikh [206]. 
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Figure  5.30: Contour plot showing the effect of fibre parameters on I5.

 

Figure  5.31: Contour plot showing the effect of fibre parameters on I10. 

 

Figure  5.32: Contour plot showing the effect of fibre parameters on I20. 
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Figure  5.33: Perturbation plot showing the effect of all factors on I5. 

                           

Figure  5.34: Perturbation plot showing the effect of all factors on I10. 

 

Figure  5.35:Perturbation plot showing the effect of all factors on I20. 
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5.4.2.6  Porosity of the Cement Composites 

Table 5.14 and Figures 5.36 to 5.37 present the results of the porosity of the 

cement composites after 28 days of hydration. The results indicate that the 

incorporation of flax fibres in a cement matrix slightly increases the porosity of the 

hardened composites. This increase is proportional to the fibre’s length and content. 

Hence, the porosity increases by increasing both the length and dosage of fibres. In 

fact, adding fibres to the cement matrix disturbs the granular skeleton and creates a 

void space in the composite material. 

In general, the addition of the flax fibres has resulted in a slightly increase of 

porosity when compared to plain mortar, which agrees with the previous findings of 

Meddah and Bencheikh [206], Neithalath et al. [207] and Neithalath [208]. This 

could be attributed to the high surface area of flax fibres. A maximum porosity of 

11.5 % was induced by the composite containing 50 mm fibre lengths at a 1.5% fibre 

volume fraction. Therefore, it can be clearly observed that the higher the content and 

length of the fibres are, the higher the porosity that will be attained in the cement 

matrix. It may also be due to the tendency of fibres to clump together while mixing, 

leading to the development of water-filled spaces, which then turn into voids. 

Therefore, increases in fibre content and fibre length increase the potential for fibre 

clumping.  

    

Figure  5.36: Contour plot showing the effect of fibre parameters on the porosity. 
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Figure  5.37: Perturbation plot showing the effect of all factors on the porosity. 

5.4.3 Optimisation 

The issue of links between compressive strength and toughness must be 

addressed, since any increase in the toughness is usually reflected in a decrease in 

compressive strength. On balance, it is better to run an optimisation study in order to 

find out the optimal fibre parameters at which the most desirable mechanical 

properties of the composite can be achieved. In fact, once the models have been 

developed and checked for adequacy, the optimisation criteria can then be used to 

find out the optimum dose. In this work, the optimisation criteria are utilized to 

maximise fracture energy, flexure, and compressive strength and to minimise 

porosity, as shown in Table 5.23. Whereas, Table 5.24 summarises the optimal 

solution obtained by Design-Expert.  It is obvious that the graphical optimisation 

allows for the visual selection of the optimum conditions according to certain 

criteria. The yellow/shaded area on the overlay plot in Figure 38 is the region that 

meets the proposed optimisation criteria. 

Table  5.23:  Optimisation criteria used for fibre parameters 

Criterion 
Limits 

Importance Goal 
Lower Upper 

L (mm) 10 50 5 minimise 

V (%) 0.5 1.5 5 minimise 

Fflex (MPa) 5.4 7.9 5 maximise 

Fcom (MPa) 14.58 22.67 5 maximise 

GF (N.mm) 3164 6239 5 maximise 

P (%) 9.8 11.5 5 minimise 
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Table  5.24: Optimal solution as obtained with  design-expert software 

Number 
Volume 
fraction 

(%) 

Fibre 
length 
(mm) 

Flexure 
strength 

Compressive 
strength 

Fracture 
energy 

Porosity 
Desirability

(MPa) (Mpa) (N.mm) (%) 

1 1.04 28.46 6.77 21.49 4182 10.37 0.570491 

2 1.05 28.43 6.78 21.49 4181 10.36 0.57049 

3 1.04 28.47 6.78 21.48 4184 10.36 0.57049 

4 1.05 28.42 6.77 21.49 4181 10.37 0.57049 

 

 

Figure  5.38: Overlay plot shows the region of the optimal fibre parameters condition. 

5.4.4 Validation of the Models 

 Figures 5.39 to 4.46 displays the relationship between the actual and 

predicted values of the flexural strength (Fflex), fracture energy (Gf), impact strength 

(Fimp), compressive strength (Fcom), toughness indices I5, I10 and I20 and porosity (P) 

respectively. This figure reveals that the developed models are adequate because the 

residuals in the predictions of each response are small, as the residuals tend to be 

close to the diagonal line. To verify the adequacy of the developed models further, 

two confirmation experiments were carried out using new, randomly selected test 

conditions, each within the experimental range defined earlier. Using the point 

prediction option in the software, P, Fflex, Gf, Fimp, Fcom, I5, I10 and I20 of the 

validation experiments were predicted using the previously developed models and 
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then compared with the actual measured responses of these confirmation 

experiments. Table 5.25 shows the experimental conditions, actual experimental 

values, the predicted values and the percentages of error in the prediction. It is 

evident that the models can adequately describe the responses within the ranges 

considered since the maximum error percent in the prediction is -6.8 %, which is in 

substantial agreement.   

 

Figure  5.39: Scatter diagram of flexural strength. 

 

Figure  5.40: Scatter diagram of impact strength. 
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Figure  5.41: Scatter diagram of compressive strength. 

 

Figure  5.42: Scatter diagram of fracture energy. 

 

Figure  5.43: Scatter diagram of toughness index I5. 
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Figure  5.44: Scatter diagram of toughness index I10. 

 

Figure  5.45: Scatter diagram of toughness index I20. 

 

Figure  5.46: Scatter diagram of porosity. 
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Table  5.25: Confirmation experiments for fibre parameters 

Exp. 

No. 

V 

(%) 

L 

(mm) 
 

Fflex 

(MPa) 

Fimp 

(J/m2) 

Fcom 

(MPa) 

GF 

(N.mm) 
I5 I10 I20 

P 

(%) 

1 1.25 40 

Actual 6.95 710.5 19.86 5043.3 5.12 6.23 7.69 10.82 

Predicted 7.23 692.0 20.63 5022.0 5.03 6.39 7.65 10.79 

Error % -3.8 2.6 -3.8 1.0 3.3 -2.5 0.5 0.2 

1 0.75 25 

Actual 7.21 372.0 20.31 4336.0 4.52 6.13 7.35 10.69 

Predicted 6.99 351.5 21.10 4485.8 4.83 6.26 7.2 10.53 

Error % 3.0 5.5 -3.8 -3.4 -6.8 -2.1 2.0 1.5 

 

In this investigation it was found that a fibre length of 30 mm and a fibre 

volume fraction of 1 % could be used to fabricate cement composites without a 

reduction in compressive strength. Therefore, these fibre parameters will be 

utilized for further investigations and this particular cement composite will be 

considered the control specimen. 

5.5 Effect of Nano-clay and Waste Glass Content on the 

Behaviour of Flax Fibre Cement Composites 

5.5.1 Effect of Nano-clay Content 

In order to study the effect of NC on the behaviour of flax fibre cement 

composites, a range of composites were prepared based on the variations of 

composition that are listed in Table 5.26. For all composites an equal ratio of binder 

and sand was used for all of the mixes and the fibre parameters chosen were the 

same as the control specimen (i.e. 30 mm length and 1% volume fraction).  The 

water/binder ratios were tested to reach a flow of 110 ± 5 in order to permit a 

medium workability to be used for mixing the composites. All of the composites 

were prepared by the producers described in section 3.3.2.2. The results obtained 

through this investigation are summarised in the next sections. 
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Table  5.26: Mixture proportions used to study the effect of NC on the behaviour of 
the flax fibre cement composites 

Batch Binder material 
 

Water/binder 

ratio 

Control 100% OPC 0.48 

NCPC0.5 99.5% OPC+ 0.5% NC 0.482 

NCPC1 99% OPC+1% NC 0.495 

NCPC1.5 98.5% OPC+1.5% NC 0.51 

NCPC2 98% OPC+2% NC 0.515 

NCPC2.5 97.5% OPC+ 2.5% NC 0.52 

NCPC3 97% OPC+ 3% NC 0.525 

NCPC3.5 96.5% OPC+ 3.5% NC 0.527 

NCPC4 96% OPC+ 4% NC 0.529 

NCPC4.5 95.5% OPC+ 4.5% NC 0.531 

NCPC5 95% OPC+ 5% NC 0.535 

 

5.5.1.1 Mechanical Properties 

The measured 28-day compressive strength of cement composites reinforced 

with various doses of NC is shown in Table 5.27 and Figure 5.47, and in all cases, 

three specimens were measured and then averaged. From the figure, it can be seen 

that the compressive strength of cement composites increases initially up to a NC 

dosage of 2.5% and then decreases dramatically after reaching their peak values as 

the dosage of NC is increased up to 5%. As compared to the 28-day compressive 

strength of the control composite, the increase of compressive strength of cement 

mortars reinforced with NC can be up to 9.4% when NC= 0.5%, 17.8% when 

NC=1% , 23.6% when NC=1.5%, 25.9% when NC= 2% and 37.1% when NC=2.5%. 

The enhancement of the compressive strength of cement composites due to the 

addition of NC can be attributed to the packing effect of NC, which acted as filler to 

fill in the interstitial spaces inside the skeleton of the hardened microstructure of 

cement mortar which leads to incremental increases in strength [209].  

The measured 28-day flexural strengths of cement composites reinforced 

with various doses of NC are shown in Figure 5.48 and Table 5.27. Again, the 

flexural strength of the composites increases at the beginning and then drops after 
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reaching a maximum level as the dosage of NC is increased. From Figure 5.48 and 

Table 5.27, it can be seen that the flexural strength for cement composites reinforced 

with 0.5 to 2.5% NC could be up to 20% greater than those of the control specimen. 

The experimental results of the measured 28-day impact strengths of cement 

composites reinforced with different doses of NC are shown in Figure 5.49 and 

Table 5.27. A perusal of the test results shows that the addition of NC up to a dosage 

of 2.5% marginally increased the impact strength compared to that of the control 

specimen. But beyond this dosage (i.e. 2.5%) the impact strength significantly 

decreased.   

