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ABSTRACT 

Over the last five decades, extensive research has been done to investigate the strengthening 

effect of several fibre surface-modification techniques on ligno-cellulosic fibres. This has 

been necessitated by the need to find eco-friendly, sustainable, low-cost alternatives to 

synthetic, mineral and man-made fibres that are otherwise known to cause serious 

environmental degradation due to their non-biodegradability. Despite there being large 

amounts of data on strengthening effect of various fibre surface-modification methods on 

ligno-cellulosic fibres, no known studies have been carried out to compare the strengthening 

effect of alkali and thermal fibre surface-modification on high lignin content UG grade 

Kenyan sisal fibres. This study aimed at determining and comparing the strength properties of 

mercerised (alkali-treated) and cornified (thermally treated) UG grade Kenyan sisal fibres. 

The fibres strength properties were determined and analysed using the Weibull Cumulative 

Distribution function. The untreated, mercerised and cornified fibres, in different volume 

fractions, were then used to make composites in hydrophilic (Portland cement) and 

hydrophobic (polyester resin) matrices. Tensile and flexural strength tests were carried out on 

these composites, and comparisons of the results obtained done. Mercerised sisal fibres 

displayed the most significant improvement in tensile strength properties with mean fracture 

strength of 271 MN/m2, which showed a 68.30% increase in tensile strength compared to 

untreated sisal fibres. Cornified sisal fibres had a mean fracture stress value of 198.57 MN/m2, 

which was a 23.32% increase compared to untreated sisal fibres. OPC mortar composites of 

mercerised sisal in uniaxial orientation had a peak Modulus of Rupture of 9.39 MN/m2 at 

2.3% fibre volume fraction, which was a 151.07% increase in flexural strength compared to 

the unreinforced mortar specimens. Chopped, randomly oriented mercerised sisal fibre mortar 

composites had a peak Modulus of Rupture value of 9.8 MN/m2 at a 4.2% fibre volume 
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fraction, which showed a 36.11% increase in flexural strength when compared to the 

unreinforced mortar specimens. In polyester resin, the untreated, mercerised and cornified 

fibre reinforcements all exhibited a negative reinforcement, with the composite tensile 

strength decreasing with increasing fibre volume fractions. The negative reinforcement was 

attributed to the exothermic curing temperature (about 113°C) of the polyester resin. Upon 

controlling the curing temperature to some degree, untreated sisal fibre-reinforced polyester 

resin displayed the most significant gain in flexural strength with a Modulus of Rupture that 

was 66.93% higher than that of the unreinforced polyester specimens. Finally, in order to 

ascertain whether the negative reinforcement of the polyester resin was due to the resin’s 

exothermic curing temperature, the fibres were used as reinforcement in a non-exothermic 

curing polymeric matrix (epoxy resin) where mercerised sisal fibre-reinforced epoxy resin 

composites displayed the most significant gain in tensile strength with an ultimate tensile 

stress value that was 118.52% higher than that of the unreinforced epoxy resin. These findings 

were in agreement with the results reported in earlier studies.  
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SYMBOLS 

τ – Interfacial shear stress 

P – Load 

E –Modulus of Elasticity 

ν – Poisson’s ratio 

ε- Strain 

σ –Tensile/Compressive stress 

Uγ – Total fracture energy of a composite   
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background Information 

Sisal (Botanical name Agave Sisalana) is named after the port of Sisal in Yucatan, Mexico [1–

3]. For thousands of years, man has cultivated it for use as a vegetable, fruit, fodder, medicine, 

hallucinogen1 (used in religious rites), and fibre. The ancient Aztecs and the Mayans are the 

earliest known sisal farmers who cultivated it for clothing and papermaking [4, 5].  

German agronomist, Dr Richard Hindorf, who imported the bulbils from a trading company in 

Florida, USA, is credited with the introduction of sisal to German East Africa (Tanganyika) in 

1893 [6, 7]. Commercial farming of sisal began a decade later, and the first plantations were 

set up at Punda Milia by R. Swift and E.A Rutherford in 1907 [7]. Since then, sisal farming 

has continued to contribute to the economic development of communities within the East 

African Region.  

Currently, Rea Vipingo group headquartered in Nairobi, Kenya, is the single largest producer 

of sisal fibre in Africa at 19,000 tonnes per annum. Ninety (90) per cent of this production is 

exported to the Middle East where it is mainly used in the reinforcement of domed roofing 

characteristic of the Persian architecture typical in that part of the world [8, 9].  

By definition, a composite is a material that, on a macroscopic level, comprises of two or 

more uniquely distinct phases that possesses bulk qualities that are different from any of its 

constituent phases [10–14].  

                                                 

1 A drug that causes profound distortions in a person’s perception of reality 
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A strong material (known as reinforcement or the secondary phase) is usually embedded in a 

relatively weaker material (known as a matrix or the primary phase) resulting in a composite.  

The reinforcement confers upon the composite strength and rigidity, while the matrix 

maintains the orientation of the reinforcement [10, 12, 13, 15, 16]. This effectively arrests any 

variation in mechanical properties that would otherwise result from a realignment of the 

reinforcement especially when under load. The reinforcement is sometimes referred to as the 

dispersed phase. All materials in use, with the exception of elemental ones can in a broader 

‘augmented’ definition be defined as composites, with impurities and/or additives serving as 

the dispersed phase [10, 17]. Examples of naturally occurring composites include bones, 

ligno-cellulosic plant fibres (with the hemicellulose-lignin functioning as the matrix), and, 

wood [10, 18, 19].  

The use of fibre-reinforced composites dates back thousands of years in the Neolithic era 

where mud-mortars were reinforced with either herbs, roots or reeds with the aim being to 

increase the stability and durability of the mortars [17, 20–23]. Ancient civilizations such as 

the Egyptian, Inca and Mayans have been recorded as having used natural wood and straw 

fibre-reinforced traditional mortars [21]. In order to enhance bonding and arrest cracks in the 

walls of houses, it is reported in literature that ancient indo-Muslim architects incorporated 

jute and straw fibres into the mortar [21, 24, 25]. 

Like many other natural fibres, sisal has the potential of being utilised as fibre-reinforcement 

(dispersed phase) in natural fibre-reinforced composites. It has the advantage of being a low-

cost fibre, both in production and processing terms and having a high strength to weight ratio 

when compared to other fibre reinforcements of synthetic origin such as carbon, asbestos and 

Kevlar [2, 23, 26–32]. Natural fibre-reinforced composites, due to the non-abrasive nature of 

the fibres, result in less tool wear in the workshop during machining operations [16, 30, 33, 
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34]. According to Khalil et al. [31], Mokhtar et al. [34], Brahmakumar et al. [35] and 

Biagiotti et al. [19], most natural fibres also have the added advantage of being less irritating 

to workers dermal and respiratory systems as compared to synthetic and mineral fibres. 

Many researchers have investigated the potential of using sisal fibre as reinforcement in 

cement-based matrix. Research work by Savastano et al. [36] on the flexural behaviour of 

sisal fibre-reinforced cement-based composites confirmed theoretical predictions by reporting 

a two-fold gain in flexural strength of fibre-reinforced mortar. More recently, in the year 

2020, these results have been confirmed by Bernard et al. [37] while analysing the mechanical 

behaviour of sisal fibre-reinforced Interpenetrating Polymer Networks (IPN) matrix. 

Tonoli et al. [38] investigating on the mechanical properties of sisal pulp reinforced cement 

mortar found that inclusion of sisal pulp resulted in a doubling of flexural strength and a 

significant increase in fracture toughness of the pulp-reinforced mortar.  

In Brazil, research work on cornified vegetable fibre-reinforced building materials by 

Ballesteros et al. [39] has reported a greater dimensional stability of the composite and a 

stronger fibre-matrix interfacial bond strength. Other researchers in the Americas, such as Yu 

et al. [40] and Hestiawan et al. [41] are recommending fibre pre-treatment as a possible way 

of improving the fibre matrix adhesion.  

Fujiyama [42] and Angiolilli [43] later showed that inclusion of sisal fibres in cement mortar 

effectively transformed the failure mode from brittle to a more ductile mode of failure. Later 

work by Wu et al. [44] on sisal fibre-reinforced silty clay (which is relatively comparable to a 

cementitious matrix) has shown that discrete, randomly distributed sisal fibre-reinforced silty 

clay is 20% stronger than non-reinforced silty clay. 
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In Kenya, Mutuli et al. [45] have investigated the potential that sisal fibre has for use as 

reinforcement in cement-based matrices. Research work by Bessel and Mutuli [46] into the 

interfacial bond strength of sisal fibre-reinforced cement paste resulted in the development of 

a special rig that is nowadays used to test fibre-reinforced cementitious matrices in tension. 

Aruna [47], while testing sisal fibre-reinforced ordinary Portland cement mortar in tension, 

has reported a high energy absorption capacity of the sisal fibre-reinforced cement 

composites. 

Further work in Kenya by Mutua [48], researching on the mechanical properties of sisal fibre-

reinforced concrete recommended that water absorption properties of fibre-reinforced 

cementitious composites to be an area of interest for further research work. The water 

absorption properties of sisal fibres have been shown to play a key role in the fibre 

reinforcement of silty clay by Wu et al. [44]. 

The main disadvantage of using natural fibres as reinforcement in hydrophobic matrices (e.g. 

epoxy resin, polyester resin) is the incompatibility between the fibres and the matrix [16, 18, 

28, 49–53]. Natural fibres can have their surface morphology modified by physical or 

chemical means to improve the fibre-matrix compatibility. Physically, fibres can be modified 

via stretching [54], cornification [39], grafting with polymers or calendaring [50, 55–59]. 

However, these physical methods only affect the superficial and anatomical characteristics of 

the fibre. Chemical modification treatments include but are not limited to, mercerisation, 

acylation, acetyl treatment and peroxide treatment [28, 53, 60, 61]. 

Mercerisation is defined as the chemical treatment of cellulose-based natural fibres with an 

alkaline solution effecting morphological changes on the fibre surface and structural changes 

in the fibres cellular structure [27, 28, 50, 62].  
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Cornification, on the other hand, is the irreversible stiffening of ligno-cellulosic fibre polymer 

structure that occurs as a result of repeated drying and rewetting using distilled water [61, 63, 

64]. The repeated drying and rewetting of ligno-cellulosic fibres leads to an eventual and 

irreversible loss of fibre swellability and flexibility. This ‘stiffening’ of the fibres is what 

gives them dimensional stability making them better candidates for fibrous reinforcement of 

matrices than their native/untreated counterpart. The drying can be accelerated in the 

laboratory by heating the fibres to 80⸰C with the temperature set to increase at a rate of 1⸰C per 

minute to avoid thermal shock.  

In this study, mercerisation and cornification are the methods of sisal fibre morphology 

modification adopted. The modified sisal fibres were then tested to establish their strength 

properties and after that, used as reinforcement in cementitious and polymeric matrices.  

1.2 Problem Statement 

Fibre reinforcement of cementitious and polymeric matrices is primarily done to improve on 

the matrices strength, stiffness, abrasion resistance and to reduce thermal expansion [42, 53, 

65]. Several fibres, such as glass, carbon and asbestos have traditionally been used to 

reinforce cement and mortar. These fibres are non-biodegradable, expensive and- in the case 

of asbestos- been linked to over 80% of all pleural mesothelioma2 cases and bronchogenic 

cancers3 [66–70]. 

In recent years, nylon, glass and carbon fibre-reinforced resins have found use in aircraft and 

aerospace application [16, 29, 71–73]. Fibre-reinforced resins are also used in prosthetic 

                                                 

2 A rare and malignant type of cancer caused by asbestos 

3 A malignant neoplasm of the lung occurring in the epithelium of the bronchus or bronchiole 
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dentistry in the manufacture of the Composipost4dowel for tooth restoration following root 

canal procedures [74–76]. Natural fibre-reinforced resin-based bio-composites have also 

found use in the biomedical field where studies have shown that the fibres are more 

compatible with human tissue than their synthetic counterparts. In particular, Pineapple leaf 

fibre nanocomposites have recently found use in the tissue engineering repair of human 

articulate cartilage, urethral catheters, penile prosthesis and vascular grafts [16, 77].  

Unsaturated polyester resins are generally used in reactive processing manufacturing 

techniques such as compression moulding, resin transfer moulding, hand lay-up and resin 

casting processes [78–80]. According to Sreekumar et al. [78], fibre-reinforced thermosetting 

resin composites possess high tensile and flexural strength compared to unreinforced resin. 

This assertion has further been confirmed by Idicula et al. [81] in their dynamic mechanical 

analysis of randomly oriented fibre-reinforced polyester resin. 

Processes employed in the production of synthetic fibres are expensive and exert a toll on the 

environment in terms of the energy required to produce the fibres from their precursors 

industrially [16, 50, 82–85]. Annually, mining of mineral fibres alone pumps 970 million tons 

of CO2 into the atmosphere, which translates to approximately 2.7% of the world’s global 

CO2 emissions [24, 86]. Conversely, ligno-cellulosic fibre sources such as sisal capture more 

CO2 over their lifetime than they produce, contributing to an overall reduction in global CO2 

levels [87]. Research work on natural fibre alternatives is an ongoing global endeavour. 

Addition of natural fibres into polymeric matrices has been shown by Milosevic et al. [24] to 

result in improved wear resistance properties of the natural fibre-reinforced composites 

                                                 

4 A post made of a non-metallic material used for retaining the core of teeth having little coronal tissue  
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compared to the ‘neat’ unreinforced polymer. Kumar et al. [88] by measuring the coefficient 

of friction of sisal/glass fibre-reinforced epoxy resin reported increased frictional coefficient 

of the hybrid composite compared to the ‘neat’ epoxy resin. Dwivedi and Chand [89] 

investigated tribological behaviour of jute fibre-reinforced polyester matrix and reported 

improved wear resistance of the fibre-reinforced polyester specimens. Sisal fibre-

reinforcement have also been shown by Xin et al. [90] to be a viable alternative to asbestos 

resin brake composites. Later studies by Fávaro et al. [65] focused on the effect of both fibre 

and matrix modification on mechanical properties of sisal-high density polyethene 

composites, reporting significant gains in tensile, flexural and impact strength of the fibre-

reinforced polymeric composites. 

In Kenya, studies by Mutuli [91] investigated the mechanical properties sisal fibre-reinforced 

cement paste and demonstrated that sisal fibres have the exploitable potential for use as 

reinforcement in corrugated roofing sheets. Later studies by Mutuli and Bessel [46] on the 

interfacial bond strength of sisal/cement composites found that moisture absorption by the 

fibre affected the interfacial bond strength. Li et al. [92] studied the sisal fibre and concluded 

that its ligneous waxy covering made it unsuitable for use as reinforcement in polymer 

matrices. Bassyouni [93] investigated dynamic mechanical properties of chemically treated 

sisal fibre-reinforced polypropylene composites and suggested dewaxing of sisal fibres as a 

possible way of improving the bonding of sisal fibre with the matrix. 

With this aim in view, there is, therefore, need to find a suitable, sustainable, eco-friendly, 

low-cost alternative fibre reinforcement to be used as reinforcement in cement and polyester 

resin matrices with the fibres strength properties improved to equal or exceed those of 

synthetic fibres. 
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1.3 Main Objective 

 The main objective of this research was to carry out surface-modification (mercerisation and 

cornification) of Kenyan sisal fibre, carry out strength tests and ultimately compare the 

strength properties of sisal fibre-reinforced mortar, polyester and epoxy resins with the sisal 

fibres in their untreated, mercerised and cornified states. 

1.3.1 Specific Objectives 

The specific objectives were: 

1. To determine the tensile strength properties of sisal fibre in its untreated, mercerised 

and cornified states. 

2. To determine the tensile strength properties of uniaxially aligned continuous fibre-

reinforced composites of mortar, polyester and epoxy resins with sisal fibre in its 

untreated, cornified and mercerised states. 

3. To determine the flexural strength properties of randomly oriented discontinuous 

fibre-reinforced composites of mortar made with sisal fibre in its untreated, cornified 

and mercerised states. 

1.4 Justification 

According to Dunne et al. [83], the invention of synthetic fibres has reduced the use of sisal 

and other natural fibres in many applications. Biagiotti et al. [19] goes on further to show that 

low-wage developing economies in East Africa and Brazil that have traditionally relied on 

sisal fibre export for foreign exchange earnings have been most affected by this reduction, 

since, synthetic fibre production is mostly done in Europe and the Far East. 

Increasing socio-economic pressure to conserve non-renewable petroleum reserves, coupled 

with the need to use eco-friendly materials has led to a renewed interest in natural fibres [29, 
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31, 34, 51, 52, 83, 94, 95]. Cooke and Johnson [96] and Mborah et al. [97] have linked the 

mining of mineral fibres to environmental degradation and the creation of derelict landscapes. 

These landscapes are of low agronomic and economic value and in some instances hazardous 

to communities living nearby as was concluded by Fields’ [98] in his aptly titled article “The 

Earth’s Open Wounds; Abandoned and Orphaned Mines.”  

According to Ramamoorthy et al. [29], Dris et al. [99] and Carney Almroth et al. [100], 

synthetic fibres are flammable, and, produce noxious, toxic gases upon combustion. They also 

present a unique disposal problem due to their non-biodegradability [101]. Mwasha [102] 

investigated the use of limited life geotextiles (LLG’s) in the built environment and found that 

polyvinyl chloride (PVC) used in construction was a potential source of toxic and 

carcinogenic dioxins. Natural fibres of cellulosic origins, such as sisal fibres, have been 

shown to be an eco-friendly, non-toxic and sustainable alternative to these mineral and 

synthetic fibres in the production of LLG’s [103]. 

Kenya’s vision 2030 [104] underscores value addition of agricultural commodities as a 

priority area under the economic pillar. Researching ways of improving the mechanical 

properties of sisal is in line with the republic of Kenya’s vision. It promises to rejuvenate the 

sisal industry, increase foreign exchange earnings from exports and ultimately benefit the 

rural community. 

1.5 Scope of the Research 

This study focused on the strength properties of untreated and surface modified sisal fibres 

and their mortar and polyester resin composites. Modification of the sisal fibre cellulose 

structure was via mercerisation and cornification. The study was conducted from October 

2016 to March 2021 at the following laboratories and workshops: 
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1) Concrete Workshop, Department of Civil and Construction Engineering, University of 

Nairobi. 

2) Timber Workshop, Department of Civil and Construction Engineering, University of 

Nairobi. 

3) Department of Mechanical and Manufacturing Engineering Workshops and 

Laboratories, University of Nairobi. 

4) Public Health Laboratory, Department of Civil and Construction Engineering, 

University of Nairobi. 

5) Chemistry Laboratory, Department of Chemistry, University of Nairobi. 

Rea Vipingo Sisal Estate Ltd supplied the sisal fibres used in this research while the river sand 

and Ordinary Portland Cement were procured locally. In this study, 129 fibre-reinforced 

mortar beams of dimensions 100 mm x 100 mm x 500 mm were tested for flexural strength, 

density and void volume fraction, 57 fibre-reinforced mortar beams of dimensions 50 mm x 

50 mm x 400 mm were tested for tensile and interfacial bond strength, 48 fibre-reinforced 

polyester resin specimens measuring 5 mm x 20 mm x 160 mm were tested for tensile 

strength, 48 fibre-reinforced epoxy resin specimens measuring 5 mm x 20 mm x 160 mm 

were tested for tensile strength, and, 30 fibre-reinforced polyester resin beams measuring 20 

mm x 8 mm x 300 mm were tested for flexural strength. Statistical analysis of the data was 

carried out using polynomial regression and the Weibull Cumulative Density Function (CDF). 

The mechanical properties of these fibre-reinforced cementitious and polymeric specimens 

were evaluated in accordance with the British Standard (BS) and the American Society for 

Testing and Materials (ASTM) standard.  
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

2.1 Sisal Fibres 

2.1.1 Historical Background 

Agavaceae, are a family of monocotyledonous plants of the order Asparagales which possess 

antimicrobial properties and are commonly associated with the production of alcoholic 

beverages such as tequila (produced from Agave Tequilana) and mescal (produced from 

Agave Salmiana) [3, 105, 106]. 

There are 57 species of the Agavaceae family growing in the tropics and subtropics [106]. 

Several of these species are associated with fibre production. These include Agave Sisalana, 

Agave Vera-cruz, Agave Ameniensis, Agave fourcroydes and Agave Angustifolia [3, 107, 108]. 

Of these, Agave Sisalana, commonly known as sisal, has the highest fibre yield [107]. Sisal 

has its roots in the Americas where the ancient civilisations of the Mayans, Aztecs and Incas 

cultivated it for food, fodder, medicine, hallucinogenic power (for religious rites) and also for 

its fibrous leaves [5]. Over the millennia, sisal fibre found more uses in making of ropes, 

twine, upholstery, hammocks, padding, nets, baskets, dart boards, blankets, carpet padding, 

jewellery, sandals, musical instruments, clothing and construction material [1, 32, 106, 109, 

110]. 

