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ABSTRACT 
 

The invasive Agave plant has been rapidly spreading in the Maltese islands, displacing native 

species and potentially harming local structures and biodiversity. Extensive removal efforts 

have been undertaken, but the disposal of these alien species through incineration poses a 

significant environmental challenge. To mitigate this issue, it is crucial to utilize this by-product 

in an innovative and sustainable way that contribute to a more circular and sustainable 

economy.  

 

This study investigates the potential use of Agave Sisalana fibres in self-compacting concrete 

(SCC) and their impact on its fresh properties, early age characteristics and hardened 

properties of concrete. The influence of different fibre lengths, specifically 15mm, 25mm and 

35mm, with various fibre volume percentages of 0.25%, 0.50% and 1%, were considered. To 

evaluate the performance of the concrete specimens, experimental tests were conducted to 

assess the compressive, flexural, tensile and shrinkage behaviour. 

 

The findings obtained from the testing of the fresh properties indicated that the introduction 

of fibres in the concrete mix reduced its self-compacting characteristics. This reduction was 

primarily observed in the passing ability of the mix, with instance of clogging resulting in loss 

of performance. However, despite this expected decrease in performance, the SCC still 

maintained certain flow characteristics. 

 

 For the early age characteristics, both concrete and mortar were subjected to controlled 

environmental conditions. The concrete specimens were placed in an environmental 

chamber, while the mortar panels were exposed to directed wind from high-velocity fans. The 

results indicated that the addition of Agave fibres contributed to a decrease in plastic 

shrinkage cracks widths and delayed crack development. Additionally, the restrained concrete 

ring test also demonstrated higher strains exerted on the steel ring with an increase in fibre 

percentage.  

 

Regarding the mechanical properties, the addition of fibres resulted in a decrease in density, 

ultrasonic pulse velocity and compressive strength of the concrete. However, it also led to an 

increase in the flexural peak load and tensile splitting strength.  

 

Keywords: self-compacting concrete, fibre reinforced concrete, agave sisalana fibres 
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CHAPTER 1 

Introduction  
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1.1 Background  
 

Concrete is one of the most widely utilized construction material due to its versatility and is 

employed in various applications in the construction sector, such as buildings, bridges, roads 

and dams. It is a mixture of materials made of fine and coarse aggregate, water, sand, cement 

and occasionally admixtures. Admixtures are used to alter the qualities of concrete by 

affecting its properties including workability and setting time to ensure good quality concrete. 

The bond of these constituents are due to a chemical reaction between water and cement, 

called hydration. C-S-H determines the majority of the concrete’s properties, including its high 

compressive strength, fire resistance, durability and low permeability. However, despite its 

beneficial characteristics, concrete also has its drawbacks such as poor tensile strength, 

brittleness and weak crack resistance. Thus, fibre reinforcements are introduced in cement-

based materials to improve its toughness and ductility and to control cracks.  

 

Fibres can be classified into man-made and natural fibres. Man-made fibres generally consist 

of synthetic fibres such as glass, carbon and polypropylene. Synthetic fibres are employed in 

diverse applications worldwide to enhance the strength and durability of concrete structures. 

These fibres have consistently demonstrated substantial improvements in the performance 

of concrete. These include  increase in tensile strength, ductility and impact resistance and the 

control of shrinkage cracking. However, the manufacture of synthetic fibres contributes 

significantly to environmental pollution, particularly greenhouse gas (GHG) emissions. This is 

because these fibres are non-renewable, require great energy consumption for manufacture 

and are not biodegradable, which may take thousands of years to decompose (Rashmi Nayak, 

Bochen, & Gołaszewska, 2022). Utilizing waste products from industrial operations and using 

renewable resources in construction is a practical approach to increase the sustainability of 

building materials. Thus, this generates considerable demand for natural fibres that may be 

employed in cement composites.  

 

Natural fibres have been extensively used since the Egyptian Era, were they used straw and 

horsehair in the construction of mud bricks. Additionally, early Japanese and Chinese buildings 

frequently employed straw as reinforcement for the structural elements. By the late 1800s, 

the United States had chosen straw as a primary component of load bearing walls 

(Mohajerani, et al., 2019). 
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There are various natural fibres that can be used in concrete reinforcements, which include 

animal-based, plant-based and mineral-derived fibres. This dissertation will focus primarily on 

plant-based fibres using Agave Sisalana. The Agave plant has become an invasive species in 

the Maltese islands. This plant has taken over substantial areas, replacing native and endemic 

plants and posing as a potential threat to local structures and the overall biodiversity of the 

islands. Consequently, effort was made to eliminate the Agave species from areas including 

Buskett, Ġnejna, Għajn Tuffieħa and Comino. Once removed, the plant material was 

transported to the PARK & Initiatives Directorate composting facility in Ta’ Qali to be 

incinerated (Life Saving Buskett, 2018). During this process, a significant amount of leaf waste 

is generated. According to the Environment and Resource Authority (ERA), around 200 tons 

of alien species were removed including the Agave plant (Malta Today, 2020).  

 

Therefore, the properties of cementitious materials can be significantly enhanced by 

promoting the use of low-impact concrete and adopting more sustainable construction 

established on nature-based solutions (Onuaguluchi & Banthia, 2016). 

1.2 Aims and Objectives   

The main aim of this research is to study the potential use of natural plant fibres in self-

compacting concrete (SCC) for low impact and a more environmentally friendly construction. 

The objectives of this dissertation are: 

• To assess extraction methods for obtaining Agave fibres. 

• To assess the fresh properties and rheology of SCC mixes incorporating agave fibres 

and determine if the fibres affect the self-compacting characteristics of the concrete. 

• To assess cracking behaviour of SCC with Agave fibres during the early stages. 

• To determine the mechanical performance of plant-based fibres cement composite 

mixes in the hardened state.  

• To compare the results of different fibre lengths and volume percentages of Agave 

fibres and identify the most efficient one. 
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1.3 Dissertation Overview  

Chapter 1 Introduction – This chapter provides an overview of the research topic, outlines the 

main aims and objectives and gives a structural overview of the dissertation. 

 

Chapter 2 Literature Review – This chapter deals with an introduction on Agave Sisalana 

fibres, the chemical composition and biological structure of the fibre, fibre preparation 

techniques, limitations and challenges of fibres in concrete, applications of plant-fibres in 

construction and a study on several different tests to identify its properties in cement 

composite materials.  

 

Chapter 3 Methodology – The methodology gives a description of the extraction and 

preparation process of Agave fibres, the materials used in the study, the mix design and the 

testing methods adopted in this dissertation. 

 

Chapter 4 Results and Discussion – This chapter is a summary of the outcomes obtained from 

several tests performed and discuss the achieved results.  

 

Chapter 5 Conclusion – This chapter gives a summary of the research outcomes and 

determines whether the goals of the study have been achieved. It also provides further 

suggestions for future research in this field. 
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CHAPTER 2 

Literature Review  
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2.1 Introduction to Agave Fibres 

 

Natural plant fibres are extracted from various parts of the plant, and the characteristics of 

these fibres can be influenced by multiple factors including, the specific plant species, 

extraction location, plant age and soil conditions (E. Njoku, K. Alaneme, A. Omotoyinbo, & O. 

Daramola, 2019).  

 

Agave fibres are classified under leaf fibres, which are obtained from the tissues or stalks of 

the plants. These plants have parallel veins and only one seed leaf. The typical characteristics 

of these fibres include high strength, which are usually used for the manufacture of ropes and 

carpets (Onuaguluchi & Banthia, 2016). 

 

There are more than 250 species of agave plants. Amongst them, the Agave Americana, Agave 

Angustifolia, Blue Agave (A. Tequilana), Agave Sisalana and Agave Attenuata are the most 

cultivated species in countries like Brazil, Tanzania and Kenya (Mwaikambo, 2006). As seen in 

Figure 2-1, the plant's trunk is covered in a rosette of around 150-250 dark green leaves. Each 

leaf measures about 2m in length, 10cm in width and 6mm in thickness. It is estimated that 

every leaf has around 1000 fibre bundles, of which only 4% are utilised as fibres (Pickering, 

2008, p. 18). 

 

These fibres have various eco-friendly benefits, including low density and high strength, which 

makes them a cost-effective alternative. Thus, this makes them suitable for reinforcement in 

concrete and other manufacturing products (Jawaid & Thariq, 2018).  

 

 

 

 

 

 

 

 

 

Fig 2-1: Agave Sisalana trunk and leaves (Man P., 2022) 
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2.2 Chemical Composition and Biological Structure of Agave Fibres 
 

2.2.1 Chemical Composition  

 

The structure of the fibres comprises of various elements, such as lignin, cellulose, 

hemicellulose, pectins and waxes. The quantities of these different components are 

significantly determined by several parameters which include, age, plant location, fibre type, 

extraction, processing method and growth state  (Alshaya, Alhomidan, Alromizan, & Labib, 

2018). Table 2-1 exhibit the various chemical structures of typical plant fibres including the 

Agave Sisalana fibres (Mwaikambo, 2006). 

 

Lignin 

 

Lignin gives rigidity to the plants and provides protection against microbial attack of plants. 

Thus, it is extremely resistant to many chemical agents and biological degradation due to its 

chemical composition (Ntenga, et al., 2022). Lignin is a thermoplastic polymer that becomes 

flexible at a temperature of approximately 90°C and melts at 170°C. It can dissolve in hot 

alkaline solutions but does not decompose when exposed to acids (Kaur, Kaith, & Kalia, 2011, 

p. 12). 

Cellulose 

 

Cellulose is the primary constituent of natural fibres. According to research done by 

Komuraiah et al., it was observed that the cellulose provides reinforcement properties such 

as high stiffness, strength and stability. Hence, the physical and chemical properties of a fibre, 

such as strength and Young’s Modulus, are determined by their molecular structure  

(Komuraiah et al., 2014 as cited in Labib, 2022).  

Hemicellulose 

 

A hemicellulose consists of a group of substance made up of different sugars that remains 

attached to the cellulose after the lignin has been eliminated. Due to their hydrophilic nature, 

they are responsible for the increase in moisture absorption (Ntenga, et al., 2022). 

Hemicellulose varies from cellulose in three significant ways, which include (Kaur, Kaith, & 

Kalia, 2011, p. 12): 
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1. The variety of sugar units present 

2. The level of branching in its structure (cellulose is more linear). 

3. The length of the polymer chains (cellulose has longer chains when compared to 

hemicellulose). 

Pectins and Waxes  

 

Pectin is mostly composed of polygalacturon acid, which is soluble in water and helps the 

plants maintain flexibility. The final component of fibres is made up of waxes, which consists 

of various alcohols which do not dissolve in water or certain acids (Kaur, Kaith, & Kalia, 2011, 

p. 12). 
 

Table 2-1: Chemical Composition of typical natural fibres (Mwaikambo, 2006) 

Fibre Cellulose Hemicellulose Lignin Pectin 

Sisal 43-78 10-13 4-12 0.8-2 
Banana 

 

60-65 6-19 5-10 3-5 
Bamboo 

 

26-43 15-26 21-31 - 
Cotton 82-96 2-6 0.5-1 5-7 
Flax 

 

60-81 14-19 2-3 0.9 
Hemp 70-92 18-22 3-5 0.9 
Jute 51-84 12-20 5-13 0.2 
Kenaf 44-57 21 15-19 2 
Pineapple 80-81 16-19 4.6-12 2-3 
Wood 45-50 23-30 27 2-2.5 

 

 

2.2.2 Biological Structure  

 

A single plant fibre cell from Agave Sisalana leaves generally ranges from 1-2m in length and 

around 0.2-0.4mm in diameter. They are made of multiple cell walls that surrounds the central 

lumen. Figure 2-2 gives an example of the fibre’s cell structure (Kaur, Kaith, & Kalia, 2011, p. 

6). 

 

The cell walls consist of two sections: the primary wall and the secondary wall. The primary 

wall is the outer layer of the fibre and contains a network of closely packed microfibrils (Kaur, 

Kaith, & Kalia, 2011, p. 8). On the other hand, the secondary wall is composed of three 

different layers which include, the outer layer (S1), the middle layer (S2) and the inner layer 
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(S3)  (Mwaikambo, 2006). The outer layer (S1) is located close to the primary wall and is very 

resistant to water and acid. This layer’s structural arrangement stabilises the fibre against any 

lateral forces. Conversely, the middle layer (S2) represents the thickest section of the fibre 

(Mwaikambo, 2006).  

 

 

 

 

 

 

 

 

 

 

 

The strength and durability of natural fibres are influenced by their chemical composition, 

which includes constituents such as cellulose, hemicellulose and lignin. These components are 

responsible for the bonding behaviour and degradation of the fibres. The primary structural 

element in the fibre cell is the cellulose/hemicellulose network. This is created through 

hydrogen bonding between the molecules, which act as a binding matrix between the 

microfibrils (Onuaguluchi & Banthia, 2016). Table 2-2 provides a comparison of the mechanical 

properties of different fibres, including Agave Sisalana, and how these may differ (Pickering, 

2008, p. 40). 

 

 

 

 

 

 

Fig 2-2: Biological structure of fibre cell walls (Maya et al., 2017) 
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Table 2-2: Mechanical properties of typical natural fibres (Labib, 2022) 

Fibre Tensile Strength 

(MPa) 

Young’s Modulus 

(GPa) 

Elongation at 

break (%) 

Density (kg/m3) 

Sisal 511-635 9.4-22 2-2.5 1450 
Flax 

 

345-1035 27.6 2.7 – 3.2 1380 
Jute 

 

393-773 26.5 1.5-1.8  1300 
Hemp 690 70 1.6 1350 
Kenaf 930 53 1.6 1200 
Bamboo 140-230 11-17 - 600-1100 
Pineapple 400-627 1.44 14.5 1500 
Coir 175 4-6 30 1200 
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2.3 Fibre Extraction Processing Techniques of Fibres  

 

The extraction process has an impact on both the production and fibre quality. This can affect 

the structure, chemical composition and the overall characteristics of the fibres. The three 

most common types of retting processes are: biological, mechanical and chemical fibre 

separation (Kaur, Kaith, & Kalia, 2011, p. 9). 

 

 

2.3.1 Biological Retting  

 

Biological retting includes both natural and artificial methods. Natural retting involves 

techniques such as cold water or dew retting, while for artificial retting, warm water is used 

(K Singh, Bansal, Gope, & Gupta, 2017).  

• Cold Water Retting: During this method, plants are immersed into large water tanks, 

rivers or ponds. Pectin substances are dissolved, which allows the fibres to be 

separated from its cores. This process typically ranges from 7 to 14 days, depending 

on the quality of water and its temperature. As shown in Figure 2-3, In India and 

Bangladesh, fibres have been traditionally pond retted for several years, where the 

plant is submerged in the water and left to decompose naturally. The bark and bast 

are then removed and separated from the core (Pickering, 2008, p. 38). In a research 

paper conducted by Sathiamurthi et al., a similar method of fibre extraction was used. 

When the Agave fibres were collected, the thorns and spines on the tip were removed. 