Similar to compressive and flexural strength, fracture energy slightly 

increases up to a NC dosage of 2.5% and then decreases dramatically after reaching 

a peak value as the dosage of NC is increased up to 5% (see Figure 5.50). As 

compared to the fracture energy of the control composite, the increases in fracture 

energy were 16.8%, 17.8%, 21.4%, 24.7% and 27.7% at NC dosage of 0.5, 1, 1.5, 2 

and 2.5 % respectively. The same trend was observed for toughness indices I5, I10 and 

I20 as shown in Figures 5.51 to 4.53. The tests found that the toughness indices of 

cement composites reinforced with 0.5 to 2.5% NC could be from 10-31% greater 

than those of the control specimen. This trend can be explained by the stiffening 

behaviour of the nano-clay particles as they form bond chains within the binder 

[210].  

Basically, the effects of the addition of NC on the mechanical properties of 

the cement composites can be divided into two types, one is the filling effect in the 

porosity of the microstructure of the hydrated cement matrix and the other is the 

effect of supplementary chemical interactions, such as pozzolanic reaction, of the 

major oxide compounds of OPC, such as CaO, SiO2, Al2O3 and Fe2O3. The increases 

of compressive strength in this case indicate that although some additional chemical 

strong bonding due to the addition of NC resulting from the latter effect can be 

expected, the former filling effect seems to prevail. Microstructural examination of 

NC cement composites will be discussed in the next section and will be used to 

assess this behaviour. 
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Table  5.27: Mechanical properties and porosity of flax fibre cement composites 
reinforced with various doses of NC 

Composite Fcom (Mpa) 
Fflex 

(Mpa) 
Fimp 

(J/m2) 
GF 

(N.mm) 
I5 I10 I20 P (%) 

Control 21.6 7.02 620 3667 4.37 6.39 7.39 10.7 

NCPC0.5 23.65 7.53 627 4285 4.56 6.55 7.66 9.92 

NCPC1 25.46 7.82 632 4323 4.89 6.86 7.87 9.86 

NCPC1.5 26.71 7.98 635 4454 5.21 7.12 7.98 9.61 

NCPC2 27.21 8.11 643 4573 5.61 7.45 8.11 9.42 

NCPC2.5 29.63 8.43 646 4685 6.05 7.99 8.45 9.11 

NCPC3 25.86 7.56 621 4102 5.16 7.42 8.03 9.39 

NCPC3.5 20.54 6.92 610 3322 4.86 7.01 7.12 9.85 

NCPC4 17.21 6.03 588 3255 4.23 6.65 6.96 10.5 

NCPC4.5 15.32 5.55 570 3180 4.01 6.23 6.25 11.1 

NCPC5 14.23 4.49 563 3020 3.86 6.01 5.93 11.96 

 

 

 

Figure  5.47: Effect of NC content on the compressive strength of cement composites 
(n = 3). 
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Figure  5.48: Effect of NC content on the flexural strength of cement composites      
(n = 3). 

 

Figure  5.49: Effect of NC content on the impact strength of cement composites       
(n = 3). 
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Figure  5.50: Effect of NC content on the fracture energy of cement composites        
(n = 3). 

 

Figure  5.51: Effect of NC content on the toughness index I5 of cement composites  
(n = 3). 
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Figure  5.52: Effect of NC content on the toughness index I10 of cement composites 
(n = 3). 

 

 

Figure  5.53: Effect of NC content on the toughness index I20 of cement composites 
(n = 3). 
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5.5.1.2 Microstructural Characterisation 

The effect of NC on the microstructure of cement matrices can be observed 

from their SEM micrographs; for example, the SEM micrographs of cement 

composites reinforced with 0%, 2.5% and 5% NC are shown in Figure 5.54 (a), (b) 

and (c), respectively. The locations of NC around the capillary pores in each 

specimen were identified by using EDX and then marked in the SEM micrographs. 

The NC around the capillary pores in Figure 5.54 (b) and (c) are identified by EDX 

analyses from their peak values of carbon, oxygen, aluminium, copper, iron and 

silicon; a typical EDX result of  NC around the capillary pores is shown in Figure 

5.55. By comparing the microstructure of Figure 5.54 (b) to that of plain cement 

mortars in Figure 5.54 (a), it can be seen that NC could act as a diffusion barrier 

around the capillary pores for cement composites reinforced with a lower dosage of 

NC. But, the clusters or agglomeration of NC around the capillary pores observed in 

Figure 5.54 (c) will form for cement composites with a higher dosage of NC. Based 

on these experimental results, it can be concluded that the agglomeration of NC in 

cement composites is more likely to occur when the dosage of NC is larger than 

2.5%. The NC in its densified state considerably decreases its chemical reactivity 

with calcium hydroxide. The agglomeration of NC cannot be easily broken up due to 

the high inter-particle forces, for example, forces due to electrostatic charging, Van 

der Waal’s forces and forces due to moisture. This agglomeration of NC can easily 

reduce its effectiveness on the properties of cement composites, because of the 

existence of densified grains of NC, which have a larger diameter, a smaller specific 

surface area and lower pozzolanic reactivity than unitary grains. In previous papers, 

some researchers pointed out that these agglomerations were very difficult to 

disperse, because of their  original extremely fine size, by some physical or chemical 

treatments such as strong mixing, adding a superplasticizer or being treated by a 

supersonic homogenizer [211,212]. Furthermore, some researchers have proven that 

pozzolanic reactions can only take place on the surface of the agglomeration 

[211,212,213,214,215]. It can be deduced from previous research work that the 

pozzolanic reaction starts from the surface of NC and that the reaction front was 

penetrated into particles gradually by diffusion-controlled reactions [216]. The 

coarse NC agglomerations significantly reduces  the effective surface area for 

contacting and reacting with CH, which definitely cuts down the rate of pozzolanic 
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reactions of NC that in turn leads to a significant reduction in strength and 

toughness. It is the particle size of NC agglomerations that determines the reactivity 

of NC rather than the original extreme fine size of the NC. 

 

Figure  5.54: SEM micrographs of cement composites reinforced with (a) 0%, (b) 2.5 
% and (c) 5 % NC. 
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Figure  5.55: A typical EDX result of the NC around capillary pores. 

5.5.1.3  Porosity 

The porosity of the flax fibre composites reinforced with different doses of 

NC are shown in Figure 5.56 and also listed in Table 5.27.  From a perusal of the test 

results, it can be seen that the porosity of the composites decreases at first, and then 

increases rapidly after reaching a minimum value while the dosage of NC is 

increased. In other words, the porosity of the composites with a dosage of NC less 

than or equal 2.5% could be dramatically reduced; especially for composites with 

doses of 0.5, 1, 1.5, 2 and 2.5 % NC, where their porosity become 3–14% lower than 

that of the control specimen. However, the porosity of composites reinforced with a 

dosage of NC greater than 2.5% are relatively high when compared to the control 

specimen. The reason for that, as explained in the previous section, is due to the 

occurrence of clusters or an agglomeration of NC. When the dosage of NC is larger 

than 2.5%; a larger total porosity as observed in Figure 5.56 can be expected. Since 

the effects of NC on enhancing the mechanical properties of cement composites are 

similar to those reducing their porosity, the porosity of the cement composites is 

higher than that of the control specimen.  

The improvements of strengths for cement composites reinforced with low 

doses of NC are attributed to the decrease of the capillary porosity. On the contrary, 
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clusters of NC surrounded by cement grains are more likely to form during the 

hydration process for cement composites reinforced with higher doses of NC. 

Consequently, the strengths and durability of cement composites become worse as 

the dosage of NC is increased. When both strength and durability are sought, the 

optimal dosage of NC is found to be less than 3% and the NC should be randomly 

distributed around the capillary pores in cement mortars after mixing has been 

completed. 

In this investigation it was found that a NC dosage of 2.5 % could be used 

to fabricate cement composites with high strengths and low porosities. Therefore, 

this dosage level will be used in further investigations.  

 

Figure  5.56: Effect of NC content on the porosity of cement composites (n = 3). 
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water/binder ratios were tested to reach a flow of 110 ± 5 in order to permit a 

medium workability to be used for mixing the composites. All of the composites 

were prepared by the producers described in section 3.3.2.3. The results obtained 

through this investigation of the utilisation of NC/WG as a cement replacement on 

the behaviour on flax fibre cement composites is summarised in the following 

sections. 

Table  5.28: Mixture proportions used to study the effect of NC/WG on the behaviour 
of the flax fibre cement composites 

Batch Binder material 
Water/binder

ratio 

WG5 95% OPC+ 5% WG 0.482 

WG10 90% OPC+ 10% WG 0.482 

WG20 80% OPC+20% WG 0.485 

WG30 70% OPC+30% WG 0.487 

WG40 60% OPC+ 40% WG 0.489 

WG50 50% OPC+50% WG 0.489 

NCWG5 
92.5% OPC+ 5% WG+2.5% 

NC 0.51 

NCWG10 
87.5% OPC+ 10% WG+2.5% 

NC 0.51 

NCWG20 
77.5% OPC+ 20% WG+2.5% 

NC 0.515 

NCWG30 
67.5% OPC+ 30% WG+2.5% 

NC 0.52 

NCWG40 
57.5% OPC+ 40% WG+2.5% 

NC 0.525 

NCWG50 
47.5% OPC+ 50% WG+2.5% 

NC 0.525 

 

5.5.2.1 Mechanical Properties 

Table 5.29 and Figure 5.57 compare the compressive strength of WG/NC 

with WG specimens and apparent improvements in compressive strength when 

compared to the control specimen is reported. The compressive strength increases by 

increasing the glass content up to 20%, after which compressive strength  slightly 

decreases, which agrees with the results obtained by Chen et al. [34]. Evidently, 

incorporating NC particles has a positive effect on the compressive strength of 

cement composites. Moreover; the increases in compressive strength for NCWG5, 
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NCWG10, NCWG30, NCWG40 and NCWG50 were 25%, 31%, 40%, 37% and 

20% respectively compared to the control specimen’s compressive strength. 

NCWG20 samples show the highest compressive strength, with a 50% increase in 

compressive strength when compared to the control specimen. This increase 

indicates that the hybrid incorporation of NC and WG greatly improves the 

mechanical performance of the cement matrix. 

The flexural strength behaves in a similar way to the compressive strength. 