Sisal farming in the East African Protectorate was introduced in 1893 by German Agronomist 

Dr Richard Hindorff who imported 62 bulbils as seed stock from Florida, in the USA via 

Germany [6, 7, 106, 111]. Within five years, these plants had multiplied into 63,000 starter 

plants and formed the foundation stock for plantations in British and German East Africa [6, 

7]. Being a colonial commodity and requiring expensive machine processing (such as 
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mechanical decorticators and combing machines) before marketing, sisal evolved as a cash 

crop and sisal plantations were considered markers of kulturland (civilized land) as opposed 

to urproduktion (aboriginal agriculture) in both British and German East Africa [7, 112]. The 

Department of Agriculture introduced sisal in Kenya in 1903 with trial plots near Nairobi, the 

Coast and around Lake Victoria. 

The first commercial sisal plantations were put up in 1907 between Thika and Muranga by R. 

Swift and E.A. Rutherford. These large sisal estates soon began capitalisation, and between 

1912 and 1914, individuals, companies and co-operatives embarked on the importation of 

sisal decorticators and power plants resulting in increased sisal processing capacity [7]. The 

disruption occasioned by the First World War in 1914 and subsequent cutting off of Belgium 

and Russia as Britain’s principal source of fibre imports saw a considerable increase in value 

and demand of East African sisal [7]. Table 2.1 shows the increase in East Africa’s sisal, flax 

and coffee prices at the height of the First World War. 

Table 2.1: Increase in value of exports (in £/tonne), East Africa Protectorate [113] 

 1912-13 1913-14 1914-15 1915-16 1916-17 1917-18 

Sisal  17.61 11.67 21.52 32.18 40.66 43.72 

Flax  exports negligible 11.91 9.52 42.44 

Coffee  73.03 67.27 55.85 57.39 55.59 42.04 

 

With the expansion of the railways line, sisal estates emerged throughout Kenya. By 1969, 

there were 54 active sisal estates in Kenya [111]. 

The annual production of sisal in Kenya was 30,000 tonnes between 1930 and 1950 [114]. In 

1937, a high-level sisal research station was set up in Thika mandated with the development 

of superior varieties of sisal, improved agronomic management and processing practices [1]. 
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Soon after the Second World War broke out in 1939, colonial market structures were dealt a 

blow. In an attempt to centralise purchases of essential commodities from overseas, the 

British government set up what came to be known as the Combined Food Board and the Raw 

Materials Board [115]. These boards were tasked with bulk purchases of essential 

commodities from overseas for the British economy. The essentials included but were not 

limited to; cotton, coffee, pyrethrum, tea and sisal [115]. Coupled with the subsequent capture 

of Java and the Philippines (both critical suppliers of natural fibre to Britain) by the Japanese, 

high demand was created for Kenyan sisal. Given the vital role that sisal had then assumed in 

the country’s economic landscape, the colonial government decided to form a body to oversee 

the industry. The Kenya Sisal Industry Act Cap 341 of the Laws of Kenya was consequently 

enacted in 1946 [116]. By the mid-fifties, Kenya’s annual sisal production peaked at 70,522 

tonnes. The increased production led to the opening of Kenya’s first sisal spinning factory in 

Juja in 1954.  

This increased annual production was, however, short-lived when the low production costs of 

Abaca in the Philippines and Henequen5 in Mexico led to Brazil, the world’s largest sisal 

producer to lower its prices to remain competitive [117]. This, coupled with the influx of 

cheaper synthetic fibres such as polyester and acrylic, saw the annual production of sisal in 

Kenya drop by half to 40,000 tonnes [108, 118–120]. By 1970, only 28 of the first 54 sisal 

estates were producing [121].  

The low production levels persisted throughout the 1980s until the early 1990s when a 

renaissance in the uses of sisal reversed the trend. Owing to sisal fibre’s relatively low 

                                                 

5 Botanical name: Agave fourcroydes is a ‘fibre producing’ plant native to Mexico and Guatemala. 
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specific gravity of about 1.25 – 1.5 gcm-3 compared to say, glass fibre’s 2.6 gcm-3, automobile 

manufacturers have begun using a flax-sisal fibre (in place of glass fibre) epoxy resin 

composite to manufacture door panels, door handles, fenders and dashboards [15, 29–32, 94, 

122–126]. The use of natural fibre-reinforced polymeric matrices has the advantage of 

resulting in an overall reduction in the mass of the automobile, and, reduction in the fuel 

consumption of the vehicle [14, 15, 71, 94, 124, 127]. Leading automobile manufacturer 

Audi, currently uses sisal fibre-reinforced polyurethane composite to make the door trim panel 

of its A2 mid-range series of vehicles [94]. Canadian automobile manufacturers are also using 

flax fibre-reinforced polypropylene to make the rear-shelf panel of the Chevrolet Impala and 

the 1953 Chevrolet Corvette [17, 128]. German automobile manufacturer DaimlerChrysler 

currently uses flax fibre-reinforced polyester resin to fabricate the engine and transmission 

enclosures of the Mercedes-Benz Travego travel coach for insulation against sound [94, 129]. 

Already, there are plans to develop a Mercedes-Benz-K class series whose entire body is to be 

made using natural fibre-reinforced composite just like the Trabant6 [128, 130]. In 2003, 

Wambua et al. [131] established that some specific properties of compression moulded 

natural fibre-reinforced composites of polypropylene are comparable to those of glass fibre-

reinforced polypropylene composites.  

Sisal waste, which consists of plant tissue (lignocelluloses), metabolites and water has also 

found new uses as a pesticide [132], as an antimicrobial agent [105], as an anthelmintic7 in 

ovine and caprine flocks [133], in lactic acid production [134], biogas [87] and bioethanol 

production [135, 136]. New markets have also opened up, and East Africa sisal producers 

                                                 

6 An old fashioned East German automobile with a body made using a cotton waste/phenol resin composite. 

7 An anti-parasitic drug that expels parasitic worms (helminths) without harming the host. 
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export sisal to North America and Japan where it is used for making sacks, carpets and paper 

[1, 137]. 

An increased socio-economic burden to safeguard petroleum resources and the need to use 

eco-friendly materials in light of the environmental pollution correlated with synthetic fibre 

use has led to renewed interest in natural fibres [34, 83, 118, 127, 138]. Since the early ’70s, 

the United Nations researched the potential of using sisal and coir waste in the manufacture of 

low-cost building boards [139]. More recently, sisal fibre has been used to reinforce mortar in 

building construction [42, 140, 141]. Ngala [142] by investigating the mechanical properties 

of sisal fibre-reinforced rice husk ash pozzolanic cement has also shown that sisal fibre has 

the potential to be used as reinforcement in special types of cement. 

Sisal fibre has also been used to reinforce gypsum boards for use in construction as ceiling 

panelling and partition boards [15, 143, 144]. Civil works, especially bituminous road 

construction with textile reinforcement have been done, with sisal fibre being the base fibre 

[145]. In the United Kingdom, Danso et al. [146], research on the behaviour of soil reinforced 

with natural fibres, concluded that vegetable fibres could be successfully used together with 

soil to make composite load-bearing members such as soil blocks. Sisal fibre in particular, has 

been shown by Namango [147] as being a suitable fibre for stabilizing earthen building 

materials especially when used alongside cassava powder. A conclusion that was also drawn 

by Eichhorn et al. [56] in their review of current international research into cellulosic fibres 

and composites.  
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2.1.2 Sisal Fibre Morphology 

Sisal fibre is harvested from the leaves of the Agave Sisalana plant. The leaves are typically 

arranged around the meristem8 in whorls. A mature sisal plant produces between 200-250 

leaves before flowering [3, 18, 29, 32, 106, 108]. 

Mature leaves attain a length of 1.2-2 meters, a width of 4.5-12 centimetres and a mass of 0.27 

– 0.75 kilograms with fibres running the entire length of the leaf [3, 106]. The fibres are 

embedded in the parenchyma9 tissue of the mesophyll10. A meter-long mature leaf contains 

approximately 1100 individual fibre strands and a dry fibre content of 3 – 4% by weight [3, 

18, 32, 107]. A leaf is deemed mature either when it makes an angle of 45 ̊ with the central 

spike or when it attains a length of 0.6 – 1 meter [107]. Figure 2.1 shows a mature Agave 

Sisalana plant, with some of the mature leaves harvested. 

 

                                                 

8 The tissue in most plants containing undifferentiated cells where growth takes place. 

9 Soft cellular tissue found in the soft parts of leaves, fruit pulp and pith of plants 

10 Parenchyma containing many chloroplasts 
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Figure 2.1: Image showing harvesting of mature Agave sisalana plant leaves in Kitui County, 

Kenya [148] 

 A sisal leaf contains three different fibres: Structural, arch and xylem fibres. Structural fibres 

are found on the edge of the leaf and give the sisal leaf its characteristic ‘stiffness.’ The arch 

fibres grow in the middle of the leaf running from the base to the pointed tip [149]. The xylem 

fibres grow obverse to the arch fibres and are composed of thin-walled cells [29, 149]. These 

different fibres are shown in Figures 2.2-2.3 

 

Figure 2.2: Image showing different fibres in sisal leaf cross-section [149] 
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Each of these three types of fibres comprises of elongated fusion cells that taper at both ends 

known as ultimates [150, 151]. Ultimates are composites made of rigid cellulose microfibrils11 

embedded in a lignin – hemicellulose matrix [52, 152]. They are usually hexagonal in cross-

section and are hollow with the lumen/cell cavity being cylindrical [152].  

 

Figure 2.3: Structural constitution of a ligno-cellulosic fibre [152] 

Sisal fibre has an irregular cross-section which tapers from butt end to tip end. The fibre has 

three distinct parts: butt end, neck and fibre tip. Ultimates have a relatively broad cross-

section and a large lumen. The fibre cross-section narrows at the neck area where the 

corresponding ultimate cross-sectional area is smaller, and the fibre then proceeds to taper 

from the neck to the tip. In fully developed ultimates, secondary thickening takes place 

between the neck and the fibre tip. Figure 2.4 shows a cross-sectional view of a mature sisal 

leaf.  

                                                 

11 A fine fibre like strand consisting of glycoproteins and cellulose 
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Figure 2.4: Ultimate cells in a sisal leaf cross-section [152] 

Sisal fibre is harvested by mechanically scraping the leaves followed by drying, brushing and 

cleaning of the fibres—this decortication process yields 2 – 4% of fibre by weight [29, 153]. 

Alternatively, extraction can be done via water retting or by using chemicals such as NaOH 

and HCl at elevated temperatures [13, 124]. Sisal fibre extraction can also be accomplished 

via enzymatic bioprocessing using either cellulase, pectinase or lipidase in place of NaOH and 

HCl [50, 154]. 

Once the fibres have been extracted from the leaf, they are then air dried, which is a 

traditional microbial deterioration processing technique [71]. A more modern processing 

technique that is currently under investigation in Germany that can partially replace air drying 

is the steam explosion method. In this method, steam under pressure is driven into the spaces 

between the fibre bundles. This softens the lamella12, which can then be washed off [19, 149, 

155, 156]. 

                                                 

12 A membranous fold in a chloroplast 
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Several researchers have investigated the chemical composition of sisal fibres. Wilson [157] 

reported that sisal fibre contains 78% cellulose, 8% lignin, 10% hemicellulose, 2% wax and 

1% ash. However, Kuruvilla et al. [158] indicated that sisal contains 85-88% cellulose. More 

recently, Wu et al. [44] gave sisal fibres chemical constitution as 64.9% cellulose, 13.7% 

hemicellulose, 10.4% Lignin, 8.8% water, 1.3% water-soluble matter, 0.7% pectin, 0.2% 

Lipids and waxes. These results are summarised in Table 2.2 

Table 2.2: Sisal fibre chemical composition 

 

Several researchers, such as Namvara et al. [16], Ramamoorthy et al. [29], Khalil et al. [31], 

Li et al. [92], Koronis et al. [94] and Saxena [124] all attribute this variance in chemical 

composition to plant genetics, plant age, growth environment (geography), fibre extraction 

method, handling, and, storage conditions. Rao and Rao [159] report that even the density of 

natural fibres is dependent on plant age and growth environment.  
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Studies by Phologolo et al. [118] on the chemical characterisation of sisal have established 

that Kenyan sisal contains a higher proportion of wax, hemicelluloses and lignin than sisal 

from other parts of the world. This effectively places Kenyan sisal in the lower end of the sisal 

tensile strength spectrum compared to sisal from different parts of the world [118]. 

2.1.3 Fibre Surface Behaviour and Modification 

Li et al. [92] attribute the mechanical properties of natural fibre-reinforced composites to the 

interfacial bond strength between the fibre and the matrix. Ligno-cellulosic fibre 

reinforcements, however, generally exhibit poor bonding behaviour with hydrophobic 

matrices. This behaviour can be explained by considering the equilibrium conditions at the 

boundary of a drop of liquid in contact with a solid surface such as a fibre surface.  

The Young’s equilibrium equation is given by [160]: 

𝛾𝑆𝑉 − 𝛾𝑆𝐿 = 𝛾𝐿𝑉 cos 𝜃………………..……………………………………..(2. 1) 

where: 

𝛾𝑆𝑉 – Solid surface tension in equilibrium with the saturated liquid vapour 

𝛾𝐿𝑉 – Liquid surface tension in equilibrium with the saturated liquid vapour 

𝛾𝑆𝐿 – Interfacial tension between the liquid and solid surface 

𝜃 – Angle of contact between the liquid and the solid surface 

Figure 2.5 is a vector representation of the vapour-liquid-solid equilibrium condition on a 

planar surface. 
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Figure 2.5 Vector representation of vapour-liquid-solid equilibrium on planar surface 

Dupré [161] defines work of adhesion Wa as: 

𝑊𝑎 = 𝛾𝑆 + 𝛾𝐿𝑉 − 𝛾𝑆𝐿……..………………………………………………....(2. 2) 

Where γS is the surface tension of the solid in a vacuum. 

Combining Equations (1) and (2) gives the Young’s – Dupré equation: 

𝑊𝑎 = (𝛾𝑆 − 𝛾𝑆𝑉) + 𝛾𝐿𝑉(1 + cos 𝜃)......................................................(2. 3) 

This equation holds for an ideal smooth surface. When the surface is rough, the surface 

roughness is defined as: 

𝑟 =  
cos 𝜃𝑥

cos 𝜃
………………………….…………………………………….….(2. 4) 

where 

θ – Contact angle for a rough surface 

θx – Contact angle for a rough surface 

Wenzel [162] showed that the surface roughness is actually the ratio of the true surface area to 

the apparent surface area. 
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Substituting equation (4) into equation (1) and equation (5) yields: 

(𝛾𝑆𝐿)𝑟 = 𝑟𝛾𝑆𝐿…………….…………………………………………………..(2. 5) 

(𝛾𝑆)𝑟 = 𝑟𝛾𝑆…………………………………………………………………...(2. 6) 

(𝑊𝑎)𝑟 = 𝑊𝑎 + (𝑟 − 1)(𝛾𝑆 − 𝛾𝑆𝐿).………………………………………...(2. 7) 

Equations 2.5 – 2.7 are referred to as the Wenzel equations. From these equations, it becomes 

apparent that the work of adhesion, ‘Wa,’ can only be increased by increasing the surface 

roughness ‘r’ and the surface tension of the solid ‘γS.’ 

Natural fibres have a surface that is coated with a waxy substance. The waxy cover makes the 

fibre surface smooth and ‘lowers the surface tension of the solid,’ γS. A low surface tension 

makes the fibre unsuitable for adhesion with polymer matrices. According to Li et al. [92], 

removal of this waxy layer via fibre surface-modification, can leave the fibre surface rougher, 

increase wettability, and, increase the interfacial bond strength between the fibre and a 

suitable matrix.  

The mechanical properties of fibre-reinforced composites are dependent on the interfacial 

bond strength between the fibre and the matrix [23, 30, 34, 101, 163, 164]. Merlini et al. [164] 

and Peng et al. [165] in their studies of surface lignin and its influences on cellulosic fibre 

surface properties, concluded that, it is the interfacial bond that determines the strength of 

fibre-reinforced composites. Several researchers such as Khalil et al. [31], Koronis et al. [94], 

Bisanda and Ansell [166] and Zhou et al. [167] have postulated that low interfacial adhesion 

properties, coupled with poor moisture uptake properties, are the main reasons why cellulosic 

fibre have found limited use as reinforcement in polymeric matrices.  
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Cellulose (C6H10O5), discovered by the French chemist Anselme Payene in the year 1838 is 

the most abundant naturally occurring biopolymer on earth [19, 51, 168, 169]. It is estimated 

that on earth, plants biosynthesise approximately 1011 tonnes of cellulose per annum [77]. 

Cellulose is defined by Brancato [170] and Huber et al. [171] as a cellobiose polymer forming 

a long polymer chain consisting of many hydrogen bonds. Figure 2.6 shows the molecular 

structure of a cellulose molecule. 

 

Figure 2.6: Cellubiose molecule [171] 

Lignin is amongst the most abundant of all biopolymers on earth, second only to cellulose 

[168]. It is defined as a polymer of multiple phenyl propane units that generally exhibits 

hydrophobic properties [172]. Sergio et al. [173] describes its function in ligno-cellulosic 

fibres as being that of an amorphous binder consisting of both aliphatic and aromatic 

constituents that binds the cellulose and hemicellulose together. It also serves to protect the 

plant cellulose component from microbial attack [19, 29, 124]. The lignin composition in 

plants is largely dependent on the plant species. As a general rule, woods have a lignin content 

of between 20 – 30% while herbaceous plants such as sisal have a much lower lignin content 

of between 5 – 11% [168]. Figure 2.7 shows the molecular structure of a lignin molecule as 

given by Alder [168]  



  

25 

 

 

Figure 2.7: Alder’s structural model of a lignin molecule [168] 

Hemicellulose is the amorphous group of polysaccharides that remain attached to cellulose 

even in the absence of lignin. It contains hydroxide and acetyl groups making it hygroscopic 

[174]. The wax, together with the fibre cuticle, covers the fibre surface, making it smooth. 

Figure 2.8 shows the molecular structure of a hemicellulose molecule. 
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Figure 2.8: Hemicellulose molecule [175] 

Removal of this waxy cover can be achieved through physical or chemical methods. 

Physically, modification of fibres can be done via stretching [54], thermo-treatment [39], 

grafting the fibre surface with polymers [50, 55, 56], or calendaring [56–59]. These 

techniques only affect the superficial and anatomical properties of the fibre, leaving the 

chemical composition intact. 

Chemical treatment of ligno-cellulosic fibres involves the removal of wax, lignin, 

hemicelluloses and other impurities from the fibre surface [176]. This reduces the natural 

hydrophilic nature of cellulosic fibres by reducing the total number of hydroxyl groups within 

the cellulose molecule. Chemical modification of natural fibre morphology can be achieved 

using several different chemical treatments. These include but are not limited to 

mercerisation, acrylation, acetyl treatment, and peroxide treatment [28, 34, 53, 60, 61]. 

Ballesteros et al. [39] and Claramunt et al. [177] investigated the effect of cornification on the 

structural and physicochemical characteristics of softwood fibres. It was observed that 

cornified fibres exhibited improved dimensional stability, making them suitable candidates for 

composite reinforcement. Zhang et al. [101] also report improved thermal stability of silane 

and peroxide treated ramie fibres. In this study, mercerisation and cornification were the 

methods of modification of sisal fibre morphology that were employed. The choice of these 

two fibre-modification techniques was based on the low cost associated with each of the 
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processes, and, from other fibre surface-modification studies carried out on ligno-cellulosic 

leaf fibres similar to sisal fibre by previous researchers [34, 60, 64, 177].  

2.1.4 Mercerisation 

Mercerisation was discovered in the year 1844 by John Harwood in Lancashire, England. It is 

the treatment of cellulose-based natural fibres with a sodium hydroxide solution to effect 

morphological changes on the fibre surface and structural changes in the fibres cellular 

structure [27, 50, 52]. Mercerized natural fibres are observed to have more elastic microfibrils 

in the cellulose structure as compared to untreated cellulose [178]. Untreated cellulose is 

made of two distinct crystalline phases; cellulose Iα and Iβ [179]. Following mercerisation, the 

structure of the fibre changes from an Iα and Iβ cellulose mixture to a thermally stable cellulose 

II polymorph [180]. The surface-modification is achieved by the removal of wax, lignin and 

hemicelluloses from the fibre surface. This increases the fibre surface area available for 

adhesion with a suitable matrix [52]. The removal of these impurities leaves the fibre surface 

with a rough finish which can result in a better interlock between the fibre and matrix in a 

composite [181]. Chemical treatment also reduces the number of free hydroxyl groups of the 

cellulose molecule. This, in turn, reduces the polarity of the cellulose molecules and increases 

compatibility with hydrophobic polymer matrices [18, 182]. 

The chemical reaction takes place, as highlighted in equation 2.8 and Figure 2.9: 

𝐶6𝐻7𝑂2(𝑂𝐻)3 + 𝑁𝑎𝑂𝐻 → 𝐶6𝐻7𝑂2(𝑂𝐻)2(𝑂𝑁𝑎) → 𝐶6𝐻7𝑂2(𝑂𝐻)3 + 𝑁𝑎𝑂𝐻……(2. 8) 
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Figure 2.9: Mercerisation mechanism as given by Okano and Sarko [183] 

In the textile industry, it is common to use NaOH solution for mercerisation of cellulosic 

fibres. Other alkali solutions can also be used to achieve mercerisation. These include KOH 

and LiOH. Chen et al. [184] investigated the cross-linking cotton fabrics mercerised with 

different alkali solutions. They established that these three alkalis, as mercerising agents, can 

be ranked in order of effectiveness as LiOH, NaOH and then KOH, the most effective being 

LiOH followed by NaOH. In terms of cost, NaOH treatment is considered to be one of the 

‘technologically’ cheapest and cleanest fibre surface-modification methods [128, 184]. 