To eliminate moisture content, the leaves were cut into vertical parts and left to dry in 

the natural sun for two days. The leaves were then immersed in the water for around 

14 days to promote microbial action, which help the tissues of the leaf’s matrix to 

soften. After removing the leaves from the water, they were cleaned and dried for 

another two days (Sathiamurthi, Karthi Vinith, Sathiskumar, Arunkumar , & 

Anaamalaai, 2021). 

 

• Dew Retting: This is a commonly used techniques, especially in areas with suitable 

moisture and temperature conditions (Kaur, Kaith, & Kalia, 2011, p. 10). Over-retting 

must be avoided as it can lead to cellulose degradation. Similarly, under-retting must 

also be prevented as fibres can be difficult to separate from the plant and processed 

any further (K Singh, Bansal, Gope, & Gupta, 2017). 
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• Warm Water Retting: In the case of artificial retting, warm water retting is used. Warm 

water tanks are utilised to soak plants and produce a homogenous, high-quality and 

clean fibre in around 3 to 5 days. After the fibres are separated from the plant, the 

remaining stalks and stems are extracted by using a scotching procedure (Kaur, Kaith, 

& Kalia, 2011, p. 10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 Mechanical Retting 

 

A decorticator is a mechanical device specifically used for mechanical retting. This is used to 

remove fibres from the stem. After the pulp is removed, the plant stems are squeezed 

between two drum rollers to obtain the fibres. Water is then used to wash away any remaining 

parts of the leaf, and the fibres are rinsed and dried in a hot environment (Mwaikambo, 2006). 

This method is considered to be more efficient when compared to a manual procedure, as it 

was revealed that the use of the use of decorticators increases fibre production by around 20-

25 times (Ntenga, et al., 2022). 

 

2.3.3 Chemical Retting 

 

Chemical retting is another method used to separate fibres from plants. The process involves 

a heated water tank in which the fibre crop is immersed into the water containing sulphuric 

acid or sodium hydroxide, to dissolve the pectin component. This method generally provides 

high quality fibres but is very costly (Kaur, Kaith, & Kalia, 2011, p. 11). 

 

Fig 2-3: Plant Fibres Retting by microbial action (Research Outreach, 2021) 
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 2.3.4 Physical Retting 

 

There are several physical retting techniques such as ultrasound retting, enzyme retting and 

steam explosion methods (Ramamoorthy, Skrifvars, & Persson, 2015).  

 

2.3.4.1 Ultrasound Retting 

 

Ultrasound retting involves the crushing and cleaning of harvested stems. These crushed 

stems are then placed in a hot water tank containing alkali and surfactants before being 

subjected to the ultrasound. Due to the high intense ultrasound, the fibres and the hurds are 

separated (Kaur, Kaith, & Kalia, 2011, p. 10). 

 

2.3.4.2 Steam Explosion 

 

Another viable solution to the classic field-retting approach is the steam explosion method. 

Steam and additives penetrate the fibre interspaces when subjected to pressure and an 

increase in temperature. The fibre composite is effectively broken up by the abrupt relaxation 

of the steam, which causes a significant disintegration into fine fibres (Kaur, Kaith, & Kalia, 

2011, p. 10). 

 

2.3.4.3 Enzyme Retting 

 

Enzymes are used to degrade the pectin and separate the fibres from the wood parts. The 

enzyme activity may increase with a rise in temperature, however when a certain temperature 

is reached the enzymes starts to degrade. This technique produces fibres of high quality 

(Ramamoorthy, Skrifvars, & Persson, 2015). 
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2.4 Limitations and challenges of natural fibres in cement composites and the 

effect of chemical treatments 

 

Natural fibres are generally easily accessible, low-cost and sustainable. They provide several 

benefits which can be used to improve the structural, thermal and energy performance of a 

material (Luhar, et al., 2020). However, there are also some drawbacks when using natural 

fibres in concrete. The subsequent sections will address topics such as the water absorption 

properties, durability, compatibility and adhesion between the cement and fibre matrix, along 

with various treatment methods (Labib, 2022).  

 

2.4.1 Limitations and Challenges of Plant-based Fibres   

 

2.4.1.1 High Water Absorption  

 

A fundamental drawback of plant-based fibres is their high-water absorption. Natural fibres 

are generally obtained from plants which have hydroxyl groups (-OH). Fibres that are high in 

cellulose content have more free hydroxyl groups present, which makes it much more likely 

that the fibre will absorb more water. Thus, moisture absorption capacity depends on the 

chemical structure and crystallinity of the fibre (Begum, Tanni, & Shahid, 2021). When plant 

fibres are used as reinforcement in cementitious materials, several issues may arise, including 

(Savastano Junior, Fiorelli, & Dos Santos, 2017, p. 366):  

• When moisture is absorbed by the fibres, swelling may occur. Similarly, when moisture 

is lost as a result of dry environments and high temperatures, plant fibres will shrink. 

This can cause crack formations, affecting the performance and durability of concrete.   

• During the mixing process, plant fibres tend to absorb a significant amount of water. 

This can result in a reduction of the water available for cement hydration, leading to 

lower mechanical performance.  

• The presence of moisture can weaken the mechanical strength of plant fibres, as the 

hydrogen bonds between the fibres and matrix can be broken.  
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2.4.1.2 Compatibility  

 

Compatibility between fibres and the matrix is another major issue. It refers to the ability of 

two materials to bond and improve the mechanical properties of the composite. The cement 

matrix serves as a binder to transfer the stiffness of the fibres within the material. Therefore, 

if there is poor adhesion between the fibres and the matrix, the material may not exhibit the 

desired properties (Célino, Fréour, Jacquemin, & Casari, 2014).  

 

The length of the fibres influences the bond with the cement matrix. A simple technique to 

improve the compatibility is to use longer fibres as they generally provide better properties 

than shorter fibres due to their greater surface area for bonding. Other techniques which have 

been suggested to improve the compatibility of the fibres include (Labib, 2022):  

 

• Chemical Reagents: Chemical reagents are generally used to treat plant-based fibres. 

In multiple studies, it was investigated that several chemical reagents were tested to 

improve the compatibility of composites. This will be further discussed in section 2.4.2. 

 

• Pulping Technique (Chemical or Mechanical): The pulping technique is also another 

approach to improve adhesive of fibres and cement matrix. Pulping refers to the 

process of fibre separation. This can be achieved either by chemical or mechanical 

procedures. In research carried by Basch and Lewin, they found that the mechanical 

properties of the material were affected by chemical pulping. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2-4: Bonding of fibre-matrix mechanism with the methods of a) chemical pulping, and b) mechanical 
pulping (Lee et al. 2021) 

a) b) 
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2.4.1.3 Durability  

 

Durability is crucial to the design of cement-based materials because it has an impact on the 

long-term resistance of composites when exposed to harmful chemicals. Since plant fibres 

have a high moisture absorption, they are very susceptible to degradation. This is because 

when an alkaline pore solution is present, the lignin and hemicellulose linking the fibre cells, 

starts to dissolve (Onuaguluchi & Banthia, 2016). 

 

2.4.2 Chemical Treatments of Plant-based Fibres   

 

Chemical treatments are employed to improve the adhesion between the cement matrix and 

natural fibres, as well as to modify its surface characteristics. The most used treatments on 

plant fibres are alkaline, silane, benzoylation and peroxide treatments (Gholampour & 

Ozbakkaloglu, 2020). 

 

2.4.2.1 Alkaline Treatment 

 

The Alkaline treatment is an effective chemical method used to improve the bond between 

the fibre and the matrix. In this process, the fibres are submerged in a solution of NaOH, which 

causes the lignin and hemicellulose components of the fibre to break down. Following this 

treatment, the cellulose molecules become exposed, thereby strengthening their bond 

(Geremew, De Winne, De Backer, & Demissie, 2021).  

 

 In research conducted by Mehrez et al., fibres were subjected to treatment using different 

concentrations of NaOH, specifically 4.2%, 5% and 9%. The fibres were immersed in the 

solution for a duration of 12 hours. After treatment, the fibres were cleaned and left to dry in 

the sun for 2 days (Mehrez, Hachem, Gheith, & Jemni, 2022). From a study done by Mishra et 

al., it was indicated that lower concentrations of alkali gave a better performance. The sisal 

fibres which were treated with 5% alkali solution showed a higher performance in tensile 

strength when compared to fibres treated with 10% alkali (Mishra, S, et al., 2003). 
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2.4.2.2 Peroxide Treatment 

 

This involves treatment of fibres using Hydrogen Peroxide (H2O2). The peroxide is induced on 

the surface of the fibre and introduced in hydroxyl groups, where these can affect the bonding 

of the fibre. Thus, the peroxide treatment can improve the compatibility of the fibres, 

decrease its moisture absorption and increase the thermal stability of the fibres. This can 

ultimately lead to better mechanical properties of the composite (Gholampour & 

Ozbakkaloglu, 2020). 

 

From a study done by Rayung et al., a similar approach to the Sodium Hydroxide is used. The 

fibres were subjected to a concentration of 5% Hydrogen Peroxide for around 90 minutes. 

Subsequently, the fibres were then washed and dried at a temperature of 60°C for  a duration 

of 24 hours (Rayung, et al., 2014). 
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2.5 Application of Plant-based fibres in Construction 

 

The use of plant-based fibres is steadily increasing all around the world, especially in the 

construction industry. Fibre-reinforced materials have several advantages when compared to 

properties of regular materials. Such advantages include (Mohajerani, et al., 2019):  

• Enhanced properties such as strength and durability. 

• Has the ability to withstand physical and chemical attacks under various environments. 

• The density and specific weight of the product are reduced, which results in a lighter, 

more economical and energy-efficient product.  

• Reduces the chance of shrinking, cracking, spalling and swelling. 

There are various applications in the construction sector where plant fibres can be used which 

will be discussed below. These will include normal concrete, asphalt pavements, soil 

conservation, blocks and bricks. 

2.5.1 Plant Fibres in Normal Concrete  

Concrete is often used for a variety of purposes including slabs, pavements, columns, beams 

and shotcrete. Fibres can be formed and utilised as reinforcing bars to replace traditional steel 

bars and meshes. These can be beneficial as they are more lightweight and require less energy 

to produce (Mohajerani, et al., 2019). A study by Jiao et al., demonstrated that the addition 

of natural fibres in a cement paste has increased it flexural strength by 15% and 20% 

respectively (Jiao, et al., 2016). 

 

2.5.2 Plant Fibres in Asphalt Concrete Pavement and Binders 

In road infrastructure construction, the design of asphalt concrete is crucial, since it is a major 

element used for roads and pavements. When fibres are added in asphalt mixes, its resistance 

to cracks is improved and helps in the stabilisation of asphalt binders (Mohajerani, et al., 

2019). Thus, the performance, service life and cost efficient of the roads are affected with the 

addition of fibres. In order to prevent binder drainage, Arshad et al. examined two different 

types of cellulose fibres by using synthetic and kenaf fibres. It was concluded that the kenaf 

fibres performed better in maintaining the binders’ mix, making it a less expensive and more 

sustainable replacement for synthetic fibre (Arshad, Mansor, Shafie, & Hashim, 2016). 
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2.5.3 Plant Fibres in Soil Conservation  

The soil’s characteristics are influenced by the environmental conditions and climate of the 

area. Soils can be classified into four types being: clay, sand, silt and gravel. Generally, soils 

are very weak in tension and shear strength, thus soil reinforcement using fibres is 

implemented to improve its tensile strength, shear strength and density. The improvement of 

these properties will result in stabilised slopes, increased bearing load capacities and a 

reduction in settlement (Mohajerani, et al., 2019). 

Research conducted by Gosavi et al. has shown that when plant fibres were added to the mix, 

the results in strength increased significantly when used to reinforce soil. When compared 

with a reference sample, a mixture of nylon fibres and jute fibres increased the strength by 

50%, while coconut fibres increased it by 96% (Gosavi, et al., 2004 as cited in Mohajerani, et 

al., 2019). 

2.5.4 Plant Fibres in Earth Materials, Blocks and Bricks 

Since a very long time ago, earth has been used as a building material, and it is still widely 

utilised today, especially in developing countries. Using natural fibres for earth materials and 

blocks could be beneficial, as it is environmentally friendly and can also save energy and costs, 

since it may reduce or eliminate the need for burning procedures used to dispose of waste in 

landfills  (Mohajerani, et al., 2019).  

A study done by Binici et al., it has been found that there were several benefits of using fibre 

reinforced mud bricks. It was observed that they were much lighter than the traditional mud 

bricks and their compressive strength was greater (Binici, Aksogan, & Shah, 2005). Binici et al. 

also discovered that straw fibres improve the thermal insulation properties which results in a 

reduction of energy costs in buildings (Binici, Aksogan, Bodur, Akca, & Kapur, 2007). Similarly,  

Khedari et al. noted that coir fibre reinforced soil-cement blocks were less thermally 

conductive and lighter in weight when compared to an unreinforced block samples (Khedari, 

Watsanasathaporn, & Hirunlabh, 2005). 
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2.6 Experimental Reviews on the properties of fibres in concrete and mortars 

 

Various studies have explored the effects of incorporating Agave fibres into concrete mixes to 

examine their characteristics in their fresh and hardened state. The investigations have 

considered different factors such as the preparation methods, varying fibre proportions and 

length of fibres. Several properties have been investigated including the workability, 

compressive strength, tensile strength, flexural strength, plastic shrinkage and drying 

shrinkage tests (Alshaya, Alhomidan, Alromizan, & Labib, 2018). 

 

2.6.1 Fresh Properties of Agave Fibres  

 

2.6.1.1 Consistency  

 

In a study by Savastano et al., a decrease in workability of the cement paste has been observed 

when it is reinforced with coir combined with sisal fibres. The fibre aspect ratio and the volume 

percentage in the mix design are factors which affect workability. To increase the workability, 

chemical pre-treatments can be used before adding them to the mix (Savastano, Agopyan, 

Nolasco, & Pimentel, 1999).  

 

In another study conducted by Sugathan on self-compacting concrete with sisal fibres, three 

different tests were considered, which include the Slump flow, V-Funnel and L-Box tests. The 

fibres used had a length of 12mm and different fibre dosage of 0.5%, 1%, 1.5% and 2% were 

added to the mixes. The findings showed a decrease in the slump flow diameter as the fibre 

volume increased. Moreover, higher fibre dosages led to an increase in the time required for 

the slump flow to reach 500mm. The V-Funnel tests also indicated that as the fibre percentage 

increased, the V-Funnel time also increased, suggesting a decrease in flowability. Lastly, in the 

L-Box test, a blockage was observed for mixes containing 2% fibres (Sugathan, 2017). 