Figure 5.58 shows that the incorporation of WG improves the flexural strength 

compared to that of the control specimen, which agrees with the results obtained by 

Corinaldesi et al. [36]. The addition of NC leads to further improvements in the 

flexural strength of WG composites. Figure 5.58 exhibits the increase in flexural 

strengths for mixes NCWG5, NCWG10, NCWG20, NCWG30, NCWG40 and 

NCWG50 (12%, 25%, 40%, 27%, 15% and 11% respectively); compared to the 

flexural strength of the control specimen. Mix NCWG20 showed the highest flexural 

strength followed by mix NCWG30, which confirms the similarity seen between 

compressive and flexural strength.  

Figure 5.59 and Table 5.29 presents the impact strengths of the composites at 28 

days of hydration. As it can be seen from Figure 5.59, the partial replacement of 

OPC by WG slightly increases the impact strength of the composites compared to 

that of the control specimens. Evidently, the incorporation of 2.5% NC has a further 

positive effect on the impact strength. The increases in the impact strengths for 

NCWG5, NCWG10, NCWG20, NCWG30, NCWG40 and NCWG50 were 10%, 

14%, 31%, 20%, 14% and 11% respectively as compared to that of the control 

composites. 

Figure 5.60 and Table 5.29 shows the variations of the fracture energy of 

composites versus waste glass content for different specimens.  It can be seen that 

the incorporation of WG has a remarkable positive effect on fracture energy, which 

increased with increases in glass content. The increases in the impact strengths for 

WG5, NCWG10, WG20, WG30, WG40 and WG50 were 39%, 46%, 70%, 68%, 

67% and 66% respectively, as compared to the control composites. The 

incorporation of NC significantly improves the fracture energy of the composites 

compared to the control specimens. The increases in fracture energy for NCWG5, 
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NCWG10, NCWG20, NCWG30, NCWG40 and NCWG50 were 50%, 87%, 114%, 

105%, 102% and 99% respectively when compared to the control specimens. The 

same trend was observed for the toughness indices shown in Figures 5.61 to 5.63.  

This increase indicates that there is greater energy adsorption in NC/WG composites. 

Table  5.29: Mechanical properties and porosity of flax fibre cement composites 
reinforced with various contents of WG at 2.5% NC (n = 3). 

Composite 
Compressive 

strength 
(Mpa) 

Flexural 
strength 
(Mpa) 

Impact 
strength 
(J/m2) 

Fracture 
energy 
(N.mm) 

I5 I10 I20 
Porosity 

(%) 

WG5 22.9 7.33 644 5122 6.11 8.11 8.86 10.23 

WG10 25.32 7.55 653 5356 6.33 8.56 9.12 9.85 

WG20 27.55 7.64 659 6243 6.45 8.95 9.36 9.72 

WG30 26.82 7.25 672 6169 6.43 8.88 9.25 9.74 

WG40 25.11 7.11 670 6163 6.37 8.73 9.11 9.86 

WG50 23.12 6.96 665 6111 6.28 8.11 9.76 10.02 

NCWG5 27.21 7.88 685 5523 6.34 8.44 10.66 9.05 

NCWG10 28.31 8.78 710 6869 6.86 9.23 12.96 8.98 

NCWG20 32.55 9.88 813 7851 7.14 10.9 14.54 8.74 

NCWG30 30.26 8.96 746 7532 6.69 9.36 13.26 8.88 

NCWG40 29.63 8.12 712 7412 6.48 9.26 13.12 9.21 

NCWG50 26.13 7.82 693 7321 6.33 9.13 12.95 9.69 
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Figure  5.57: Variation of the compressive strengths of cement composites with 
different contents of WG when NC dosage is 2.5% (n = 3). 

 

Figure  5.58: Variation of the flexural strengths of cement composites with different 
contents of WG when NC dosage is 2.5% (n = 3). 
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Figure  5.59: Variation of the impact strengths of cement composites with different 
contents of WG when NC dosage is 2.5% (n = 3). 

 

Figure  5.60: Variations of the fracture energy of cement composites with different 
contents of WG when NC dosage is 2.5% (n = 3). 
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Figure  5.61: Variations of the toughness index I5 of cement composites with 
different contents of WG when NC dosage is 2.5% (n = 3). 

 

Figure  5.62: Variations of the toughness index I10 of cement composites with 
different contents of WG when NC dosage is 2.5% (n = 3). 
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Figure  5.63: Variations of the toughness index I20 of cement composites with 
different contents of WG when NC dosage is 2.5% (n = 3). 

5.5.2.2 Porosity 

Figure 5.64 and Table 5.29 depict the porosity of cement composites. The 

results show that the porosity decreased as the WG content increased up to 20%, and 
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improving their mechanical properties. The mechanism for doing this can be 

summarised as follows: 

 As described in chapter 2, a great deal of CH crystal is produced due to the 

hydration reaction between cement and water. The CH crystal is hexagonal and is 

arrayed in the interfacial transition zone, which is detrimental to porosity. NC has 

very high activity due to the galactic specific surface area. Therefore, NC can 

activate the pozzolanic reaction and react with CH crystals quickly to produce       

C–S–H gel. The CH crystal can be absorbed and that leads to a remarkable reduction 

in both the size and the amount of CH crystals. Then the C–S–H gel fills the voids, 

which improves the density of the interfacial transition zone and the binding paste 

matrix. 

 As pointed out by Ye [217], 70% of the hydration product is C–S–H gel. The 

average diameter of C–S–H gel is approximately 10 nm. The NC and WG can fill 

the voids of the C–S–H gel structure, making the binding paste matrix denser and 

more compact. In the C–S–H gel structure, NC can act as a nucleus to tightly bond 

with the C–S–H gel particles. As a result, the integration and the stability of the 

hydration product structure are greatly improved [53]. 

 

Figure  5.64: Variation of the porosity of cement composites with different contents 
of WG when NC dosage is 2.5% (n = 3). 
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5.5.2.3 Alkali Silica Reaction  

The percentage expansions in the cement composites are shown in Figure 

5.65. Evidently, NCWG20 had less expansion when compared to the control 

specimen, followed by WG20. But it is clear that all of the specimens had 

expansions of less than 0.2% and, therefore, according to ASTM C1260 [175], the 

expansions were all within acceptable limits. From Figure 5.65, it can be seen that 

the partial replacement of OPC by WG reduces the ASR expansion of the 

composites, a result that that agrees with the results obtained by Schwarz et al. [35] 

and Shao et al. [14]. The expansion tests showed that the addition of 20% glass 

powder (WG20) significantly hindered the expansion of the composites compared to 

the control specimen, which also confirms the results obtained by Shao et al. [14]. 

The mechanisms that are normally attributed to the reduction of ASR expansion 

when supplementary cementing materials are used, the decrease in the alkali 

hydroxide concentration in the pore solution, alkali dilution, and the consumption of 

CH through pozzolanic reactions [218,219,220]. For glass powder cement 

composites, it is unlikely that decreases in alkali hydroxides will be achieved. 

However, it is also known that expansion is reduced with increases in SiO2 content 

and decreases in CaO content [221]. The very high silica content (75.06%) and the 

absence of CaO content (see Table 3.2) can, therefore, be expected to play a key role 

in reducing expansion. 

As Figure 5.65 clearly shows, the hybrid incorporation of WG and NC also 

greatly reduced the possible ASR. The role played by NC in reducing ASR 

expansion is to decrease  the amount of CH, which is confirmed by the TGA/DTA 

analysis and XRD results in sections 5.7.2 and 5.7.3, and thus  prevent the formation 

of a swelling gel [222]. It should also be noted that binary blends containing WG and 

NC are more effective in reducing ASR expansion than either of these replacement 

materials are by themselves. 
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Figure  5.65: ASR test results of cement composites at 2.5 % NC and different 
contents of WG (n = 3). 

5.6 Effect of Nano-silica and Waste Glass content on the 

Behaviour of Flax Fibre Cement Composites 

5.6.1 Effect of Nano-silica Content 

In order to study the effect of NS on the behaviour of flax fibre cement 

composites, a range of composites were prepared based on variations of the 

composition listed in Table 5.30. For all of these composites an equal ratio of binder 

and sand was used for all of the mixes and the fibre parameters selected were the 

same as those of the control specimen (i.e. 30 mm length and 1% volume fraction).  

The water/binder ratios were tested to reach a flow of 110 ± 5 in order to permit a 

medium workability to be used for mixing the composites. All of the composites 

were prepared by the producers described in section 3.3.2.3. The results that were 

obtained in this investigation are summarised in the next sections. 
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Table  5.30: Mixture proportions used to study the effect of NS on the behaviour of 
flax fibre cement composites 

Batch Binder material 
 

Water/binder

ratio 
NSPC1 99% OPC+1% NS 0.495 

NSPC2 98% OPC+2% NS 0.51 

NSPC3 97% OPC+3% NS 0.515 

NSPC4 96% OPC+ 4% NS 0.52 

NSPC5 95% OPC+ 5% NS 0.525 

NSPC6 94% OPC+ 6% NS 0.527 
 

5.6.1.1 Mechanical Properties 

Figure 5.66 and Table 5.31 show the compressive strength of NS specimens 

at 28 days of hydration. The results show that the compressive strength increases by 

adding NS up to 3.0 wt. % replacements and then it decreases, although adding     

4.0 wt. % NS produces composites with higher compressive strength compared to  

specimens with 0.5, 1.0 and 2.0 wt. % NS, a finding that agrees with the results 

obtained by Nazari and Riahi [21]. The reduced compressive strength, from adding 

more than 3.0 wt. % NS, may be due to this fact that the quantity of NS used in the 

mix is higher than the amount required to combine with liberated lime during the 

process of hydration. This leads to excess silica leaching out which results in a 

deficiency in strength because it replaces part of the OPC but does not contribute to 

strength. Furthermore, it can also be attributed to the defects generated in the 

dispersion of nanoparticles that causes weak zones. Similar to the compressive 

strength results, the flexural strength, impact strength, fracture energy and toughness 

indices are increased by adding NS up to 3.0 wt. % but then they decrease after that 

(see Table 5.31) .  

