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ABSTRACT 

Natural fibres have been used in daily human life since the dawn of history in a wide range of different applications such as ropes, textiles, mattresses, brushes, and so on. In recent decades, for minimizing impacts on the environment, natural fibres were applied in civil engineering as green alternatives for building construction to partially replace conventional materials and reduce the dependency on them. The usage of natural fibres is thus in perfect harmony with the concept of sustainability. Also, the sources of natural fibres are abundant in many regions over the world. Among the natural fibres, coconut fibre is considered as a good candidate for reinforcement in cement matrix due to its most ductile and energy absorbent properties compared to other plant fibres. Besides, it is necessary to use alternative binders in an attempt to improve the durability of these plant fibres into composites and reduce the negative impact on the environment. A new formulation of mortars is proposed, in which the Portland cement (PC) is totally replaced by calcium sulfoaluminate cement (CSA cement). This study aims to enhance the understanding of an innovative composite material by incorporating coconut fibres into cementitious matrix, which is prepared using two different types of cement, i.e., PC and CSA cement. This approach could, therefore, constitute an alternative solution to waste management and contribute to the development of reinforced mortars, improving comfort performance in buildings. After a review of characteristics of coconut fibres and mechanical performance as well as durability of fibre-reinforced composite, characterization of materials, experimental 
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programs and formulation methodology of mortars are first described in detail. The physical and mechanical properties of raw and treated coconut fibres for their recycling in construction materials are then determined in the next step. The influence of incorporating fibres on the rheological properties (consistency, workability, heat of hydration), physico-chemical properties (pH, ATG) and mechanical properties (compressive and flexural strengths, toughness) are analyzed. Also, the coconut fibres orientation and distribution within the hardened mortar matrix are obtained using microscope measurement. This constitutes an innovative part of the cracking behavior of coconut fibre-reinforced mortars. Finally, the relationship between durability and strength of mortar incorporating fibres is studied based on two different environments for curing: carbonation and wetting and drying conditions. These results clearly show that the presence of coconut fibres has significant effects on the properties of cementitious pastes due to the sensitivity of the fibres in the alkaline environment of the cementitious matrix and their highly hydrophilic nature. For instance, as fibre content increases, the flexural strength of mortars increased significantly, causing, by contrast, a decrease in compressive strength. The enhancement toughness and preventing the development of cracks inside reinforced mortars are the most important contributions of fibres. Although the mechanical properties improvement of fibre-reinforced mortars is not always obtained, these values meet the desired mechanical performance for rendering and plastering mortar in masonry in accordance with European standards. The study on the durability of fibre-reinforced mortars indicated that the losses in flexural strength are stronger than those in compressive strength due to the cumulated effect of fibres added under aggressive environments.   
Keywords: coconut fibre, mortar, treatment of fibre, mechanical properties, durability. 
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INTRODUCTION 