 

2.6.1.2 Plastic Shrinkage  

 

Plastic shrinkage cracks are developed when there is a sudden loss of water from the surface 

of the fresh cement mix. In a study on crack control by Toledo Filho and Sanjuan, a sisal fibre 

length of 25mm was used with a ratio of water-cement of 0.5. It has been found that the sisal 

fibres were very effective in preventing mortar cracking. It was also observed that there was 

a slight delay to reinforcement corrosion (Toledo Filho, Ghavami, Sanjuán, & England, 2005). 
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2.6.2 Hardened Properties of Agave Fibres  

 

2.6.2.1 Drying Shrinkage  

 

Drying shrinkage problems is often an issue in hardened concrete. According to research done 

by Toledo Filho, with the addition of 25mm sisal fibres, the drying shrinkage was increased by 

around 27%, with a presence of up to 3% volume of fibres. The research revealed that sisal 

fibres exhibited higher drying shrinkage compared to coconut fibres (Toledo Filho, Ghavami, 

Sanjuán, & England, 2005). 

 

2.6.2.2 Compressive Strength  

 

Rashmi et al. examined the effect of natural sisal fibres in comparison with synthetic fibres. 

Sisal fibres with a length of 15mm and proportions of 1% and 2% to cement weight were used. 

From the results obtained, sisal fibres increased the compressive strength with 10% after 28 

days, as compared to synthetic fibres (Rashmi Nayak, Bochen, & Gołaszewska, 2022). 

 

In a similar study by Fadhil and Yaseen, the effect of sisal fibres on the mechanical properties 

of concrete was investigated. Sisal fibres were cut into pieces of 40mm and added in 

proportions of 0.6%, 1.2% and 1.8% by volume of the mix. The findings indicated that the 

inclusion of 1.2% fibres led to a 3.3% increase in compressive strength (Fadhil & Yaseen, 2015). 

 

Furthermore, Sugathan conducted a study on SCC with sisal fibres. The sisal fibres were cut 

into lengths of 12mm and different fibre percentages of 0.5%, 1%, 1.5% and 2% were 

investigated. From the tests results obtained, an increase in compressive strength was 

recorded for fibres up to 1.5%. This was observed for both 7 and 28 days (Sugathan, 2017). 

 

2.6.2.3 Splitting Tensile Strength 

 

Sathiamurthi et al. investigated the Agave Americana fibres reinforced with epoxy hybrid 

composites. They added different fibre lengths of 10mm, 20mm, 30mm and 40mm which 

were mixed in different proportions of 10%, 15%, 20% and 25%. It was found that the tensile 

strength increased gradually as the fibre length increased. The highest tensile strength and 

tensile modulus were found in 30mm fibre lengths and at 20% proportion (Sathiamurthi, 

Karthi Vinith, Sathiskumar, Arunkumar , & Anaamalaai, 2021). 
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Sugathan also conducted a research on the impact of sisal fibre on the tensile splitting strength 

of SCC. The results indicated an increase in tensile strength for fibre percentages of 0.5%, 1% 

and 1.5%. This suggest that the addition of fibres contributed to the overall tensile strength 

of concrete. However, a decrease in strength was observed at a fibre percentage of 2%. 

Nevertheless, even at this high fibre dosage, the strength of the SCC with sisal fibre remained 

higher than that of plain concrete (Sugathan, 2017). 

 

2.6.2.4 Flexural Tensile Strength  

 

Sathiamurthi et al. investigated the flexural strength of various concrete mixes. The results 

demonstrated that when all four samples were examined at the same fibre length, the 20% 

specimen had the highest flexural strength. In contrast, the 10% specimen showed the lowest 

flexural strength with 10mm and 20mm fibre lengths (Sathiamurthi, Karthi Vinith, 

Sathiskumar, Arunkumar , & Anaamalaai, 2021). 

 

A similar study carried out by Solai Mathi et al., examined the use of sisal fibres in SCC. The 

findings revealed that the inclusion of 0.25%, 0.75% and 1% sisal fibres resulted in increased 

load strength when compared to conventional concrete. Additionally, a load vs deflection 

graph was also plotted to analyse the behaviour of the beams. The results show that as the 

percentage of fibres increases, the failure load and deflection also vary. Traditional concrete 

exhibited a maximum load of 6.4 tonnes with a corresponding deflection of 7.52mm. For 

0.75% fibre addition, a maximum load of 7.2 tonnes was recorded with a deflection of 5.5mm 

(Solai Mathi, 2021). 
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CHAPTER 3  

Methodology 
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3.1 Overview 

The main aim of this study is to assess the fresh, hardened and shrinkage properties of self-

compacting concrete (SCC) reinforced with natural fibres using Agave Sisalana. This chapter 

provides an overview of the fibre preparation techniques and the testing methods necessary.  

 

3.2 Considered Variables  

From various research papers as described in the literature review, the most significant 

parameters impacting the fresh, hardened and shrinkage properties of concrete are the 

following: 

• The length of fibres 

• The fibre volume percentage 

 

Therefore, it was concluded that three different fibre lengths would be studied as follows: 

15mm, 25mm and 35mm. Furthermore, the fibre dosage used in the mix are of 0.25%, 0.5% 

and 1% of the concrete volume.  

 

Table 3-1: Different mix variable considered 

Mix Fibre Length Volume Fraction Mix Code 

1 - - CM 

2 

 

15mm 0.25% F15-0.25 

3 

 

25mm 0.25% F25-0.25 

4 35mm 0.25% F35-0.25 

5 15mm 0.5% F15-0.50 

6 

 

25mm 0.5% F25-0.50 

7 35mm 0.5% F35-0.50 

8 15mm 1% F15-1 
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3.3 Preparation of Materials 

 

3.3.1 Cement 

 

In accordance with EN 197-1 Ordinary Portland cement, CEM II /A-LL 42.5 R, was used during 

this research. This type of cement is most often used locally, and it consists of 80 to 94% clinker 

content and 6 to 20% limestone powder. CEM II /A-LL 42.5 R is generally employed for high 

strength concrete and self-compacting concrete.  

 

3.3.2 Coarse & Fine Aggregate 

 

Dolomite Aggregate was used for both coarse and fine aggregate. The particles for coarse 

aggregate range from 10mm to 4mm, having both an oven dry particle density and a saturated 

surface-dried density of 2.83g/cm3. Furthermore, the fine aggregate particles used during this 

study range from 4mm to 0mm, having an oven dry particle density of 2.75g/cm3 and a 

saturated surface-dried density of 2.76g/cm3. From the data sheets provided, the coarse 

aggregates had a 0.2% water absorption, while the fine aggregate had a 0.3% water 

absorption. According to BS 812-109 (1990), the aggregates were oven dried for 24 hours at a 

temperature of 105 C̊ before mixing.  

 

3.3.3 Chemical Admixture 

 

To obtain a SCC mix, a liquid superplasticizer, MasterGlenium SKY 698 was used. This type of 

superplasticizer was obtained from P.A Tabone Ltd. and produced by BASF Construction 

Chemicals. It is designed particularly to offer concrete fluidity and self-compaction 

capabilities. With the use of this superplasticiser, the water-to-cement ratio can be decreased 

without compromising the concrete's ability to resist segregation while yet maintaining high 

workability characteristics. The suggested dose for this superplasticizer is between 1.2 and 1.6 

litres per 100 kg of binder, and it has a relative density of 1.059 to 1.099 g/cm3 at 20°C. 

 

3.3.4 Fibres 

 

The Agave Sisalana leaves were obtained from a plant in Baħar iċ-Ċagħaq as seen in Figure 5a. 

It is noted that the Agave Sisalana plant, although commonly used as a decorative plant, is 

also a non-endemic and invasive species.  
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The following steps were taken to extract the fibres from their leaves:  

• The lower part of the leaves and the spikes at the top were cut using a sharp tool, as 

seen in figure 5b.  

• To remove any moisture content, the leaves were cut into vertical strips as shown in 

figure 5c and left to dry in the sun for about two days.  

• Figure 5d below, show the strips submerged in water for 14 days to induce microbial 

activity and help soften the leaf’s matrix.  

• The leaves were then beaten with a rubber mallet to cause further de-cohesion of 

fibres and were put again in the water as shown in figure 5e. 

• The fibres were removed from the water after 7 days and were rinsed and left to dry 

for another two days. Figure 5f shows the Agave fibres after being dried.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

a) b) c) 

d) e) f) 

Fig 3-1: Fibre extraction method of Agave Sisalana Fibres a) Agave Sisalana Plant in Baħar iċ-Ċagħaq, b) Agave 
Sisalana leaves after cut, c) Leaves cut into vertical strips and left to dry, d) Submerged leaves into the water, e) De-
cohesion of fibres, f) Extracted Agave fibres  
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3.4 Aspect Ratio of Fibres 

 

The aspect ratio of fibres is a crucial parameter in fibre-reinforced concrete as it determines 

the effectiveness of fibres to enhance the properties of concrete. Generally, fibres with a high 

aspect ratio, i.e., longer and thinner fibres, provide better reinforcement to improve the 

properties of concrete. To determine the average diameter of Agave fibres, multiple 

measurements were taken since they exhibit variations in diameter. This process is depicted 

in Figure 3-2, which represents a normal distribution curve. The average diameter was found 

to be 0.167mm. The fibre lengths used in this study are of 15mm, 25mm and 35mm. To 

determine the aspect ratio, the length of fibre is divided by its diameter.  Therefore, the aspect 

ratios for the fibres used are tabulated in Table 3-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-2: Fibre Aspect Ratio 

 

 

 

 

Fibre Length Aspect Ratio 

15mm 89.82 

25mm 

 

149.70 

35mm 

 

209.58 

Fig 3-2: Normal Distribution Curve of fibre diameter  
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3.5 Mix Design  

The preparation of the SCC mix does not follow any standard procedures. Therefore, the mix 

design methodology adopted by Vella (2018), was used for the SCC mixes. Table 3-3 shown 

below, represents the control mix without any fibres. Furthermore, Table 3-4  shows the 

addition of Agave fibres to the other mixes, which led to a reduction in the weight percentage 

of coarse aggregate. All other constituents, including the fine aggregate, cement, water, and 

superplasticizer, remained constant in their respective quantities.  

 

Fig 3-3: Agave Sisalana fibres under the microscope a) Cross-section of 
fibres, b) Longitudinal section of fibres  

b) 

a) 
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Table 3-3: Control Mix ratios 

Mix Design per m3 

W/C 0.45    

Aggregate / Sand  0.6    

Water Absorption  5.184    

Material Units Quantities  Material Density 

g/cm3 

Volume  

m3 

Cement kg/m3 495 3.01 0.164 

Water 

 

kg/m3 222.75 1.00 0.223 

Fine Aggregate (0-4mm) 

 

kg/m3 1080 

 

2.83 0.382 

Coarse Aggregate (4-10mm) kg/m3 648 2.85 0.227 

 
Admixture kg/m3 5.94 1.10 0.005 

 Total 2451.69  1.00 

 

 

Table 3-4: Mix proportions for all other mix designs 

 

Mix  CM F15-0.25 F25-0.25 F35-0.25 F15-0.5 F25-0.5 F35-0.5 F15-1 

Fibre Length mm - 15 25 35 15 25 35 15 

Volume Fraction 

 

% 0 0.25 0.25 0.25 0.5 0.5 0.5 1 

W/C 

 

- 0.45 

 

0.45 

 

0.45 

 

0.45 

 

0.45 

 

0.45 

 

0.45 

 

0.45 

          

Cement kg/m3 495 495 495 495 495 495 495 495 

Water 

 

kg/m3 222.75 222.75 222.75 222.75 222.75 222.75 222.75 222.75 

Fine Aggregate 

 

kg/m3 1080 1080 1080 1080 1080 1080 1080 1080 

Coarse Aggregate kg/m3 648 645 645 645 642 642 642 636 

Superplasticiser kg/m3 5.94 5.94 5.94 5.94 5.94 5.94 5.94 5.94 

Water Absorption kg/m3 5.184 5.175 5.175 5.175 5.166 5.166 5.166 5.148 
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3.6 Mixing Methodology    

 

3.6.1 Concrete Mixing 

 

SCC is a highly fluid mixture that can flow and fill all the voids in a mould without requiring 

external compaction. The following is a procedure which was adopted by Vella (2018) for 

mixing self-compacting concrete:  

• Firstly, the buttering of the mixer is applied in which some cement and water were 

mixed for 1 minute. 

• The mixer was then loaded with both coarse and fine aggregate, which were mixed for 

a duration of 3 minutes. 

•  Around two minutes into the mixing process, approximately 60% of the total water 

was added to the aggregates, which was then followed by another 1 of mixing. 

• The pan mixer was switched off for 2 minutes to allow the aggregates to absorb the 

water. 

• The superplasticizer was added with the remaining water and placed in the mixer.   

• Once again, the mixing process was restarted to mix the cement and the aggregates 

for another 2 minutes.  

• After 1 minute of mixing, the agave fibres were introduced in the mix. 

• The mixture was then left to mix for an additional 2 minutes.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 
Fig 3-4: Pan mixer Fig 3-5: Agave fibres in concrete mix 
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3.6.2 Casting of Specimen  

 

The moulds were prepared and greased with a de-moulding agent. After the concrete was 

mixed and the fresh properties tests were performed, the concrete was cast into the moulds 

according to the specifications of each test. The following moulds were used to cast the 

specimen:  

• Compressive cubes measuring 100 x 100 x 100mm  

• Flexural prisms measuring 150 x 150 x 550mm  

• Tensile cylinder measuring 150 diameter x 300mm 

• Environmental Chamber specimen measuring 560 x 355 x 100mm  

• Ring specimen  

 

Following the casting process, all moulds were left to harden. The moulds were then removed 

after 24 hours and kept in a water tank for further curing until testing.   

 

3.7 Fresh Properties 

 

To assess the capability of a self-compacting mix to adequately fill confined spaces which also 

maintaining its consistency in its fresh state, the following parameters are used such as flow, 

viscosity, passing ability and segregation resistance (SCC European Project Group, 2005). The 

evaluation of these properties was carried out through the Slump flow, V-Funnel and L-Box 

experiments.  

 

To evaluate the fresh properties of all the mixes, an identical testing procedure used by Vella 

(2018) and Abdilla (2021) was employed. The testing commenced with the Slump Flow test, 

followed by the V-funnel and L-box tests, all of which were conducted within two minutes 

from each other.  

 

These tests were ultimately performed at three different intervals (t0, t15 and t30) 

corresponding to 0, 15 and 30 minutes following the mixing procedure. This approach was 

applied to each mix to investigate how the fresh properties of a SCC mixes respond to different 

agave fibre dosages and time intervals.  
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3.7.1 Slump Flow  

 

For this test, a slump cone was utilised and positioned in the centre of a glass sheet that 

measures 900mm by 900mm. The cone was filled with a layer of concrete without the use of 

mechanical compaction, and any excess concrete that spilled onto the glass sheet was 

carefully removed. As the cone was raised vertically, the time taken for the concrete to expand 

to a diameter of 500mm (t500) was noted. Once the concrete flow stabilised, the average 

diameter of the slump flow was calculated by measuring two diameters perpendicular to each 

other. The slump flow test was conducted as specified in the BS EN 12350-8 Standard. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.7.2 V-Funnel  

 

The V-Funnel test was performed on a flat surface, and the SCC was poured into it without 

any mechanical compaction, ensuring that the hinged gate is closed. After levelling the top 

surface of the concrete, it was left to settle for 10 ± 2 seconds before opening the gate. The 

time (tv) taken for the concrete to flow out from the funnel was recorded. This test was 

conducted following BS EN 12350-9. 