The flexural strength of cement composites reinforced with different doses of 

NS are shown in Figure 5.67 and listed in Table 5.31. Again, the flexural strength of 

the cement composites increases up to 3% and then drops with increasing doses of 

NS. From Figure 5.67 and Table 5.31, it can be seen that the flexural strength for 

cement composites reinforced with 0.5 to 3% NS could be as much as 26% greater 

than the flexural strength of the control specimen. 
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The results of the impact strength tests of cement composites reinforced with 

different doses of NS are shown in Figure 5.68 and Table 5.31. From a perusal of the 

test results, it can be seen that specimen NSPC3 showed the highest impact strength 

reading, recording a 28% increase in impact strength when compared to the control 

specimen.  

As shown in Figure 5.69 and also listed in Table 5.31, the addition of NS up to a 

dosage of 3% has a positive effect on fracture energy, which increased with increases 

in NS content. The increases in fracture energy for specimens NSPC0.5, NSPC1 and 

NSPC2 were 16%, 21% and 25% respectively, compared to that of the control 

specimen. Mix NSPC3, which contained 3 % NS, showed the highest fracture 

energy, recording an increase in fracture energy of 32% when compared to the 

control specimen. The same trend was observed for the toughness indices shown in 

Figures 5.70 – 5.73. 

Table  5.31: Mechanical properties and porosity of flax fibre cement composites 
reinforced with various doses of NS (n = 3) 

Composite 
Compressive 

strength 
(Mpa) 

Flexural 
strength 
(Mpa) 

Impact 
strength 
(J/m2) 

Fracture 
energy 
(N.mm) 

I5 I10 I20 
Porosity 

(%) 

NSPC1 25.94 7.77 649 4438 4.97 6.87 7.86 9.99 

NSPC2 26.87 8.11 710 4598 5.42 7.51 7.9 9.81 

NSPC3 30.21 8.86 796 4863 5.83 7.81 8.55 9.12 

NSPC4 27.68 7.47 651 4285 5.63 7.13 7.83 9.89 

NSPC5 25.21 6.57 532 3322 4.66 6.42 7.03 10.89 

NSPC6 18.54 5.41 410 2823 3.86 5.99 6.15 11.32 
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Figure  5.66: Effect of NS content on the compressive strength of cement composites 
(n = 3). 

 

 

Figure  5.67: Effect of NS content on the flexural strength of cement composites      
(n = 3). 
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Figure  5.68: Effect of NS content on the impact strength of cement composites        
(n = 3). 

 

Figure  5.69: Effect of NS content on the fracture energy of cement composites        
(n = 3). 
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Figure  5.70: Effect of NS content on the toughness index I5 of cement composites    
(n = 3). 

 

Figure  5.71: Effect of NS content on the toughness index I10 of cement composites  
(n = 3). 
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Figure  5.72: Effect of NS content on the toughness index I20 of cement composites  
(n = 3). 

5.6.1.2 Porosity 

Figure 5.73 and Table 5.31 show that the porosity of NS composites at 28 
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between them are appropriate, crystallization will be controlled in a suitable state 

through restrictions on the growth of CH crystals by nanoparticles. Moreover, the 

nanoparticles located in the cement matrix, as kernels, can further promote cement 

hydration due to their high activity. This makes the cement matrix more 

homogeneous and compact. Consequently, porosity is decreased and the pore 

structure of the cement composite is improved [223]. 

By increasing the content of nanoparticles more than 3.0 wt. %, in the case of 

NS or 2.5 wt. % in the case of NC, the improvement of the pore structure of concrete 

is weakened. This can be attributed to the fact that the distance between 

nanoparticles decreases with an increasing content of nanoparticles, and CH crystals 

cannot grow up enough due to limited space and the crystal quantity is decreased. 

This  leads to the ratio of crystal to strengthening gel becoming smaller and increases 

in the shrinkage and creep of the cement matrix, thus the porosity is increased and 

the pore structure of the cement matrix becomes  relatively looser [21]. 

The addition of nanoparticles decreases porosity and improves the pore 

structure of cement composites. Nanoparticles can act as a filler that enhances the 

density of the cement matrix which significantly reduces the porosity of the cement 

composites. Nanoparticles cannot only act as an activator that accelerates cement 

hydration due to their high activity, but they can also act as a kernel in cement paste 

which makes the size of the CH crystal smaller.  

The larger volume of nanoparticles reduces the mechanical performance of 

the cement composites due to the reduction of hydrated lime, with respect to the 

nanoparticles content, in addition to the deficiency that occurs during the mixing of 

nanoparticles in the cement composites. 

The above results show that the partial replacement of OPC by 3 wt. % NS 

could be used to fabricate cement composites with high strengths and low 

porosities. Therefore,  this dosage will also be used in further investigations.  
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Figure  5.73: Effect of NS content on the porosity of cement composites (n = 3). 

5.6.2 Hybrid Effect of Nano-silica and Waste Glass Powder  

In order to study the hybrid effect of NS and WG on the behaviour of flax 

fibre cement composites, a range of composites were prepared based on variations in 

the composition listed in Table 5.32. For all of the composites an equal ratio of 

binder and sand was used for all the mixes and the fibre parameters that were 

selected were the same as the control specimen’s (i.e. 30 mm length and 1% volume 

fraction).  The water/binder ratios tested to reach a flow of 110 ± 5 in order to permit 

a medium workability to be used for mixing the composites. All of the composites 

were prepared by the producers described in section 3.3.2.3. The results obtained 

through this investigation of the utilisation of NS/WG as a cement replacement on 

the behaviour of flax fibre cement composites is summarised in the following 

sections. 
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Table  5.32: Mixture proportions used to study the effect of NS/WG on the behaviour 
of flax fibre cement composites 

Batch Binder material 
Water/binder

ratio 

NSWG5 
92% OPC+ 5% WG+3% 

NS 0.51 

NSWG10 
87% OPC+ 10% WG+3% 

NS 0.52 

NSWG20 
77% OPC+ 20% WG+3% 

NS 0.52 

NSWG200 
67% OPC+ 30% WG+3% 

NS 0.53 

NSWG40 
57% OPC+ 40% WG+3% 

NS 0.54 

NSWG50 
47% OPC+ 50% WG+3% 

NS 0.54 

 

5.6.2.1 Mechanical Properties 

As expected, the hybrid combination of NS+WG greatly improves the 

mechanical properties of cement composites when compared to the control, NSPC3 

and WG composites, as shown Table 5.33 and Figures 5.74 to 5.80. Table 

5.33demonstrates that the compressive strength of the NS/WG composites increases 

between 19% and 46% when compared with the compressive strength of the control 

composites.  

Figures 5.75 and 5.76 show the flexural and impact strengths of NS/WG 

composites compared to those of the control, NSPC3 and WG composites. It can be 

seen here that NS/WG composites have about 7% and 38% higher flexural strengths, 

and about 8% and 32% higher impact strengths, when compared to the control 

composites. Figure 5.77 shows the fracture energy of NS/WG composites compared 

to those of the control, NSPC3 and WG composites. From these results it can be seen 

that the fracture energy of the NS/WG composites was about 45% to 108% higher 

than that of the control composites. 

Figures 5.78 to 5.81 show the toughness indices I5, I10 and I20 respectively 

and the results are listed in Table 5.33. From the results obtained, it can be seen that 

the toughness indices of the NS/WG composites are relatively higher than those of 

the WG composites. Although the NS/WG composites have shown a better load-
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carrying capacity than the composites with only WG, its toughness indices were in 

some cases lower than those of the WG composite. Overall, the NS/WG composites 

have higher toughness indices compared to those of the WG composites. Indeed, the 

composites with a hybrid combination of NS+WG displayed the highest toughness 

indices when compared to the mixtures with only WG or NS. Similar to the NC/WG 

composites, mix NSWG20, which contains 20wt. % WG + 3wt. % NS, showed 

superior mechanical properties when compared to the control, NSPC3 and WG 

composites. 

The higher mechanical performance of the NS/WG composites compared to 

WG composites may be as a result of the rapid consumption of crystalline CH which 

forms quickly during the hydration of OPC, particularly in the early ages as a result 

of the high reactivity of NS. As a consequence, the hydration of the cement is 

accelerated and larger volumes of reaction products are formed. Also, NS and WG 

recover the particle packing density of the blended cement, leading to a reduced 

volume of larger pores in the cement paste, thus reducing the total porosity (see the 

next section).  

Table  5.33: Mechanical properties and porosity of flax fibre cement composites 
reinforced with various contents of WG at 3% NS (n = 3) 

Composite 
Compressive 

strength 
(MPa) 

Flexural 
strength 
(MPa) 

Impact 
strength 
(J/m2) 

Fracture 
energy 
(N.mm) 

I5 I10 I20 
Porosity 

(%) 

NSWG5 26.82 7.72 695 5343 6.25 8.41 9.93 9.23 

NSWG10 27.63 8.28 704 6532 6.78 9.19 11.94 9.02 

NSWG20 31.63 9.74 820 7632 7.03 10.83 13.34 8.82 

NSWG30 29.36 8.41 731 7123 6.51 9.14 12.53 8.96 

NSWG40 28.63 8.15 695 6984 6.18 9.07 11.82 9.41 

NSWG50 25.72 7.52 675 6852 6.03 8.93 11.12 10.31 
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Figure  5.74: Variation of compressive strength of cement composites with different 
contents of WG when NS dosage is 3% (n = 3). 

 

Figure  5.75: Variation of flexural strength of cement composites with different 
contents of WG when NS dosage is 3% (n = 3). 
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Figure  5.76: Variation of impact strength of cement composites with different 
contents of WG when NS dosage is 3% (n = 3). 

 

Figure  5.77: Variation of fracture energy of cement composites with different 
contents of WG when NS dosage is 3% (n = 3). 
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Figure  5.78: Variation of toughness index I5 of cement composites with different 
contents of WG when NS dosage is 3% (n = 3). 

 

Figure  5.79: Variation of toughness index I10 of cement composites with different 
contents of WG when NS dosage is 3% (n = 3). 
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Figure  5.80: Variation of toughness index I20 of cement composites with different 
contents of WG when NS dosage is 3% (n = 3). 
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that the porosity of the NS/WG cement composites is lower than the control, NSPC3 
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Figure  5.81: Variation of porosity of cement composites with different contents of 
WG when NS dosage is 3% (n = 3). 
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of mortar bars are less than 0.10% at the end of 14 days when they are evaluated per 

ASTM C 1260 [175], they are more likely to meet the ASTM C 1293 [225] 

expansion criteria of 0.04% for concrete prisms after two years [226]. 