1. Motivation With the high speed of economic growth, nowadays, most countries have been investing a tremendous amount of budget into constructing infrastructures, which leads to the fact that the demand for construction materials such as concrete has been increasing significantly. Concrete is the primary construction material and plays a crucial role in the development of infrastructures such as highways, bridges, buildings, etc. It is estimated that the total annual consumption of concrete production over the world is more than 20 billion tons [1,2]. Besides, conventional aggregate for the concrete composite is decreasing sharply due to the overexploitation of human activities. The global aggregate production-consumption almost doubled from 21 billion tons in 2007 to 40 billion tons in 2014, up to 48.3 billion tons in 2015, and is expected to expand further to 66.3 billion tons by 2022 [3]. Therefore, the sustainability of the built environment will come through the increased use of alternative, recycled, natural, and unconventional construction materials and thermal insulation materials [4].  Green or alternative material is increasingly being investigated because of its advantages. Using natural fibres in the reinforced composite can reduce not only the dependency on conventional concrete-making materials but also environmental impact. Furthermore, the amount of natural fibres has been rising considerably in the past decades. Each year, farmers harvest million tons of natural fibres from a wide 
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range of plants, i.e., cotton bolls, abaca, sisal leaves coconut husks, the stalks of jute, hemp, 
flax and ramie plants and animals, i.e., sheep, rabbits, goats, camels and alpacas. At least five good reasons are presented for choosing natural fibres, including healthy, economy, responsibility, sustainable development and high-tech performance [5]. Firstly, natural fibres are a healthier choice for many industrial products. Some insulation batts in building construction made from wool or hemp draw moisture away from walls and timber, are reusable and can be installed without the need for protective clothing. Wool insulation is also naturally fire-resistant. Another reason is the responsible choice. Most of the natural fibres are produced and harvested in developing countries. This agriculture is vital to the economies of the livelihoods of millions of small-scale farmers and low-wage workers and then of the developing countries. Using natural fibres is an indirect and effective way to contribute to promoting the economies of those countries. Besides, using natural fibres is a sustainable choice. Natural fibres play a crucial role in green economies because of their renewable and reusable ability. The use of natural fibres is considered as a high-tech and fashionable choice thanks to eco-environmental and mechanical strength properties. Worldwide, the construction industry is moving to natural fibres for a range of products, including light structural walls, insulation materials, floor and wall coverings, and roofing. Many studies have shown the possible use of natural fibre in partial cement and aggregate replacement, as well as material reinforcement [6–11].  Additionally, using natural fibres reinforced composite material is both feasible and valuable to protect the environment, produce economic benefits, as well as preserving conventional aggregate sources. Using natural fibres for reinforcement in the composite can reduce fuel consumption for transport and construction cost, while other aggregates consume a huge energy at each step of processing. Many researchers suggested the potential application of natural fibres in composite materials in order to solve environmental issues and energy consumption [8,12–14]. Moreover, the use of natural fibres for the construction industry will reduce the amount of agriculture waste that usually ends up in landfills. The use of natural fibres for construction can decrease 65% of the greenhouse gas footprints and generate less carbon emission and require the lowest energy consumption in comparison with cement and lime [15,16]. The use of agriculture productions brings substantial gains related to reducing resource consumption and waste production.  Although the research for the use of natural fibres as reinforcement in the composite material has been done for more than 50 years, there are not many structures using natural fibres. It is attributed to a lack of incentives, low landfill costs, a lack of up-to-date technical regulation as well as lack of government support, and 
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lower strength compared to traditional composite materials. The construction project stakeholders claim a lack of confidence in the technical feasibility of using natural fibres in the composite materials. As a result, numerous studies have focused on improving the quality of natural fibres to enhance properties and durability in order to meet the demand of construction industries. Generally, the obstacles to using natural fibres for realistic structures are lower mechanical and durability properties in comparison with those of conventional composite materials. Therefore, many methodologies have been developed to improve the properties of natural fibres reinforced composite. Further research is needed to overcome the existing technical and market barriers for broadening the application of natural fibres and increasing the proportion of natural fibres in the composite material.  Among natural fibres, coconut fibre was known as one of the fifteen of the world's major plant and animal fibres [5]. This fibre has a high concentration of lignin among vegetable fibres (up to nearly 50 % [17]), which makes itself stronger. However, coconut fibre has been exploited in a limited way over the past few years. Properties of coconut fibre and its application ability in construction buildings are still poorly understood. According to the literature, it is clear that it is necessary and timely to develop research on the reinforcement based on natural fibres of mortars as a building material. Therefore, this Ph.D study focus on investigation of the properties of coconut fibres in the composite mortar as a reinforcement. The selection of coconut fibre is well justified in respect with the concept of sustainability and at the same time, the sources of natural fibres are abundant in many regions over the world.   
2. Objectives The objective of this research is to determine the properties of coconut fibres reinforced mortars and then to develop methodologies for performance enhancement of coconut fibres in construction industries. These methodologies are also proposed to increase the number of fibres in mortars so as to dump less amount of fibre waste in landfills and to develop more sustainable alternative by substituting a part of traditional aggregate. Therefore, the study investigated the effects of the enhancement methodologies on mechanical properties and durability of natural fibres-reinforced mortars. This is gained by addressing the following objectives:  - To determine the properties of coconut fibres namely geometrical, physical, and mechanical properties as well as the durability to enhance its use in construction materials. Additionally, in order to maximize the effectiveness and improve the microstructure and mechanical properties and the durability of coconut fibre, some pre-treating fibre methods are proposed. The data results of treated fibres are compared to the fibres without any treatment. 
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- To examine the optimum proportion of coconut fibres in the mortar and the suitable methods for incorporating coconut fibres in mortar. Therefore, the present study investigated the mechanical properties and durability of fibres-reinforced mortars at different incorporation rates with the usage of superplasticizer to mitigate the drawbacks of mortar incorporating fibres. The results of mortars containing fibres are compared to those of mortars without fibres, i.e., control mortars. Two types of cement are used to manufacture mortar mixtures, a CEM I 52.5 N type I Ordinary Portland Cement (OPC) and a Calcium Sulfoaluminate cement (CSA Cement). The properties of mortars with these two types of cement are also compared. - To investigate the effects of distribution and orientation of fibres in mortar on mechanical properties and crack formation inside mortars using microscope measurement.  - To increase the role of fibres in mortar mixtures in controlling cracking behavior by means of a recent method digital image correlation DIC. This technique investigates displacement and strain fields based on comparison tracking of the same points between two digital images which characterize the original and deformed surface of a material under mechanical loading. - To investigate the effects of fibres on the properties of mortar in aggressive environments. An evaluation of the performance of fibres-reinforced mortar in carbonation resistance and wetting and drying cycles is carried out and demonstrates the role of fibres in retaining the strength of mortars.  The findings of this research are expected to contribute to the sustainable development of the construction industries. 
3. Structure of the thesis This thesis manuscript comprises five chapters. Each chapter investigates the properties of coconut fibres reinforced mortar to improve the properties of mortar taking into account increasing the number of fibres in mortar. The content of each chapter is summarized as follows:  