 

 

 

Fig 3-6: Slump Flow Test 
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3.7.3 L-Box 

 

The L-Box test was performed on a steady surface. The concrete was poured vertically without 

mechanical compaction, with the sliding gate closed. The concrete was left to settle for 

approximately 60 ± 10 seconds before opening the gate to allow the concrete to flow. Three 

values of H1 and H2 were obtained, and their averages were calculated to determine the PL 

ratio for each mix. This test was carried out following the guidelines of BS EN 12350-10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-7: V-Funnel Test 

Fig 3-8: L-Box Test 
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3.7.4 ICAR Rheometer 

 

The rheological properties of concrete are assessed using an ICAR Rheometer. It is commonly 

used to test the flow characteristics and workability of self-compacting concrete. A fresh 

concrete sample is poured into the steel container with a diameter of 205mm and a height of 

312mm. The Rheometer measures the torque and rotation as a four-bladed vane is inserted 

in the container. Two tests, namely the stress growth test and the flow curve test, were 

conducted for all the concrete mixes. To establish the maximum torque and static yield, an 

input speed of 0.025 rps was used in the stress growth test. As for the flow curve test, a 

rotation speed of 0.5 rps was employed. Additionally, the relative Bingham parameters were 

determined by taking torque measurements at seven different speeds ranging from 0.5 rps to 

0.05 rps. The study was conducted using BS EN 12350-13 Standard.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-9: ICAR Rheometer Test 
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3.8 Mechanical Properties 

 

3.8.1 Hardened Concrete Density  

 

The hardened concrete density test is performed to assess the strength of the concrete. The 

cubes were removed from the curing tank, and any residual water was wiped from their 

surfaces using a damp cloth. The cubes were then measured, and their mass was recorded 

using a weighing scale. Subsequently, the specimen was placed on a stirrup and the scale was 

set to zero. The cube was then immersed in the water tank and their mass was measured 

again. This procedure was conducted in accordance with EN12390-7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 3-11: Cube Specimen immersed in water 

Fig 3-10: Hardened Concrete Density Test 
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3.8.2 Ultrasonic Pulse Velocity   

 

This method is conducted to determine the time of an ultrasonic pulse to travel through the 

concrete sample being tested. Prior to each test, it was ensured that the equipment was 

calibrated, and petroleum jelly was applied to the flat surfaces of the concrete specimens as 

a coupling medium. Two transducers were positioned on opposite faces of the specimen to 

allow for direct transmission and measured the time it took to pass through the specimen. 

This test was performed on the 28th day after casting, following the guidelines outlined in BS 

EN 12404-4 (2004). The pulse velocity was calculated using the equation below:  

 

𝑉 = 	
𝐿
𝑇 

 

 

Where:  

V = Pulse Velocity (km/s) 

L = Path Length (mm) 

T = Time taken by the pulse to transverse (μs) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-12: Ultrasonic Pulse Velocity Test 
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3.8.3 Compressive Strength  

 

Cube specimen measuring 100 x 100 x 100mm were tested on the 7th and 28th day, for each 

mix variable. The cubes were wiped, measured and weighed after being removed from the 

curing tank. They were then placed in the machine and a loading rate of 0.6 Mpa/s was applied 

until failure. The cubes were checked to ensure they failed in a satisfactory manner by 

removing any loose concrete with a hammer. This testing procedure followed the guidelines 

as specified in MSA EN 12390-3 (2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.8.4 Flexural Strength  

 

Two concrete beams measuring 150 x 150 x 550mm were tested on the 28th day for each mix 

variable. Before testing, the beams samples were wiped from excess water and measured. A 

5mm cut was made at mid-span across the bottom width of the beam, to insert a CMOD 

transducer. A three-point bending rig was used to evaluate the flexural tensile strength 

capacity of each specimen. This consists of two rollers supports and a top central roller, which 

applied a point load to the specimen. Additionally, two LVDTs connected to a data logger, 

were positioned on each side of the top roller to record the deflection. An initial load rate of 

0.08mm per minute was applied, which was then increased to 0.21mm per minute after the 

first crack appeared within the sample. The test was carried out following EN 14651 (2005) 

Standard.  

Fig 3-13: Cube Compression Test 
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3.8.5 Tensile Splitting Strength  

 

Cylinder specimens, measuring 150mm in diameter and 300mm in height, were tested for 

each mix variable 28 days after casting. The cylinders were cleaned, measured, and centred in 

the testing machine. The specimens were then subjected to a compression load of 0.05 MPa/s 

until they reached failure. This test was performed following the guidelines outlined with BS 

EN 12390-6 (2009). The tensile splitting strength can be determined using the equation below:  

 

 

𝐹!" =	
2	𝑥	𝐹	

𝜋	𝑥	𝐷	𝑥	𝐿 

 

 

Where:  

Fct = Tensile Splitting Strength (MPa) 

F = maximum Load (N) 

L = length of specimen (mm) 

D = diameter (mm) 

Fig 3-14: Flexural test setup Fig 3-15: CMOD transducer at crack 
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3.9 Shrinkage Properties     

 

3.9.1 Environmental Chamber Test 

 

3.9.1.1 Test Setup 

 

To evaluate the plastic shrinkage of SCC and study the impact of Agave Sisalana fibres on this 

behaviour, various samples were subjected to controlled environmental conditions. These 

conditions were achieved by using an environmental chamber that followed procedures 

outlined in ASTM Standard C1579-06. The setup employed in this study is similar to that used 

in previous research conducted by Baldacchino (2014), Vella (2018) and Abdilla (2021).  

 

The chamber setup is made up of thick chipboard panels, having dimensions of 1460mm in 

length, 840mm in width and 560mm in height. Transparent Perspex panels with a thickness of 

5mm are installed on the top part of the chamber to allow for visual inspection of the sample 

while maintaining a sealed environment. A steel frame table is used to provide support to the 

concrete specimen and the container of water, which was placed on an electronic balance. To 

ensure a continuous airflow, aluminium sheets were used to direct the air generated by the 

industrial fan. This is done to create a consistent and controlled air flow within the chamber.  

 

 

Fig 3-16: Tensile Splitting Test, Control Mix 
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For this setup, three halogen heaters were used to maintain a consistent ambient 

temperature of 36 ± 3 °C within the chamber as specified in accordance to ASTM C 1579-06. 

Two heaters were positioned inside the chamber, while the third one was located outside, 

placed behind the industrial fan. The mould used for the specimen was made from 6mm 

welded metal sheets, with internal dimensions of 560mm length, 355mm width and 100mm 

depth. Three stress risers are present on the inside of the mould to control the development 

and locations of cracks within the specimen. To provide further constraint to the concrete 

specimen, 17mm bolts were fixed to the ends of the mould.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3.9.1.2 Test Procedure 

 

To create the desired environmental conditions, the heaters and industrial fan were turned 

on 30 minutes prior to each mix. The conditions include a wind speed greater than 4.7m/s, a 

relative humidity within the range of 30 ± 10% and a temperature of 36 ± 3oC. These 

parameters were monitored by the use of two thermocouples which were connected to a data 

logger. One thermocouple was fixed to the inside of the Perspex cover above the specimen, 

while the other was inserted in the sample at depth of around 50mm. The placement of the 

Fig 3-17: Environmental Chamber setup (Baldacchino, 2014) 
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second thermocouple was carefully chosen, ensuring it was positioned 100mm away from the 

central riser to prevent any interference to the crack formation. The ambient and concrete 

temperature readings were recorded every 30 minutes during the initial 3 hours, and 

subsequently every 1 hour for the following 3 hours. Additionally, the time taken for the 

concrete specimen to develop its first crack was also noted. The evaporation rate was also 

measured by reading the weight of the water on the electronic balance at the same time 

intervals mentioned earlier. These specific conditions were crucial to achieve a rate of 

evaporation of approximately 1.0kg/m2 per hour. This was determined by measuring the 

weight loss of the water container with a surface are of 0.1m2.  

 

Following a duration of six hours, the specimen was removed from the chamber and kept in 

in a controlled environment. The specimen was inspected 24 hours after casting, and the crack 

width was measured along 10 distinct positions. The measurements and photos were taken 

by a USB microscope and scaled in a CAD program to obtain an average for the crack width. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 3-18: Mould and stress risers dimensions (ASTM C 1579-06) 
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3.9.2 Ring Test  

 

The objective of conducting the Ring test was to identify the specific age at which shrinkage 

cracks occurred in the concrete specimen resulting from the development of tensile stresses 

under restrained shrinkage conditions. This setup consisted of an inner steel ring and an outer 

PVC ring, which were secured in place during casting using four washers, as depicted in Figure 

3-20. To measure the strain experienced by the inner ring, two FLA-30-11-5L strain gauges, 

were fixed at mid-height of the inner steel ring, positioned across from each other.  

 

Before the casting process, the ring was placed in a controlled environment with a 

temperature of 23 ± 2oC. All surfaces were layered with an epoxy coating to minimise any 

frictional resistance. Once the concrete was poured, the washers were loosened, and the data 

logger started recording the strain at intervals of 10 minutes. After 24 hours, the outer PVC 

ring was removed, and daily visual inspections were conducted to detect any cracks in the 

specimen. Typically, a sudden decrease in the strain values of the steel ring indicate the 

occurrence of cracking in the specimen. This test was performed in compliance with ASTM C 

1581-04 Standards. 

 

 

Fig 3-19: Environmental Chamber Test setup 
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Fig 3-20: Ring Test Dimensions (ASTM C 1581-04) 

Fig 3-21: Ring Test, Control Mix  
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3.10 Mortar Shrinkage Properties 

 

3.10.1 Kraai Test  

 

3.10.1.1 Test Setup 

 

This test was performed to evaluate the possibility of fibre mortar mixes to develop cracks in 

thin slabs. The moulds used for this test has dimension of 610 x 914mm and a depth of 19mm. 

The mould was made from plywood sheet that were glued and nailed together. To prevent 

water absorption by the plywood and avoid mortar restraint during shrinkage, the inner 

surfaces were covered with polythene sheeting. Perimeter restraints were provided using 

chicken-wire steel mesh, which was placed at regular intervals. The mesh was bent at right 

angles so that it protruded into the mortar and was secured to the base with pins. This setup 

followed the recommendations outlined by Kraai (1985).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-22: Kraai Panel   Fig 3-23: Steel Mesh around perimeter restraint  
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3.10.1.2 Test Procedure 

 

The mortar mix used in this test followed the same design as the concrete mix, however the 

coarse aggregate and its corresponding water absorption were eliminated. After thorough 

mixing, the mortar was poured in the panel mould and levelled using a trowel to ensure a 

satisfactory finish. Subsequently, the panels were then placed in a controlled environment 

with a temperature of 22 ± 2°C and relative humidity of 50 ± 2%. The mortar was subjected to 

a wind speed of 6m/s generated from an industrial fan for the initial 5 hours, in order to 

stimulate crack formation. A handheld anemometer was used to measure the wind speed. 

 

The mortar mix was assessed 24 hours after casting to evaluate their condition. For each 

specimen, the average crack length and width were measured. As indicated in Table 3-5, the 

crack widths were divided into four different groups, each given a particular weighted value. 

The weighted value was then multiplied by the crack length to get the ‘average weighted 

value’. The sum of these ‘average weighted values’, referred to as the ‘total weighted average 

value’, provided a comparative measure of the specimen’s crack potential. The specific details 

of the fibre mortar mixes used in these tests are outlined in Table 3-6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-24: Kraai Test   
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Table 3-5: Crack Weighting 

 

 

 

 

 

 

 

Table 3-6: Mortar Mix Variables for Kraai Test 

Mix Fibre Length Volume Fraction Mix Code 

1 - - CMM 

2 

 

35mm 0.50% F35-0.50 

3 35mm 1% F35-1 

 

 

 

 

 

 

 

 

 

 

 

 

Crack Width Weighted Value 

Large (about 3mm) 3 

Medium (about 2mm) 

 

2 

Small (about 1mm) 

 

1 

Hairline (about 0.5mm) 0.5 
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3.11 Treated and Untreated Fibres Properties  

Chemical treatments were used in this study to examine the potential improvement of 

mechanical properties in fibre-cement composites such as the compressive and flexural 

strength. The tests were conducted on a mortar mix design as indicated in table 3-7 . Two 

distinct chemical treatments such as, Hydrogen Peroxide and Sodium Hydroxide, were applied 

to the fibres to compare their effects on the mortar properties.  

 

Table 3-7: Mortar Mix Variables 

Mix Fibre Length Volume Fraction Mix Code 

1 - - CMM 

Untreated Fibres 

2 

 

15mm 0.50% UF15-0.50 

3 

 

25mm 0.50% UF25-0.50 

4 35mm 0.50% UF35-0.50 

5 15mm 1% UF15-1 

6 25mm 1% UF25-1 

7 35mm 1% UF35-1 

Treated Fibres with Hydrogen Peroxide 

8 

 

15mm 0.50% HPF15-0.50 

9 

 

25mm 0.50% HPF25-0.50 

10 35mm 0.50% HPF35-0.50 

11 15mm 1% HPF15-1 

12 25mm 1% HPF25-1 

13 35mm 1% HPF35-1 

Treated Fibres with Sodium Hydroxide 

14 
 

15mm 0.50% SHF15-0.50 

15 
 

25mm 0.50% SHF25-0.50 

16 35mm 0.50% SHF35-0.50 

17 15mm 1% SHF15-1 

18 25mm 1% SHF25-1 

19 35mm 1% SHF35-1 
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3.11.1 Treatment of Fibres  

 

3.11.1.1 Hydrogen Peroxide  

 

Similar methodologies were adopted in previous research carried out by Rayung et al. and 

Fonseca et al. for fibre treatments. Initially, the fibres were washed in hot water to eliminate 

any wax or impurities present. The fibres were then subjected to a 5% solution of Hydrogen 

Peroxide concentration for a duration of 90 minutes, followed by a thorough rinse with water. 

Finally, the fibres were dried in the sun for 2 days. 

 

3.11.1.2 Sodium Hydroxide  

 

The treatment of fibres with Sodium Hydroxide was based on a method outlined in a research 

carried out by Mehrez et al. This approach resembled a similar process which was employed 

for the Hydrogen Peroxide treatment. The fibres were treated in a 5% alkali solution of Sodium 

Hydroxide and left to soak for 12 hours. Following the treatment, the fibres were washed and 

then sun-dried for 2 days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

Fig 3-25: a) Untreated Fibres, b) Treated Fibres with Hydrogen Peroxide, c) Treated fibres with Sodium Hydroxide 

c) 



 69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 3-26: Fibres under the microscope a) Untreated Fibres, b) Treated 
Fibres with Hydrogen Peroxide, c) Treated fibres with Sodium Hydroxide 

a) 

b) 

c) 
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3.11.2 Slump Flow Test 

 

A 100mm diameter slump cone, conforming to the EFNARC Guidelines for Self-Compacting 

concrete was used, and placed centrally on a glass sheet that measures 500mm by 500mm. 