 

Figure  5.82: ASR test results of cement composites at 3 % NS and different contents 
of WG (n = 3). 
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 The pozzolanic reaction of nanoparticles and glass powder with CH generates 

additional C-S-H gel in the final stages. 

The second mechanism is the physical effect; nanoparticles and glass powder 

can fill the remaining voids in young and partially hydrated cement paste, which 

leads to a denser and more compact structure.  

5.7 Multimodal and Mono- modal Flax Fibre Composites 

A hybrid composite or multimodal composite is defined as two or more 

different types of materials that are combined to produce a composite which derives 

benefits from each of the individual materials and exhibits a synergistic response 

[206,209,228,229]. In order to evaluate the benefits obtained when using a mix of 

WG/NC or WG/NS, post cracking behaviour analysis, thermal gravimetric analyses 

(DTA/TGA), thermal behaviour analysis, X-Ray diffraction (XRD) and scanning 

electron microscopy (SEM) was performed on both the multimodal (i.e. 

NCWG20and NSWG20) and mono- modal (i.e. WG20, NCPC2.5 and NSPC3) flax 

fibre composites.   

5.7.1 Post Cracking Behaviour  

The load–deflection behaviour of the control specimens and the typical 

behaviour of WG20, NCPC2.5, NSPC3, NSWG20 and NCWG20 are shown in 

Figure 5.83 In fact, the behaviour of the specimens under flexural loading can be 

classified into the three categories as seen in Figure 5.83.  

Type I behaviour (Figure 5.83, a) is exhibited by the NCPC2.5 and NSPC3 

(mono- modal), where the first peak is followed by a drop in load and then a short 

plateau. As can be seen, the incorporation of nanoparticles has led to an 

improvement of the post-peak behaviour of the composites when compared to the 

control composite.  

Type II behaviour (Figure 5.83, a) showed by the WG20 (mono- modal), 

where the first peak is followed by a drop in load and then a long plateau. This type 

of behaviour confirms, as stated above, the important contribution of the WG to 

significant improvements in the post-peak behaviour of the cement matrix. Although 

the flexural strengths of the NCPC2.5 and NSPC3 were higher than WG20, the 
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fracture energy of WG20 was about 39% and 28% higher than that for the NCPC2.5 

and NSPC3. These results can be explained by the filler effect of glass powder, 

which provides higher ductility for the composites with respect to the NCPC2.5 and 

NSPC3. Also, the pozzolanic reaction of glass powder has a two-fold benefit. It 

produces calcium silicate hydrates and calcium aluminate hydrates and it consumes 

calcium hydroxide, which weakens the matrix-fibre interfaces. 

 Type III behaviour (Figure 5.83, b) could be considered as a specificity of 

the multimodal composites containing a mix of WG as well as the nanoparticles (NS 

and NC) where the post-peak load-carrying capacity and the toughness improvement 

are more pronounced when compared to that of the mono-modal system.  A key 

feature of the load–deflection curves was a characteristic of strain hardening and 

multiple cracking (propagation of several cracks). This behaviour may be explained 

by the densification of the microstructure caused by cement hydration at early ages 

and at later ages and a subsequent reduction in porosity. The effect of densification 

in the fibre/matrix interface is an increase in fibre/matrix mechanical interaction, 

which accounts for the significant increase in strength that was observed in 

NCWG20 and NSWG20. 

 

                                 (a)                                                                (b) 

Figure  5.83: Load-deflection curves of (a) mono-modal and (b) multimodal 
composites (n = 3). 
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5.7.2 TGA and DTA  

Figure 5.84 shows the DTA/TGA profiles of the control, WG20, NCPC2.5, 

NSPC3, NCWG20 and NSWG20 specimens. The DTA/TGA curves show the 

typical reactions occurring in the cement composite when it is subjected to a 

progressive temperature increase from room temperature up to 1000ºC. The 

DTA/TGA curves of the specimens show three main endothermic peaks. The first 

peak was observed between 60-110ºC, corresponding to the mass loss on the TGA 

curve up to 110,  which can be attributed to the gradual departure of the bound water 

in some hydrates like C-S-H and ettringite [153,154,230,231]. The second 

endothermic peak was detected at about 475 ºC and represents a new loss in mass 

starting around 410ºC, which  corresponds to the de-hydration of CH. As a result the 

Portlandite decomposes into free lime (dehydroxylation) at ≈ 450-550ºC 

[153,154,176,232]. The third peak was observed at ≈ 765–785ºC, which occurs due 

to the decomposition of calcium carbonate and the escape of CO2 from the cement 

matrix [28,152,153,176]. No peak related to the decomposition of the flax fibres was 

detected, which was probably due to its low content (less than 1.5% of the total 

weight). 

As Figure 5.84 shows, the DTA/TGA profiles of NCWG20 and NSWG20 

indicate a strong increase in the first peak, which is related to C-S-H formation, 

when compared to the control specimen in Figure 5.84. Conversely, the second peak, 

which is related to the decomposition of CH, appears to be considerably smaller than 

the same peak of the control specimen. This increase in C-S-H at the cost of CH can 

be attributed to the consumption of CH by the pozzolanic reaction. This correlates 

with the remarkable increase in the compressive strength when WG and NC or NS 

particles were used to replace part of the OPC. Also, it should be mentioned that the 

DTA/TGA profiles of WG20, NCPC2.5 and NSPC3 show an increase in C-S-H and 

a decrease in the CH peak in comparison to the control specimen, which confirms 

the increase in the compressive strength of these specimens when they are compared 

to control specimens.  

Variations between the CH content of the control specimen, WG20, 

NCPC2.5, NSPC3 NCWG20 and NSWG20 are shown in Figure 5.85. The CH 

consumed was calculated according to Eq. 3.1. The results indicated that when 
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WG/NC or WG/NS were used as a partial substitute for OPC, a drop in the average 

value of CH content was seen from 5.13 % (control) to 1.17% and 1.47 respectively. 

When WG was only used as a partial substitute for OPC, a lower CH consumption 

was seen for the same amount of replacement (a reduction of the CH content from 

5.13% to 2.15%). 

As shown in Figure 5.85, the CH content decreases by adding WG as a 

cement replacement, which indicates the consumption of CH in the pozzolanic 

reaction after 28 days of hydration. The reduction of CH content is much greater 

when NC or NS are loaded in NCWG20 and NSWG20, which indicates more 

pozzolanic reaction in the WG cement matrix. Also, it can be seen that the CH 

content of NCPC2.5 and NSPC3 is almost the same as that of WG20.  As can be 

seen in Figure 5.85, a good correlation is found in both the TGA and DTA 

techniques. 

From the earlier discussion it can be inferred that, when a small quantity of 

the NC or NS is well dispersed in the WG cement matrix, the hydrated products of 

cement are deposited on the nano-particles due to their greater surface energy, i.e. 

they act as nucleation sites. Nucleation of hydration products on nano-particles 

further accelerates the pozzolanic reaction and the hydration process [24,25], which 

is confirmed by the XRD results and the SEM micrographs. 
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Figure  5.84: DTA/TGA profiles for cement composites after 28 days of hydration. 
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Figure  5.85: CH content for cement composites as measured by TGA and DTA 
methods. 

5.7.3 XRD  

XRD analyses were conducted to investigate the mineralogical composition 

of the cement composites after 28 days of hydration. For comparison, the peak of CH 

at 18º (2θ) and the peak of C-S-H at 28.6º (2θ) were selected [25,230]. As shown in 

Figure 5.86, a sharp peak in CH is observed in the control mix which represents the 

pure hydration product (CH) that is released from the hydration of cement. 

Evidently, the intensity of the CH peak is decreased in mixes WG20, NCPC2.5 and 

NSPC3 and is significantly reduced in mixes NCWG20 and NSWG20, which 

reflects the consumption of CH by pozzolanic reaction. On the other hand, the 

intensity of the C-S-H peak significantly increased in mixes NCWG20 and NSWG20 

when compared to the control mix, which agrees with the DTA/TGA results in the 

previous section. As a result, the XRD results confirm the improvement in the 

mechanical properties of mixes NCWG20 and NSWG20 when they are compared to 

the control mix.  
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Figure  5.86: XRD pattern for cement composites. 

 

5.7.4 Scanning Electron Microscopy (SEM)  

Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) 

analysis were carried out in order to study the influence of WG, NC and NS on the 

microstructure of the cement matrix. The locations of the EDX analyses are marked 

on each SEM image. Additions of WG, NC and NS were found to influence the 

manner of hydration and resulted in differences in the microstructures of hardened 

cement systems. Figures 5.87 to 5.95 show the microstructure of the cement pastes 

of the control, WG20, NCPC2.5, NSPC3, NCWG20 and NSWG20 specimens 

respectively after 28 days of hydration.  

Figure 5.87 shows the typical composition of hydrated paste in the control 

specimen. Evidently, the microstructure of the control specimen showed the 

existence of C–S–H gel in the form of ‘stand-alone’ clusters, which were lapped and 

connected together by many needle hydrates. Also, it can be seen that the calcium 

hydroxide (CH) crystals and air voids between the hydrated phases were distributed 

throughout the cement matrix. 

The SEM micrographs obtained for the NCPC2.5 and NSPC3 are show in 

Figures 5.88 and 5.89 respectively. It can be seen that the microstructure of the 

NCPC2.5 and NSPC3 pastes are shown by the amorphous gel filling the spaces 
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between the hydrated particles; this gives stability to the structure. Also, the texture 

of the hydrate products was more dense and compact. Furthermore, big crystals such 

as CH were absent. Also, the pastes were found to have been slightly enriched with 

silica. Obviously, the pozzolanic reaction of NC or NS with the CH liberated during 

hydration produced additional C-S-H gel which leads to an improvement in 

mechanical properties of blended mortar. 