Chapter 1: The first chapter gives a brief overview of natural fibres, especially coconut fibre characterization and recent methodologies for performance enhancement of natural fibres-reinforced composite.   
Chapter 2: The second chapter presents in detail properties of raw materials incorporated into mortar, including water, sand, cement and superplasticizer, and experimental methods in both fresh and hardened states of mortar used in this present study.  
Chapter 3: A wide range of experiments to determine the properties of coconut fibres as geometrical, physical, and mechanical properties, as well as the durability, to enhance its use in construction materials are reported in this chapter. Two fibres treating methods, i.e., physical, and chemical methods, have been used to improve the properties and durability of fibres in the alkaline environment of mortars. 
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Chapter 4: In the fourth chapter a case study is explored the mechanical properties of mortars with and without fibres in the fresh and hardened state. Additionally, cracking behavior of mortars is determined under mechanical loading and the role of fibre in controlling cracking of mortars is analyzed and discussed. This chapter also proposed a microscope-based measurement to investigate the distribution and orientation of fibres in mortar in order to understand their effect on the mechanical properties of mortars. 
Chapter 5: A discussion of relationship between strength and durability of mortars incorporating fibres falls outside the scope of the last chapter. A wide range of properties are investigated as wetting and drying, carbonation resistance, mechanical performance, and thermal analysis in order to follow the degradation of mortars under aggressive environments. Then concluding remarks for durability of coconut fibres-reinforced mortars are summarized in this last chapter. Conclusions and recommendations for further study are also given after the last chapter.   
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CHAPTER 1. LITERATURE REVIEW 

In this section, literature reviews related to the performance of natural fibres-reinforced composite materials and methodologies to improve the properties of the composite are described. This complete review first based on approximately 200 references reports the specificities of natural fibres in general, and then focuses mainly on comparing the properties of coconut fibres. Moreover, the coconut fibres characteristics as mechanical and thermal properties, as well as properties of composites incorporating fibres, are also analyzed in this section. The main scope of this review is to describe the possible usage of coconut fibres in a cementitious composite material to replace partly common materials and enhance awareness about using a new green material through value addition to enrich its use. 
1.1. Natural fibres Natural fibres have been an essential material in daily human life since the dawn of civilization. They are greatly elongated substances produced by plants and animals that can be spun into filaments, threads, or ropes.  Natural fibres may be classified according to their source as cellulosic (from plants), protein (from animals), and mineral. Plant fibres may be seed hairs, such as cotton; bast fibres such as linen; leaf fibres such as sisal; and husk fibres such as coir from the coconut. Animal fibres include wool, hair, fur, and secretions such as silk. The only important mineral fibre is asbestos; but due to its associated health problems, it is of little economic consequence nowadays [18]. So among them, plant fibres are 
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popularly used to reinforce composites [19]. Table.1.1 gathers fifteen kinds of fibre ranges from cotton, which dominates world fibre production, to others, specialty fibres such as cashmere, which though produced in far smaller quantities, have particular properties that place them in the luxury textiles market. 
Table. 1.1. A list of fifteen natural fibres [5] Natural fibres Plant fibres Animal fibres Abaca is a leaf fibre, valued for its excellent mechanical strength, buoyancy, resistance to saltwater damage, and long fibre length – up to 3 m. 