The cone was filled with concrete, and any excess mortar spilled onto the glass was carefully 

removed. The cone was then lifted vertically, and the average diameter was recorded by 

measuring two diameters perpendicular to each other.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.11.3 Flexural Test  

 

Two prisms measuring 160 x 40 x 40mm were tested on the 7th day for each mortar mix 

variable. Prior to testing, the prisms were taken out from the curing tank, wiped from any 

excess water, and measured using a Vernier Calliper. A load rate of 50 N/s was applied. The 

following equation was used to determine the flexural strength:  

 

𝑓!# 	= 	
3	𝑥	𝐹	𝑥	𝐼

2	𝑥	𝑑$	𝑥	𝑑%
% 

Where:  

fcf = Flexural Strength (MPa) 

F = maximum Load (N) 

I = distance between rollers (mm) 

d1 and d2 = dimensions of the cross-section (mm) 

 

Fig 3-27: Slump Flow Test  
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3.11.4 Compression Test 

 

The compressive strength test was conducted on the 7th day following the casting process for 

each mix variable. The specimen measuring 40 x 40 x 40mm was placed in the compression 

machine with their rough surfaces facing outwards, and subjected to a loading rate of 2400 

N/s. The cubes were carefully examined to ensure that they failed in a satisfactory manner, 

and any loose mortar on the specimen was removed.  

 

 

 
 

 

 

 

 

 

 

 
 
 
 

Fig 3-28: Flexural Strength Test  
 

Fig 3-29: Compressive Strength Test  
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CHAPTER 4 

Results and Discussion 
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4.1 Overview   

This chapter presents an analysis of the findings obtained from various tests conducted on the 

fresh properties, mechanical properties (including compressive, flexural and tensile strength), 

as well as shrinkage properties, using Agave fibres in both concrete and mortar.  

4.2 Fresh Properties  

 

4.2.1 Slump Flow (Flow Ability) 

 

The slump flow test was conducted to assess the flowability of SCC in different concrete mixes. 

The results indicated a reduction in the diameter of the slump flow as the volume percentage 

of fibres increased. Figure 4-1 demonstrates the flowability performance decreased over time 

with an average of 4.96%. Notably, mix F15-1 exhibited poor performance, which can be 

attributed to the higher dosage of fibres, resulting in a stiffer mix. This can be depicted in 

Figure 4-2, which shows the impact of increasing fibre length and volume on the concrete mix. 

According to EFNARC SCC European Project Group's classification (May 2005), it can be 

observed that only the Control Mix was classified as SF2, while mixes containing fibres were 

classified as SF1. Furthermore, mix F15-1 and F35-0.5 did not conform to the guidelines 

provided by EFNARC. 
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Fig 4-1: Slump flow at different time intervals 
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Additionally, the SCC viscosity was assessed through the slump flow test by measuring the 

time taken for the concrete to achieve a slump flow diameter of 500mm (t500). Figure 4-3 

illustrates, that as the fibre dosage increased from the Control Mix to Mix F35-0.5, the time 

required to reach the desired diameter also increased. However, Mix F15-1 did not reach the 

500mm, likely due to the high water absorption of the fibres, resulting in a stiffer mix.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2 V-Funnel (Viscosity) 

 

The viscosity of the SCC was also assessed using the V-Funnel test. In Figure 4-4, it is shown 

that an increase in concrete viscosity was observed for all the mixes with an increase in fibre 

percentage. The flow time of the concrete through the V-Funnel varied from 5 to 43 seconds 

from the Control Mix to Mix F15-1. 

 

Furthermore, as the results were compared to the EFNARC classification, it can be concluded 

that the inclusion of Agave fibres resulted in a decrease in the classifications of the SCC mixes. 

In relation to the time intervals, it was noted that as time progressed, there was a gradual 

increase in the viscosity of the mixes.  

 

 

Fig 4-3: Slump flow (t500) at different time intervals 
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4.2.3 L-Box (Passing Ability)  

 

The purpose of the L-Box test was to evaluate the passing ability of a self-compacting mix. 

Figure 4-6 illustrates that the inclusion of fibres had a detrimental impact on the passing ability 

of SCC. It is evident that as the fibre length and dosage are increased, the mixes experience a 

decrease in their passing ability. Additionally, a gradual decline in passing ability was observed 

for all mixes over time. This was particularly noticeable in mixes F25-0.5 and F35-0.5 where 

readings were only obtained up to t15 due to clogging. Similarly, mix F15-1 also did not yield 

any readings due to immediate clogging. 

 

 

 

 

 

 

 

 

 

 

 

Fig 4-5: Clogging of L-Box at t0 ,Mix F15-1 
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4.2.4 Rheometer (Rheological Properties)  

 

The rheometer test was conducted using an ICAR Rheometer, to evaluate the fresh 

characteristics of concrete and its thixotropic behaviour. The test specifically examined 

properties such as static yield stress and plastic viscosity. The results from the stress growth 

test, as illustrated in Figure 4-7, indicate an increase in static yield stress with an increase in 

fibre length, while keeping the fibre dosage constant. Similarly, as shown in Figure 4-8, as the 

fibre dosage was increased from 0.25% to 0.50%, the static yield stress demonstrated the 

same behaviour with an increase in fibre length. Furthermore, when comparing mixes with 

the same fibre length but with an increased fibre percentage, the static yield stress also 

increased. Therefore, this indicates that a greater shear stress is necessary to initiate the flow 

of concrete from rest when the fibre dosage or length is increased.  

 

With regards to the flow curve test, from the results shown in Figure 4-9, the graph 

demonstrates that a greater shear stress is obtained with an increase in fibre length and a 

constant fibre dosage. The plastic viscosity, represented by the gradients of the lines in Figure 

4-9, shows variations among the mixes. When compared to the other three mixes, the Control 

Mix showed a higher viscosity. Similarly, in Figure 4-10, the Control Mix also exhibited a higher 

viscosity than the other mixes. 

 

Fig 4-6: L-Box (PL Ratio) at different time intervals  
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Furthermore, when comparing mixes with the same fibre length but with an increased fibre 

percentage, a greater shear stress is obtained. The results obtained from the Rheometer test 

can be found in Appendix B. 

Fig 4-7: Static Yield stress for mixes with 0.25% fibre dosage  
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Fig 4-8: Static Yield stress for mixes with 0.50% fibre dosage  
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Fig 4-9: Shear stress vs shear strain rate for mixes with 0.25% fibre dosage  
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Fig 4-10: Shear stress vs shear strain rate for mixes with 0.50% fibre dosage  
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Comparison with literature  

 

When comparing the obtained results with previous research findings, it was found that 

similar trends were observed. Sugathan (2017) conducted a study on SCC using sisal fibres and 

found that the flowability of concrete decreased as the percentage or the length of sisal fibres 

increased. Similar decrease in workability was also reported in another study done by 

Savastano et al. (1999) when fibres were added to normal concrete. Moreover, the findings 

related to the viscosity and passing ability are similar with the results obtained from studies 

conducted by Sugathan (2017) and Solai Mathi et al. (2021). From both studies it was 

concluded that an increase in fibre dosage led to a higher viscosity and a decrease in flowing 

ability. From further studies conducted by Abdilla (2021) and Vella (2018), they both reported 

a reduction in the fresh properties results with the addition of fibres.  

 

A similar investigation on the rheological performance of SCC was also conducted by Abdilla 

(2021). The findings of this research indicated that as the fibre content was increased, the 

static yield stress also increased. In the flow curve test, Abdilla (2021) obtained a higher 

viscosity for the control mix when compared to the fibre mixes. Thus, these outcomes align 

with the results obtained in the present study. 

4.3 Mechanical Properties  

 

4.3.1 Hardened Concrete Density 

 

The addition of Agave fibres in SCC resulted in changes to the density of the hardened 

concrete. As illustrated in Figure 4-11, the density of the concrete decreased as different 

lengths and fibre proportions are incorporated to the mix. The average reduction in density 

from the Control mix to mix F15-1 was of 5.70%. 

 

The reduction in density can be attributed to the presence of air voids that are formed due to 

the entanglement of fibres within the concrete mix. The longer fibres tend to create more 

entanglements, resulting in a higher volume of air voids leading to a decrease in density. 

Furthermore, the increase of the volume percentage of fibres may also affect the packing 

density of concrete, further contributing to the reduction in density. 
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4.3.2 Ultrasonic Pulse Velocity 

 

The Ultrasonic Pulse Velocity (UPV) test was performed to assess the homogeneity of the 

hardened concrete. Figure 4-12 shows the UPV values obtained for the different mix variables 

after 28 days. The graph illustrates a decrease of 7.77% in the pulse velocity from the Control 

Mix to Mix F15-1. This indicates that the addition of Agave fibres in the mix resulted in a 

decrease in both concrete density and homogeneity.  

 

The results depicted in Figure 4-12 can be compared to the observations presented in Figure 

4-11, which also demonstrates a similar trend in density properties when fibres are 

incorporated. This decrease in pulse velocity can be attributed to similar factors discussed in 

section 4.3.1. Therefore, the presence of fibres and air voids can interfere with the 

transmission of the ultrasonic waves, leading to a decrease in UPV. Detailed outcomes of this 

test can be found in Appendix C.  

 

 

 

 

Fig 4-11: Hardened concrete density for different mix proportions  
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Comparison with literature  

 

Limited data is available regarding the hardened concrete density on SCC containing Agave 

Sisalana fibres. From a study conducted by Okeola et al. (2018), it is evident that the inclusion 

of fibres reduced the concrete’s density. Similarly, Abdilla (2021) also obtained a decrease in 

density when using Steel Waste Tyre Fibres (SWTF). 

 

As for the investigation of the Ultrasonic Pulse Velocity (UPV), Solai Mathi et al. (2021) 

observed a decrease in pulse velocity when sisal fibres were used in the concrete mix. This 

decrease in pulse velocity was noted until a volume percentage of 1%. Additionally, other 

studies on UPV with different fibres were examined. Abdilla (2021) reported a decrease in 

pulse velocity when SWTF were used in the concrete mix. This observation is consistent with 

the findings of Gebretsadik (2013), who also observed a decrease in pulse velocity as the steel 

fibre content increase. This decrease in both the density and pulse velocity can be attributed 

to the formation of voids which are generated between the concrete and the fibres. 

 

 

 

Fig 4-12: UPV for different mix proportions  
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4.3.3 Compressive Strength 

 

The purpose of this test was conducted to examine the influence of Agave Sisalana fibres on 

the compressive strength of hardened concrete. The results are illustrated in Figure 4-13, 

indicating the strength values obtained at both 7 and 28 days. The findings demonstrate a 

notable reduction in strength as the volume percentage of Agave fibres is increased.  

 

As the results are compared, it is evident that the Control Mix exhibited the highest mean 

compressive strength at 28 days, resulting in 59.68 Mpa. In contrast Mix F15-1, recorded a 

compressive strength of 45.88 Mpa, indicating a decrease of 23.12%. This noticeable decrease 

in strength can be attributed to loss of workability in the SCC caused by the addition of Agave 

fibres, leading to the formation of air voids within the concrete mix. Similar results were 

obtained for the 7th day. All test results can be found in Appendix C.   
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Fig 4-13: Compressive Strength for different mix proportions  
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Comparison with literature  

 

Okeola et al. (2018) conducted similar research to investigate the mechanical properties of 

concrete using sisal fibres. Their findings are consistent with the results obtained in this study, 

as they observed a decrease in compressive strength with an increase in fibre percentage, 

both for the 7th and 28th days. This reduction was more evident when the volume fraction of 

fibres reached 2% and 3%, resulting in a decrease of 25% to 30% in the compressive strength.  

 

However, these findings contradict a study done by Sugathan (2017), which reported an 

increase in compressive strength of SCC with fibre percentages of up to 1.5%. It is important 

to note that sisal fibres have a natural tendency to absorb moisture, which can affect the 

water-cement ratio and the overall hydration process of the concrete mix. Therefore, this 

increase in compressive strength may be attributed to the consideration of water absorption 

by the sisal fibres in the concrete mix, mitigating the potential reduction on the compressive 

strength. These contrasting findings highlight the importance of the water absorption 

characteristics of the sisal fibres.  

 

 

Fig 4-14: Cube after failure for 15mm fibres Fig 4-15: Cube after failure for 35mm fibres 
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4.3.4 Flexural Strength 

 

This test was done to determine the relationship between the applied load at mid-span and 

the corresponding deflection for each mix variable. The samples were subjected to a three-

point bending test after 28 days of casting. The deflection was measured using two LVDT’s, 

while a load cell was used to record the applied load. The results obtained from the load-

deflection relationship and the peak loads achieved are presented in Figure 4-16 and Figure 

4-18, respectively. 

 

In the case of the tested specimens, a brittle failure mode was observed across all mix 

variations. Figure 4-16 illustrates that once the peak load was reached, the specimens failed 

abruptly. Upon failure, further examinations of the cross-sections of the beams were done. It 

was noted that the fibres at both ends of the cross-section were interconnected, suggesting 

that the fibres experienced yielding rather than pull out. This is illustrated in Figure 4-17.  

 

Furthermore, the load-deflection curve displayed varying gradients, indicating that the Agave 

fibres had higher resistance to deflection and increased stiffness when compared to the 

Control Mix. Notably, the deflection achieved for a specific load showed a direct correlation 

with the fibre dosage or length used in the mix, except for Mix F15-1.  
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Figure 4-16 provides an overview of the peak loads achieved for each mix. It was observed 

that an increase in the peak load was recorded as the fibre volume percentage or length in 

the concrete was  also increased. The highest peak load of 27.58 kN was obtained for Mix F35-

0.50, representing an increase of 37.65% when compared to the Control Mix.  

 

However, it is worth noting that Mix F15-1 showed a decrease of 9.03% in the peak load. One 

possible reason for this reduction could be related to the aspect ratio of fibres used, as Mix 

F15-1 employed the shortest fibres with a length of 15mm. Furthermore, when comparing 

Mix F15-1 with other mixes that had the same fibre length but a lower dosage, it is interesting 

to note that Mix F15-1 still exhibited the highest peak load among those mixes. 