Mercerised lingo-cellulosic fibres have also been shown to be more absorbent than their 

untreated counterparts, and thus more suitable fibre reinforcements in hydrophilic matrices 

such as cement mortar [65]. This makes mercerisation a viable, affordable and 

environmentally friendly option for the surface-modification of UG-grade sisal fibres. 

2.1.5 Cornification 

Cornification also referred to as hornification, was discovered in 1944 by G. Jayme. Diniz et 

al. [63] define cornification as the irreversible stiffening of ligno-cellulosic fibres polymer 

structure that occurs as a result of repeated drying and rewetting. According to Ballestero et 

al. [39] and Claramunt et al. [177] repeated drying and rewetting of ligno-cellulosic fibres 

result in an eventual and irreversible loss of fibre swellability and flexibility. On the micro-

scale, with each successive drying and rewetting cycle, the microfibrils become more tightly 
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packed and gradually, the capillary voids become completely closed. This translates into an 

increased degree of cross-linking within the fibre microstructure. The degree of cornification 

is measured as the attrition in water retention values (WRV) expressed as a percentage of the 

original value [64].  

According to Ballesteros et al. [39] and Claramunt et al. [177], cornified fibres possess higher 

dimensional stability which makes them better suited for matrix reinforcement compared to 

their untreated counterparts. Figure 2.10 is a schematic drawing showing the cross-sections of 

an untreated and cornified ligno-cellulosic fibre. 

 

Figure 2.10: Schematic diagram showing untreated and cornified fibre cross-sections [185]. 

Stevulova et al. [186] study into the thermal degradation of natural hemp concluded that 

during the drying phase of the fibres, amorphous components such as lignin and hemicellulose 

are degraded resulting in improved crystallinity of the fibres. 

Santos et al. [187] have also shown that under special conditions, cornification of wood pulp 

and non-wood cellulosic fibres can be achieved at room temperature by repeated pressing and 

drying. Repeated wetting and drying of ligno-cellulosic fibres also happens naturally in nature 

as is the case with mooring cleats for boats and ships and also in anvil rope ties that are made 

of sisal fibres [177]. These fibres, over time, due to the repeated wetting and drying in the sea, 

cornify and become ‘tougher’ than they initially were in their unused state. Cornified fibres 
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have also been shown to be more dimensionally stable than other surface-modified fibres 

[28,177]. The ease at which the process can be replicated in the laboratory makes 

cornification a suitable fibre surface-modification method for sisal fibres. 

2.2 Matrices 

2.2.1 Ordinary Portland Cement 

Ordinary Portland cement (OPC) consists of clinker13 that is ground to a particle size of 10-30 

microns with a small percentage of gypsum. The chemical composition of Portland cement is 

given in Table 2.3. 

Table 2.3: Chemical composition of Portland cement (Blanks and Kennedy [188]) 

Tricalcium Silicate 3𝐶𝑎𝑂. 𝑆𝑖𝑂2 54% 

Dicalcium Silicate 2𝐶𝑎𝑂. 𝑆𝑖𝑂2 16% 

Tricalcium Aluminate 3𝐶𝑎𝑂. 𝐴𝑙2𝑂3 11% 

Tetra-calcium Aluminoferrite 4𝐶𝑎𝑂. 𝐹𝑒2𝑂3 10% 

Magnesia, Gypsum & Lime  9% 

When water is added to cement, the gypsum forms a complex calcium sulphoaluminate with 

the lime and the alumina that is released from the clinker. The hydrated compounds then 

coagulate into a gel. It is this gel that lends cement its bonding properties by binding to 

untreated cement or any other aggregate material present (including the fibre reinforcement) 

[189, 190]. OPC cement gets most of its strength from hydrated calcium silicate. 

During the hydration process, calcium hydroxide is precipitated and usually forms crystals in 

the pores. If it is allowed to set, Portland cement expands when exposed to an aqueous 

                                                 

13 Lumps usually 3 - 25mm in diameter produced by sintering limestone and alumina-silicate substances like clay 
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environment. Upon drying, it undergoes a partially reversible shrinkage. This relationship is 

shown diagrammatically in Figure 2.11. 

 

Figure 2.11: Dimension changes during hardening of Portland cement [189]. 

The expansion of cement immersed in water is dependent upon the composition of the cement 

and is of the order 0.3% change in linear dimension per annum [189]. 

The porosity of compacted Portland cement and consequently most of its mechanical 

properties depend on the Water: Cement (w/c) ratio used in the preparation of the mortar and 

also on the age of the mortar. If this ratio is below 0.4, then unhydrated cement remains in the 

cement paste indefinitely. Portland cement paste is made up of a porous gel, unhydrated 

cement, calcium hydroxide crystals and capillary pores. The pores of the gel average 15-30 

Angstroms14 in diameter while the capillary pores vary in size up to several hundred 

angstroms in diameter. Interconnected capillary pores are responsible for the porosity of the 

hardened cement paste. 

                                                 

14 A unit of length equal to one hundredth-millionth of a centimetre or 10-10 metre 
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2.2.2 Unsaturated Polyester Resin 

Polyesters are produced naturally by some animals, specifically by the lac insect (Keria 

Lacca) which it exudes onto Croton15 tree barks. Bioactive polyesters are also produced 

naturally in the world’s oceans by certain species of marine fungi [191, 192]. Researchers 

such as Zhang et al. [101] have further shown that bio-renewable polyesters can also be 

derived from vegetable oils using chemical techniques such as olefin metathesis. 

Unsaturated polyester resins were first documented in the year 1894 by Vorlander [193]. The 

resin was compounded for use as a fibre-reinforcement using styrene, peroxides and fillers. 

The earliest documented commercial polyester production is by General Electric company 

laboratories between 1910 and 1915 with the patent being filed in 1912 [191].  

Currently, fibre-reinforced polyester resins are widely used in the marine industries in the 

making of Yachts, workboats and dinghies and in the construction industry in formulation of 

polymer concrete [163, 192, 194]. 

By definition, an unsaturated polyester resin is a thermosetting condensation polymer formed 

by polymerising of low molar mass reactants such as monomers to form cross-linked network 

polymers [191, 192, 194]. The polyesterification reaction is shown in Figure 2.12 

                                                 

15 A flowering plant in the spurge family, Euphorbiaceae native to the tropics of the Americas and East Africa. It 

has local names such as mũkindũri in gĩkũyũ, mũthũlũ in kamba and Ortuet in Tugen. 
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Figure 2.12: Polyesterification reaction between isophthalic acid (dibasic), maleic anhydride 

and propylene glycol to form an unsaturated polyester resin molecule [195] 

 The resulting pre-polymer has numerous unsaturated carbon bonds (C=C), and it is these 

unsaturated carbon bonds that crosslink with styrene to form the thermosetting polymer. Other 

chemicals that can be used in place of styrene include (but are not limited to) vinyl toluene, 

vinyl acetate and divinylbenzene methacrylate [192].  

To initiate the cross-linking, a substance referred to as an initiator is added to the unsaturated 

polyester resin decomposing to provide two free radicals. The free radicals attack the 

unsaturated polyester C=C bonds and initiate an exothermic chain reaction. The final cross-

linked chemical structure is shown in Figure 2.13. Most commonly used initiators are organic 

peroxides, although, in some specialized applications, dibenzyls and azos are employed [191, 

192]. In the current work, Methyl ethyl ketone peroxide (C8H18O6) was used as the initiator. 
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Figure 2.13: Unsaturated polyester resin/styrene copolymerisation network [192] 

According to Saleh [192], metal salts can be used as catalysts to induce or catalyse initiator 

decomposition into free radicals. These catalysts include vanadium salts, cobalt salts, 

hydroperoxides and amines. Despite the apparent advantages of using catalysts to speed up 

the polymerisation, these metal salts, at high concentrations, react violently with the peroxide 

initiator [191, 192] and can potentially pose a risk to personal safety. 

2.2.3 Epoxy Resin 

Like polyester resins, epoxy resins are a group of thermoplastic resins that are isotropic, brittle 

and upon curing, cannot be melted back to their initial liquid state [142]. They are generally 

sold in a 4:1 or a 2:1 resin to hardener mixing ratio.  

The main advantage that epoxies have over other resins such as polyester resins is that they 

generate less heat during curing. They also exhibit better thermal symmetry making suitable 

candidates for ligno-cellulosic fibre reinforcement. 

2.3 Fibre-Reinforced Composites 

Composites that are reinforced with long fibres are referred to as continuous fibre-reinforced 

composites (CFRC) while those that are reinforced with short fibres are referred to as 

discontinuous fibre-reinforced composites (DFRC) [10]. If the fibres are aligned in one 

direction, the composite is defined as being unidirectional. Unidirectional fibre-reinforced 
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composites are anisotropic, with high strength in the fibre direction, but, low strength in the 

direction perpendicular to the fibre reinforcement [12, 71]. Discontinuous fibre-reinforced 

composites on the other hand usually have randomly oriented fibres dispersed within the 

matrix. Such matrices are considered to be quasi isotropic [10, 11, 71]. In the current study, 

strength properties of both CFRC and DFRC of Ordinary Portland cement mortar and CFRC 

of polyester resin were determined using tensile and flexural tests. 

2.3.1 Stress Distribution in Fibre-Reinforced Composites 

2.3.1.1 Unidirectional CFRC  

The strength properties of fibre-reinforced composites can be illustrated by considering a 

matrix reinforced with uniaxially oriented fibres. In order to derive the expressions governing 

the stress distribution in such composites, the following assumptions need to be made: 

 The dispersed phase is aligned parallel to the direction of stress. 

 Before cracking, the dispersed phase is fully bonded to the matrix, i.e. equal strain in 

both the fibre and the matrix also aptly referred to as iso-strain [10, 196]. 

 The Poisson’s ratio in the fibre and the matrix is zero. 

Assuming that the second assumption holds,  

then: 

𝜀𝑓 = 𝜀𝑚 = 𝜀𝑐………………....................................................................(2. 9) 

where 𝜀𝑓 , 𝜀𝑚 and 𝜀𝑐 are longitudinal strains of the fibres, matrix and the composite 

respectively. 
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Since both the fibres and matrix are elastic, their respective longitudinal stresses can be 

calculated as  

𝜎𝑓 = 𝐸𝑓𝜀𝑓 = 𝐸𝑓𝜀𝑐…………………………………………………………..(2. 10) 

𝜎𝑚 = 𝐸𝑚𝜀𝑚 = 𝐸𝑚𝜀𝑐……………………………………………………….(2. 11) 

Comparing equation 2.10 and 2.11 and noting that for effective fibre reinforcement, 𝐸𝑓 ≫ 𝐸𝑚, 

we can conclude that the fibre stress 𝜎𝑓 is always greater than the matrix stress 𝜎𝑚. 

Also, the load Pc is shared by the matrix and the dispersed phase as given in the equation 

below.  

𝑃𝑐 = 𝑃𝑓 + 𝑃𝑚………………………………........................................(2. 12) 

Since force = stress x area, equation 2.12 can be written as: 

𝜎𝑐𝐴𝑐 = 𝜎𝑓𝐴𝑓 + 𝜎𝑚𝐴𝑚 

or  

𝜎𝑐 = 𝜎𝑓
𝐴𝑓

𝐴𝑐
+ 𝜎𝑚

𝐴𝑚

𝐴𝑐
………………………………………………………….(2. 13 

where 

𝜎𝑐 – average tensile stress in the composite 

𝐴𝑓 – net cross-sectional area of the fibres 

𝐴𝑚 – net cross-sectional area of the matrix 

Due to the difficulty involved in the measurement of the areas Af and Am, fibre fraction is 

preferred.  
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Since 

 
𝑉𝑓 =

𝐴𝑓

𝐴𝑐
 𝑎𝑛𝑑 𝑉𝑚 = (1 − 𝑉𝑓)  =  

𝐴𝑚

𝐴𝑐
 

 

Equation 2.13 becomes: 

𝜎𝑐 = 𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚 = 𝜎𝑓𝑉𝑓 + 𝜎𝑚(1 − 𝑉𝑓)………………………………(2. 14) 

Dividing both sides of equation 2.14 by 𝜀𝑐 and using equations 2.10 and 2.11, we can thus 

write the longitudinal modulus for the composite as 

𝐸𝐿 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑚 = 𝐸𝑓𝑉𝑓(1 − 𝑉𝑓) = 𝐸𝑚 + 𝑉𝑓(𝐸𝑓 − 𝐸𝑚)…………(2. 15) 

Equation 2.15 is called the rule of mixtures [73, 125, 196, 197]. The equation shows that the 

longitudinal modulus of unidirectional CFRC is intermediate between the fibre modulus and 

the matrix modulus and that it increases linearly with increasing fibre volume fraction [12]. 

The assumptions made with the rule of mixtures are: 

1) Uniform distribution of fibres within the matrix. 

2) Perfect bonding at the fibre-matrix interface. 

3) A void free matrix. 

4) Applied loads are parallel to the fibre direction. 

5) Fibre and matrix are linearly elastic materials. 

6) There are no residual stresses in the lamina. 

2.3.1.2 Unidirectional DFRC 

A tensile load, when applied to a discontinuous fibre-reinforced composite, is transferred to 

the fibres via a shearing mechanism [73]. Since for reinforcement to occur, the matrix has a 

lower modulus than the fibres, the longitudinal strain in the matrix is higher than that in the 
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fibres. Assuming a perfect fibre-matrix bond, and ignoring stress transfer at the fibre end 

cross-sections, the normal stress distribution can be calculated using a force equilibrium 

analysis by considering an infinitesimal length dx at a distance x from one of the fibre ends. 

The force equilibrium equation becomes:  

(
𝜋

4
𝑑𝑓

2) (𝜎𝑓 + 𝑑𝜎𝑓) − (
𝜋

4
𝑑𝑓

2) 𝜎𝑓 − (𝜋𝜎𝑓𝑑𝑥)𝜏 = 0...…………………...(2. 16) 

Which simplifies to  

𝑑𝜎𝑓

𝑑𝑥
=

4𝜏

𝑑𝑓
……………………………………………………………………(2. 17) 

where 

𝜎𝑓 – longitudinal stress in the fibre at a distance x from one of its ends 

𝜏 – shear stress at the fibre-matrix interface 

𝑑𝑓 – fibre diameter 

Now, assuming that there is no stress transfer at the fibre ends, i.e. 𝜎𝑓 = 0 at x = 0, by 

integrating equation 2.17, the longitudinal stress in the fibre becomes 

𝜎𝑓 =
4

𝑑𝑓
∫ 𝜏

𝑥

0
𝑑𝑥……………………………………………....................(2. 18) 

To simplify the analysis, assuming that the interfacial stress is constant and equal to 𝜏𝑖 

integrating equation 2.18 yields 

𝜎𝑓 =
4𝜏𝑖

𝑑𝑓
𝑥………………………………………………………………….(2. 19) 
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From equation 2.19, it can be observed that for a composite containing discontinuous fibres, 

the fibre stress is not uniformly distributed. According to equation 2.19, it is equal to zero at 

either of the fibre ends (i.e. at x = 0) and it increases linearly with increasing values of x. The 

maximum stress occurs at the central part of the fibre when 𝑥 =
𝑙𝑡

2⁄ . The maximum stress 

that can be achieved at a given load thus becomes 

𝜎𝑓𝑚𝑎𝑥
= 2𝜏𝑖

𝑙𝑡

𝑑𝑓
……………………………………………………………...(2. 20) 

where 𝑥 =
𝑙𝑡

2⁄  is the load transfer length from each fibre end. 
𝑙𝑡

2⁄  is thus the minimum fibre 

length where the maximum fibre stress is obtained.  

For a given fibre diameter and fibre-matrix interfacial condition, the critical fibre length 

calculated from equation 2.20 becomes 

𝑙𝑐 =
𝜎𝑓𝑢

2𝜏𝑖
𝑑𝑓…………………………………………………………………...(2. 21) 

where  

 𝜎𝑓𝑢 – ultimate tensile strength of the fibre. 

𝑙𝑐 – minimum fibre length required for the maximum fibre stress to be equal to the ultimate 

tensile stress of the fibre at mid-length. 

𝜏𝑖 – shear strength of the fibre-matrix interface or the shear strength of the matrix at the 

interface, whichever is less of the two. 

From equations 2.20 and 2.21, the following observations can be made: 
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1) For 𝑙𝑓 < 𝑙𝑐, the maximum fibre stress may never reach the fibres ultimate tensile 

strength. In this case, either the fibre-matrix interfacial bond, or, the matrix itself may 

fail before the fibres achieve their ultimate tensile strength. 

2) For 𝑙𝑓 > 𝑙𝑐, the maximum fibre stress may reach the ultimate fibre strength over much 

of the fibre length. However, over a distance equal to 
𝑙𝑐

2⁄  from either fibre end, the 

fibre remains less effective. 

3) For effective fibre reinforcement. 𝑙𝑓 ≫ 𝑙𝑐.  

4) For a given fibre diameter and strength, 𝑙𝑐 can be controlled by increasing or 

decreasing 𝜏𝑖. This can be achieved by using a matrix-compatible coupling agent or by 

fibre surface-modification. 

While the discontinuous fibres can in theory, be unidirectional, in practice, it is not possible to 

control the orientation of the fibres. The discontinuous fibres may therefore accurately be 

considered as being randomly oriented within the matrix [10]. Uniform stress distribution in a 

discontinuous fibre-reinforced composites is dependent on the volume fraction of the fibres 

and the orientation of the fibres [198, 199]. Accounting for fibre disorientation is pretty much 

straightforward. If we let ‘𝑉𝑒𝑓’ represent the effective fibre volume fraction, then equation 

2.14 becomes: 

𝜎𝑐 = 𝜎𝑢𝑓𝑉𝑒𝑓 + 𝜎𝑚𝑉𝑚 = 𝜎𝑓𝑛𝑉𝑓 + 𝜎𝑚(1 − 𝑉𝑓)…………………….…...(2. 22) 

where 𝑉𝑒𝑓 represents the real contribution of the fibres to the tensile strength of the composite 

taking into account the disorientation of the fibres in the composite. 

Generally,  
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𝑉𝑒𝑓 = 𝑉𝑓(1 − 𝑃)………………………………………………………….. (2. 23) 

where ‘p’ is the degradation factor and assumes the value 0 < 𝑝 < 1.  

The orientation factor has been shown by researchers to have an effect on the dielectric 

properties of natural fibre-reinforced polymeric composites [200, 201]. Scheirs and Long 

[191] and Saleh [192] also point out that the reinforcing effect of the fibres is more significant 

when the composite is loaded in bending than when it is loaded in tension. 

The effectiveness of stress distribution in both continuous and discontinuous fibre-reinforced 

composites is also dependent on the fibres surface-properties. Peng et al. [165] in their 

investigation of surface lignin and its influence on fibre surface properties concluded that the 

reduced lignin content in ligno-cellulosic fibres following laccasse16 treatment led to an 

improved fibre-matrix bond in short sisal fibre/phenolic resin composites. Other enzyme-

based fibre pre-treatments have also been recommended and successfully utilized by Islam et 

al. [50] and also by Foulk et al [154] in effecting fibre surface-modification prior to 

incorporation into a matrix. Li et al. [92] researching on developments in both continuous and 

discontinuous sisal fibre-reinforced composites found that by having more interlocking sites 

on the fibre surface, better interfacial bond strengths and load transfer were attained between 

the fibre reinforcement and the matrix. Ligno-cellulosic NaOH treated fibres having been 

shown by Favaro et al. [65] to be more absorbent than the untreated fibres. Cornification on 

the other hand, has been shown by Naidu and Kumar [28] and Claramunt et al. [177] to result 

in fibres that are dimensionally stable and suitable for use as matrix reinforcement This makes 

                                                 

16 An Enzymatic catalysis treatment of cellulosic fibres also referred to as Laccasse Doga that results in fibres 

with reduced lignin content. 
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these two fibre surface-modification methods suitable choices for the surface-modification of 

UG-grade sisal fibres and subsequent incorporation as reinforcement in hydrophilic (mortar) 

and hydrophobic matrices (polyester and epoxy resins). 

2.3.2 Interfacial Bond Strength 

Interfacial bond strength refers to the strength of the bond between the fibre and matrix. 

The strength of a composite greatly depends on the fibre-matrix bond strength [30, 34, 164, 

165, 202, 203]. Several researchers such as Srinivasa et al. [30], Hestiawan et al. [41], 

Dyczeck and Petri [204], and Azeez et al. [205] report that the strength of a fibre-matrix 

bond is a quality which determines to a considerable degree such properties as strength, 

Modulus of rupture (MOR) and fracture energy of the resulting composite. 

A low bond strength is associated with poor tensile strength of the composite [128]. 