The SEM micrographs of composites containing WG, i.e. WG20, NCWG20 

and NSWG20, are shown in Figures 5.90 to 5.95. SEM shows that the glass particles 

are well dispersed in the paste, resulting in a dense and compact structure, as shown 

in Figures 5.90 to 5.92. There is a visible densification around the glass grains, 

possibly due to the partial hydration of glass particles, leading to the formation of 

additional C-S-H. Also, the glass particles are well connected to the matrix and are 

coated with a thin layer of the reticulated gel of C-S-H (as illustrated by Figures 5.93 

and 5.94). For WG20, the matrix was found to have been enriched with silica (see 

Figure 5.90). Also, the composition of the paste in NCWG20 showed enrichment in 

silica, and the assimilation of fine glass particles into the paste was clearly noted 

(Figure 5.93). This feature was also noted in NSWG20 (Figure 5.95). The 

enrichment of the paste with Si would greatly increase its capacity to bind K and Na 

ions, which would not allow the alkali ions to remain in the solution to react with the 

reactive particles.  

Occasional round particles in NSWG20 and NCWG20 appeared to have 

reacted in the mortar (Figures 5.93, 5.94 (site 1) and 5.95), but the reaction product 

had small amounts of Na and large amounts of Ca. The compositions mentioned 

above were different from those of unreacted or partially reacted glass (Figure. 5.94, 

site 3), and may reflect the composition of the pozzolanic reaction product. The 

small elongated crystals may be ettringite or some other calcium sulfoaluminate, as 

indicated by the sulphur peak in the EDX spectrum (Figure 5.94, site 2). Many other 

sites also showed relics of fine WG particles which were evidently consumed by the 

paste. 

The investigation of the pastes based on NC or NS showed that the glass 

particles are coated with amorphous reaction rims (Figures 5.93 and 5.95). In the        

C-S-H phase, the matrix was found to be richer in silica than pastes that only had 
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WG. The glass grains are partially covered by the thicker and denser reaction rims. A 

further encapsulation of glass grains into hydration products was also observed. 

Needle-shaped crystals were also noted at some sites of the pozzolanic 

reaction of WG and NC in NCWG20 (Figure 5.94, site 2), where large amounts of 

alkali were retained. It is possible that the reaction of glass can ultimately lead to the 

formation of a poorly crystalline Na-bearing phase and this may be another reason 

why the Na content of glass did not contribute to ASR expansion.  

Overall, the SEM/EDX examination showed no deleterious reaction of WG 

in the mortar mixes due to an insufficient alkali content in the concrete and because 

WG did not contribute alkali to the pore solution. Evidence for this was noted from 

features such as those seen in Figures 5.93 to 5.95, in which glass powder particles 

appear to have been assimilated into the mortar without forming deleterious ASR 

gel, and also from the observation that larger glass particles were free of alkali attack 

and ASR gel did not form in the mortar. Moreover, SEM/EDX observations 

suggested that the alkali originally contained in the glass was bound in the paste and 

crystalline materials that resulted from the pozzolanic reaction of WG such that it 

may no longer have been available for reaction with reactive glass particles. 
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Figure  5.87: Microstructure of control specimen. 
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Figure  5.88: Microstructure of NCPC2.5 specimen. 
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Figure  5.89: Microstructure of NSPC3 specimen. 
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Figure  5.90: Microstructure of WG specimen. 
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Figure  5.91: Microstructure of NCWG20specimen. 
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Figure  5.92: SEM micrograph showing the showing the hydration of glass grains in 
NSWG20. 

 

 



 

192 
 

 

Figure  5.93: SEM micrograph showing the hydration of glass grains in NCWG20. 
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Figure  5.94: SEM micrograph showing the reactions of glass grains in NCWG20. 

 



 

194 
 

 

Figure  5.95: SEM micrograph showing the reactions of glass grains in NSWG20. 
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5.8 Durability of Mono-modal and Multimodal composites 

5.8.1 Mechanical Behaviour of the Composites after Ageing 

The effects of ageing on the mechanical behaviour of fibre reinforced cement 

composites are best understood first, from consideration of the mechanisms 

governing the various slopes of bending load–deflection curves, and secondly, from 

an analysis of the different stages of load–deflection behaviour of the composite. 

These mechanisms are related to the matrix and fibre properties. 

The several mechanisms that govern the different stages of the bending load–

deflection behaviour of fibre reinforced cement composite are: matrix linear bending 

behaviour at low deflection, development of the first macrocrack which traverses the 

sample thickness with a subsequent transfer of loading from the matrix to the 

bridging fibres, propagation and widening of macrocracks up to the peak load, crack 

localisation, and final failure by fibre rupture. 

The slopes of the bending load–deflection curves and their physical 

significance are: initial slope representing an intact interface; second slope 

representing microcracking with some fibre debonding and the mobilisation of 

shearing stresses along the interface; a negative post-peak slope that is manifested 

after the entire fibre is debonded and the interface has undergone increased damage 

and cracking; and the final slope, which is asymptotic to the horizontal line 

representing minimal resistance to fibre pull-out. Mobilisation of the interfacial shear 

that occurs at the pre-peak phase is associated with microcracking of the fibre/matrix 

interface, which affects the bond. On the other hand, the slope of the post-peak part 

of the curve characterises behaviour during the fibre debonding process, and is 

related to fibre/matrix interface. The post-peak slopes indicate that the more brittle 

the fibre/matrix interface (which takes place with ageing) the steeper the slope. 

Typical examples of bending load–deflection curves obtained from 

specimens cured for 28 days and specimens subjected to various ageing conditions 

(aged specimens) are shown in Figures 5.96 to 5.101. It can be seen that the OPC 

specimens (i.e. control, NSPC3, NSPC3) are seriously embrittled with ageing when 

compared to the WG specimens (i.e. WG20, NSWG20, and NSWG20). Although 

the loss of reinforcing capacity has been more significant when the specimens were 
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subjected to alternately wet and dry conditions, some embrittlement was also 

observed when the specimens were exposed to natural weathering or when 

specimens were stored in water. One of the main reasons for this is that the migration 

of ܱିܪ ions or ܽܥଶା ions from the cement matrix to the fibres rises gradually when 

the environment is kept constant (i.e. stored in water). When the composites are 

subjected to alternating wet and dry conditioning this migration increases as follows 

[127,142]:  

 In the first dry cycle, the dimensions of the flax fibres are reduced due to the 

loss of water, which leads to a loss of adherence with the matrix and the 

appearance of void spaces at the fibre–matrix interface; 

 In the following wet cycle, the water dissolves the hydration compounds of 

the cement (calcium hydroxides), which is absorbed by the flax fibres and 

hence swells; 

 In the second dry cycle, water is evaporated and the calcium hydroxide 

precipitates on the surface and in the lumen of the fibres. This movement 

increases during the subsequent wet–dry cycles, which causes a ‘‘pump-like’’ 

effect with the resulting densification of the surface and lumen of the fibres 

with products that have high alkalinity. 

The control composites (composites at 28 days) showed a ductile behaviour 

which was drastically decreased by the aging process (see Table 5.34 and Figure 

5.96). For the cases where the control composites were aged outdoors and submitted 

to 50 cycles of wetting and drying, the drop in the GF is more significant and it 

retains only 40% and 18%, respectively, of its value before ageing. The same trend 

was observed for the toughness indices	Iଵ଴, Iଶ଴	and	Iଷ଴, hence they retain about 24%, 

17% and 15%, respectively, of their value before ageing.  

This tendency is less intense when a part of the OPC was replaced by 20 wt. 

% waste glass powder (i.e. WG20). As can be seen in Table 5.34, when the WG20 

specimens were aged outdoors or submitted to wetting and drying cycles they 

maintained about 60%, 72, 81% and 85% of the initial values of  GF, I5, I10 and I20  

respectively. Table 5.34 also shows a minor reduction in the  ܨ௙௟௘௫  values after 

WG20 specimens were aged outdoors or exposed to wetting and drying cycles. This 

minor reduction could be attributed to competing mechanisms: a wetting cycle at 
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ambient temperatures with readily available moisture would have been conducive to 

greater hydration and an increase in fibre/matrix bonding. On the other hand, the 

drying cycle induced microcracks in the matrix, which leads to a reduction in the 

peak loads. The load–deflection curves, as shown in Figure 5.97, of the WG20 

specimens weathered outside, submitted to wetting and drying cycles or stored in 

water, indicate that the post-cracking ductility behaviour was retained.  

Figures 5.98 and 5.99 show typical examples of the flexural load-deflection 

curves obtained from the NCPC2.5 and NSPC3 specimens. As can be seen from 

Figures 5.98 and 5.99, a ductile behaviour was observed when the NCPC2.5 and 

NSPC3 were stored in water or aged outdoors. This trend was not seen when the 

same specimens were exposed to wetting and drying cycles. In this situation, the 

specimens submitted to wet/dry environments showed a significant reduction in the 

final gradients relative to the non-aged specimens. Conversely, a denser matrix in the 

NCWG20 and NSWG20 specimens compensated for the effects of fibre damage, and 

therefore, an increase in the final slope before failure was observed for NCWG20 

and NSWG20. 

Figures 5.100 and 5.101 shows typical examples of the load–deflection 

curves obtained from the NCWG20 and NSWG20 specimens. A ductile behaviour is 

observed not only for the specimens before ageing, but also after ageing. The area 

under the load–deflection curve is a measure of energy absorption or toughness 

during the fraction process. As illustrated in Table 5.34, the hybrid combinations of 

WG/NC or WG/NS improves the durability of flax fibre cement composites when 

compared to specimens containing only WG, NC or NS (i.e. WG20, NCPC2.5 and 

NSPC3). This was attributed to matrix densification and improved fibre/matrix 

bonding. Also, Table 5.34 indicates that ageing in wet/dry environments or outdoors 

did not lead to significant changes in the toughness of the fibre pull-out mechanism 

for NCWG20 and NSWG20.  

Furthermore, Table 5.34 shows that no significant change was observed in 

the peak loads ሺܨ௙௟௘௫ሻ after either outdoor exposure or wet/dry environments, but 

that there was a marked increase of approximately 4% and 12% for NCWG20 and 

NSWG20 after they were stored in water. This behaviour may be related to a twofold 

action that combines the degradation of the flax fibres in the OPC mixtures with the 

aging process and the late pozzolanic reaction in the NC/WG/NS mixtures. It is well 
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known that the mineralisation of flax fibres leads to a reduction in its strength and 

strain capacity [4–9]. It can, therefore, be assumed that a reduction in the 

homogenised session of the OPC composites occurs after submitting the specimens 

to wetting and drying cycles. Pozzolanic reactions can also contribute, to some 

extent, to the increase of the ܨ௙௟௘௫	value when the hydration reactions of the OPC 

continue to progress at later ages and the CH produced is consumed by the pozzolan 

during the evolution of these reactions. This is confirmed by the XRD results in the 

next section.  