 

 

 

 

 

 

 

 

Fig 4-17: Surface cross-section containing fibres after failure 
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Flexural Toughness 

 

In addition to the previously discussed factors, another important characteristic to consider is 

the toughness factor. This factor was assessed for each mix according to the JSCE-SF4 

standard. The flexural toughness factor was determined using the following formula:  

 

σb = 	
Tb
𝛿tb 	𝑥	

l
bh% 

 

Where:  

 

σb = Flexural toughness factor (N/mm2) 

Tb = Flexural toughness – area under load-deflection graph (Nmm) 

𝛿tb = Deflection of L/150 of span (mm) 

l = span between rollers (mm) 

b = breadth of sample (mm) 

h = height of sample (mm) 
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Figure 4-19 illustrates the results obtained for each mix, highlighting the influence of Agave 

fibres on the flexural toughness. The Control Mix displayed the lowest toughness factor of 

0.27 N/mm2. An increase of 85.06% was observed from the Control Mix to Mix F35-0.5, 

indicating a better toughness with the Agave fibres. All results are tabulated in Appendix C.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison with literature  

 

The findings from this study are consistent with the findings of previous research conducted 

by Fadhil and Yaseen (2015), Solai Mathi et al. (2021) and Vella (2018). Fadhil and Yaseen 

(2015) investigated the inclusion of sisal fibres in normal concrete. The concrete exhibited an 

increase in flexural strength as the fibre percentage increases up to 1.2%. From this study, the 

strength increased by 43.01% from the plain concrete, supporting the results obtained in this 

study.  

 

Similarly, Solai Mathi et al. (2021) conducted research on SCC incorporating sisal fibres. From 

the results, it was also observed that an increase in concrete mixes with 0.25%, 0.75% and 1% 

sisal fibres was obtained when compared to the Control Mix. However, a decrease in flexural 

strength was noted for 1.25% and 1.5%, which can be attributed to fibre curling or bundling 

during the mixing process. 
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Fig 4-19: Toughness factor for different mix proportions  
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Furthermore, Vella (2018) investigated the effects of SWTF in SCC and also reported an 

increase in the peak load and flexural toughness with the addition of SWTF. However, the 

samples incorporating fibres experienced a ductile behaviour after failure. Since Agave fibres 

are typically stiff, they have limited ability to deform, resulting in an abrupt failure. On the 

other hand, steel fibres are generally more flexible when compared to agave fibres. This 

means that when a concrete specimen is subjected to loading, the steel fibres can bridge 

cracks more effectively and increase the overall ductility of the concrete. 

 

4.3.5 Tensile Splitting Strength  

 

This test was conducted to evaluate the tensile splitting strength of the concrete specimen 

after 28 days of casting. Figure 4-20 presents the recorded data, showing the performance of 

different mixes with varying length and percentages. Amongst the tested mixes, Mix F35-0.50 

demonstrated the highest tensile strength at 4.47 MPa. Therefore, an increase of 20.43% was 

recorded when compared to the Control Mix. However, as the fibre percentage increased, a 

slight reduction of 0.38% tensile strength was observed for Mix F15-1. Despite this decrease, 

it is important to note that the overall tensile strength remained relatively high. This reduction 

in strength may be attributed to factors such as fibre length, which can influence the overall 

performance of the concrete. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 4-20: Tensile Splitting Strength for different Mix proportions  
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Moreover, during the testing procedure, the Control Mix experienced a brittle failure, 

whereas all the other samples containing the Agave fibres displayed a ductile mode of failure. 

This observation suggests that the addition of fibres had an impact on the behaviour of 

concrete as they provided a bridging effect, effectively distributing the applied load. This is 

illustrated further in Figure 4-21 and Figure 4-22. All the results are provided in Appendix C.  

 

 

 

 

 

 

 

 

 

 

 

 

Comparison with literature  

The obtained results for the Tensile Splitting test in this study are consistent with those 

reported in previous research findings. Fadhil & Yaseen (2015) conducted a study on normal 

concrete incorporating sisal fibres and observed an increase in tensile splitting strength. The 

highest strength was achieved at a fibre percentage of 1.2%, while a decrease in strength was 

observed at 1.8%. Remarkably, the current study recorded a significant increase of 32.71% in 

tensile splitting strength. 

Furthermore, Sugathan (2017) performed a similar investigation on SCC with sisal fibres and 

also reported an increase in splitting tensile strength. The strength increased for a fibre 

percentage of 1.5% but decreased at 2% fibre volume. In this study, an increase of 13.54% was 

noted. Thus, these results from this research are very consistent to these findings. All results 

of these tests are tabulated in Appendix C.  

Fig 4-21: Tensile Splitting Strength test for Control Mix  Fig 4-22: Tensile Splitting Strength test for Mix F15-1  
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4.4 Shrinkage Properties  

 

4.4.1 Environmental Chamber  

 

The plastic shrinkage behaviour of concrete can be influenced by various factors such as the 

relative humidity, wind speed, concrete and ambient temperature and the evaporation rate. 

These factors were carefully monitored to ensure that the concrete specimens were subjected 

to the specified environmental conditions as defined in ASTM C 1579-06 (2006).  

 

In Figure 4-23 an average evaporation rate for all mixes is illustrated. This was measured by 

monitoring the mass of water in the container placed alongside the specimen inside the 

chamber. This method provides a comparable estimation of water loss to that of the concrete 

specimen. However, the concrete cracking occurred before reaching the evaporation limit. 

Thus, Figure 4-24 depicts the increase in concrete temperature during the first six hours. The 

initial recorded temperatures ranged from 23.18oC to 24.05oC, while the final temperatures 

ranged between 31.55 oC to 33.74 oC. Furthermore, it was noted that higher temperatures 

were recorded as the fibre dosage is increased.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4-23: Average rate of evaporation  
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The time at which cracks began to develop in the concrete specimens were recorded at every 

15 minutes. As shown in Figure 4-25, the Control Mix exhibited the first crack at 2.25 hours, 

while mixes F35-0.5 and F35-1 experienced cracking at a later stage. This suggests that the 

incorporation of Agave fibres resulted in a delay in crack development, with mixes F35-0.5 and 

F35-1 showing cracks 1.25 and 2.25 hours later, respectively. 

 

Furthermore, the largest average crack width recorded was 0.816mm for the Control Mix, 

while the smallest crack width was 0.274mm for Mix F35-1. These findings indicate that as the 

fibre percentage increases, a decrease in crack width was observed. This suggests that the 

addition of fibres in the mix provides restraint resulting in smaller plastic shrinkage crack 

widths.  

 

An interesting observation was made when measuring the crack widths for Mix F35-0.5 using 

a USB microscope. In one instance, the presence of Agave fibres within the cracks was 

captured as shown in Figure 4-27. This image highlights that when the orientation of the fibre 

is perpendicular to the crack, more restraint is provided, resulting in narrower crack widths. 

Conversely, in Figure 4-28, since the orientation of the fibre is nearly parallel to the crack, 

larger crack widths are observed. These results from this test are provided in Appendix D.  

Fig 4-24: Concrete temperature for different mixes  
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Fig 4-25: Crack development for different mixes  
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Fig 4-26: Crack widths for different mixes  
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L = 0.485 mm

L = 0.466 mm

Fig 4-27: Agave fibres perpendicular to crack captured with USB microscope 

L = 0.542 mm

L = 0.616 mm

Fig 4-28: Agave fibres parallel to crack captured with USB microscope 
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Comparison with literature  

 

Upon reviewing the existing literature, limited information was available regarding the 

evaluation of plastic shrinkage behaviour containing Agave Sisalana fibres. From research 

done by Toledo Filho et al. (2005) on cement mortars, it was observed that the addition of 

sisal fibres, with a length of 25mm and a volume fraction 0.2%, delayed the occurrence of 

initial cracking during plastic shrinkage. Moreover, when comparing the crack widths after 3.5 

hours, it was observed that the cracks were narrower in the specimens reinforced with fibres 

compared to the plain mortar samples.   

 

In this study, the longest fibre length (i.e., 35mm) was chosen to provide greater anchorage 

length embedded in the concrete. The findings demonstrated a similar trend, where an 

increase in the volume percentage of fibres in the SCC led to a reduction in crack widths. All 

the results related to this test are found in Appendix D.   

 

4.4.2 Ring Test   

 

The ring test was conducted to examine the impact of different concrete mixes containing 

Agave fibres on restrained shrinkage. To measure the strain caused by the concrete shrinkage, 

the inner steel ring was connected to a data logger. Figure 4-29 provides the results obtained, 

showing the change in strain over time.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 4-29: Strain imposed by the concrete on the steel ring over time 
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Although the Control Mix and Mix F35-0.50 experienced cracking, Figure 4-29 does not 

indicate any significant decrease in strain. As shown in Figure 4-30, the width of the crack on 

the outer surface of the specimen is narrower near the steel ring. This observation could be a 

possible explanation which suggests that the presence of Agave Fibres limited the crack width 

towards the inner steel ring, resulting in minimal differences in readings in the inner parts of 

the specimen. Furthermore, the formed cracks do not coincide with each other, which implies 

the material’s ability to maintain its structural integrity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The occurrence of cracking in each mix was observed through regular visual inspections, and 

the corresponding age at which cracking was observed was recorded. It was noted that the 

Control Mix and Mix F35-0.50 developed cracking at 9 days and 14 days, respectively, while 

Mix F35-1 did not develop any cracks. This can be further observed in Figure 4-29, which 

reveals an increase in strain with an increase in fibre dosage. This behaviour can be attributed 

to the addition of fibres, which allow the concrete to withstand higher tensile stresses when 

compared to the control mix. The control mix reached a maximum strain of -59.52 

microstrains, whereas Mix F15-0.50 exhibited a maximum strain of -106.46 microstrains. 

 

 

 

 

Fig 4-30: Crack width on surface  
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Comparison with literature  

 

Sanjuan and Toledo Filho (1998) conducted a similar research on the impact of sisal fibres on 

the restrained shrinkage of cement mortar. A  similar setup was employed, involving a ring 

specimen with a central square core. The study revealed that while the unreinforced mortar 

did not exhibit any healing, the fibre reinforced specimens showed signs of healing. This 

observation indicates that the presence of sisal fibres acts as a bridging element allowing the 

closure of cracks.  

 

Furthermore, similar tests were done by Vella (2018) and Abdilla (2021) using SWTF. Both 

studies observed that increasing the fibre dosage resulted in higher strains. This aligns with 

the findings of the current study, which also showed an increase in strain with an increase in 

fibre dosage. However, it is worth mentioning that Vella (2018) reported a different 

observation regarding the control mix. According to the study, the control mix specimens did 

not develop any cracks within 28 days. This contrasts with the results of the present research, 

where the control mix specimen did exhibit cracking.  

 

Fig 4-31: Ring Test, Control Mix crack Fig 4-32: Ring Test, Mix F35-0.50 crack 
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4.5 Mortar Shrinkage Properties  

 

4.5.1 Kraai Test 

 

This test utilizes several test panels with different fibre volume percentages to assess the 

potential for cracking in mortar. To calculate the total crack area, the width of each crack is 

multiplied by its length. This measurement will indicate the crack control performance of the 

different mixes.  

 

Figure 4-33 demonstrates a decrease in crack area as the percentage of fibres increases. In 

this test, fibre lengths of 35mm were chosen to provide better anchorage when compared to 

shorter fibres. It can be noted that the Control Mix had the highest number of cracks, whereas 

Mix F35-1 showed no cracks. Upon examining the crack patterns, it was observed that the 

Control Mix had several cracks with a width of 1mm and 2mm, while the mix containing 0.50% 

fibres only had a few hairline cracks. The reduction in crack area from the Control Mix to Mix 

F35-0.50 was 61.34%. 
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Fig 4-33: Relationship between crack area and fibre volume percentage  
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Fig 4-34: Kraai Test, Control Mix Panel 

Fig 4-35: Kraai Test, Mix F35-0.50 

Fig 4-36: Kraai Test, Mix F35-1 
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Comparison with literature  

 

In a study conducted by Baldacchino (2014), the impact of Polyethylene Terephthalate (PET) 

fibres on the cracking restraint was investigated under similar conditions suggested by the 

Kraai paper. The results showed that increasing the fibre volume percentage led to a decrease 

in the crack area. Additionally, Baldacchino also investigated the effect of different fibre 

lengths, and concluded that the length of the fibres also affected the crack widths. It was 

observed that longer fibres exhibited better performance when compared to shorter fibres, 

due to their longer anchorage length within the mortar. 

 

4.6 Treated and Untreated Fibres Properties  
 

4.6.1 Slump Flow  

 

The slump flow test was conducted to evaluate the flow of SCC mortar for each treated and 

untreated mix. As expected, the slump flow results indicated a decrease in diameter as the 

volume percentage or length of fibres increased. However, Figure 4-37 illustrates that the 

treated fibres exhibited a slight improvement in slump flow when compared to untreated 

fibres. Specifically, fibres treated with NaOH displayed an average increase of flowability of 

3.47%, while for H2O2 was 1.35%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 4-37: Slump flow diameter for treated and untreated fibres 
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Furthermore, this increase in flow can be clearly observed in Figure 4-38, particularly for Mix 

F15-0.5, where the effect of treatment for fibres is the most pronounced. The results of the 

slump flow tests for both treated and untreated fibres are all presented in Appendix E. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Untreated Fibres, F15-0.5 Mix 

Treated Fibres with Hydrogen Peroxide, F15-0.5 Mix 

Treated Fibres with Sodium Hydroxide, F15-0.5 Mix 

Fig 4-38: Slump flow treated and untreated fibres, F15-0.5 Mix 
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Comparison with literature  

 

No literature was found that specifically addresses the impact of chemical treatments on the 

workability of concrete when applied to Agave fibres. However, a similar study by Hassan 

Nensok et al. (2021) on alkaline treatment on banana fibres was investigated. The fibres were 

treated to various concentrations of NaOH, including 2%, 4%, 6%, 8% and 10%. Their results 

demonstrated that the workability of untreated fibres was lower to that of all treated fibres. 

Notably, fibres treated with higher concentration of NaOH exhibited less water absorption, 

leading to improved workability.  

 

4.6.2 Flexural Strength  

 

The flexural strength test was performed to evaluate the maximum load for each mix variable 

using a three-point test on prisms after 7 days of casting. The results obtained in this test are 

consistent with the findings discussed in section 4.3.4 of this chapter, indicating a higher 

flexural strength with an increase in fibre length or volume. This was noted for both treated 

and untreated fibres. However, treated fibres demonstrated a higher maximum load when 

compared to the untreated fibres, indicating the potential enhancement achieved through 

the treatment process. Figure 4-40 provides a representation of the performance of the fibres 

under different treatments. Notably, the fibres treated with H2O2 exhibited the best 

performance. These fibres displayed an average increase of 10.70%, while the NaOH fibres 

showed an increase of 5.71%. Furthermore, the behaviour of the specimens after failure was 

observed. It was noted that all the specimens incorporating fibres exhibited a ductile failure 

mode. Figure 4-39 shows the contribution of fibres in crack bridging, allowing the sample to 

undergo plastic deformation before fracturing.  

 

 

 

 

 

 

 

 

 

 

Fig 4-39: Flexural Strength after failure 
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Comparison with literature  

 

Limited data was available regarding sisal fibres treated with Hydrogen Peroxide; however, 

several studies were found using Sodium Hydroxide. In a study by de Klerk et al., (2020), the 

impact of NaOH treatment on sisal fibres was investigated. Different concentrations of NaOH, 

including 2%, 6%, 10%, 20% and 30% were studied. The findings indicated that the flexural 

peak strength increased with 2%, 6% and 10% NaOH treatment when compared to untreated 

fibres. However, higher concentrations of NaOH led to a decrease in the flexural peak load.  