Different researchers have each proposed different methods of determining the fibre-matrix 

bond strength. These include; 

1) Oakley and Proctor [206] proposed a method used in frictional fibre-matrix bonds 

where the shear stress along the fibre in a pull-out is constant and equal to the bond 

strength. The bond strength is given by:  

𝜏𝑏 =
𝐹

𝑡𝑝
…………………………………………………………………..…(2. 24) 

 where 𝜏𝑏 is the interfacial bond strength, F is the pull-out load, t is the embedded length or 

disk thickness and p the strand perimeter. This method of determining the fibre-matrix 

bond strength was employed by Atiqah et al. [202] while investigating interfacial bonding 

strength of sugar palm fibres with polyurethane. 
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2) Laws and Ali [207] gave the average fibre-matrix interfacial bond strength when very 

thin high strength fibres are used as reinforcements as:  

𝜏𝑏 =
𝜎𝑓𝑢𝑑𝑓

4𝑙𝑐
………………………………………………………………..(2. 25) 

where 𝜎𝑓𝑢 is the fibre fracture strength, 𝑑𝑓  is the fibre diameter, and lc the critical fibre 

length 

3) Laws and Ali [207] and later Gray [208] also proposed a method to be used when the 

critical fibre length is greater than the thickness of the specimen bond strength given as: 

𝜏𝑏 =
𝐹

𝜋𝑑𝑓𝑙
………………………………………………………………….(2. 26) 

 where, l is the embedded fibre length. 

4) Dyczek and Petri [204] developed a method which is applicable when a fibre that is 

fastened to a matrix along a length X is being pulled out by a force F and is given as: 

𝜏𝑏 =
𝜎𝑓𝑑𝑓

4𝑋
…………………………………………………………………(2. 27) 

where, 𝑑𝑓 =
4𝐴𝑓

𝑝𝑓
, is the fibre diameter, Af is the cross-sectional area, pf is the fibre 

perimeter and X is the length of fibre embedment in the matrix. This method of 

determining the fibre-matrix bond strength has been successfully employed by [41] in 

determining the interfacial shear strength of unsaturated polyester/palm fibre 

composites. 

5) Aveston [209] proposed a method that measures the bond by use of crack spacing. 

According to his theory, during multiple cracking, the cement matrix is broken into a 
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series of blocks of lengths X' and 2X' and is given by: 

𝜏𝑏 =
𝑉𝑚𝜎𝑚𝑢𝑟

𝑉𝑓2𝑋′
……………………………………………………………..(2. 28) 

where, 𝜎𝑚𝑢 is the ultimate strength of matrix, r is the fibre radius and X' is the length of 

the inter-crack spacing. 

The equation 2.28 proposed by Aveston [209] uses parameters that can be directly 

measured and therefore becomes more practical in most common applications.  

2.4 Summary of Literature Review 

Fibre surface-modification has been found to be a valuable method for improving the strength 

properties of ligno-cellulosic fibres [34, 60, 61, 177]. It has also been shown to greatly 

improve the interfacial-bond strength between the fibres and matrices [94, 151, 166, 167]. The 

effect of fibre surface-modification (specifically mercerisation and cornification) on the 

strength properties of UG-grade Kenyan sisal fibres, with their characteristic high lignin and 

hemicellulose content [118], is yet to be studied. The current study set out to investigate just 

that, and, to subsequently test the tensile and flexural properties of hydrophilic and 

hydrophobic matrices reinforced with the UG-grade sisal fibres in both their untreated and 

surface-modified states. 
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CHAPTER THREE 

3.0 MATERIALS AND METHODS 

 The sisal fibre used in this research, supplied by Rea Vipingo Sisal Estate Limited, was wet-

decorticated17, UG grade sisal. The Kenya Sisal industry act [116] defines UG grade sisal as 

‘sisal fibre with a minimum length of 2 ft. that does not conform to grades 1, 2 and 3L as 

regards length, colour and cleaning.’ The sisal was divided into three batches. The first batch 

was mercerised; the second batch was cornified while the third batch was left in its untreated 

state. Various tests were carried out on randomly picked fibre samples taken from these three 

batches to establish the fibre diameter, surface characteristics and absorbency, tensile strength, 

tensile Modulus of Elasticity and fibre density. Three sets of OPC mortar, Polyester and 

Epoxy resin composites were prepared using these three batches of fibres (untreated, 

mercerised and cornified) with the fibres in two different orientations: (i) uniaxially oriented 

and (ii) randomly oriented. Tensile and flexural strength properties of these composites were 

then determined in the laboratory. 

  

                                                 

17 Estate sisal that has been extracted by crushing while simultaneously being washed with running water.  
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3.1 Experimental Procedures 

3.1.1 Experimental Procedure I - Sisal Fibres 

3.1.1.1 Fibre Surface-Modification 

Mercerisation of sisal fibres was done using 0.06M NaOH in line with Mwaikambo and 

Ansell’s [210] conclusion that a 6% NaOH solution treatment results in the highest 

crystallinity index of sisal fibres. 

One mole NaOH is equal to 39.997 grams. One Molar (M) is defined as one mole of a 

substance in one litre of solvent (water in this case). In this research, one Molar was equal to 

100%. 

3.1.1.1.1 Preparation of 0.06M Sodium Hydroxide Solution. 

The Sodium Hydroxide used in the current work was 98% LR grade NaOH pellets supplied 

by Griffchem™. Forty litres of 0.06M NaOH solution was prepared by dissolving 97.95 

grams of 98% LR grade NaOH pellets in 20 litres of regular tap water. The solution was then 

diluted to the 40-litre mark by addition regular tap water. The method used to determine the 

mass of NaOH pellets to be dissolved was as follows: 

 100% = 1 𝑀𝑜𝑙𝑎𝑟 =  𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑥 
100%

𝑆𝑜𝑙𝑢𝑡𝑒 𝑃𝑢𝑟𝑖𝑡𝑦 %
 𝑔𝑙−1……………... (3. 1) 

= 39.997 𝑥 
100%

98%
 𝑔𝑙−1 = 40.81326531 𝑔𝑙−1 ≅ 40.81 𝑔𝑙−1. 

6% = 0.06𝑀𝑜𝑙𝑎𝑟 =  
6

100
 𝑥 1𝑀𝑜𝑙𝑎𝑟 =

6

100
 𝑥 40.81𝑔𝑙−1 = 2.4486𝑔𝑙−1 ≈  2.45𝑔𝑙−1 . 

𝑇ℎ𝑒𝑟𝑒𝑓𝑜𝑟𝑒 𝑡𝑜 𝑚𝑎𝑘𝑒 40 𝑙𝑖𝑡𝑟𝑒𝑠 𝑜𝑓 0.06𝑀 𝑁𝑎𝑂:  
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2.45𝑔𝑟𝑎𝑚𝑠 𝑥 40 = 98 𝑔𝑟𝑎𝑚𝑠 𝑜𝑓 𝑁𝑎𝑂𝐻 𝑝𝑒𝑙𝑙𝑒𝑡𝑠 𝑖𝑛 40 𝑙𝑖𝑡𝑟𝑒𝑠 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟. 

The number of Sodium ions (Na+) available for mercerisation was then calculated using the 

formula: 

 𝑁𝑜. 𝑜𝑓 𝑖𝑜𝑛𝑠 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =

 𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑥 𝑁𝐴𝑥 𝑁𝑜. 𝑜𝑓 𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑥 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑛 …………. 
(3. 2) 

where: 

𝑁𝐴- Avogadro’s number = 6.0221409 𝑥 1023  

The 40 litres of 0.06M NaOH had:  

{6
100⁄  𝑥 𝑁𝐴 𝑥 1 𝑥 40}𝑁𝑎+  = (0.06 𝑥 6.0221409 𝑥 1023 𝑥 40)𝑁𝑎+

= 1.440531382 𝑥 1024𝑁𝑎+  

3.1.1.1.2 Preparation of 0.01M Glacial Acetic Acid Solution 

Preparation of the glacial acetic acid solution required the use of a fume chamber and was 

done at the Highways laboratory, Hyslop building, UoN. 

 A 1M CH3COOH solution was prepared by diluting 58ml of 98.4% pure laboratory grade 

glacial acetic acid in 500ml of distilled water in a fume chamber. The solution was then 

topped up to the 1-litre mark by addition of 442 ml distilled water and the resulting 1M 

CH3COOH stored in a calibrated Pyrex bottle. Fifty (50) litres of 0.01M CH3COOH was then 

prepared by diluting 0.5 litres of the 1M CH3COOH in 49.5 litres of regular tap water. The 

method used to calculate the volume of glacial acetic acid to use was as follows: 
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 100% = 1 𝑀𝑜𝑙𝑎𝑟 =  
𝐴𝑐𝑖𝑑 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 (𝑖𝑛 𝑔𝑟𝑎𝑚𝑠)

𝐴𝑐𝑖𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑖𝑛 𝑔𝑟𝑎𝑚𝑠.𝑐𝑚−3)
 𝑥 

100%

𝐴𝑐𝑖𝑑 𝑃𝑢𝑟𝑖𝑡𝑦 %
 𝑐𝑚3𝑙−1... (3. 3) 

=
60.05𝑔

1.05𝑔. 𝑐𝑚−3
 𝑥 

100%

98.4%
= 58.1204026 𝑚𝑙 ≈ 58𝑚𝑙

≅ 58𝑚𝑙 𝐶𝐻3𝐶𝑂𝑂𝐻 𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑖𝑛 942 𝑚𝑙 𝑜𝑓 𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑒𝑑 𝑊𝑎𝑡𝑒𝑟

≅ 1 𝑙𝑖𝑡𝑟𝑒 𝑜𝑓 1𝑀𝑜𝑙𝑎𝑟 𝐶𝐻3𝐶𝑂𝑂𝐻 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

𝑇ℎ𝑒𝑟𝑒𝑓𝑜𝑟𝑒 𝑡𝑜 𝑚𝑎𝑘𝑒 50 𝑙𝑖𝑡𝑟𝑒𝑠 𝑜𝑓 0.01 𝑀𝑜𝑙𝑎𝑟 𝐶𝐻3𝐶𝑂𝑂𝐻, 

𝐷𝑖𝑙𝑢𝑡𝑒 0.5 𝑙𝑖𝑡𝑟𝑒𝑠 1𝑀 𝐶𝐻3𝐶𝑂𝑂𝐻 𝑖𝑛 49.5 𝐿𝑖𝑡𝑟𝑒𝑠 𝐻20.  

3.1.1.2 Mercerisation of Sisal Fibres 

Fifteen (15) Kg of combed sisal fibres were immersed in forty (40) litres of 0.06M NaOH 

solution in a plastic tank and maintained at room temperature for a period of 48 hrs. From 

equation 3.15, mercerisation took place at an ionic concentration of 9.603542547 x 1021 

Na+/Kg of sisal fibre. The fibres were then removed from the NaOH solution, rinsed 

thoroughly in the 0.01M glacial acetic acid solution (CH3COOH) to neutralise any residual 

NaOH and then rinsed several times using tap water. They were then air-dried in the 

laboratory for five days. The purpose of this treatment was to reduce the percentage of lignin 

and hemicellulose present in the fibre, increase the fibre tensile strength and roughen the fibre 

surface. This allows for better bonding at the fibre matrix interface in the composites. The 

mercerised fibres were then combed to disentangle any knots and then cut into 500mm, 

400mm, 300 mm and 30mm lengths to be used as OPC mortar and polyester resin composite 

reinforcements. Figure 3.1 shows mercerisation being carried out on sisal fibres. 
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Figure 3.1: Image showing sisal fibres mercerising in a 0.06M NaOH solution. 

3.1.1.3 Cornification 

The procedure employed in this study was based on one performed by Claramunt et al. [177] 

and more recently by Ballesteros et al. [39]. Combed sisal fibres were immersed in tap water 

at room temperature (20°C) for 12 hrs. The fibres were then removed from the water and put 

in an electric oven with the temperature set at 100 °C. The oven was programmed to heat at a 

heating rate of 1°C/min and to maintain the maximum temperature (100°C) for 6 hrs. The 

oven was then switched off, and the fibres cooled to room temperature in the oven (to prevent 

thermal shock.) The procedure was repeated six times. The fibres were then cut into 500mm, 

400mm, 300 mm and 30mm lengths to be used as OPC mortar and polyester resin composite 
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reinforcements. Figure 3.2 (a) shows sisal fibre cornification in a Daihan FX programmable 

scientific furnace and (b) Cornified sisal fibres. 

 

Figure 3. 2: Image showing (a) sisal fibres cornifying in an electric oven (b) combed cornified 

sisal fibres ready for use as fibre reinforcement. 

3.1.1.4 Fibre Morphology 

Vickers hardness testing machines are generally fitted with a high-magnification optical 

microscope. This microscope is powerful enough to observe the various phases and grain 

boundaries in metal alloys. Optical microscopy to determine untreated and surface-modified 

sisal fibres was carried out by observing the fibres under a Vickers machine optical 

microscope. The accuracy of the equipment was set to 0.01 µm. Figure 3.3 shows the optical 

microscope used in the current study at the materials laboratory, the Mechanical Engineering 

Building, UoN.  
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Figure 3.3: Image showing Vickers hardness testing machine at the Materials Laboratory, 

UoN, used in this research 

3.1.1.5 Fibre Absorbency 

Moisture absorption test was done in accordance with C 948-81 standard method for dry and 

wet bulk density, absorption and apparent porosity of thin glass fibre composites [211]. Three 

(3) samples each weighing 50 grams of untreated, mercerised and cornified sisal fibres were 

dried in an oven at 60°C for 6hrs. The dry samples weight was then recorded, and the samples 

then were soaked in clean tap water for 48hrs. Finally, the samples were pat dried using a 

cotton towel, reweighed and then oven-dried at 60°C with weighing every 1hr until they 

attained constant weight. In between weighing, the fibres were kept in desiccators to prevent 

re-absorption of atmospheric moisture. Figure 3.4 is an image showing sisal fibre absorbency 

test specimens in (a) convection oven and (b) desiccator jar before weighing. 

The equation used to determine the moisture absorption of the fibres was as follows: 

% 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 =
𝑊𝑒𝑡 𝑓𝑖𝑏𝑟𝑒 𝑀𝑎𝑠𝑠−𝐹𝑖𝑛𝑎𝑙 𝑂𝑣𝑒𝑛 𝐷𝑟𝑦 𝑀𝑎𝑠𝑠

𝐹𝑖𝑛𝑎𝑙 𝑂𝑣𝑒𝑛 𝐷𝑟𝑦 𝑀𝑎𝑠𝑠
𝑥100%.......(3. 4) 
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Figure 3.4: Image showing absorbency specimens in (a) convection oven and (b) desiccator 

jar before weighing. 

 3.1.1.6 Fibre Diameter 

The sisal fibre diameter (in µm) was determined by observing and measuring individual fibre 

strand diameters using the Vickers Hardness Testing Machine at the Materials Laboratory, the 

Mechanical Engineering Building, UoN. A randomly selected single fibre strand was put 

under the Vickers microscope and brought to focus. The diagonals were then aligned with the 

left side of the fibre strand by turning the adjustment knob in the appropriate direction. Once 

the diagonals were both aligned (and joined), the machine was reset to zero, and the mobile 

diagonal moved to the right side of the fibre by turning the adjustment knob. The fibre 

diameter, in micrometres, was then read off the screen. Only the butt-end and mid-span sisal 

fibre diameters were measured since these were the only portions used in this research.  

The mean sisal fibre diameter was then determined by modelling the diameters as a Weibull 

Cumulative Density function (CDF). Detailed calculations, including Ms Excel® (2003) 

commands, are presented in Appendix A, Table A3. Inacio et al. [212] have demonstrated that 



  

53 

 

the Weibull CDF is an accurate tool for analysing sisal fibre tensile strength dependence on 

fibre diameter. The Weibull distribution model adopted in the current research follows one 

done by Poudel and Cao [213] in their 2013 evaluation of methods to predict Weibull 

parameters for characterising diameter distributions. The following Weibull CDF expressions 

were used: 

𝑀𝑒𝑎𝑛 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =  𝐷𝑜𝛤(1 + 1
𝑚⁄ )……………………………………...(3. 5) 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 =
√(𝐷0

2[𝛤(1+2
𝑚⁄ )−𝛤2(1+1

𝑚⁄ )])
2

√𝑛
2 ……….........................(3. 6) 

where: 

Do - Reference diameter (scale parameter)  

Γ - Gamma function, defined as 𝛤(𝑛) = ∫ (𝑥𝑛−1𝑒−𝑥)𝑑𝑥
∞

0
  

m - Weibull Modulus (shape parameter) 

 n - Number of samples 

3.1.1.7 Fibre Density 

In light of sisal fibres hygroscopic nature, conventional methods of determining fibre density 

could not work. A modified version of the linear density and diameter calculation method 

employed by Soykeabkaew et al. [214] to determine the densities of jute and flax fibres was 

used. This method was employed on the basis of its simplicity and its reputation of giving 

accurate results in the determination of high density natural fibres such as sisal fibres. 

Individual fibre strands of length 100 mm were randomly picked from the butt and middle 

portions of the untreated sisal fibres. The fibres were then grouped into bunches consisting of 

100, 120, 150 and 200 fibre strands and the fibre bunches dried in a convection oven at 60°C 



  

54 

 

for 1 hour. The fibre bunches were then removed from the oven and then weighed on an 

electronic scale. The densities were determined from the fibre bunch mass and total fibre 

volume determined using the 100 mm length and average fibre diameter determined in section 

3.1.1.6.  

3.1.1.8 Fibre Tensile Test 

The fibre tensile test was done on a Hounsfield Tensometer (type W) at the Timber 

Laboratory, Department of Civil and Construction engineering, UoN. The machine is 

equipped with self -aligning wedge type jaws that automatically increased grip pressure with 

increasing tensile force. The magnification was set at x8. Fibre samples were picked randomly 

and separately from each batch of fibres (untreated, mercerised and cornified batches.) This 

was done in a manner that made the samples representative of their respective fibre batches. 

From these samples, test pieces between 150 - 200 mm long were cut from the butt-end and 

mid-portion of the fibres. Further random samples were then picked from these cut pieces and 

grouped into bunches of 15, 20, 30, 40, 60, 90, 120 and 180 fibre strands. This fibre bunching 

method has been successfully utilized by several researchers in determining the strength 

properties of ligno-cellulosic fibres [34, 215]. The fibres were tested in bunches comprising of 

randomly selected individual fibre strands to counter the inverse proportionality relationship 

between fibre diameter and strength reported by Denise et al. [216] in their Weibull analysis 

of the tensile strength of Piassava fibres. The Young’s Modulus of natural fibres has also been 

shown by Jouannot-Chesney et al. [217] to have an inverse relationship with the fibre 

diameter. Monteiro et al. [218] research into high strength natural fibres corroborates Denise 

et al.’s [216] findings and shows that indeed, sisal fibres of diameters less than 50 µm are the 

strongest sisal fibres in a bunch.  
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The respective fibre bunches were then glued at the extremities onto emery paper using wood 

glue and the glue allowed to cure for 24 hrs. 

The fibre bunches were then each tested in tension on the Hounsfield Tensile Testing Machine 

at a constant crosshead speed of 3.75 mm min-1 as shown in Figure 3.8 under normal 

atmospheric conditions (20°C and 60% relative humidity, RH) and Load-extension curves 

plotted. All tensile tests were carried out in the morning hours between 7.00 am and 10.00 am 

when temperatures were 20°C - 23°C following Chand and Hashmi’s [219] findings that sisal 

fibre strain increased with increasing temperature. Figure 3.5 is an image showing (a) A 30 

fibre strand tensile test in progress on a Hounsfield tensile testing machine at the Timber 

Laboratory, UoN. (b) Specimen after failure. 
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Figure 3.5: Image showing (a) A 30 fibre strand tensile test in progress on a Hounsfield 

tensile testing machine at the Timber Laboratory, UoN. (b) Specimen after failure 

The actual change in length (∆𝑙) of the specimen was calculated following the machine 

manufacturer’s manual [220] and FCE 245 – Materials Science for Civil Engineers 

Laboratory Procedure [221]. From the manufacturer’s data, it is ascertained that the machine 

extension is proportional to the load. A machine deformation characteristic straight line (at the 

same load and crosshead speed as the specimen) was generated and superimposed onto the 
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specimen’s load-displacement curve which then formed the datum line for extension 

measurements. This effectively subtracted the machine deformation from the total 

deformation recorded on the graphical extensometer. 

Engineering ‘stress-strain’ curves were then generated from the load-displacement graphs by 

simply multiplying the ordinate scale by 1 𝐴𝑜
⁄  and the abscissa by 1 𝑙𝑜

⁄ where ′𝐴𝑜′ and ′𝑙𝑜′ are 

the specimen’s original cross-sectional area and gauge length respectively. This operation 

effectively transformed the load-displacement ‘domain’ into a stress-strain ‘range’ where 

every point within the load displacement graph was mapped into a corresponding stress-strain 

point through the following mathematical operation:  

(∆𝑙 𝑃) [

1
𝑙𝑜

⁄ 0

0 1
𝐴𝑜

⁄
] =  (𝜀 𝜎)………………………………………...(3. 7) 

where: 

∆𝑙 – specimen deformation  

𝑃 – load  

𝑙𝑜 – specimen gauge length 

𝐴𝑜 – original cross sectional area (given by (𝑛𝜋
𝑑𝑓

2

4
⁄ ) where ‘n’ is the number of fibre 

strands)  

𝜀 – engineering strain 

𝜎 – engineering stress 

The engineering fracture stress and engineering fracture strain were then read-out and 

recorded from the stress-strain curves (remembering to measure the strain using the 

characteristic machine deformation line as datum and taking into consideration the machine 

magnification when recording the strain). The Young’s Modulus of the fibres was then 
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calculated from the engineering stress and engineering strain by determining the gradient of 

the stress-strain curve (within the elastic range) using the formula: 

𝐸𝑠 =
∆𝜎

∆𝜀
=

𝜎2−𝜎1

𝜀2−𝜀1
........................................................................................(3. 8) 

Finally, the fibre fracture stress was modelled as a Weibull CDF as done by Masudur et al. 