Alpaca fibre is partly hollow, from 20 to 70 microns in diameter, and comes in 22 natural colors. It is light, strong and provides excellent insulation.   Coconut is a short fibre extracted from the outer shell of the coconut, measuring up to 35 cm in length with a diameter of 12-25 microns.  
Angora is a hollow fibre with a diameter of 14-16 microns, one of the silkiest animals fibres.   

Cotton is almost pure cellulose, with softness and breathability that have made it the world's most popular natural fibre.  Fibre length varies from 10 to 65 mm, and diameter from 11 to 22 microns. 

Camel fibre averages around 20 microns in diameter and varies in length from 2.5 to 12.5 cm.  

Flax is one of nature's strongest vegetable fibres, of range in length up to 90 cm, and average 12 to 16 microns in diameter, absorb and release water quickly. 
Cashmere fibre has an average diameter of no more than 19 microns.  

Hemp fibres are long, strong, durable, and contain about 70% cellulose and contain low levels of lignin (around 8-10%). 
Mohair’s diameter ranges from 23 microns at first shearing to 38 microns in older animals.  Light and 
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The fibre diameter ranges from 16 to 50 microns. insulating, its tensile strength is significantly higher than the others. 
 Jute is called the “golden fibre”, long, soft, and shiny, with a length of 1 to 4 m and a diameter of from 17 to 20 microns. It is one of nature’s strongest vegetable fibres. Jute has high insulating and anti-static properties, moderate moisture regains, and low thermal conductivity. 

Silk filament is a continuous thread of great tensile strength measuring from 500 to 1500 m in length, with a diameter of 10-13 microns. 

Ramie fibre is white with a silky luster, similar to flax in absorbency and density, but coarser (25-30 microns).  One of the strongest natural fibres, it has low elasticity and dye easily. Strands of ramie range up to 190 cm in length, with individual cells as long as 40 cm. 

Wool fibre diameter ranges from 16 to 25 microns.  Limited supply and exceptional characteristics have made wool the world's first textile fibre. 
 

Sisal fibre is lustrous and creamy white measures up to 1 m in length, with a diameter of 200 to 400 microns. It is robust, durable, and stretchable, does not absorb moisture easily, and resists saltwater deterioration.  

    
 

 As shown in Fig. 1.1, there are three main ingredients in natural fibre: hemicellulose, lignin, and cellulose. Three particular layers of fibre also are shown in Fig. 1.1 including middle lamella, primary and secondary cell walls from outside to inside, respectively. Due to these distinct cell walls, the physical and mechanical properties of natural fibre have low density and high tensile strength. However, it is also responsible for the poor durability of fibre in cement composites due to the dissolution of the lignin and hemicellulose existing in the middle lamella [20]. Natural fibres undergo severe degradation in the cement matrix due to mineralization of cell 
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wall, peeling-off reaction and alkaline hydrolysis of amorphous component (lignin and hemicellulose) of fibre, and the amorphous regions of cellulose [21]. Table 1.2 gives chemical compositions of some natural fibres. 
Table. 1.2. Chemical compositions of some natural fibres [22]. Type fibre Cellulose (wt.%) Lignin (wt.%) Hemicellulose (wt.%) Pectin (wt.%) Wax (wt.%) 

Jute 61-71.5 12-13 13.6-20.4 0.2 0.5 
Flax 71 2.2 18.6-20.6 2.3 1.7 
Hemp 70.2-74.4 3.7-5.7 17.9-22.4 0.9 0.8 
Ramie  68.6-76.2 0.6-0.7 13.1-16.7 1.9 0.3 
Sisal 67-78 8.0-11.0 10.0-14.2 10.0 2.0 
Cotton 82.7 0.7-1.6 5.7 - 0.6 
Palf 70-82 5-12 - - - 

Note: wt.% total weight in percentage 
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Fig. 1.1. Microstructure, schematic diagram and molecular structures of natural fibre [21].    
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Table. 1.3. Properties and performance of natural fibres reinforced cementitious composites. Ref. Fibre type Absolute density Tensile strength at failure 
Optimized fibre content 

Optimized fibre length 
Fibre specific property Influence of usage fibre in cementitious composite 

  (g/cm3) (MPa) (vol.%) (mm)   [22–24] Jute 1.30-1.40 393-773 0.10 20 Jute fibre is seven times lighter than steel fibre but has reasonably high tensile strength. 
Adding fibre to concrete leads to an increase in the compressive strength, tensile, and flexural strength. [25–27]  Sisal 0.90 400 0.25 20 A suitable natural fibre-reinforced of cement composites because of low cost, low density, high strength and Young’s modulus, no health risk, and renewability. 