 

Additionally, in a similar study by Yimer and Gebre (2023), sisal fibres were treated with a 

NaOH concentration of 5% for 12 hours. The results demonstrated an increase in flexural 

strength of 13.59% when compared to the unreinforced concrete specimen. 

 

 

 

 

 

 

 

Fig 4-40: Flexural Strength for treated and untreated fibres 
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4.6.3 Compressive Strength  

 

The compressive strength test was performed to assess the strength characteristics of the 

mortar. The outcomes are shown in Figure 4-41, indicating the values obtained after 7 days. 

Comparing the results to those discussed in section 4.3.3, a decrease of 18.81% in compressive 

strength from the control mix was recorded. This reduction aligns with the earlier findings, 

which indicated a decrease of 23.12% in the concrete mix. However, consistent with similar 

trends observed in other tests, an increase in fibre length or volume percentage corresponded 

to an improvement in compressive strength. This observation is noted for both treated and 

untreated fibres. 

 

Notably, the treated fibres, particularly those treated with H2O2 exhibited the highest 

compressive strength with an average increase of 4.33%. Similarly, fibres treated with NaOH 

demonstrated an increase of 1.71%. Another observation throughout the study was the 

optimal length and fibre dosage, beyond which the compressive strength of the mortar 

decreased. Based on the observations made in section 4.3.3, it was noted that for fibre 

dosages of 0.25%, 0.5% and 1% with fibre lengths up to 15mm, the compressive strength 

decreased. However, the present study provides additional insights, indicating that for a fibre 

percentage of 1% exceeding length of 25mm, an improvement in compressive strength can 

be noticed. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
Fig 4-41: Compressive Strength for treated and untreated fibres 
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Comparison with literature  

 

Data regarding the compressive strength of concrete with treated fibres was very limited. 

Yimer and Gebre (2023) investigated effects of Sodium Hydroxide treatment on sisal fibres. 

From their results it was found that the best performance was obtained when fibres were 

treated with a 5% concentration of alkali solution for 24 hours. This has shown a slight 

improvement in strength of 0.46% when compared to untreated fibres and a 13.12% with 

unreinforced concrete. 

 

In a separate study by Hassan Nensok et al. (2021), Sodium Hydroxide treatment on banana 

fibres was investigated. Different concentrations of NaOH were examined, and it was 

observed that compressive strength increased at concentration of 2%, 4% and 6%. Specifically, 

the percentage increase in compressive strength was measured at 3.4% and 15.1% for 

concentrations of 2% and 4% respectively. Notably, fibres treated with 6% NaOH exhibited a 

progressive increase of 40.6% in compressive strength. These improvements can be attributed 

to the effective breakdown of hydrogen bonds between the hydroxyl groups of lignin and 

hemicellulose. Consequently, these changes also enhanced the surface area of the fibres 

within the cement matrix.  

 

 

 

 

 

Fig 4-42: Compressive strength after failure 
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5.1 Overview   

 

The main aim of this research was to investigate the performance of Agave fibres in Self-

compacting concrete (SCC). Eight different mixes with varying fibre lengths and volumes were 

evaluated to analyse the fresh properties and hardened properties of concrete. Furthermore, 

three mixes were considered to assess the shrinkage properties of concrete and mortar. The 

findings obtained from this research were compared with other relevant studies in the 

literature for further analysis.  

 

5.2 Conclusion 
 

The assessment of workability of various tests revealed that the addition of Agave fibres 

resulted in a decrease in workability of SCC. This reduction was evident across all the 

performed tests, including the Slump Flow, V-Funnel and L-Box tests. The findings from the 

Slump Flow test led to the conclusion that as the fibre volume percentage exceeded 0.50%, 

the mixes would not exhibit the characteristics of self-compacting concrete due to the 

increased stiffness of the mix. Furthermore, the V-Funnel test indicated a higher plastic 

viscosity with an increase of fibres. From the rheometer test a higher yield stress was observed 

with an increase in fibre length or fibre volume percentage.  

 

Another test which provided additional insights on the fresh properties of the concrete, was 

the L-Box test. The inclusion of Agave fibres led to a notable decrease in passing ability. The 

results indicated that immediate clogging occurred when the fibre volume reached 1% at 0 

minutes. As time progressed, there was a significant reduction in passing ability, with 

instances of clogging at 15 and 30 minutes.  

 

In terms of the mechanical properties of Agave fibres in SCC, it was determined that the fibres 

affected the density and homogeneity of the concrete. The findings from the hardened 

concrete test and Ultrasonic Pulse Velocity (UPV) test highlight a similar behaviour. It can be 

seen that an increase in fibre dosage led to a reduction in the density and UPV. 

 

The decrease in compressive strength was evident at both 7 and 28 days, with a decrease of 

23.12%. It was noted that as the length of the fibres increase, the compressive strength of the 

concrete decreased. This decrease in strength can be attributed to the loss of workability, 

which resulted in the formation of air voids within the concrete. 
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The flexural strength results indicated that all the mixes, including those with Agave fibres, 

exhibited a brittle failure mode. However, it was observed that mixes containing longer fibres 

or higher volume percentages demonstrated a higher peak load compared to the Control Mix. 

In fact, Mix F35-0.50 showed the best performance with a notable increase of 37.65% in peak 

load. Furthermore, Mix F15-1 experienced a decrease of 9.03% in peak load. This can be 

attributed to the lower anchorage length and aspect ratio of the shorter fibres, leading to a 

decrease in strength. Notably, there also was a significant increase in the toughness factor of 

85.06%, highlighting the positive affect of Agave fibres. 

 

A similar observation was also made on the tensile strength of concrete, where mixes 

incorporating longer fibres or higher volumes exhibited a better performance. Mix F35-0.50 

showed the highest tensile strength with an increase of 20.43% when compared to the Control 

Mix. In contrast to the flexural strength test, samples containing Agave fibres displayed a 

ductile failure mode. 

 

To assess the impact of Agave fibres on the plastic shrinkage in concrete, an environmental 

chamber was setup exposed to controlled conditions. The results of this test concluded that 

the addition of fibres leads to a reduction in the width of the cracks. When comparing the 

Control Mix to Mix F35-1, a substantial reduction of 66.42% in crack width was observed. 

Moreover, higher fibre dosages resulted in a delay in crack development.  

 

The restrained ring test was monitored for 28 days, during which data from strain gauges was 

collected to analyse the stress caused by concrete hardening. From regular inspections it was 

noticed that the specimens took longer to exhibit shrinkage cracking as the fibre dosage 

increased. Notably, Mix F35-1, which had the highest volume fraction, did not experience any 

cracks within 28 days. Furthermore, the specimens containing Agave fibres also demonstrated 

greater resistance subjected to higher tensile stresses when compared to the Control Mix. 

 

Following the methodology described by Paul Kraai, mortar panels were used to investigate 

the effect of fibres in cement mortars. From similar observations, increase in the volume 

percentage of fibres resulted in a decrease in the total crack area. From the findings obtained, 

the Control Mix had several cracks of 1mm and 2mm, while the mix containing 0.50% fibres 

only a few hairline cracks were observed. This led to a reduction of 61.34% in the total crack 

area. Moreover, the panel containing 1% fibres developed no cracks. 
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Chemical treatments were applied to Agave fibres to explore their impact on the fresh 

properties and mechanical properties of mortars. Two chemicals used in the treatment 

process were Hydrogen Peroxide (H2O2) and Sodium Hydroxide (NaOH). The Slump flow, 

Flexural test and compressive strength test were conducted.  

 

The results obtained from the Slump Flow test showed that the treated fibres exhibited only 

a slight improvement when compared to untreated fibres. The workability of fibres treated 

with H2O2 increased by 1.35%, while for NaOH fibres, the increase was of 3.47%. 

 

From the flexural strength test, all specimens containing Agave fibres demonstrated a ductile 

mode of failure. From the findings obtained, treated fibres exhibited a higher maximum load 

compared to untreated fibres. An increase in load of 10.70% was obtained for fibres treated 

with H2O2, while for NaOH fibres an increase of 5.71% was observed.  

 

The compressive strength results also indicated an improvement in strength with treatment 

of fibres. Fibres treated with H2O2 exhibited the highest compressive strength showing an 

increase of 4.33%. On the other hand, fibres treated with NaOH displayed an increase of 

1.71%. 

 

5.3 Limitations 
 

One major limitation encountered in this study was the extensive time and effort required for 

the extraction of Agave fibres. Due to the degradation process, it took several weeks to obtain 

a sufficient quantity of fibres for experimentation. This limited the number of samples 

available for testing of the mechanical properties. With a larger number of samples, a more 

comprehensive assessment of the mechanical properties could have been conducted, leading 

to more precise and accurate results, minimizing the potential margin of error. 

 

Another constraint in this research was the limited number of moulds for test repetitions. The 

environmental chamber used in the experiment could only accommodate one specimen at a 

time. This restriction resulted in a limited number of tests conducted within the available 

timeframe and only three mixes were chosen. Similarly, the ring test was also constrained by 

the availability of only three moulds, further limiting the number of samples that could be 

tested.  
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For the Kraai test, only one industrial fan was available in the laboratory. As a result, the same 

fan had to be shared between two panels, potentially impacting the number of cracks that 

developed in the mortar panels.  

 

5.4 Recommendations for future studies  

 

Based on the findings of this study, several recommendations for further research and areas 

of exploration can be suggested. Firstly, it is recommended to investigate the water 

absorption characteristics of Agave fibres. The fibres can potentially hinder the hydration 

process of the cement by reducing the available water in the mix. Thus, it is essential to gain 

a comprehensive understanding on the moisture absorption behaviour of the fibres and how 

it may impact the durability and mechanical properties of concrete. 

 

In addition, further research on chemical treatments of Agave fibres can be conducted. The 

current study explored the impact of Hydrogen Peroxide and Sodium Hydroxide treatments 

on the fresh and mechanical properties of mortars. However, other chemical treatment 

combinations can be investigated to determine their effectiveness on the bonding with the 

cement matrix. Also, the effect of chemical treatments can be conducted on concrete mixes.  

 

Furthermore, it is also recommended to perform pull-out tests to determine the bond 

strength between the Agave fibres and the matrix. By performing pull-out tests on Agave 

fibres under various conditions, such as different fibre lengths, an understanding of their 

reinforcing capabilities can be obtained.  
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Slump Flow 

Mix Code Date of Test Time t500 Diameter 

d1 

Diameter 

d2 

Slump 
Flow 

Classification EFNARC 

s mm mm mm Viscosity Flow 
  t0 1.27 690 700 695 VS1 SF2 

Control Mix 09/05/2023 t15 1.35 680 690 685 VS1 SF2 
  t30 1.58 650 670 660 VS1 SF2 
  t0 2.10 610 620 615 VS2 SF1 

F15-0.25 16/05/2023 t15 3.29 580 590 585 VS2 SF1 
  t30 5.08 560 580 570 VS2 SF1 
  t0 3.40 590 595 592.5 VS2 SF1 

F25-0.25 18/05/2023 t15 4.04 580 570 575 VS2 SF1 
  t30 6.22 570 560 565 VS2 SF1 
  t0 4.30 600 580 590 VS2 SF1 

F35-0.25 22/05/2023 t15 5.87 560 570 565 VS2 SF1 
  t30 7.18 560 550 555 VS2 SF1 
  t0 3.50 570 590 580 VS2 SF1 

F15-0.50 12/05/2023 t15 4.46 540 550 545 VS2 - 

  t30 6.31 540 545 542.5 VS2 - 
  t0 4.40 565 560 562.5 VS2 SF1 

F25-0.50 15/05/2023 t15 5.24 560 550 555 VS2 SF1 
  t30 6.90 530 545 537.5 VS2 - 
  t0 5.47 550 530 540 VS2 - 

F35-0.50 17/05/2023 t15 6.84 530 510 520 VS2 - 
  t30 7.15 510 520 515 VS2 - 
  t0 0 360 340 350 - - 

F15-1 11/05/2023 t15 0 345 350 347.5 - - 
  t30 0 350 330 340 - - 

 
(-) Not within EFNARC Classifications 
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   V-Funnel 

Mix Code Date of 
Test 

Time Time Classification EFNARC 

s  
  t0 5 VF1 

Control Mix 09/05/2023 t15 6 VF1 
  t30 7 VF1 
  t0 5 VF1 

F15-0.25 16/05/2023 t15 6 VF1 
  t30 7 VF1 
  t0 6 VF1 

F25-0.25 18/05/2023 t15 7 VF1 
  t30 12 VF2 
  t0 8 VF1 

F35-0.25 22/05/2023 t15 9 VF2 
  t30 15 VF2 
  t0 6 VF1 

F15-0.50 12/05/2023 t15 7 VF1 
  t30 14 VF2 
  t0 11 VF2 

F25-0.50 15/05/2023 t15 14 VF2 
  t30 21 VF2 
  t0 12 VF2 

F35-0.50 17/05/2023 t15 17 VF2 

  t30 26 - 
  t0 31 - 

F15-1 11/05/2023 t15 41 - 
  t30 45 - 

 
(-) Not within EFNARC Classifications 
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Stress Growth Test 

Test Parameters  

Test Speed (rps) 0.025  

Mix Code Date of Test Peak Torque       
(Nm) 

Yield Stress               
(Pa) 

Control Mix 09/05/2023 0.505 117.615 

F15-0.25 16/05/2023 0.709 165.376 

F25-0.25 18/05/2023 0.774 180.319 

F35-0.25 22/05/2023 1.490 347.252 

F15-0.50 12/05/2023 0.844 196.72 

F25-0.50 15/05/2023 1.156 269.460 

F35-0.50 17/05/2023 1.819 423.981 

F15-1 11/05/2023 - - 

 
 
 
 

Flow Curve Test 

Test Parameters  

Breakdown Time (s) 20   

Breakdown Speed (rps) 0.500   

Number of Points 7   

Time per Point (s) 5.0   

Initial Speed (rps) 0.500   

Final Speed (rps) 0.050   

Mix Code Date of Test Relative Parameters Bingham Parameters 
Y (Nm) V (Nm) R2 To (Pa) 𝝁 (Pa.s) (mse) 

Control Mix 09/05/2023 0.276 1.862 0.99 49.10 34.73 0.001 

F15-0.25 16/05/2023 0.357 1.238 1.00 68.64 20.72 0.003 

F25-0.25 18/05/2023 0.269 1.352 1.00 45.51 25.57 0.005 

F35-0.25 22/05/2023 0.603 1.151 1.00 136.71 14.80 0.003 

F15-0.50 12/05/2023 0.478 1.612 1.00 94.63 26.14 0.003 

F25-0.50 15/05/2023 0.639 1.262 0.98 150.51 15.08 0.004 

F35-0.50 17/05/2023 0.548 1.675 0.99 112.36 25.97 0.008 

F15-1 11/05/2023 - - - - - - 
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Hardened Density at 28 days 

Mix Code Date of Test Sample Weight in 
air (kg) 

Weight in 
Water (kg) 

Volume 
(m3) 