[222] in their 2015 work on the tensile and statistical analysis of sisal fibres. Tabulated results 

of the analysis done in the present work, including Ms Excel® (2003) commands, are 

presented in Appendix A, Table A8. 

 The Weibull Modulus of the fibres fracture stress was determined using the two-parameter 

Weibull CDF: 

𝐹 = 1 − 𝑒𝑥𝑝 [− (
𝜎𝑓𝑟

𝜎0
)

𝑚

]…………………………………………………….(3. 9) 

where:  

F - Cumulative probability of failure as a function of fibre fracture stress 

𝜎𝑓𝑟  - Fibre fracture stress 

𝜎0 - Reference stress (scale parameter) 

m - Weibull Modulus 

The value of the probability index F, in equation 3.9 was calculated as recommended by 

Lingyan et al. [223] in their 2003 statistical work on optimal probability estimators for 

determining Weibull parameters when the number of samples, n>20. The formula used was: 

 𝐹𝑖 =
𝑖−0.5

𝑛
...........................................................................................(3. 10) 
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where n is the number of samples tested, and Fi  is the cumulative probability of failure for the 

ith ranked stress data. In some literature, Fi is referred to as ‘the average value of the empirical 

density function before and after the jump at σi’ [224]. 

The mean fibre fracture and standard error was then computed from the two-parameter 

Weibull distribution model using the equations: 

𝜇 = 𝜎0𝛤(1 + 1
𝑚⁄ )………………………………………………………...(3. 11) 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 =
√(𝜎0

2[𝛤(1+2
𝑚⁄ )−𝛤2(1+1

𝑚⁄ )])
2

√𝑛
2 ………………………..(3. 12) 

where: 

µ - Mean fibre fracture stress 

𝜎0 - Reference stress (scale parameter) 

Γ - Gamma function, defined as 𝛤(𝑛) = ∫ (𝑥𝑛−1𝑒−𝑥)𝑑𝑥
∞

0
 

m - Weibull Modulus (shape parameter) 

n - Number of samples 
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3.1.2 Experimental Procedure II - Mortar Composites 

3.1.2.1 Preparation of Sisal Fibre Specimens for Mortar Reinforcement 

Fibre samples were picked randomly and separately from each batch of fibres (untreated, 

mercerised and cornified batches.) This was done in a manner that made the samples 

representative of their respective fibre batches. Known weights of fibres from these different 

batches were then chopped into predetermined lengths (30 mm, 400 mm and 500 mm) and 

stored in airtight polyethene paper bags marked with the batch they were picked from 

(untreated, mercerised or cornified) and their respective weights clearly labelled on the 

packaging.  

3.1.2.2 Preparation of Wooden Moulds for Mortar Composite Specimen 

Figure 3.9 shows the OPC mortar composite mould design made at the Timber Laboratory, 

Department of Civil and Construction Engineering, UoN. They were made using 1-inch-thick 

Plywood and fastened together using self-tapping wood screws. Figures 3.6 – 3.7 shows the 

design drawings for the mortar composite flexural and tensile test specimens respectively. 
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Figure 3.6: Wooden mould design for mortar flexural specimen (dimensions in mm) 
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Figure 3.7: Wooden mould design for mortar tensile specimen (dimensions in mm) 
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3.1.2.3 Sand Particle Size Distribution 

The sand was graded in accordance with BS882:1992 specification for aggregates from 

natural sources for concrete [225]. First, a sample of sand in a tray was dried in an oven at 

105°C for 24 hrs. The dried sand’s weight was recorded. The sand was then washed over a 

75µm sieve (BS No. 200) and oven-dried yet again in an oven at 105°C for a further 24 hrs. 

The dried sand weight after washing and drying was recorded. The sand was then dry sieved 

through 10 mm, 5 mm, 2.36 mm, 1.18 mm, 600 µm, 300 µm and150 µm sieves with the 

recording of the weight retained on each sieve. A graph of the cumulative percentage retained 

by each sieve against sieve size was plotted. The graph was then used to grade the standard by 

comparing it against the acceptance criteria as stipulated by the standard. In this research, 

before being used in the preparation of OPC mortar, the sand was always dry sieved through a 

5 mm sieve to remove any coarse aggregate.  

3.1.2.4 Mortar Specimens 

3.1.2.4.1 Unreinforced OPC Mortar Specimens 

Bending beams (100 mm x 100 mm x 500 mm) and tensile specimens (50mm x 50mm x 

400mm) were prepared at the Concrete Laboratory, Department of Civil and Construction 

Engineering, UoN. Used engine oil was smeared on the mould surface to prevent the sample 

from adhering to the mould. OPC mortar with water, sand cement ratio of 1:2:5 (w/c 0.5) as 

used by HABRI in the making of fibre-reinforced OPC roofing tiles was prepared in a 

mechanical mortar mixer, with speed set at 60 rpm and poured into the well-oiled mould. 

(Tensile test specimens mortar was made using 32.5 Bamburi pozzolanic cement using the 

same ratios). The mould was then vibrated for 3 minutes for proper compaction and then 

covered with a moist hessian cloth for 24 hrs. It was then demoulded, labelled and the 

specimen submerged in a curing tank for 28 days. 
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The tensile strength, flexural strength, void volume fraction and density of the composite were 

then calculated. Figure 3.8 is an image of the moulds used to cast the sisal fibre-reinforced 

mortar specimens. 

 

 

Figure 3.8: Image showing well-oiled flexural specimen wooden moulds at the Concrete 

Laboratory, Mechanical Engineering building, UoN 

3.1.2.4.2 Uniaxially Oriented Sisal Fibre-reinforced OPC Mortar Specimens 

Bending beams of dimensions 100 mm x 100 mm x 500 mm were used for the flexural test 

while beams of dimensions 50mm x 50mm x 400mm were used in the tensile test to 

determine the tensile and interfacial bond strength. Used engine oil was smeared on the mould 

surface to prevent the sample from adhering to the mould. The hand lay-up technique was 

employed, and a constant fibre aspect ratio (l/d) of 2149 and 1719 was maintained for all the 

flexural and tensile specimens respectively. OPC mortar with water, sand cement ratio of 

1:2:5 (w/c 0.5) (used by HABRI in the making of fibre-reinforced OPC roofing tiles) was then 

prepared in a mechanical mortar mixer with speed set at 60 rpm. The mortar was then spread 

on the mould base followed by a layer of uniaxially oriented fibres from a pre-weighed fibre 
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bundle of untreated, mercerised and cornified sisal fibres. A layer of OPC mortar was then 

added, followed by more fibre from the same pre-weighed fibre bundle and covered with 

more OPC mortar. The process was repeated until all the fibres from the pre-weighed bundle 

had been used. The mould was vibrated for 3 minutes for proper compaction and then covered 

with a moist hessian cloth for 24 hrs. It was then demoulded, labelled and the specimen 

submerged in a curing tank for 28 days. 

The effect of untreated, mercerised and cornified sisal fibre reinforcement on OPC mortar in 

uniaxial orientation was then determined in the laboratory. Strength tests were carried out on 

the cured samples. The results were recorded and modelled as a 4th-degree polynomial 

regression equation. A polynomial regression curve was then plotted and analysed using 

Graph [226], open-source computer software under the GNU, General Public License. 

The flexural strength, void volume fraction and density of the composite were then calculated. 

3.1.2.4.3 Randomly Oriented Sisal Fibre-Reinforced OPC Mortar Specimens 

Bending beams of dimensions 100 mm x 100 mm x 500 mm were used for the flexural test. A 

constant fibre aspect ratio (l/d) of 129 was maintained for all specimens. Used engine oil was 

smeared on the mould surface to prevent the sample from adhering to the mould. A known 

weight of chopped fibres from a pre-weighed fibre bundle of either untreated or mercerised 

sisal fibres was added by hand and thoroughly mixed with OPC mortar (water, sand cement 

ratio of 1:2:5 as used by HABRI) as shown in Figure 3.9 and the mixture placed in the oiled 

mould. The mould was vibrated for 3 minutes for proper compaction and then covered with a 

moist hessian cloth for 24 hrs. It was then demoulded, labelled and the specimen submerged 

in a curing tank for 28 days. 
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Figure 3.9: Image showing 30 mm chopped sisal fibre mixing with OPC mortar in the cement 

mixer at the Concrete Laboratory, UoN. 

The effect of untreated and mercerised sisal fibre reinforcement on OPC mortar in random 

orientation was then determined in the laboratory. Strength tests were done on the cured 

samples. The results were recorded and modelled as a 4th-degree polynomial regression 

equation. A polynomial regression curve was then plotted and analysed using Graph [226], 

open-source computer software under the GNU, General Public License. 

The composite flexural strength was then calculated. 

3.1.2.5 Composite Void Volume Fraction 

Water absorption tests were done in accordance with BS 1881 Part 122: 2011 method of 

determination of water absorption in concrete [227]. Oven-dried sisal fibre-reinforced OPC 

mortar composites were submerged in tap water (a minimum of 50 mm under the water 

meniscus) at room temperature (22°C) for 48 hrs. The specimens were then removed from the 

water, wiped using a cotton towel to remove excess surface water and then weighed. This 

weight was recorded as the saturated specimen mass Ws. The saturated specimens were then 
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dried in an electric oven with the temperature set at 100°C for a period of 24hrs. The 

specimens were then removed from the oven, allowed to cool for a period of 12hrs and then 

reweighed. This weight was recorded as the specimen dry mass Wd.  

The average mass of water absorbed by the specimens at each fibre fraction was then 

calculated as a percentage using the formula: 

𝑊𝑎 =
𝑊𝑠−𝑊𝑑

𝑊𝑑
 𝑥 100%...................................................................................(3. 13) 

The percentage void volume was then calculated in accordance with ASTM C642-13 [228] 

Standard test method for density, absorption and voids in hardened concrete as follows: 

%𝑉𝑣 = 𝜌𝑐𝑊𝑎………………………………………………………………...(3. 14) 

where: 

Vv - Percentage void volume 

Ρc - OPC mortar composite density 

The percentage void volume and composite density were calculated as an average of 2 

specimens at each fibre volume fraction. Graphs of composite density and percentage void 

volume against fibre volume fraction were then plotted. 

3.1.2.6 Gravimetric Method of Determination of Sand/Cement Ratio in Mortar 

This test was carried out in a fume chamber at the Chemistry Laboratory in the Department of 

Chemistry, the University of Nairobi (Chiromo Campus). Randomly selected, cured and 

unreinforced mortar specimens were selected for this test. Each specimen was hammered into 
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rough gravel using a small ball peen hammer and later ground in a mortar and pestle into a 

fine powder. The following procedure was then carried out: 

1. Take 100 grams of the ground mortar. 

2. In a beaker, mix concentrated (11 M) Hydrochloric acid (HCL) with H2O in the ratio 

of 1:1 and then add the 100 grams of ground mortar. 

3. In a fume cupboard, boil the HCl/H2O/ground mortar mixture while stirring vigorously 

until there is no further reaction. 

4. Let the mixture cool. 

5. Add water at room temperature to the now cool HCl/H2O/ground mortar mixture as 

you decant the mixture with care being taken not to lose any solid particles. This is 

done to neutralise the acid and to prevent the mixture from corroding the filter paper in 

step number 6. 

6. Filter with filter paper No. 42  

7. Dry in the oven at 105 °C until a constant final weight is obtained. 

Since the original sample weight was 100 grams, the final weight is the percentage of sand 

(fine aggregate) in the mortar. 

3.1.2.7 Determination of Moisture Content in Mortar 

Randomly selected, cured and unreinforced mortar specimens were selected for this test. Each 

specimen was hammered into rough gravel using a small ball peen hammer and later ground 

in a mortar and pestle into a fine powder. The following procedure was then carried out: 

1. Take 100 grams of the ground mortar powder. 
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2. Put it in a crucible and cure it in furnace at 1000 °C for 6 hours (or until a constant 

weight is achieved) 

3. Remove the crucible from the oven, remove the powder, and, store it in a desiccator to 

prevent moisture reabsorption. 

4. Once cooled, weigh the powder and record the final weight. 

Since the original sample weight was 100 grams, the difference between the initial sample 

weight and the final weight was the percentage of absorbed and chemically bound water (and 

any other volatiles) in the mortar. Figure 3.10 shows crushed mortar specimen drying at 

1000°C in a Daihan scientific furnace. 

 

Figure 3.10: Images showing a pulverised mortar specimen in a crucible drying at 1000°C in 

a scientific furnace at the Mechanical Engineering Laboratory and Workshop, UoN. 
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3.1.3 Experimental Procedure III - Unsaturated Polyester and Epoxy Resin 

Composites 

3.1.3.1 Preparation of Sisal Fibre Specimens for Polyester Resin Reinforcement 

Fibre samples were picked randomly and separately from each batch of fibres (untreated, 

mercerised and cornified batches.) This was done in a manner that made the samples 

representative of their respective fibre batches. Known weights of fibres from these different 

batches were then chopped into a predetermined length (300 mm) and stored in airtight 

polyethene paper bags marked with the batch they were picked from (untreated, mercerised or 

cornified) and their respective weights clearly labelled on the packaging.  
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3.1.3.2 Preparation of Moulds for Polyester Resin Composite Specimen 

 

Figure 3.11: Wooden mould for polyester and epoxy resin specimens (dimensions are in mm) 
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Figure 3.12: Image showing cured polyester resin specimens in mould ready for demoulding 

Figure 3.11 shows the resin composite wooden mould design made at the Timber workshop, 

Department of Civil and Construction engineering, UoN. Figure 3.12 shows cured sisal fibre-

reinforced polyester resin specimens ready for demoulding. 

3.1.3.3 Polyester and Epoxy Resin Specimens 

Henkel E.A supplied the unsaturated polyester resin used in this research (together with 1% 

vol methyl ethyl ketone peroxide initiator.) while the 2:1 clear epoxy resin was supplied by 

Epoxy Druntech Dev EA construction chemicals. The effect of untreated, mercerised and 

cornified sisal fibre reinforcement on the polyester and epoxy resin composites in uniaxial 

orientation was determined in the laboratory. Strength tests were done on the cured samples, 

and the fracture stress, fracture strain, flexural strength (in the case of polyester resin) and the 

Secant Modulus (at 100% strain) calculated. 
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3.1.3.4 Unreinforced Polyester and Epoxy – Resin Specimens 

Unreinforced test specimens were prepared by covering the inside of wooden mould with a 

thin layer of petroleum jelly to prevent sticking. The unsaturated polyester resin was mixed 

with 1% vol methyl ethyl ketone peroxide initiator in a jar, and the mixture then poured into 

the mould with care being taken not to introduce air bubbles into the matrix. In a similar 

manner, to prepare the epoxy specimens, the 2:1 clear epoxy resin was mixed following 

manufacturer’s directions and the mixture poured into the mould with care being taken not to 

introduce air bubbles into the matrix. A blow torch was then used to remove any bubbles that 

might have formed during the casting process of the specimens. The mould was then covered 

and left to cure under atmospheric conditions (22 ° C) for 24 hrs before demoulding. Strength 

tests were done on the cured samples, and the fracture stress, fracture strain, flexural strength 

(in the case of the polyester resin specimens) and the Secant Modulus (at 100% strain) 

calculated. 

3.1.3.5 Sisal Fibre-Reinforced Polyester and Epoxy – Resin Composites 

Chopped sisal fibres of known weight were pre-soaked in polyester and epoxy – resin 

respectively. The resin mixtures were prepared by: (a) mixing unsaturated polyester resin with 

1% vol methyl ethyl ketone peroxide initiator, and (b) mixing epoxy resin in the ratio of 2:1 

following manufacturer’s directions. A thin layer of petroleum jelly was then applied on the 

inside of a wooden mould to prevent sticking. A small quantity of the resin mixture was 

poured into the mould followed by laying of chopped sisal fibre from a pre-weighed fibre 

bundle in uniaxial (one direction) fashion. This was followed by pouring of more resin 

mixture and further laying of chopped sisal fibre from the same pre-weighed fibre bunch. Care 

was taken to prevent air bubbles from becoming entrapped in the sisal fibre-resin mixture. The 

process was repeated until all the pre-weighed fibres were embedded in the matrix. A blow 
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torch was then used to remove any bubbles that might have formed during the casting process. 

The mould was covered and left to cure under atmospheric conditions (22°C) for 24 hrs 

before demoulding. Strength tests were done on the cured samples, and the fracture stress, 

fracture strain, flexural strength (in the case of polyester resin composite) and the Secant 

Modulus (at 100% strain) calculated. 
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3.2 Mechanical Testing 

3.2.1 Sisal Fibre-Reinforced Mortar Specimens 

3.2.1.1 Tensile Test 

Direct application of a tensile load onto a cementitious specimen is difficult for the following 

reasons: 

1) Sliding of the gripping system. 

2) Secondary stresses being generated in adjacent zones. 

Various direct and indirect methods have been developed to attempt addressing the 

aforementioned problems such as determining the splitting tensile strength of cylindrical 

concrete specimens by the application of diametric compressive force on the specimen.  

In the current study, the difficulty of conducting a direct tensile test on cementitious 

specimens was overcome by employing a tensile test rig proposed by Bessel and Mutuli [46] 

This is shown in Figure 3.13. 
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Figure 3.13: Assembly drawing of tensile test rig showing two square side plates [46] 

(dimensions are in mm) 

The rig is designed to grip the four sides of the specimen. The rig comprises of a top-plate 

with four slots, at 90° to each other with four bolted square plates that form an open box when 

in place. The faces of the specimen were first brushed using a wire brush to remove loose dust 

and then KAPCI polyester putty (car-body filler, see Figure 3.14) mixed with dibenzoyl 

peroxide hardener, following manufactures instructions, applied on to the cleaned specimen 

surface.  

 

Figure 3.14: Image showing KAPCI polyester putty and dibenzyl peroxide hardener used in 

the study 
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This was done on both sides of the specimen. The four square plates were then fastened on the 

specimen using G-clamps and the polyester putty allowed to cure for 24 hrs before testing. 

The fastening of the G-clamps was meant to just hold the plates onto the specimens as the 

polyester putty was curing and binding the plates to the specimen’s sides. 

The specimen gauge length was first measured using a digital Vernier calliper. The specimen 

was then loaded onto the universal tensile testing machine and the specimen subjected to a 

tensile load at a crosshead speed of 1.489 mm min-1 (see Figure 3.15 (a)). The ultimate tensile 

load was then read-out and recorded from the machine’s digital read-out. The inter-crack 

spacing, breadth and depth of the specimen at the point of fracture (first crack) was measured 

(and recorded) using a digital Vernier calliper (see Figure 3.15 (b)), and, the composite’s 

ultimate tensile stress was then determined and the interfacial bond strength calculated using 

the Aveston [209] equation (eq. 2.28)  

 

Figure 3.15: Image showing (a)50x50x300mm tensile test specimen with affixed rig during a 

tensile test (b) Specimen after tensile test displaying MMF and (c) Kerosene blow torch being 

used to de-bond rig from polyester putty on specimen. 
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After the test, the rig was removed from the specimen by unscrewing the G-clamps and de-

bonding the plates from the polyester putty by heating. For this purpose, a kerosene blow 

torch as shown in Figure 3.15 (c) was used. The rig’s bolted square plates were heated to a 

temperature of 650°C using the kerosene blow torch and the hot metal plates were then de-

bonded from the polyester putty with gentle taps using a 2 Pound ball peen hammer. 

3.2.1.2 Flexural Test 

In this research, the Modulus of Rupture of sisal fibre-reinforced OPC mortar composites was 

determined using a three-point bending test. The test was carried out using a bending and 

transverse testing machine at the concrete laboratory, the Mechanical Engineering Building, at 

the UoN in accordance with ASTM C 293-02 standard method for flexural strength of 

concrete [229]. The arrangement consisted of two support rollers of semi-circular cross-

section and a single load application roller, as shown in Figure 3.16 

 

Figure 3.16: ASTM C 293-02 Diagrammatic view of 3-point bending arrangement used in this 

research [229] 

The cured unreinforced and sisal fibre-reinforced OPC mortar composite specimens made as 

described in section 3.1.2.4 with dimensions 100 mm x 100 mm x 500 mm were tested. The 
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span length, as per the standard was set to 300 mm with an overhang of 100 mm on either 

side. The specimens were removed from the curing tank, wiped with a cotton towel and air-

dried for 30 minutes prior to testing.  