For the NCWG20 and NSWG20 specimens, the results show that the specimens 

stored in water, aged outdoors or submitted to wetting and drying cycles revealed 

nearly the same properties as those observed for the non-aged specimens. The load-

deflection curves of the NCWG20 and NSWG20 clearly indicate the deflection 

hardening behaviour of the non-aged and aged composites. At the same time, these 

composites also exhibited post-peak ductility prior to failure (as opposed to brittle 

behaviour). This behaviour was credited to favourable hydration conditions and a 

fibre/matrix interface that sufficiently mobilised crack propagation and extension 

prior to final failure by fibre rupture.  

The use of pozzolanic fillers such as waste glass powder can greatly reduce the 

alkalinity of the matrix as well as the content of calcium hydroxide, thus 

significantly slowing down the processes which lead to degradation in the properties 

of natural fibre cement composites. The results obtained indicate that the hybrid 

combination of NC/WG or NS/WG was found to be a very effective means of 

slowing down the strength loss and embrittlement of the flax fibre cement 

composites. When WG and nanoparticles (i.e. NC or NS) were uniformly dispersed 

throughout the cement matrix, the high pozzolanic activity that combines silicon and 

alumina elements in WG, and nanoparticles with the lime elements of calcium oxide 

and hydroxide in cement, leads to a significant reduction in the content of calcium 

hydroxide and mitigates fibre–cement composite degradation. Furthermore, the 

packing effect of waste glass powder and nanoparticles, due to their great surface 

area, fills the interstitial spaces inside the skeleton of cement mortar which leads to 

increases in toughness and durability. In other words, the WG and nano-particles 

provide more micro/nano-filler and nucleation sites for cement hydration at early 

ages and at later ages, which leads to a densification of the microstructure. 
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Figure  5.96: Load-deflection curves of control specimens after ageing (n = 3). 

 

Figure  5.97: Load-deflection curves of WG specimens after ageing (n = 3). 

 

Figure  5.98: Load-deflection curves of NCPC2.5 specimens after ageing (n = 3). 



 

200 
 

 

Figure  5.99: Load-deflection curves of NSPC3 specimens after ageing (n = 3). 

 

Figure  5.100: Load-deflection curves of NCWG20 specimens after ageing (n = 3). 

 

Figure  5.101: Load-deflection curves of NSWG20 specimens after ageing (n = 3). 
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Table  5.34: Toughness properties of cement composites after ageing (n = 3) 

Composite 
Ageing 

condition 
Ageing 

time 

Flexural 
strength 
(MPa) 

Fracture 
energy 
(N.mm) 

I5 I10 I20 

Control Non 28 7.02  3667 4.37   6.39  7.39 
  Water 360 6.75 1466   3.56  5.41 6.32  

  
Out 

doors 
360 6.11 1401  3.21   4.98 5.63  

  
Wet/dry 50 

cycle 
3.37 653 1.13 1.15 1.15 

WG20 Non 28 7.74 6243  6.45  8.95  9.36  

  Water 360 6.81 4995   5.96  8.03 8.86  

  
Out 

doors 
360 6.23 3775   4.96  7.63 8.03  

  Wet/dry 
50 

cycle 
6.21 3321 4.69 7.06 7.96 

NCPC2.5 Non 28 8.43 4685  6.05  7.99  8.45  

  Water 360 6.82 3541  5.55   6.62 7.82  

  
Out 

doors 
360 6.25 2956  4.63   5.65 6.93  

  Wet/dry 
50 

cycle 
3.8 1103 2.11 2.85 3.01 

NSPC3 Non 28 8.86 4863   5.83 7.81   8.55 

  Water 360 6.2 3654   5.23  7.11  7.96 

  
Out 

doors 
360 5.52 2963  4.56  6.25   6.69 

  Wet/dry 
50 

cycle 
7.53 827 2.25 2.63 2.89 

NCWG20 Non 28 9.88  7851 7.14  10.9  14.54  

  Water 360 10.32  7781 6.98   10.23 14.26  

  
Out 

doors 
360 9.23  7023 6.86  9.63  13.87  

  Wet/dry 
50 

cycle 
9.59 6853 6.52 9.15 13.66 

NSWG20 Non 28 9.74 7632 7.03  10.83   13.34 

  Water 360 10.96 7235 6.86  10.23  13.06 

  
Out 

doors 
360 9.85 5962 6.13 9.86 12.63 

  
Wet/dry 

50 
cycle 

9.24 6965 6.63 8.96 12.79 

 

 

 



 

202 
 

5.8.2 Analysis of the SEM Images 

Visual observations of the failure surface of the control composite after wetting 

and drying cycles indicated that the pull-out length of the fibres from the aged 

specimen was considerably smaller than that observed from non-aged specimens and 

that the fibres in the aged specimens could be easily broken off at their anchorage in 

the mortar. The fibres also indicate that the flexibility of the fibres was reduced to 

such an extent that the fibres could be pulled apart fairly easily by finger force. 

Scanning electron micrographs of the flax fibres showing the surface changing with 

ageing are shown in Figure 5.102.  As can be seen from Figure 5.102, the surface of 

the fibres extracted from the control specimen does reveal signs of degradation. This 

can be attributed mainly to the migration of hydration products, especially calcium 

hydroxide, in the lumen, walls and voids in the fibre. The extent of alkaline attack 

was smaller when part of the OPC was replaced by 20wt. % waste glass powder in 

WG20 and it almost disappears in the combination of WG and nanoparticles in 

NCWG20 and NSWG20. 

Visual observation of the fibres extracted from aged NCPC2.5 and NSPC3 

specimens indicates a loss of flexibility, since they were easily broken off at their 

anchorage in the mortar. Scanning electron micrographs shown in Figure 5.102 do 

not reveal a considerable deterioration of the fibre surface after ageing, although the 

surface of the fibre extracted from the specimen exposed to wetting and drying 

cycles does indicate some alteration. 

Visual observation of the fibres extracted from aged NCWG20and NSWG20 

specimens indicates that they kept their original flexibility. SEM show that the 

surface of the fibres extracted from NCWG20 and NSWG20 does not show signs of 

significant damage, which reflects the fact that the less CH matrix was capable of 

maintaining the flax fibres integrity during the aging process. 
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Figure  5.102: SEM micrographs of flax fibre surfaces (a) Before ageing, (b-g) fibre 
extracted from specimens after ageing (b) control, (c) WG20, (d) NCPC2.5, (e) 

NSPC3, (f) NCWG20 and (g) NSWG20. 
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5.8.3 Changes in the Mineral Composition of the Composites 

Figures 5.103 to 5.108 show the main cementitious phases (detected by X-ray 

diffraction) present in the composites at 28 days of hydration (non-aged) and after 

ageing. Calcite peaks and vaterite vestiges were identified in all of the composites 

before and after ageing. Further hydration products were identified in the composites 

after ageing, which can be attributed to the continued hydration process at later ages 

[6]. Diffuse peaks at 48.6°, 47.6° and 47.3° in the non-aged composites, similar to 

those reported by Cole and Kroone [233] and Dias et al. [234], confirmed the 

presence of poorly crystallized calcite. Anhydrous calcium silicate (alite and belite) 

peaks were only found in the non-aged composites, demonstrating that the matrices 

of these composites had not yet completely hydrated.  

Calcium hydroxide (CH) was not identified in the WG20, NCWG20 and 

NSWG20 aged specimens (Figs. 5.104, 5.107 and 5.108), since 5% by mass is the 

limit of the sensitivity of the apparatus. After ageing, the main peak of C–S–H at 

28.6° is coincident with the main peak of calcite at 29.5°  for all of the composites, 

however, the halos between 25° and 40° are characteristic of the C–S–H phase [234]. 

The C–S–H halo in the control specimen is less intense than the halos of other 

samples. This relates to a decrease in the amount of C–S–H during the ageing 

process. No other differences were perceptible between the XRD pattern of the 

control specimen and the other composites.  

 

Figure  5.103: XRD patterns of control specimens after ageing. 
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Figure  5.104: XRD patterns of WG specimens after ageing. 

 
Figure  5.105: XRD patterns of NCPC2.5 specimens after ageing. 

 
Figure  5.106: XRD patterns of NSPC3 specimens after ageing. 
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Figure  5.107: XRD patterns of NCWG20specimens after ageing. 

 

 

Figure  5.108: XRD patterns of NSWG20 specimens after ageing. 
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Chapter 6 : Conclusions 

 

6.1 Overview 

This work reports a comprehensive study of the behaviour of waste glass flax 

fibre cement composites. The main objective of this study is to use flax fibres as 

secondary reinforcement and to re-use waste glass as a replacement of the currently 

used Portland cement; which is not only costly but also environmentally unfriendly 

component in concrete.  Chapters 3 and 4 described the experiments performed on 

fibre modification, characterisations for composite applications and the design of 

experiments used in this work. Chapter 5 presented the results of the studies done to 

fabricate eco-friendly cement composites by using alkali treated flax fibre, waste 

glass powder (WG), nano-clay particles (NC) and colloidal nano-silica (NS). The 

results in chapter 5 were divided into main four sections. The first section presented 

the effect of alkali treatment on mechanical and physical behaviour of flax fibre and 

its cement composites. The second section showed the effect of fibre parameters (i.e. 

fibre length and fibre volume fraction) on porosity, flexural, impact, compressive 

and toughness properties of cement composites. The third part described the effect of 

WG, NC and NS on the mechanical, physical and thermal properties of flax fibre 

cement composites. The last section presented the durability and long term 

performance of the composites. Individual conclusions have been presented for the 

results described in each section. Inclusive conclusions are presented in the 

following section expressing the inter-relationship between results and relating to 

objective of the thesis. 