Density 
(kg/m3) 

Average 
Density 
(kg/m3) 

Control 
Mix 

06/06/2023 
A 2.387 1.139 1.035 2.306 

2.299 
B 2.96 1.118 1.045 2.292 

F15-1 08/06/2023 
A 2.260 1.015 1.032 2.189 

2.168 

B 2.286 1.008 1.065 2.146 

F15-0.25 13/06/2023 
A 2.481 1.186 1.082 2.292 

2.265 

B 2.454 1.145 1.096 2.238 

F25-0.25 15/06/2023 
A 2.389 1.117 1.059 2.255 

2.258 

B 2.358 1.102 1.043 2.260 

F35-0.25 19/06/2023 
A 2.398 1.112 1.073 2.234 

2.238 

B 2.435 1.136 1.086 2.241 

F15-0.5 09/06/2023 
A 2.365 1.096 1.056 2.239 

2.249 

B 2.321 1.081 1.027 2.259 

F25-0.5 12/06/23 
A 2.341 1.092 1.036 2.259 

2.210 

B 2.379 1.066 1.100 2.162 

F35-0.5 14/06/23 
A 2.275 1.049 1.013 2.245 

2.171 

B 2.340 1.011 1.116 2.096 
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Ultrasonic Pulse Velocity at 28 days 

Mix Code Date of Test Sample Dimensions Readings (mm) Average  
Path Length 

(mm) 

Time 
(𝜇s) 

Pulse 
Velocity 
(km/s) 

Average Pulse 
Velocity 
(km/s) 1st 2nd 3rd 

Control 
Mix 

 

 

06/06/2023 

A 100.83 100.52 100.49 100.61 20.6 4.88 

4.76 100.69 100.67 100.70 100.69 19.8 5.09 

B 101.91 101.87 103.51 102.43 21.6 4.74 
  101.85 102.00 102.21 102.02 23.5 4.34 

F15-1 

 

08/06/2023 
A 99.50 99.41 99.61 99.51 20.8 4.78 

4.39 

 

100.71 100.10 99.89 100.23 25.7 3.90 

B 100.53 100.46 100.37 100.45 20.9 4.81 
100.83 100.66 100.01 100.50 24.6 4.08 

F15-0.25 13/06/2023 
A 100.70 100.65 100.52 100.62 20.6 4.88 

4.72 

 

101.68 100.85 101.04 101.07 20.4 4.95 

B 100.86 100.51 100.75 100.71 22.9 4.40 
100.83 101.09 101.56 101.16 21.8 4.64 

F25-0.25 15/06/2023 
A 100.25 100.10 100.07 100.14 20.8 4.81 

4.65 

 

100.68 100.78 100.32 100.59 21.6 4.66 

B 100.20 100.11 100.49 100.27 21.2 4.73 
100.14 100.61 100.20 100.32 22.8 4.40 

F35-0.25 19/06/2023 
A 100.62 101.32 100.63 100.86 22.1 4.56 

4.57 
100.81 100.68 101.48 100.99 23.4 4.32 

B 101.29 101.69 100.83 101.27 21.7 4.67 
101.20 100.04 100.85 100.58 21.3 4.72 

F15-0.5 

 

09/06/2023 
A 100.59 100.91 100.59 100.70 21.6 4.66 

4.63 

 

101.00 100.41 100.61 100.67 21.4 4.70 

B 100.48 100.78 100.60 100.62 22.1 4.55 
100.59 100.43 100.54 100.52 21.8 4.61 

F25-0.5 
 

12/06/2023 

A 100.69 100.80 100.46 100.65 21.1 4.77 

4.54 

 

100.13 100.40 100.66 100.40 22.7 4.42 

B 100.44 100.50 100.65 100.53 23.4 4.30 
100.53 100.49 100.56 100.53 21.6 4.65 

F35-0.5 
 

14/06/2023 

A 100.26 100.72 100.27 100.42 22.7 4.42 

4.52 

 

 

100.40 100.13 100.19 100.24 21.9 4.58 

B 100.57 100.99 100.52 100.69 22.1 4.56 
101.70 100.83 100.33 100.95 22.4 4.51 
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Toughness Factor for Flexural Beams at 28 days  

Mix Code Date of 
Test 

Dimensions Readings (mm) Average  
(mm) 

Area under Load 
Displacement 

graph (kN) 

Toughness 
Index (Mpa) 

 1st 2nd 3rd 

Control 
Mix 

 

 L 557.60 559.50 558.50 558.53   

06/06/2023 B 154.42 154.89 153.64 154.32 7.51 0.27 
 H 154.64 155.00 154.50 154.71   

  L 551.30 551.90 551.80 551.67   
F15-0.25 13/06/2023 B 153.15 152.59 152.85 152.86 25.13 0.98 

  H 152.43 151.98 149.30 151.24   
  L 554.80 554.60 554.60 554.67   

F25-0.25 15/06/2023 B 155.32 154.80 154.98 155.03 38.86 1.49 
  H 153.04 150.78 149.30 151.04   
  L 554.40 

4 

555.80 553.70 554.63   
F35-0.25 19/06/2023 B 154.49 155.71 154.67 154.97 45.10 1.79 

  H 148.06 147.10 149.16 148.11   
  L 556.10 556.20 556.90 556.40   

F15-0.50 09/06/2023 B 153.24 153.70 154.71 153.88 30.58 1.17 
  H 146.95 150.80 155.24 150.99   
  L 556.10 556.60 554.70 556.10   

F25-0.50 12/06/2023 B 153.22 152.73 153.28 153.08 41.08 1.50 
  H 158.05 153.83 153.51 155.13   
  L 551.90 551.80 550.60 551.43   

F35-0.50 14/06/2023 B 152.75 153.59 153.67 153.34 48.86 1.83 
  H 153.85 153.97 154.19 154.00   
  L 554.40 554.30 554.90 554.53   

F15-1 08/06/2023 B 152.85 152.31 153.56 152.91 29.36 1.11 
  H 153.88 154.77 151.06 153.24   
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APPENDIX D 

Shrinkage Test Results 
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Environmental Chamber Test 

Date of Test 31/05/2023   

Mix Code Control Mix   

Area of water container (m2) 0.06   

Crack Developed at (hrs) 2.25   

Time 
(hrs) 

Ambient Temp. 
(oC) 

Concrete Temp. 
(oC) 

Mass of Water (g) Mass of water 
evaporated (g) 

Rate of evaporation 
(kg/m2/hr) 

0 32.58 23.72 1839.5 0 - 

0.5 37.51 25.62 1833 6.5 0.22 

1 39.16 26.13 1825.5 7.5 0.25 

1.5 39.47 26.75 1816 9.5 0.32 

2 39.91 26.95 1803 13 0.43 

2.5 40.63 27.57 1787.5 15.5 0.52 

3 40.91 28.25 1768.5 19 0.63 

4 39.90 29.67 1717.5 51 0.85 

5 42.40 30.71 1660 57.5 0.96 

6 43.39 31.55 1597.5 62.5 1.04 

 
 
 
 
 

Environmental Chamber Test 

Date of Test 05/06/2023   

Mix Code F35-0.5   

Area of water container (m2) 0.06   

Crack Developed at (hrs) 3.5   

Time 
(hrs) 

Ambient Temp. 
(oC) 

Concrete Temp. 
(oC) 

Mass of Water (g) Mass of water 
evaporated (g) 

Rate of evaporation 
(kg/m2/hr) 

0 32.91 24.05 2141 0 - 

0.5 36.36 25.16 2136.5 4.5 0.15 

1 36.67 25.98 2127.5 9 0.32 

1.5 37.23 26.86 2114.5 13 0.43 

2 38.01 27.59 2097 17.5 0.58 

2.5 38.68 28.42 2076.5 20.5 0.68 

3 39.02 29.15 2054.5 24 0.80 

4 39.51 30.36 2001 53.5 0.89 

5 41.01 31.62 1943.5 57.5 0.96 

6 41.86 32.67 1884.5 59 0.98 
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Environmental Chamber Test 

Date of Test 08/06/2023   

Mix Code F35-0.5   

Area of water container (m2) 0.06   

Crack Developed at (hrs) 4.5   

Time 
(hrs) 

Ambient Temp. 
(oC) 

Concrete Temp. 
(oC) 

Mass of Water (g) Mass of water 
evaporated (g) 

Rate of evaporation 
(kg/m2/hr) 

0 31.62 23.18 1717.5 0 - 

0.5 34.46 24.96 1710.5 7 0.23 

1 34.64 26.12 1699.5 11 0.37 

1.5 35.72 26.92 1687 12.5 0.42 

2 36.29 27.49 1671 16 0.53 

2.5 36.85 28.38 1651.5 19.5 0.65 

3 37.34 29.43 1628 23.5 0.78 

4 38.12 30.98 1576 52 0.87 

5 39.23 32.37 1517.5 58.5 0.98 

6 40.15 33.74 1456 61.5 1.03 
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Control Mix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L = 0.753 mm

L = 0.551 mm

L = 0.448 mm

L = 0.835 mm

L = 0.931 mm

L = 0.979 mm

L = 0.992 mm

L = 0.739 mm

L = 0.941 mm

L = 0.860 mm
L = 0.619 mm

L = 0.471 mm

L = 0.576 mmL = 0.601 mm

L = 0.754 mm

L = 0.724 mm

L = 0.750 mm

L = 0.797 mm

L = 0.755 mm

L = 0.674 mm
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F35-0.50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L = 0.533 mm

L = 0.549 mm

L = 0.609 mm

L = 0.542 mm

L = 0.515 mm

L = 0.428 mm

L = 0.502 mm

L = 0.542 mm

L = 0.616 mm

L = 0.485 mm

L = 0.466 mm

L = 0.520 mm

L = 0.347 mm
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F35-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L = 0.153 mm

L = 0.104 mm

L = 0.249 mm L = 0.288 mm L = 0.336 mm

L = 0.173 mm

L = 0.096 mm

L = 0.168 mm

L = 0.251 mm

L = 0.201 mm

L = 0.217mm
L = 0.287mm

L = 0.232mm

L = 0.389mm

L = 0.399mm



 174 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Cr

ac
k 

W
id

th
 (m

m
) 

 
 

 
 

 
 

 
 

 
 

 
 

 
M

ix
 C

od
e 

Da
te

 
d 1

 
d 2

 
d 3

 
d 4

 
d 5

 
d 6

 
d 7

 
d 8

 
d 9

 
d 1

0 
Av

g.
 C

ra
ck

 W
id

th
 

 
 

 
 

 
 

 
 

 
 

 
 

 

Co
nt

ro
l M

ix
 

31
/0

5/
20

23
 

0.
93

1 
0.

99
2 

0.
73

9 
0.

86
0 

0.
94

1 
0.

79
7 

0.
67

4 
0.

72
4 

0.
75

0 
0.

75
4 

0.
81

6 

F3
5-

0.
5 

05
/0

6/
20

23
 

0.
53

3 
0.

54
9 

0.
54

2 
0.

60
9 

0.
50

2 
0.

51
9 

0.
52

0 
0.

61
6 

0.
53

5 
0.

59
1 

0.
55

2 

F3
5-

1 
08

/0
6/

20
23

 
0.

39
9 

0.
38

9 
0.

24
9 

0.
28

8 
0.

33
6 

0.
23

2 
0.

21
7 

0.
20

1 
0.

25
1 

0.
17

3 
0.

27
4 

 



 175 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX E 

Fresh Properties of Treated Fibres Results 
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Slump Flow  

Mix Code Date of Test Diameter  

d1 

Diameter  

d2 

Slump Flow 

mm mm mm 
 Control Mix  

CMM 29/05/2023 190.00 195.00 192.50 
 Untreated Fibres  

UF15-0.5 30/05/2023 145.00 160.00 152.50 
UF25-0.5 30/05/2023 130.26 141.58 135.92 
UF35-0.5 29/05/2023 118.71 123.77 121.24 

UF15-1 30/05/2023 127.38 125.42 126.40 
UF25-1 30/05/2023 112.65 126.81 119.73 
UF35-1 29/05/2023 110.54 113.20 111.87 

 Treated Fibres Hydrogen Peroxide 5%  
HPF15-0.5 02/06/2023 148.82 161.27 155.05 
HPF25-0.5 09/06/2023 138.78 143.06 140.92 
HPF35-0.5 09/06/2023 121.29 130.45 125.87 
HPF15-1 02/06/2023 124.36 132.11 128.23 
HPF25-1 09/06/2023 117.41 122.67 120.04 
HPF35-1 09/06/2023 107.84 110.49 109.17 

 Treated Fibres Sodium Hydroxide 5%  
SHF15-0.5 16/09/2023 169.80 163.85 166.82 
SHF25-0.5 16/09/2023 139.33 145.43 142.38 
SHF35-0.5 16/09/2023 124.70 126.17 125.43 
SHF15-1 16/09/2023 133.76 126.42 130.09 
SHF25-1 16/09/2023 124.25 127.44 125.85 
SHF35-1 16/09/2023 106.71 109.78 108.25 
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APPENDIX F 

Mechanical Properties of Treated Fibres Results 
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APPENDIX G 

Information on Chicken Feather Fibres (CFF) 
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A site visit was conducted to Smina, which is a poultry processing plant, to obtain further 

information regarding chicken waste. From information gathered, it was found that around 

4000 chickens a day are slaughtered daily for meat production. Every chicken approximately 

yields 90g of feathers, resulting in a daily accumulation of 360kg of chicken feather waste. 

 

Apart from feathers, chicken waste consists also includes intestines and bones. About 3 tonnes 

of chicken waste are transported to the WasteServ plant for disposal on a daily basis. Waster 

is another important component used in the processing plant for cleaning procedures. It is 

estimated that half a gallon of water is used for every chicken during the processing which 

takes about 1.5 hours to complete. The slaughtering process begins with the off-loading of 

chickens from the farms. The following steps involved in the process are:  

 

Slaughtering and Killing: The chickens are hung upside down by their legs on a moving 

slaughter line. They are usually stunned with an electric current and their throats are cut as 

the line moves mechanically, resulting in their death due to blood loss.   

 

Scalding: Once the chickens have bled, they pass through a hot tank of around 57oC for the 

removal of feathers. The hot water helps soften the skin, making it easier to remove the 

feathers from their bodies. The collected feathers are then stored in a crate. 

 

Removal of heads and legs: The slaughter line continues to move, and their heads and legs 
are pulled off mechanically. 
 
Cleaning: The chickens are thoroughly washed to remove any remaining blood. The internal 
organs and intestines are also removed, and the chickens undergo another round of washing.  
 
Cooling: The chickens are then stored in a refrigerator at a temperature of 5oC for 
approximately 1 hour to reduce the risk of bacterial growth. 
 
Processing: The chickens are weighed and further processed into different products such as 
chicken wings, drumsticks, or chicken breasts. They are packed and then distributed to several 
shops.  
 
The investigation on Agave fibres was carried instead of CFF, as the primary focus was to 
explore the properties and potential applications of Agave fibres. CFF were also excluded from 
this study due to time constraints.  
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