Flexural tests were performed with the specimen at right angles to the support and loading 

rollers, as shown in Figure 3.17. The machine was manually operated, and the loading rate 

was approximately 2 mm per minute.  

The machine is calibrated in imperial units and equipped with a dial gauge from which the 

ultimate flexural load (in Lbs) for each specimen was read, converted into metric units and 

recorded.  

Three beams were tested for each volume fraction and the average ultimate flexural load per 

fibre volume fraction calculated from the three specimens. 

 

Figure 3.17: Image showing 3-point bending test on a fibre-reinforced OPC mortar specimen 

in progress on a bending and transverse testing machine at the Timber Laboratory, UoN. 
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The Modulus of Rupture was then calculated from the expression 

𝜎𝑏 =
3𝑃𝐿

2𝑏𝑑2
…………………………………………………………………..(3. 15) 

where: 

P - Ultimate flexural load (Newtons) 

L - Distance between supporting rollers (span) 

b - Specimen breadth 

d - Specimen depth 

3.2.2 Polyester and Epoxy Resin Specimens 

3.2.2.1 Tensile Test 

Specimen preparation and tensile tests were carried out in accordance with BS 2782-3 

standard methods of testing plastics mechanical properties, tensile strength, elongation and 

elastic Modulus [230]. Rectangular test pieces measuring 5 mm x 20 mm x 160 mm were cut 

from the cured unsaturated resin specimens using a band saw. The specimen rectangular 

geometry was deliberately chosen since the typical dog bone specimen used on flat coupons 

of isotropic materials is not suitable for laminates [17]. This is due to the fact that, a dog bone-

shaped specimen under uniaxial tension with 0° fibre orientation results in formation of 

matrix cracks, parallel to the fibres, and ultimately, premature failure in the regions 

highlighted in Figure 3.18 
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Figure 3.18: Image showing failure mechanism for a dog bone-shaped composite specimen 

[17] 

 The specimens were then tested in tension on a Hounsfield tensometer (Type W) at a constant 

crosshead speed of 3.75 mm min-1 under normal atmospheric conditions (20°C and 60% 

relative humidity, RH) with the major axis in the direction of pull. A gauge length of 110 mm 

was used for all the specimens tested. Figure 3.19 shows a sisal fibre specimen after failure 

under a tensile load on a Hounsfield tensometer. 

 

Figure 3.19: Image showing sisal fibre-reinforced polyester resin specimen after failure 

during a tensile test on a Hounsfield tensometer at the Concrete Laboratory, UoN. 

3.2.2.2 Three-Point Bending Test 

Specimen preparation and bending tests were carried out in accordance with BS 2782-3 

standard methods of testing plastics mechanical properties, tensile strength, elongation and 
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elastic Modulus [230]. Rectangular test pieces, 20 mm x 8 mm x 300 mm, were demoulded 

and the specimens were then tested in 3-point bending on a Hounsfield tensometer (Type W) 

at a constant crosshead speed of 3.75 mm min-1 under normal atmospheric conditions (20°C 

and 60% relative humidity, RH). A span of 280 mm was used for all the specimens tested. 

The Modulus of Rupture was then calculated using equation 3.15. Figure 3.20 is an image 

showing sisal fibre-reinforced polyester resin composite undergoing a 3-point bending test on 

a Hounsfield tensometer.  

 

Figure 3.20: Image showing sisal fibre-reinforced polyester resin specimen undergoing a 3-

point bending test on a Hounsfield tensometer. 
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3.3 Data Analysis and Interpretation 

After completion of experimental work in the laboratories and workshops, data was collected 

and entered into Ms Excel® (2003.) Using ANOVA (an analysis tool pack ‘add-in’ in Ms 

Excel® (2003),) considerable scatter was observed in some of the captured data. To deal with 

the scatter, Weibull, a statistical distribution model with broad applicability developed by 

Swedish engineer, scientist and mathematician Waloddi Weibull [231] and explained in detail 

by Hertzberg et al. [232] in ‘Deformation and Fracture Mechanics of Engineering Materials’ 

was used to characterise and analyse the data. The graphical method was employed to 

determine the value of the shape and scale parameters of the Weibull CDF. Equation 3.9, 

being a power function, was ‘linearised’ by gathering like terms together and taking the 

natural logarithm of both sides to yield: 

log𝑒 (log𝑒 (1
(1 − 𝐹)⁄ )) = 𝑚 log𝑒 𝜎𝑓 − 𝑚 log𝑒 𝜎0…………………...(3. 16) 

The ‘linearised’ equation was then plotted as a linear regression line, and the gradient (m) was 

equal to the shape parameter while the scale parameter (𝜎0) was calculated from the y-

intercept. 

Data that could be modelled as polynomial regression equations were further analysed using 

Graph [226], an open-source computer software that is under the GNU, General Public 

License. The equations were of the form: 

𝑓(𝑥) = 𝐴𝑥𝑛 + 𝐵𝑥𝑛−1 + 𝐶𝑥𝑛−2 + 𝐷𝑥𝑛−3 + 𝐸𝑥𝑛−4 + ⋯ 𝛼𝑥𝑛−𝑛………(3. 17) 

where ‘x’ is the fibre volume fraction (%Vf), ′𝑓(𝑥)′ is the Modulus of rupture (MOR) in the 

flexural strength tests and, A, B, C, D…...α are correlation constants. 
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CHAPTER FOUR 

4.0 RESULTS AND DISCUSSION 

4.1 Sisal Fibres 

The following are the results obtained from experimental procedure I. 

4.1.1 Sisal Fibre Surface Morphology 

Figure 4.1 (a, b & c) shows the results of optical microscopy of surface-modified and 

untreated sisal fibres under a magnification of x 20. 

  

 

Figure 4.1(a, b & c): Optical microscopy image showing surface-modified and untreated sisal 

fibres 
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Figure 4.1 (a) shows a mercerised sisal fibre. As can be seen from the image, the fibre has a 

roughened surface and protruding fibrillar. The non-reflective nature of the fibre surface is 

indicative of the absence of the waxy layer on the fibre. The mercerised sisal fibres had 

protruding fibrillar and a surface devoid of the waxy covering. The removal of wax and other 

impurities from the fibre surface, according to Ferreira [64] and Wu et al. [138], leads to an 

increased area of contact between the fibre and polymeric matrices.  

 According to Bassyouni [93] and Merlini et al. [164], a dewaxed fibre surface results in 

better interfacial bonding between the fibre and the matrix. Calado et al. [181] investigation 

into the effect of mercerisation on the structure and morphology of coir fibre also concluded 

that a mercerised ligno-cellulosic fibre surface provides more interlocking between fibre and 

matrix. The optical microscopy results shown in Figure 4.1 (a) corroborate the findings of 

these researchers (Bassyouni [93], Wu et al. [138] and Calado et al. [181]). 

Figure 4.1 (b) shows a cornified sisal fibre. The cornification procedure used in this work was 

based on one performed by Claramunt et al. [177] and by Ballesteros et al. [39]. While in his 

work, Ballesteros advocated the use of 60°C (+ 5°C), in the current research, a temperature of 

100°C was employed. This was because the electric oven that was used in the current work 

had a minimum temperature setting of 100°C. The fibre surface is darkened as a result of the 

heating effect during cornification. The fibre surface also has visible cracks. From the image, 

it can be seen that the high cornification temperature (100°C) resulted in charring of the sisal 

fibres surface. According to Stevulova et al. [186], and Mukhopadyay and Srikanta [110], 

charring of lignin, hemicellulose and other amorphous ligno-cellulosic fibre constituents 

occurs at a drying temperature of 150°C, resulting in improved fibre crystallinity. From the 

findings of this current work, charring seems to have occurred at a drying temperature of 
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100°C. The fibres were also embrittled, and cracks could be seen on the fibre surface 

indicating reduced flexibility of the fibres, which according to Ferreira et al. [61], is a 

property that characterises cornified ligno-cellulosic fibres. 

Figure 4.1 (c) shows the fibre surface of an untreated sisal fibre strand. The image shows the 

smooth, waxy sisal fibre surface with the fibre lignin intact and no observable defibrillation. 

The untreated sisal fibres were observed to have a smooth, waxy surface. It is this waxy 

surface that Li et al. [92] reports as the reason behind the incompatibility observed between 

ligno-cellulosic fibres and hydrophilic matrices. Peng et al. [165] recommend fibre pre-

treatment as a possible way of improving the fibre matrix adhesion characteristics, which, in 

the current study, was accomplished via mercerisation and cornification. 

4.1.2 Absorbency  

Appendix A (Table A1) shows the absorbency test results for untreated, mercerised and 

cornified sisal fibres. The Table shows the dry sample mass, the wet sample mass, change in 

dry mass (with time) and the calculated moisture absorption. Figure 4.2 is a graphical 

representation of the results. 
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Figure 4.2: Bar graph showing change in mass of untreated, mercerised and cornified sisal 

fibres with time during drying  

Three samples each of untreated, mercerised and cornified sisal were tested for moisture 

absorption behaviour. In all the samples tested, the final oven-dry mass was found to be lower 

than the original dry mass of the specimen.  

Untreated sisal fibres displayed the lowest moisture absorption value of 172.48% (standard 

error + 0.25 %.) This is much higher than the reported value of 60-70% by Mutuli et al. [45]. 

Ballesteros [39], on the other hand, gave an untreated cellulosic pulp fibre-moisture 

absorption value of 164% under a 7 hour soaking duration.  

In comparison, cornified sisal fibres exhibited the highest moisture absorption value of 

182.24% (standard error + 0.79 %.) Mercerised sisal fibres had a moisture absorption value of 

178.3% (standard error + 0.64 %). 

Overall, in this research, following surface-modification, an increase in moisture absorption 

was observed. These results contradict those reported by Ferreira [61] and Ballesteros [39], 

0

20

40

60

80

100

120

140

160

0 1 2 3 4

W
ei

g
h
t 

(G
ra

m
s)

Time (hrs)

Untreated wgt (gms) Mercerised wgt (gms) Cornified wgt (gms)



  

88 

 

where an overall decrease in moisture absorption was observed following fibre surface-

modification.  

This disparity in moisture absorbency results could be attributed to: 

a) Some researchers have not specified the fibre soaking period. 

b) Regular tap water was used in this research. Other researchers reported using distilled 

water 

c) In the case of cornified fibres, other researchers cornified the fibres at a temperature of 

60°C. In this research, a temperature of 100°C was employed.  

According to Favaro et al. [65], a high percentage moisture absorption value is an indicator of 

increased hydrophilicity in natural fibres. This is a desirable trait when using the fibres as 

reinforcement in cementitious matrices such as cement mortar. In the case of polymeric 

matrices such as unsaturated polyester resin, this is, however, not a desirable characteristic. 

4.1.3 Sisal Fibre Diameter 

Appendix A (Table A2) shows the fibre diameter results, measured under room temperature 

and atmospheric conditions.  

The maximum butt-end diameter measured was 396.80 µm and the minimum measured was 

196.52 µm. The maximum mid-span diameter measured was 261.20µm, and the minimum 

was 148.7 µm.  

The mean fibre diameter and standard error were computed from the combined butt-end and 

mid-span data using equations 3.5 and 3.6 and found to be 232.70 µm with a standard error of 

+ 8.98 µm. (see Appendix A (Table A3) for Weibull analysis). The mean sisal fibre diameter 
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calculated in the current study is well within documented sisal fibre diameter values of 

between 100 - 300 µm [3, 18, 65, 85, 109, 182]. 

4.1.4 Fibre Density 

Appendix A (Table A4) shows the density test results for sisal fibres. The Table shows the 

number of sisal fibre strands in a bunch, mass of the bunch, measured volume of the bunch, 

and, the calculated fibre density. 

The mean density of UG grade Kenyan sisal fibres was calculated using the linear density and 

diameter calculation method and found to be1.30 gcm-3 (standard error + 0.38 gcm-3). This 

figure is much higher than that reported by Mutuli [91] of 0.70 gcm-3. Other researchers such 

as Saxena [124], Chand and Jain [200] and Mukherjee and Radhakrishnan [233], give a higher 

sisal fibre density of 1.45 gcm-3. Idicula et al. [81], on the other hand, report a sisal fibre 

density of 1.41 gcm-3. Rao and Rao [159] have posited that natural fibre density is dependent 

on plant age, genetics and growth environment. This could explain the different sisal fibre 

densities reported by various researchers. It is also important to note that only the butt-end and 

mid-span fibre diameters and densities were measured since these were the only portions of 

the fibre used in this research. 

4.1.5 Fibre Tensile Test 

Appendix A (Tables A5, A6 & A7) show the data collected during the tensile testing 

untreated and surface-modified sisal fibres. The Tables show the results for the ultimate 

tensile stress, fracture strain and the Young’s Modulus at 100% strain for untreated, 

mercerised and cornified sisal fibres. The test was conducted at room temperature and normal 

atmospheric conditions. 
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Significant scatter was observed between test samples, and this is explained by the fact that 

natural flaws within the fibre structure, and flaws that get introduced during the decortication 

process, are randomly distributed along the length of the fibre. These flaws act as crack 

initiation points and fracture prematurely during a tensile test. The failure mechanism of a 

sisal fibre bundle subjected to a tensile load has been shown to be due to the uncoiling of the 

microfibrils and tearing of the cell walls [108]. It is because of this failure mechanism that the 

behaviour of ligno-cellulosic fibres under a tensile load is linear followed by catastrophic 

failure with no evident plasticity [234].  

Apart from variations occasioned by defects along the fibre length, the growth and maturity of 

ultimate cells as described in section 2.1.2 within the sisal fibre could also account for the 

scatter in tensile results. Less developed ultimates at the extreme butt-end are bound to give 

lower fracture stress readings compared to the middle and apex fibre sections where more 

mature and fully developed ultimate cells are to be found.  

It is in light of this scatter that the Weibull graphical analysis method was used to obtain the 

mean fracture stress of the fibres. Appendix A (Table A8) shows the Weibull analysis data, 

including Microsoft Excel® (2003) commands that were used to analyse the data. 

Table 4.1 presents a summary of results. 

Table 4.1: Tensile test results summary for untreated, mercerised and cornified sisal fibres 

Fibre Mean Fracture 

Stress (x106 Nm-2) 

Mean Fracture 

Strain (%) 

Mean Young’s 

Modulus (x109 Nm-

2 ) 

Untreated Fibres 161.02 + 5.46 4.51 + 0.18 3.60 + 0.10 

Mercerised Fibres 271.00 + 11.16 5.50 + 0.19 5.02 + 0.17 

Cornified Fibres 196.57 + 10.46 5.07 + 0.27 4.00 + 0.19 

Legend: + - Standard error 
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With untreated sisal fibre as the standard control, cornified sisal fibres showed an increase in 

mean fracture stress, fracture strain and Young’s Modulus of 23.32%, 12.33% and 11.11% 

respectively.  

Similarly, using untreated sisal fibres as standard control, mercerised sisal fibres showed an 

increase in mean fracture stress, fracture strain and Young’s Modulus of 68.30%, 21.99% and 

39.44% respectively. These results are markedly higher than those reported by Mokaloba and 

Batane [60] of a 12.04%, and by Gan˜an et al. [182] of an 18.67% increase in sisal fibre 

fracture stress following mercerisation. Rong et al. [152] gives a Young’s Modulus value of 

4.5 + 0.30 GN/m2 for mercerised, acetylated sisal fibres. In the current study, the Young’s 

Modulus for mercerised sisal fibres was calculated to be 5.502 + 0.17 GN/m2. The difference 

in results could either be attributed to the high lignin and hemicellulose content of Kenyan 

sisal fibres reported by Phologolo et al. [118], or to the lower concentration of NaOH (0.06M) 

used in the current research. Mokaloba and Batane [60] used a 6M NaOH solution, while 

Gan˜an et al. [182] used a 0.5M NaOH solution to mercerise the fibres. Rong et al. [152] 

mercerised the sisal fibres using a 4.5 M NaOH solution. A high NaOH concentration when 

used in mercerisation of sisal fibres has been shown by Ansell and Mwaikambo [210], to have 

a negative effect on the mercerised fibre’s strength properties. It is from the results of Ansell 

and Mwaikambo [210] that the optimal NaOH concentration of 0.06 M was used to mercerise 

sisal fibres in the current study.  

Cornified ligno-cellulosic fibres have been observed by Chand and Hashmi [219], to have 

more ductile phases in their composition compared to untreated fibres. This could explain the 

increased fracture strain observed in the cornified sisal fibres in the current study. 
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The Weibull Modulus (shape parameter, m) of the untreated sisal fibres was determined from 

equation 3.16 and found to equal 7.616 (R2
0.98). This figure is higher than the 5.521Weibull 

Modulus reported by Inacio et al. [212] (without specifying the source of fibres) and of 2.5 

reported by Masudur et al. [222] for untreated Brazilian sisal fibres. The results in the current 

research agree with Phologolo et al.’s [118] characterization of Kenyan sisal as having 

markedly higher lignin and hemicellulose content than sisal from other parts of the world. The 

wax, lignin and hemicellulose serves as a matrix, sheathing and thus protecting the load-

bearing cellulose ultimates from kinks and flaws that get introduced during decortication and 

general handling of the fibres. It is these kinks and flaws that act as stress concentration 

points, ultimately leading to fracture of the fibre strand during tensile loading. 

Mercerised and cornified fibre Weibull moduli found to equal 6.175 (R2
0.54) and 4.723 (R2

0.66) 

respectively. These results are represented graphically in Figure 4.3. 

 

Figure 4.3: Weibull Plot of untreated, mercerised and cornified sisal fibres fracture stress 

(with plotlines extended for clarity) 
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The reference stress σ0 (the stress by which 63.20% of the specimen tested had failed) for 

untreated, mercerised and cornified sisal fibres was calculated from the linear equations 

displayed in Figure 4.3 and found to equal 171.14 MN/m2 (R2
0.98), 291.34 MN/m2 (R2

0.54) and 

216.82 MN/m2 (R2
0.66) respectively. 

 These results can be interpreted to mean that despite mercerised fibres having higher 

reference stress, physical flaws and defects in the fibres are more evenly distributed in the 

untreated sisal fibres than they are in the mercerised and cornified sisal fibres. By having a 

higher value of ‘m,’ untreated sisal had a lower variability in fracture stress. If we consider 

stresses higher than the respective reference stresses, untreated sisal fibres failed over a 

narrower stress range compared to mercerised and cornified fibres. The delignification 

associated with mercerisation, and the collapse of the fibre lamella structure that accompanies 

cornification (see Figure 2.10), both seemed to either have exacerbated existing flaws or, 

introduced new defects into the fibre. According to Chand and Hashmi [219], the introduction 

of new flaws following thermal treatment of natural fibres is as a result of the change in ratio 

and proportions of the fibre chemical constituents. During the drying phase of cornification, 

the fibres lose not only water but also volatiles that form part of the wax and lignin, leaving 

behind voids. It is these voids that act as stress concentration points during a tensile test and 

lead to premature failure and a lower Weibull Modulus for cornified sisal fibres. The same 

can thus be said of mercerisation, which involves chemical removal of the wax and lignin 

from the fibres. Following the high lignin, wax and hemicellulose characterisation of Kenyan 

sisal by Phologolo et al. [118], the results in the current research are thus in agreement with 

the findings of Chand and Hashmi [219].  
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Overall, with untreated sisal fibres as standard control, mercerised sisal fibres displayed the 

most significant improvement in tensile properties. However, untreated sisal fibres recorded 

the highest Weibull Modulus. 

4.2 Cement Mortar Composites 

The following are the results obtained from experimental procedure II 

4.2.1 Sand Particle Size Distribution 

Appendix B (Table B1(d)) shows the tabulated results of the sieve analysis carried out on the 

river sand used in this research. The sand met the acceptance criteria necessary for civil work 

in accordance with BS882:1992 specification for aggregates from natural sources for concrete 

[225]. The cumulative percentage passing through the 150µm sieve exceeded the acceptance 

criteria by 2.9%, and through the 75µm sieve exceeded the criteria by 6.7%.  

Figure 4.4 shows a plot of the cumulative passed particle size (%) against the sieve size in 

millimetres and the acceptance criteria adopted. The blue and the green lines show the 

minimum and maximum acceptance criterion, respectively, while the red dotted line shows 

the results for the river sand used in this research. This results were acceptable as in the 

current study, the sand was used in comparative experimental work. 
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Figure 4.4: River sand sieve analysis grading curve 

4.2.2 OPC Mortar Specimens 

4.2.2.1 Flexural Rigidity  

4.2.2.1.1 Uniaxially Aligned Continuous Fibre-Reinforced Mortar (Untreated Sisal Fibres)  

The 3-point bending test results for uniaxially aligned, untreated, mercerised and cornified 

sisal fibre-reinforced OPC mortar composites are shown in Appendix B (Tables B2, B6 and 

B10) The Tables show the specimen dimensions, average mass of embedded fibre, fibre 

volume fraction, maximum applied load for each sample, average applied load and the 

calculated Flexural strength (Modulus of Rupture). The test was conducted at a constant fibre 

aspect ratio (l/d) of 2149.  