6.2 Conclusions 

6.2.1 Treatment of flax fibres 

Untreated flax fibres were subjected to 9 different alkali treatments by 

varying three different treatment parameters (concentration of NaOH, treatment 

temperature, and digestion time). A decrease in average fibre diameter was detected 

for all alkali treatments which appeared to increase with the harshness of the alkali 

treatment. The parameters that most significantly influenced fibre tensile strength 



 

208 
 

(TS) and Young`s Modulus (YM) were the NaOH concentration and treatment 

temperature. The decrease in TS with increased NaOH concentration and treatment 

temperature appeared to be due to increased degradation of structural cellulose in the 

fibres. The decrease in YM is believed to be due to the removal of lignin and other 

intra-fibrillar binders resulting in degradation of cellulose and molecular relaxation 

of the cellulose fibre components. Upon analysis of the alkali fibre treatments by TS, 

SEM, DTA/TGA and XRD, the alkali treatment with 5 wt. % NaOH, 55 °C 

treatment temperature, and 10 minutes soaking time was found to give the best 

combination of: 

 Fibre tensile strength. 

 Increased fibre roughness, fibre separation from fibre bundles, and 

removal of noncellulosic fibre component (as revealed by SEM). 

 Increased thermal stability (as revealed by DTA/TGA analysis). 

 Increased crystalline cellulose by better packing of cellulose chains 

(recorded by XRD analysis). 

The mathematical models for the TS and YM of alkali treated fibres were 

obtained by using Box-Behnken design using three different alkali treatment 

parameters as mentioned above. The TS and YM of the alkali treated flax fibres 

could be predicted using the models within the range of experimental conditions 

under investigation which was verified experimentally in this study. The accuracy of 

the prediction of TS and YM using the mathematical models was quite satisfactory 

as the experimental TS and YM of alkali treated fibre obtained was almost within the 

range of tolerance limit of the models.  

6.2.2 Flax Fibre Cement Composites 

The fibres obtained from the optimised alkali treatment were used to 

fabricate all cement composites. Alkali treated flax fibres are a satisfactory fibre for 

incorporation into a cement matrix. Mechanical and physical properties of both 

untreated and treated flax fibres were studied. Treated flax fibre cement composites 

revealed some improvement in mechanical and thermal performance compared to 

untreated composites.  These improvements appeared to be due to the changes in 

morphology and in chemical composition of the fibres, which leads to increase the 
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contact area and to improve the fibre surface adhesive, hence giving rise to 

additional sites for mechanical interlocking. 

Fibre volume fraction plays a significant role in determining the composite 

mechanical properties. The mechanical properties of composites are highly 

influenced by the fibre content. This study was carried out by fabricating cement 

composites with three different fibre volume fractions (i.e. 0.5, 1 and 1.5%). The 

results showed that the increase in fibre content has significant positive effects on the 

fracture energy, toughness indices, flexural and impact strength; however, these 

improvements are always associated with a decrease in compressive strength. 

Fibre length plays an important role in the mechanical performance of fibre 

cement composites. If the fibre is long enough (length ≥ 30 mm), a greater amount of 

fracture energy is needed to pull the fibre through the matrix and the composite can 

be tougher and stronger. This work was carried out by fabricating cement composites 

with three different lengths (i.e. 10, 30, 50 mm). The results showed that when short 

fibres (10 mm) were used as reinforcement and compared with longer fibres (30, 50 

mm), a reduction in composite fracture toughness and flexural and impact strength 

was observed. For example, at 1% by volume fraction the short fibre composites 

showed around 10-15% decrease in fracture energy and impact strength and around 

20-22% decrease in flexural strength compared to composites containing the same 

amount of the longer fibre. 

The mathematical models for the fracture energy, toughness indices, porosity, 

flexural, impact and compressive strength of flax fibre cement composites were 

obtained by using central composite design using two fibre parameters (fibre length 

and volume fraction). The results indicate that within the limits of fibre parameters 

used in this study the proposed models predict the above properties adequately.  

6.2.3 Partial Replacement of Ordinary Portland Cement by Glass 

Powder and Nanoparticles 

In this work, waste glass powder (up to 50% by cement weight) was tested 

for potential employment as a cement replacement in cementitious materials. The 

following conclusions can be drawn: 
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 Based on the ASR test results, no damaging effect can be detected at a 

macroscopic level due to the reaction between glass powder (up to 50%) and 

cement paste with particle size up to 75 µm. Inversely, the incorporation of 

WG into the cement matrix helps to control ASR. 

 Fracture energy greatly increased with increasing WG content. 

 Based on toughness, flexural and compressive strength, the ASR test and the 

CH content of the WG cement composites, it was observed that the 

replacement of cement by 20 wt. % glass powder is feasible in a cementitious 

system. 

Partial replacement of OPC by NC (up to 2.5%) improved compressive 

strength and toughness of composites at 28 days of hydration compared to those 

prepared using only OPC. However, clusters of NC are more likely to occur and can 

be observed from SEM micrographs when the dosage of NC is larger than 2.5%.  

Consequently, the strengths and toughness become worse as the dosage of NC is 

increased.  

As the content of NS is increased up to 3.0 wt. %, the compressive strength, 

flexural strength and toughness of the composites is increased. This is due to more 

formation of hydrated products in presence of NS at 28 days of hydration. Also the 

incorporation of NS (up to 3%) reduced porosity, which leads to more compact and 

dens matrices compared to OPC matrix. However at higher dosage (up to 6%) the 

composites undergo significant reductions in strength and toughness due to defects 

generated in dispersion of NS. Also it could be due to the content of silica, which is 

higher than the amount required to combine with the liberated lime during the 

process of hydration thus leading to excess silica leaching out and causing a 

deficiency in strength and toughness. 

The addition of nanoparticles has great potential to accelerate the pozzolanic 

reaction of WG. It seems that their nano size allows them to react more readily with 

the CH, thereby increasing C-S-H conversion at 28 days of hydration. The hybrid 

combination of nanoparticles and WG was found to be a very effective method to 

use WG as a high-volume cement replacement, to achieve good performance and as 

an economic way to use nanoparticles. Furthermore, the replacement of OPC by     

20 wt. % WG and nanoparticles (2.5 wt. % NC or 3 wt. % NS) is found to limit the 
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ASR expansion to less than 0.10% at end of 14 days when evaluated as per ASTM C 

1260. Therefore, they are more likely to meet the ASTM C 1293 expansion criterion 

of concrete prisms of 0.04% after two years. 

Based on the results of this study, it can be concluded that hybrid 

combinations of WG and nanoparticles can improve the strength of mortars more 

than WG, NC or NS alone. It seems that NC and NS behaves not only as a filler to 

refine microstructure, but also as an activator to accelerate the pozzolanic reaction 

and activate WG; this is due to the large and highly reactive surface of nanoparticles. 

Moreover, these hybrid combinations are more effective in reducing ASR expansion, 

than either of the replacement materials alone. 

6.2.4 Durability of Flax Fibre Cement Composites 

Composites manufactured with flax fibres and OPC mortar matrix presented 

a significant reduction in toughness after submitted to cycles of wetting and drying. 

Some embrittlement was also observed in specimens aged in water or aged outdoors. 

The embrittlement is mainly associated with the mineralisation of the fibres due to 

migration of hydration products, especially calcium hydroxide, to the fibre lumen, 

walls and voids. 

Partial replacement of OPC by 20 wt. % WG improved the durability of flax 

fibre cement composites compared to the control specimen. The WG aged specimens 

presented a smaller reduction in the values of fracture energy and flexure strength 

when compared with those measured at 28 days.  

Partial replacement of OPC by NC or NS did not lead to reduced 

embrittlement with ageing under conditions of cyclic wetting and drying. However, 

the specimens subjected to natural weathering or stored in water revealed a better 

behaviour.  

Partial replacement of OPC by hybrid combination of NC+WG and NS+WG 

is a promising alternative for increasing the durability of the material with ageing. 

The use of these combinations can be greatly reduce the alkalinity of the matrix as 

well as the content of calcium hydroxide, which confirmed by TGA/DTA, SEM and 

XRD analyses, and hence significantly slow down the processes which lead to 
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degradation in the properties of natural fibre cement composites. It is believed that 

high pozzolanic activity that combines silicon and alumina elements in WG and 

nanoparticles with the lime elements of calcium oxide and hydroxide in cement, 

leads to a significant reduction in the content of calcium hydroxide and greatly 

mitigate fibre–cement composite degradation. Moreover, the WG and nanoparticles 

could provide more micro/nano-filler effect and nucleation sites for cement 

hydration at early ages and at later ages, which leads to densification of the 

microstructure and improve durability. 

6.3 Recommendations for Future Work 

The results obtained during the course of this research have laid an important 

platform from which to further improve the properties of the developed composites. 

Some recommendations for future work have been proposed: 

 In the grinding of waste glass, a great amount of the total electric energy 

consumption is consumed in this process. Because of the diminishing 

available sources of energy and the attendant rise in energy costs, it is 

important to pay particular attention to this major cost item and develop 

grinding aids in order to reduce the energy cost and grinding time. 

 More research is required to enhance the dispersion of natural fibre in the 

cement matrix.  

 Also more research is needed to modify the production methods of 

nanoparticles in order to avoid the formation of agglomerates, and to achieve 

better dispersion in the cement matrix. 

 More research is required to study the fatigue of waste glass/natural fibre 

cement composites 

 Nanotechnology becomes a double-edge sword to the construction industry. 

Production of nano materials requires high energy. The engineered materials 

should be sustainable as well as cost-and-energy effective. Use of 

nanotechnology creates an environmental challenge to the construction 

industry.  
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Appendix II: Cost Analysis 

Table 1.II: Approximated cost of glass fibre cement mix 

Element of cost Cost Cost per m3 of mix (€) 
Portland Cement 60 €/ton 37.8 
Sand 4.2 €/m3 1.99 
Water 0.5 €/m3 0.157 
E-Glass fibre 1585 €/ton 31.7 
Total approximated cost per m3 of mix  

  
73.06 € 

 

Table 2.II: Approximated cost of waste glass/flax fibre cement mix 

Element of cost Cost Cost per m3 of mix (€) 
Waste glass powder 10 €/ton 1.62 
Portland Cement 60 €/ton 32.1 
Sand 4.2 €/m3 2.06 
Water 0.5 €/m3 0.163 
Bleached flax fibre 189 €/ton 2.46 
Total approximated cost per m3 of mix 

  
38.04€ 

 

Total cost saving/m3 = 
଻ଷ.଴଺ିଷ଼.଴ସ

଻ଷ.଴଺
100	ݔ	 ൌ 	47% 

 