Figure 4.5 is a graph showing the Modulus of Rupture of uniaxially aligned, CFRC of mortar 

with the fibres in their untreated, mercerised and cornified states. 
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Figure 4.5: Graph showing MOR of uniaxially aligned continuous fibre-reinforced mortar 

(untreated, mercerised and cornified sisal fibres) against fibre Vf % 

The graphs have been superimposed for ease of comparison. A trend of increasing ultimate 

flexural load with increasing fibre volume fraction was observed in all the specimen groups 

(untreated, mercerised and cornified sisal fibre–reinforced composites). The increase in 

flexural strength with increasing fibre Vf % indicates that the fibre length of 500 mm used in 

this research is greater than the critical fibre length (lc). According to Seshan et al. [235], at 

this fibre length, there is complete load transfer from the matrix to the reinforcing fibres.  

The Modulus of Rupture was calculated using equation (3.15) from the ultimate flexural load 

recorded and the specimen dimensions. The highest average value of the Modulus of Rupture 

equal to 9.39 MN/m2 was recorded from the samples comprising 2.30% Vf mercerised sisal 

beyond which, the composite flexural strength steadily decreased. This shows a 151.07% 

increase in flexural strength of the mercerised sisal fibre-reinforced composite compared to 

the unreinforced (standard control) specimen.  
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Cornified sisal fibre-reinforced composites on the other hand, had a maximum Modulus of 

Rupture of 8.09 MN/m2 at an average fibre volume fraction of 1.86% beyond which, the 

composite flexural strength steadily decreased. This in turn, represented a 123.48% increase in 

flexural strength of the untreated fibre-reinforced composite compared to the unreinforced 

(standard control) specimen. 

 Untreated sisal fibre-reinforced composites displayed a maximum Modulus of Rupture value 

of 8.39 MN/m2 at an average fibre volume fraction of 1.45% beyond which, the composite 

flexural strength steadily decreased. This represented a 110.28% increase in flexural strength 

of the untreated fibre-reinforced composite compared to the unreinforced (standard control) 

specimen.  

The analysis of variation (ANOVA), and, polynomial regression equations (to 3 decimal 

places) for the Modulus of Rupture of untreated, mercerised and cornified sisal fibre-

reinforced OPC mortar composites are shown in Appendix B (Tables B3, B7 and B11). The 

regression equations all had an R2 value ≥ 0.98 which shows a very good match between the 

data points and the regression curve. 

In the case of the unreinforced (standard control) specimens, a single crack, perpendicular to 

the neutral axis and parallel to the load application roller characterised the failure mode of all 

the unreinforced specimens. In contrast, in the case of the fibre-reinforced specimens, at low 

fibre volume fractions (<3% Vf), a single crack, perpendicular to the neutral axis and parallel 

to the load application roller, with simultaneous fibre pull-out was observed as shown in 

Figure 4.6.  
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Figure 4.6: A uniaxially aligned, 2% Vf continuous fibre-reinforced mortar specimen showing 

single crack failure mode and fibre pull-out during a flexural test. 

At higher volume fractions (>3% Vf), multiple cracking with one crack perpendicular to the 

neutral axis and parallel to the load application roller characterised the composite failure 

mode. Several other cracks formed parallel to the neutral axis, indicative of failure as a result 

of shear stresses. This is consistent with Swift and Smith’s [236] finding that at high fibre 

volume fractions, the predominant composite failure mode is by shear as shown in Figure 4.7 
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Figure 4.7: A uniaxially aligned, 5% Vf continuous fibre-reinforced mortar specimen showing 

multiple cracking during a flexural test. 

When a specimen is loaded in bending, flexural and shear stresses develop across the beam 

cross-section. A maximum value of the flexural stress is developed on the outermost surface 

of the beam while the maximum shear occurs in the middle of the beam cross-section. In the 

case of high volume fraction reinforcement, the beam seems to behave as a laminate with the 

shear stresses slicing through the fibre matrix interface leading to the formation of ‘shear 

cracks’ parallel to the beam’s neutral axis. 

The optimal fibre volume fractions reported in the current study are significantly lower than 

the 4.8% optimal fibre volume fraction of reported by Mutua [48] for continuous uniaxially 

aligned fibre-reinforced composites. This can be attributed to the fact that in his work, Mutua 

made use of a concrete matrix. The coarse aggregate within a concrete matrix deflects the 

fibres effectively ‘misaligning’ them. In such a scenario, according to Stang et al. [198], the 

efficiency factor is lowered and therefore, a higher fibre volume fraction will be required in a 

concrete matrix to achieve reinforcement as compared to a mortar matrix.  
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Beyond a fibre volume of 2% there was a steady reduction in the flexural strength in the 

untreated and cornified sisal fibre-reinforced composite. Mercerised sisal fibre-reinforced 

composites exhibited this steady reduction at ≈ 2.4% fibre volume fraction. This reduction can 

be attributed to: 

a) Increased number of voids at high volume fractions due to poor compaction. 

b) High water absorption by the sisal fibres at high volume fractions lowering the 

water/cement ratio in the mortar. 

From the results presented in Appendix B (Table B1(c)) of this report, composite void 

volume fraction was observed to have a directly proportional relation with fibre volume 

fraction. Composite density was, on the other hand, observed to have a more or less 

inversely proportional relationship with fibre volume fraction. These results are 

graphically presented in Figures 4.8 and 4.9. 

 

Figure 4.8: Column graph comparing the variation of void volume fraction with the fibre 

volume fraction of sisal fibre-reinforced mortar. 
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Figure 4.9: Column comparing mortar composite density with the fibre volume fraction of 

sisal fibre-reinforced mortar 

It can be seen from Figures 4.8 and 4.9 that mercerised sisal fibre mortar composites generally 

had a higher density (and a lower void volume fraction) than untreated and cornified sisal 

fibre-reinforced composites at the same fibre volume fraction. 

It can thus be deduced that alongside possible water absorption by the fibres, the increased 

number of voids at high fibre volume fractions is partially responsible for the observed 

decrease in flexural strength of the composite. This explains (in part) why the mercerised sisal 

fibre-reinforced mortar had a 151.07% increase in flexural strength compared to cornified 

(123.48%) and untreated (110.28%) sisal fibre-reinforced mortar composites. 

4.2.2.1.2 Randomly Oriented Discontinuous Fibre-Reinforced Mortar (Untreated Sisal 

Fibres) 

The 3-point bending test results for discontinuous, randomly aligned, untreated, mercerised 

and cornified sisal fibre-reinforced OPC mortar composites are shown in Appendix B (Tables 

B14, B16 and B18) The Tables show the specimen dimensions, average mass of embedded 

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6 7

D
en

si
ty

 (
g

cm
-3

)

% Vf

Density (untreated) Density (mercerised) Density (cornified)



  

102 

 

fibre, fibre volume fraction, maximum applied load for each sample, average applied load and 

the calculated Flexural strength (Modulus of Rupture). The test was conducted at a constant 

fibre aspect ratio (l/d) of 129. Figure 4.10 is a graph showing the Modulus of Rupture of 

randomly aligned, DFRC of mortar with the fibres in their untreated, mercerised and cornified 

states. 

 

Figure 4.10: Graph showing MOR of randomly aligned, discontinuous fibre-reinforced 

mortar (untreated, mercerised and cornified sisal fibres) against fibre Vf % 

The graphs have been superimposed for ease of comparison. The analysis of variation 

(ANOVA), and, polynomial regression equations (to 3 decimal places) for the Modulus of 

Rupture of untreated, mercerised and cornified sisal discontinuous fibre-reinforced OPC 

mortar composites are shown in Appendix B (Tables B15, B17 and B19). The regression 

equations all had an R2 value ≥ 0.98 which shows a very good match between the data points 

and the regression curve. 
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A variation in ultimate flexural load with increasing fibre volume fraction was observed in all 

three specimen groups (untreated, mercerised and cornified sisal fibre-reinforced mortar 

composites). The Modulus of Rupture was calculated using equation (3.15) from the ultimate 

flexural load recorded and the specimen dimensions. This MOR also varied randomly from 

specimen to specimen in all the specimen groups hence the wavy regression line in Figure 

4.10.  

In the case of the unreinforced (standard control) specimens, a single crack, perpendicular to 

the specimen neutral axis characterised the standard control specimens’ failure mode. 

Similarly, in the case of the fibre-reinforced specimens, a single crack, perpendicular to the 

neutral axis was the observed mode of failure. However, the fibre-reinforced specimens failed 

with fibres pulling out once crack propagation had commenced, and the specimen eventually 

split into two halves. This observed behaviour is consistent with the results reported by 

Fujiyama [42], Mutua [48], Mutuli [91] and Kirima [237]. Figure 4.11 is an image showing 

(a) A single crack with fibre pull-out and (b) fracture surface in a discontinuous fibre-

reinforced mortar specimen.  

  



  

104 

 

 

Figure 4.11: Image showing (a) single crack with fibre pull-out and (b) fracture surface with 

fibres jutting out of a 3% Vf discontinuous, randomly aligned fibre-reinforced mortar 

Compared to the continuous uniaxially aligned fibre-reinforced mortar, the improvement in 

flexural strength for these specimens was markedly reduced. This result agrees well with 

Stang et al. [198] since it is difficult to achieve a high-efficiency factor with chopped, 

randomly oriented fibres courtesy of their lower aspect ratio. The rule of mixtures predicts this 

result. 

Much can be said about the workability of the randomly oriented fibre-OPC mortar mixture. 

At fibre volume fractions above 5%, workability was a near-impossible task and during 

mixing, the fibres balled up in the mixer forming clumps. This phenomenon has also been 

reported by Mutuli [91], and Ngala [142] in chopped sisal fibre-reinforced cement composites 

at volume fractions above 6%. From Figure 4.12, the resulting composite specimens can be 

seen to be having fibre clumps on the surface and increased porosity on the inside. Evidence 

of this was the bubbling of escaping air when the specimens were initially submerged in the 

curing tank for the 28-day curing period prior to testing.  
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Figure 4.12: Image showing fibre clumps on a 7% randomly oriented discontinuous fibre-

reinforced mortar surface. 

The slight albeit fluctuating improvement in mechanical properties of the randomly oriented 

fibre-reinforced mortar compared to the uniaxially oriented continuous fibre-reinforced mortar 

can be partly attributed to this phenomenon. Mutua [48] found no improvement in flexural 

strength with discontinuous, randomly aligned fibre-reinforced concrete. This could be in part 

due to the presence of coarse aggregate in the concrete. Other researchers, including Swift and 

Smith [236], Mutuli [91] and Kirima [237] reported a slight increase in flexural strength of 

chopped, randomly aligned fibre-reinforced composites. The results presented in the current 

study for discontinuous, randomly aligned fibre-reinforced mortar are consistent with their 

findings. 

4.2.2.2 Tensile and Interfacial Bond Strength 

The results for the tensile and interfacial bond strength for uniaxially aligned continuous sisal-

fibre-reinforced mortar are presented in Appendix B (Tables B4, B8 & B12). The Tables 

show the specimen dimensions, average mass of embedded fibre, fibre volume fraction, mean 
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crack spacing, maximum applied load for each sample, average applied, the calculated 

Flexural strength (Modulus of Rupture) and the calculated Interfacial bond strength. The test 

was conducted at a constant fibre aspect ratio (l/d) of 1719. 

Figure 4.13 is a graph showing the ultimate tensile stress (UTS) of uniaxially aligned, CFRC 

of mortar with the fibres in their untreated, mercerised and cornified states. 

 

Figure 4.13: Graph showing tensile test results for untreated, mercerised and cornified sisal 

fibre-reinforced mortar. 

In Figure 4.13, the graphs have been superimposed for ease of comparison. A trend of 

increasing maximum tensile stress with increasing fibre volume fraction was observed in all 

the specimen groups (untreated, mercerised and cornified sisal fibre –reinforced composites).  

The highest value of the maximum tensile stress of 3.23 MN/m2 at a fibre volume fraction of 

1.29% was calculated from the mercerised sisal fibre-reinforced composites. This represented 

a 19.10% increase in ultimate tensile stress compared to the unreinforced specimens. 
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Cornified sisal fibre-reinforced mortar on the other hand, had a maximum fracture stress of 

3.11 MN/m2 at a fibre volume fraction of 1.80 % which shows an 11.70% increase in fracture 

stress compared to the unreinforced specimens. Untreated sisal fibre-reinforced mortar had a 

maximum UTS value of 3.05 MN/m2 at 1.27% fibre volume fraction which represented a 

19.20% increase in UTS of the fibre-reinforced specimens compared to the unreinforced 

specimens.  

The ultimate tensile stress of the three specimen groups (untreated, mercerised and cornified 

sisal fibre-reinforced mortar) was observed to increase with increasing fibre volume fraction 

and could accurately be modelled as polynomial regression equations as shown in Figure 

4.13.  

The analysis of variation (ANOVA), and, polynomial regression equations (to 3 decimal 

places) for the ultimate tensile strength of untreated, mercerised and cornified sisal fibre-

reinforced mortar composites are shown in Appendix B (Tables B5, B9 and B13). The 

regression equations all had an R2 value ≥ 0.97 which shows a very good match between the 

data points and the regression curve. 

From the data collected during the tensile test, an attempt to calculate the interfacial bond 

strength at ≈ 0.5% fibre volume fraction was made using Aveston’s [209] equation (eq. 2.28).  

Figure 4.14 is a graphical representation of the interfacial bond strength for the untreated, 

mercerised and cornified sisal fibre-reinforced mortar composites. 
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Figure 4.14: Graph showing interfacial bond strength (IBS) results for untreated, mercerised 

and cornified sisal fibre-reinforced mortar (@≈ 0.5% Vf). 

From the graph, it can be observed that at ≈ 0.5% Vf, the surface-modified sisal fibre-

reinforced mortar composites had a higher value of interfacial bond strength than the 

untreated sisal fibre-reinforced mortar specimens.  

 Mercerised sisal fibre-reinforced mortar composites recorded the highest interfacial bond 

strength value of 470.30 KN/m2 at an average fibre volume fraction of 0.43%. Cornified sisal 

fibre-reinforced mortar composites had an interfacial bond strength value of 465 KN/m2 at a 

fibre volume fraction of 0.47%. Untreated sisal fibre-reinforced mortar composites recorded 

the lowest interfacial bond strength value of 408.60 KN/m2 at a fibre volume fraction of 

0.48%.  

Silva et al. [203] report a much higher interfacial bond strength value of 920 KN/m2 for sisal 

fibre-embedded in an OPC mortar matrix. In their study, Silva et al. employed the single fibre 

strand pull-out method while in the current study, multiple fibres embedded in a cementitious 

matrix at a low fibre volume fraction were tested in direct tension. The results reported in the 
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current study are, however, comparable to results posted by Ngala [142] of a maximum 

interfacial bond strength value of 453 KN/m2 at a fibre volume fraction of 0.98% for untreated 

sisal fibre-reinforced rice husk ash cement mortar. Bessel and Mutuli [46] report an interfacial 

bond strength value of 600 KN/m2 for untreated sisal fibre-reinforced cement paste. From the 

results of this study, and by comparing the results with those of Bessel and Mutuli [46], one 

can conclude that the presence of fine aggregate (sand) in the matrix (as is the case in the 

current study) has a negative effect on the interfacial bond strength between the reinforcing 

fibre, and, the matrix. This has been shown to be the case in the MOR of cementitious 

matrices comprising aggregate by other researchers such as Mutua [48] and Stang et al. [198]  

The matrix constituent composition (cement/sand ratio) and moisture content were also 

determined experimentally and the tabulated results are shown in Appendix B (Tables B1(a) 

and B1(b)). The mortar specimen’s total moisture content was determined to be 13.77% 

(standard deviation 0.29%). This moisture could easily ingress into the fibres, causing 

dimensional instability and thus negatively affecting the interfacial bond strength between the 

sisal fibre reinforcement, and the matrix. The fine aggregate proportion of 74.45 % in the 

mortar specimens shows that the mortar was properly mixed and there were minimal areas of 

fine aggregate coalescing within the specimens. This would similarly have impacted the 

interfacial bond strength negatively 

Overall, it was observed that the average crack spacing in all the fibre-reinforced specimens 

reduced with increasing fibre volume fraction. This phenomenon has also been reported by 

Ngala [142]. It is also worth noting that at high fibre volume fractions, the predominant mode 

of failure of the composites was multiple matrix failure (MMF), a result consistent with Ngala 
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[142] which made the accurate measurement of inter-crack spacing of high fibre-volume 

composites in the current study (Vf ≥ 2%) impractical. 
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4.3 Sisal Fibre-reinforced Polyester Resin Composites 

The following are the results obtained from experimental procedure III 

4.3.1 Tensile Strength 

Appendix B (Tables B20 (a, b c & d)) shows the results for fracture stress, fracture strain and 

Secant Modulus for untreated, mercerised and cornified sisal fibre-reinforced unsaturated 

polyester resin alongside the analysis of variation (ANOVA). Table B20 (a) shows the volume 

fraction of embedded fibre, composite cross-sectional area, maximum applied load for each 

sample, fracture stress, fracture strain and Secant Modulus calculated for each specimen. The 

test was conducted at a constant fibre aspect ratio (l/d) of 687.60. Figure 4.15 is a graphical 

representation of the results. 

 

Figure 4.15: Graph showing tensile test results for untreated, mercerised and cornified sisal 

fibre-reinforced unsaturated polyester resin. 
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The graphs have been superimposed for ease of comparison. All three types of sisal fibre 

reinforcement (untreated, mercerised and cornified) exhibited negative reinforcement18 in 

polyester resin. Other researchers have reported this negative reinforcement phenomenon of 

natural fibres in polyester resin. Satyanarayana et al. [238] reported negative reinforcement of 

coir fibre-reinforced polyester resin and attributed his findings to weak bonding between the 

fibres and the matrix. Zhu et al. [127] and Marwa et al. [234] on the other hand, attributes 

poor mechanical properties of natural fibre-reinforced polymeric matrices on the thermal 

degradation of the fibres by the relatively high polymer processing temperatures. This 

phenomenon has also been reported by Melkamu et al. [239] concerning the tensile strength 

of sisal fibre-reinforced unsaturated polyester resin. Negative reinforcement, a behaviour 

where the composite behaviour is in contradiction with the rule of mixtures, has also been 

reported in synthetic fibres by Marom et al. [240] while investigating mechanical behaviour 

of AS-carbon fibre-reinforced epoxy resin, with the reason being attributed to the type of fibre 

used and the composite’s loading configuration. Further investigation into the curing 

temperatures of the fibre-reinforced polyester resin gave the results shown in Figure 4.16.  

                                                 

18 A phenomenon where addition of reinforcement to a matrix reduces the strength properties of the composite. 
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Figure 4.16: Temperature variation within the mould during curing of unreinforced and fibre-

reinforced polyester resin (See Appendix B, Tables B8(a, b &c)) 

Figure 4.16 shows the variation of temperature with time for unreinforced and fibre-reinforced 

polyester resin during curing (See Appendix B Tables B23 (a, b & c) for temperature 

measurement results and ANOVA). 

The unreinforced polyester resin was observed to cure with a gradual rise from room 

temperature to a peak temperature of 82.40° C, over a 26-minute period. 

The fibre-reinforced polyester resin, on the other hand, was observed to cure with a gradual 

rise from room temperature to a peak of 113.8° C, over a 12-minute 30-second period. 

According to Mukhopadyay and Srikanta [110], koronis et al. [94] and Zhu et al. [127], ligno-

cellulosic fibres tend to degrade at or near the processing temperature of thermoplastics such 

as polyesters and polyamides. Studies into the mechanical properties of sisal fibres at elevated 

temperatures by Chand and Hashmi [219] have shown that sisal fibres display a reduction in 

tensile strength at temperatures exceeding 100°C.  
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This sharp rise in temperature over a short duration has been shown to cause ‘thermal shock’ 

to natural fibres by Claramunt et al. [177]. In the current research, we posit that the most 

likely explanation for the negative reinforcement of fibre-reinforced polyester resin is a 

combination of the high curing temperature and the thermal shock factor. 

4.3.2 Flexural Strength 

The 3-point bending test results for uniaxially oriented untreated, mercerised and cornified 

sisal fibre-reinforced polyester composites alongside the analysis of variation (ANOVA) are 

shown Appendix B (Table B21(a, b c & d)). Table B21 (a) shows the fibre volume fraction, 

composite cross-section, the breaking load, the Modulus of Rupture and beam deflection. The 

test was conducted at a constant fibre aspect ratio (l/d) of 1289. Figure 4.17 is a graphical 

representation of the results. 

 

Figure 4.17: Graph showing flexural test results for untreated, mercerised and cornified sisal 

fibre-reinforced unsaturated polyester resin. 
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In this test, by curing the flexural specimens in an uncovered mould by an open window 

overnight, positive reinforcement was achieved as shown in Figure 4.17. A trend of increasing 

flexural load with increasing volume fraction was observed. The Modulus of Rupture was 

calculated using equation (3.15) from the ultimate flexural load and the specimen dimensions. 

The highest average value of the Modulus of Rupture equal to 48.29 MN/m2 was recorded 

from the samples containing 1.51% mercerised sisal fibre reinforcement. This showed a 

66.93% increase in flexural strength compared to the unreinforced specimens. Cornified sisal 

fibre-reinforced polyester resin specimens registered a peak MOR of 44.01 MN/m2 at 1.43 

%Vf which translates to a 52.13% increase in the Modulus of rupture compared to the 

unreinforced specimens. Untreated sisal fibre-reinforced polyester resin had a maximum 

MOR of 42.53 MN/m2 at a fibre volume fraction of 1.45%. This represented a 47.01% 

increase in the Modulus of Rupture compared to the unreinforced (standard control 

specimens). At 1.45 % Vf, this result is lower than the optimal Vf reported by Idicula et al. 

[81] of 4% for untreated sisal fibre-reinforced polyester resin. However, it is essential to note 

that Idicula employed short, randomly distributed sisal and banana fibres dispersed in an 

unsaturated polyester resin matrix. The mechanical properties of polyester resin have also 

been shown to be affected by the volume of MEKP initiator used in the mixing of the resin 

and also by the presence of catalysts [241]. In the current study, 1% vol. MEKP with no 

catalyst was employed while in an earlier study by Abd El-Baky [234] where a Modulus of 

rupture of 14.01 MN/m2 was reported for unsaturated polyester resin, 1.5% MEKP and Cobalt 

Naphthenate catalyst was employed. An even earlier study by Pasdar and Mohseni [194] 

reports a Modulus of rupture of 78 MN/m2 for neat unsaturated polyester resin. However, in 

that study, just like in the study by Abd El-Baky [234], a metal salt catalyst (Cobalt Octoate) 

was used. 
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4.4 Sisal Fibre-reinforced Epoxy Resin Composites 

4.4.1 Tensile Strength 

Appendix B (Tables B22 a, b c & d) shows the results for fracture stress, fracture strain and 

Secant Modulus alongside the analysis of variation (ANOVA) for untreated, mercerised and 

cornified sisal fibre-reinforced epoxy resin. Table B22 (a) shows the volume fraction of 

embedded fibre, composite cross-sectional area, maximum applied load for each sample, 

fracture stress, fracture strain and Secant Modulus calculated for each specimen. The test was 

conducted at a constant fibre aspect ratio (l/d) of 687.60. Figure 4.18 is a graphical summary 

of the results. 

 

Figure 4.18: Graph showing tensile test results for untreated, mercerised and cornified sisal 

fibre-reinforced epoxy resin. 
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increase with increasing fibre volume fraction. Mercerised sisal fibre-reinforced epoxy resin 

displayed the greatest gain in tensile strength with a maximum fracture value of 101.57 

MN/m2 at a fibre volume fraction of 1.76%. This translated to an 118.52% increase in tensile 

strength compared to the standard control (unreinforced specimen). Cornified sisal fibre-

reinforced epoxy resin attained a maximum fracture stress value of 85.24 MN/m2 at a fibre 

volume fraction of 1.92%. This represented an 83.39% increase in fracture stress compared to 

the unreinforced epoxy resin. Untreated sisal fibre-reinforced epoxy resin displayed the least 

gain in tensile strength with a maximum fracture stress value of 82.77 MN/m2 at a fibre 

volume fraction of 1.50%. This in turn translated to a 78.08% increase in tensile strength 

compared to the standard control (unreinforced specimen). Significant standard deviation was 

observed in the fracture stress data. This could be due to uneven fibre distribution in the 

composite due to the hand lay-up method employed in the current study. It could also be as a 

result of the type of epoxy resin used in the current study. There are many different types of 

epoxy resin in the market with varying physical, chemical and mechanical properties. The 

epoxy resin used in the current study had mechanical properties comparable to the epoxy 

resins used by Yusof et al. [76] and Ngala [142] (σuts ≈ 44 MN/m2; E ≈ 1 GN/m2). 

The motivation behind using an epoxy resin matrix in the current study was to see the effect 

of the exothermic curing temperature of polyester resin on untreated and surface-modified 

sisal fibres. By using the fibres in both polyester and epoxy resin matrices, and comparing the 

results, the fibres were able to positively reinforce the epoxy resin unlike was the case with 

polyester resin. More so, the average Secant Modulus of the epoxy resin was about twice that 

of the unsaturated polyester (0.91 GN/m2 vs 0.58 GN/m2). The reinforcing effect of fibre 

reinforcement is most pronounced when the stiffness of the fibres is much greater than that of 
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the matrix i.e. (Ef >> Em). Yet in the current study the matrix with a higher Modulus value, 

was better reinforced than the one with a lower Modulus value. This can be attributed to the 

exothermic curing temperature of the lower Modulus unsaturated polyester resin matrix.  

Overall, sisal fibre surface-modification led to greater improvement in the strength properties 

of the epoxy composite system than in the untreated sisal fibre-reinforced epoxy composite. 

These results confirm the predictions of Ngala [142] and Bisanda [166] that sisal fibre 

surface-modification prior to incorporation into a polymeric matrix will result in a composite 

system with better/improved strength properties compared to the untreated sisal fibre-

reinforced composite.  
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CHAPTER FIVE 

5.0 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 

5.1 Conclusions 

The following conclusions can be drawn from this study 

1) The mean sisal fibre diameter of the butt-end and mid-span portions of UG grade 

Kenyan sisal was measured to be 232.70 µm with a standard error of + 8.98 µm. 

2) The density of untreated sisal fibres under normal atmospheric conditions was 

determined using the linear density and diameter calculation method [214] and found 

to be equal to 1.3 gcm-3 with a standard error of + 0.38 gcm-3 

3) The tensile strength of Kenyan sisal fibre in its untreated, mercerised and cornified 

states was determined and found to equal 161.02 MN/m2, 271.00 MN/m2 and 198.57 

MN/m2 respectively. 

4) Cornified sisal fibres have the highest water absorption, about 182.24% of their 

weight, compared to mercerised sisal fibres 178.30%. 

5) Both mercerisation and cornification either introduced new flaws or exacerbated 

existing defects in untreated sisal fibres. 

6) The flexural strength of untreated, mercerised, and cornified sisal fibre-reinforced 

OPC mortar matrix was higher than that of the unreinforced matrix. 

7)  Uniaxially oriented continuous fibre-reinforced OPC mortar composites displayed an 

increase in flexural strength with increasing fibre volume fraction. At the optimum 

fibre volume fraction, a two to three-fold gain in flexural strength was observed, a 

result that has also reported by Savastano [36] and by Tonoli et al. [38]. 
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8) Mercerised sisal continuous fibre-reinforced mortar composites displayed a higher 

increase in flexural strength of 151.07% compared to untreated sisal fibre-reinforced 

specimens of 110.28%. 

9) Randomly oriented discontinuous sisal fibre mortar composites displayed a marginal 

increase in flexural strength that was significantly lower than that of the uniaxially 

oriented, continuous fibre-reinforced mortar composites. These findings are consistent 

with those reported by Mutua [48], Mutuli [91], Kirima [237] and Swift & Smith 

[236]. 

10) There were two modes of failure identified in the flexural test of uniaxially aligned 

continuous fibre-reinforced composites. At low fibre volume fractions, specimens 

failed with a single crack parallel to the load application roller indicative of flexural 

failure while at higher fibre volume fractions, the specimens failed in shear, with 

multiple cracks forming parallel to the neutral axis.  

11) The tensile strength results of the uniaxially aligned continuous fibre-reinforced 

polyester resin specimens displayed negative reinforcement while the flexural strength 

results showed positive reinforcement. This was attributed to the effect of elevated 

temperature on sisal tensile strength that is also reported by Chand and Hashmi [219].  

12) Mercerised sisal fibre-reinforced unsaturated polyester resin specimens displayed the 

highest gain in flexural strength of 66.93% compared to cornified and untreated sisal 

fibre-reinforced specimens of 52.13% and 47.01% respectively.  

13) Mercerised sisal fibre-epoxy resin specimens displayed the highest gain in in tensile 

strength of 118.52% compared to cornified and untreated sisal fibre-reinforced 

specimens of 88.16% and 78.08% respectively. Compared to the results of sisal fibre-

reinforced polyester resin, these results further corroborate the findings of Claramunt 
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et al. [177] and Chand & Hashmi [219] that high processing temperatures (above 

100°C) are potentially detrimental to sisal fibres. 
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5.2 Recommendations 

The following are recommendations for future work. 

1) The density of untreated UG grade Kenyan sisal fibres was determined using the linear 

density and diameter method employed by Soykeabkaew et al. [214] in the 

determination of the densities of jute and flax fibres. This method was adopted on the 

basis of its low cost, simplicity and its reputation of giving accurate results in the 

determination of high density natural fibres such as sisal fibres. Although the density 

arrived at in this research is well within documented results, more advanced density 

determination methods such as the ASTM-1505-03 gradient column method [242] or 

the liquid pycnometry method [243] can be considered to get a more accurate 

measurement of the density of UG grade Kenyan sisal fibres. There is also a need to 

employ either one of these more precise density calculation methods to determine 

whether the surface-modification treatments had any effect on the diameter and 

density of the sisal fibres. 

2) In this research, both mercerisation and cornification have resulted in improvement of 

the mechanical properties of Kenyan sisal fibres. However, many researchers such as 

Sathishkumar et al. [13], Chandramohan and Bharanichandar [26], Idicula et al. [81], 

Marom et al. [240] and Jacob et al. [199] have shown that hybrid fibre compositions 

lead to synergistic improvement of composite mechanical properties than that of the 

individual fibre types used alone. There is, therefore, a need to establish the 

reinforcing effect of mercerised/cornified sisal fibre hybrid in both cementitious and 

polymeric matrices. 

3) At high fibre volume fractions, the flexural strength results have pointed towards a 

predominantly shear failure mode of the composite. The true flexural strength of 
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uniaxially aligned continuous fibre-reinforced OPC mortar composites needs further 

investigation. 

4) The durability of mercerised and cornified sisal fibres in the predominantly alkaline 

OPC mortar needs investigation before a conclusive decision can be arrived at as to 

which surface-modification method best suits Kenyan sisal fibres. 

5) Semsarzadeh [59] has shown that polyvinyl acetate has an insulating effect on natural 

fibres. There is a need to investigate if spraying the fibres with polyvinyl acetate 

before embedding them in the polyester resin can reverse the negative reinforcement 

effect reported by Zhu et al. [127], Satyanarayana et al. [238] and Abd El-Baky et al. 

[244], and also observed in the current research. 

6) Chand and Hashmi [219] have shown that untreated (untreated) sisal fibres display a 

gradual reduction in strength properties at temperatures above 100°C. Given the 

negative and positive reinforcement observed in the tensile and flexural strengths of 

sisal fibre-reinforced polyester resin, a comparative study on the thermal stability of 

untreated and surface-modified sisal fibres needs further investigation.  

7) In this research work, cornification was carried out at a drying temperature of 100°C 

with the temperature set to increase from room temperature at a rate of 1°C/min. 

Claramunt et al. [177] and Ballesteros et al. [39] advocated the use of a drying 

temperature of 60°C and this was not realised in the current research due to challenges 

with the electric oven discussed in section 4.1.1 of this study. There is a need, 

therefore, to investigate the effect of cornifying Kenyan sisal fibres at 60°C and to 

compare the cornified fibres strength properties with those reported in this research. 
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APPENDICES 

APPENDIX A – SISAL FIBRE 

Table A1: Absorbency test results for untreated fibres, mercerised fibres and cornified sisal 

fibres 
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Table A2: Butt-end and mid-span diameters of untreated sisal fibres 
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Table A3: Untreated sisal fibre diameter Weibull analysis. 

 

Table A4: Density test results 
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Untreated, Mercerised and Cornified Sisal Fibres Fracture Stress Analysis 

Table A5: Fracture stress results - untreated sisal fibres 
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Table A6: Fracture stress results - mercerised sisal fibres 
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Table A7: Fracture stress results - cornified sisal fibres 
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Table A8: Fracture stress Weibull analysis - untreated, mercerised and cornified sisal fibres 
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APPENDIX B – SISAL FIBRE-REINFORCED COMPOSITE RESULTS AND DATA 

ANALYSIS 

Table B1(a): Acid method of determination of sand/cement ratio in mortar results 

 

Table B1(b): Mortar moisture content results  
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Table B 1(c): Results of density and water absorption tests of continuous fibre-reinforced 

Mortar 
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Table B1(d): River sand sieve analysis 

Sample Type 

River Sand 
FINE AGGREGATES-ROCK SAND 

Sample source: 

Jamuhuri 
  

Client   Project MSc.   

Test date: 

01.01.2018 
  Sample No.1               

Specification BS882:1992 TABLE4 & 6 

  

              

  

Pan mass  (gm) 

134.

7 

       

  

Initial dry sample mass + 

pan (gm) 

363.

1 

       

  

Initial dry sample mass  (gm) 

228.

4 Fine mass  (gm) 21.3 

Washed dry sample mass + 

pan (gm) 

341.

8 Fine percent  (%) 9.3 

Washed dry sample mass  (gm) 

207.

1 Acceptance Criteria (%)   

  

              

  

  

              

  

Sieve size (mm) 

 

Retaine

d mass 

(gm) 

% Retained 

(%) 

Cumulative passed 

percentage (%) 

Acceptance Criteria 

Min(%) 

Max 

(%) 

14 0 0.0 100.0 100   

10 0 0.0 100.0 100   

4.76 2.2 1.0 99.0 89 100 

2.36 1.6 0.7 98.3 60 100 

1.18 5.7 2.5 95.8 30 100 

0.6 28.2 12.3 83.5 15 100 

0.3 80.6 35.3 48.2 5 70 

0.15 69.3 30.3 17.9 0 15 

0.075 16.6 7.3 10.6 0 3 

  204.2         
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Untreated Sisal CFRC of Mortar 

Table B2: Flexural results data - untreated sisal CFRC of mortar 
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Table B3: Polynomial regression analysis (flexural) results - untreated sisal CFRC of mortar 

(100 x 100 x 500 mm) 

 

Regression equation: 

y = 0.0402x6 - 0.7057x5 + 4.5931x4 - 13.511x3 + 16.521x2 - 3.968x + 4.018 

R² = 0.9807 
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Table B4: Tensile and interfacial bond strength results – untreated sisal CFRC of mortar 
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Table B5: Polynomial regression analysis (tensile) results - untreated sisal CFRC of mortar 

(50 x 50 x 400 mm) 

  

 

Regression Equation: 

y = 0.0496x4 – 0.5130x3 +0.9410x2 -0.08940x + 2.555  

(R2 = 0.99977) 
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Mercerised Sisal CFRC of Mortar 

Table B6: Flexural results data - Mercerised sisal CFRC of mortar 
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Table B7: Polynomial regression analysis (flexural) - mercerised sisal CFRC of mortar 

 

Regression equation: 

y = -0.0138x6 + 0.1868x5 - 0.8324x4 + 1.3668x3 - 1.6323x2 + 4.7035x + 3.7029 

R² = 0.9842 
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Table B8: Tensile and interfacial bond strength results - mercerised sisal CFRC of mortar 

 

Table B9: Polynomial regression analysis (tensile) - mercerised sisal CFRC of mortar (50 x 

50 x 400 mm) 

 

Regression equation: 

y = -0.103x4 + 0.0449x3 + 0.2547x2 + 0.2311x + 2.7105 

R² = 0.9984 
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Cornified Sisal CFRC of Mortar 

Table B10: Flexural results data - Cornified sisal CFRC of mortar 
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Table B11: Polynomial regression analysis (flexural) - Cornified sisal CFRC of mortar 

 

Regression equation: 

y = 0.140x5 – 0.290x4 – 1.570x3 + 3.462x2 + 1.558x + 3.6167 

R² = 0.999 

Table B12: Tensile and interfacial bond strength results - cornified sisal CFRC of mortar 

 



  

163 

 

Table B13: Polynomial regression analysis (tensile) - cornified sisal CFRC of mortar (50 x 50 

x 400 mm) 

 

Regression equation: 

y = 0.0208x4 - 0.5391x3 + 1.3529x2 - 0.6406x + 2.7795 

R² = 0.9743 
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Untreated Sisal DFRC of Mortar 

Table B14: Flexural results data - Untreated sisal DFRC of mortar 
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Table B15: Polynomial regression analysis results - untreated sisal DFRC of mortar 

 

Regression equation:  

y = -0.0026x6 + 0.0355x5 - 0.1562x4 + 0.1435x3 + 0.4018x2 - 0.3257x + 4.2817 

R² = 0.7783 
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Mercerised Sisal DFRC of Mortar  

Table B16: Flexural results data - Mercerised sisal DFRC of mortar 
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Table B17: Polynomial regression analysis results - Mercerised sisal DFRC of mortar 

 

Regression equation: 

y = 0.003x6 - 0.0212x5 - 0.0772x4 + 0.917x3 - 2.2756x2 + 2.1973x + 3.7109 

R² = 0.9433 
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Cornified Sisal DFRC of Mortar 

Table B18: Flexural results data - Cornified sisal DFRC of mortar 

 

  



  

169 

 

Table B19: Polynomial regression analysis results - Cornified sisal DFRC of mortar  

 

Regression equation: 

y = -0.0112x6 + 0.1942x5 - 1.2452x4 + 3.6278x3 - 4.728x2 + 2.5485x + 3.9348 

R² = 0.9895 
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Tensile Test Results - Sisal CFRC of Polyester Resin 

Table B20 (a): Tensile test results for uniaxially aligned untreated, mercerised and cornified 

sisal fibre-reinforced polyester resin 

 



  

171 

 

Table B20 (b): Polynomial regression analysis (tensile) results - untreated sisal CFRC of 

polyester resin  

 

Regression equation:  

24.95x2 – 58.41x + 60.53 

R2 = 0.94  

  



  

172 

 

Table B20 (c): Polynomial regression analysis (tensile) results - Mercerised sisal CFRC of 

polyester resin  

 

Regression equation:  

24.16x2 – 60.31x + 60.94 

R2 = 0.96 
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Table B20 (d): Polynomial regression analysis (tensile) results - Cornified sisal CFRC of 

polyester resin  

 

Regression equation: 

20.97x2 – 56.06x + 61.11 

R2 = 0.97 
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Flexural Test Results - Sisal CFRC of Polyester Resin 

Table B21 (a): Flexural test results for uniaxially aligned untreated, mercerised and cornified 

sisal fibre-reinforced polyester resin 
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Table B21 (b): Polynomial regression analysis results - untreated sisal CFRC of polyester 

resin (3-point-bending test, MOR) 

 

Regression equation:  

-21.83x3 + 59.13x2 – 30.54x + 28.93 

R2 = 1 
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Table B21 (c): Polynomial regression analysis results - Mercerised sisal CFRC of polyester 

resin (3-point-bending test, MOR) 

 

Regression equation: 

-27.88x3 + 77.10x2 – 40.03x + 28.93 

R2 = 1 
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Table B21 (d): Polynomial regression analysis results - Cornified sisal CFRC of polyester 

resin (3-point-bending test, MOR) 

 

Regression equation:  

-0.003x3 + 5.585x2 + 2.527x + 28.93 

R2 = 1 
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Tensile Test Results - Sisal CFRC of Epoxy Resin 

Table B22 (a): Tensile test results for uniaxially aligned untreated, mercerised and cornified 

sisal fibre-reinforced epoxy resin 
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Table B22 (b): Polynomial regression analysis results - untreated sisal CFRC of epoxy resin 

(Tensile test) 

 

Regression equation: 

-11.79x3 + 16.67 x2 +24.91 + 47.39 

R2 = 0.98 
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Table B22 (c): Polynomial regression analysis results - Mercerised sisal CFRC of epoxy resin 

(Tensile test) 

 

Regression equation:  

-0.76x3 – 14.80x2 + 56.36x + 48.11 

R2 = 0.96  
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Table B22 (d): Polynomial regression analysis results - Cornified sisal CFRC of epoxy resin 

(Tensile test) 

 

Regression equation: 

-1.26x3 – 14.62x2 + 50.15 x + 47.89 

R2 = 0.96 

 

  



  

182 

 

Temperature Variation during Curing of Polyester Resin  

Table B23(a): Temperature variation data during curing of unreinforced and reinforced 

polyester resin 

 

 

Table B23(b): Polynomial regression analysis results - temperature variation during curing 

of unreinforced polyester resin 
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Table B23(c): Polynomial regression analysis results - temperature variation during curing of 

sisal fibre-reinforced polyester resin 
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APPENDIX C – LIST OF PUBLICATIONS FROM THE STUDY 

From the findings of the current study, the following two (2) papers were published in Taylor 

& Francis’ Journal of Natural Fibers (ISSN:1544-046X), a peer-reviewed scientific journal 

listed in the SCImago Scopus® database (Elsevier B.V.): 

1) Mengo W. Kithiia, Munyasi. M. David and Mutuli. M. Stephen: Strength Properties 

of Surface Modified Kenyan Sisal Fibers. Journal of Natural Fibers, 19 (6), 2022, p. 

2277–2287. https://doi.org/10.1080/15440478.2020.1807446 Link to full article: 

https://www.tandfonline.com/eprint/BXPRCH8TAHSYNVB6BPQN/full?target=10.1

080/15440478.2020.1807446  

2) Mengo W. Kithiia, Munyasi. M. David, Mutuli. M. Stephen and Mumenya W. Siphila: 
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https://doi.org/10.1080/15440478.2021.1993471 Link to full article: 

https://www.tandfonline.com/eprint/2FZF6XAEZRKQITZS9HBE/full?target=10.108

0/15440478.2021.1993471  
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