Adding fibre into concrete results an increase in compressive strength by 50% and tensile strength by about 3-4%. 
[28] Flax 1.52 1254 0.30 12 Fibres have a high length/diameter ratio (from 500 to 2000) which explain their great flexibility. 

Fibres significantly impact the compactness of the granular skeleton. The increase of the fibres content enhances the 
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flexural strength but decreases the compressive strength. 
[29–32]  Hemp 1.44 590 2-3 12 Among of fibres treated method, mechanically treated fibre gives the best results for tensile strength and Young’s modulus. 

Hemp concrete used as a construction material is known to provide excellent thermal insulation and hydric regulation and prevents condensation. [33,34] Palm 1.3-1.45 40-78 < 2% > 100 Male date palm surface fibres has the most tensile strength compared to other types of date palm fibres. 
The durability performance of mixes improved the resistance of the mortar against sulfate attack. 
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Fig. 1.2. Typical stress-strain relationship of single natural fibres [35].  Liew et al. [6] reported that the usage of natural fibres from agricultural farming wastes as reinforcement generally has positive effects on the ductility of composite materials. In contrast, the main disadvantage is the durability of the fibres in the cement matrix since the fibres could be susceptible towards alkali attack, which is formed as part of cement hydration process and would result in the increase of brittleness and natural degradation of the fibres over long-term period.  Properties of some natural fibres are given in Table 1.3 and illustrated in Fig. 1.2. It can be seen from Fig. 1.2, the stress - strain relationship has shown that elongation at failure is from 3% to 24% according to type of fibre considered. Most of the fibres have a low strain (3 - 6%) and high stress, except for coconut fibre which has a high strain (up to 24%) and low stress (only 200 MPa in comparison with the value of 400 - 800 MPa of other fibres)  Çomak et al. [29] found that hemp fibres had good adherence to cement due to their geometrical shape and sufficient bonding between hemp fibres and concrete matrix. Therefore, the addition of fibres has a positive effect on the mechanical properties of cement mortar. For example, 2% fibres addition (12mm in length) increased compressive strength by 26% compared to that of the plain cement matrix, and similar results can be seen in the flexural and splitting tensile strengths of natural fibre reinforced cementitious composites. By contrast, Zia et al. [36] concluded that the concrete incorporating jute fibres decreased its compressive and splitting tensile strengths. However, an improvement of modulus at failure and compressive, splitting tensile, flexural toughness indexes is observed due to fibres addition of 5% content (by mass of cement) and 50 mm in length. Toughness index is defined here as the ratio between total area lying below the stress-strain curve from the point of zero stress to the stress at ultimate load and the area beneath the stress-strain curve up to stress when appearing the first crack. Kim et al. [37] has investigated the mechanical properties of jute fibre-reinforced concrete and indicated the addition of fibres to 
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concrete increase about 10% the compressive, flexural, and splitting tensile strengths of concrete compared to the one without fibres. Li et al. [25] used sisal fibre to reinforce cementitious materials and then evaluated the potential use of this composite. Their study concluded that although sisal fibres is an effective reinforcement of composites, the mechanical and physical properties of composites with fibres are very sensitive to processing methods, fibres length, fibres orientation, and fibres volume. Page et al. [28] incorporated 0.3% volume of flax fibres into concrete as reinforcement and indicated that the incorporation of short flax fibres reduced the workability of concrete. Even if the increase of the fibres content led to an increase of the flexural strength, a decrease of the compressive strength was still observed. In terms of thermal properties of natural fibres-reinforced composite, Binici et al. [12] revealed that the coefficients of thermal conductivity of natural fibres-reinforced composites are lower than the heat transfer coefficients of synthetic fibres one. They are more economical, do not harm the environment, and have better mechanical properties. Composite materials with natural fibres are thus an excellent candidate for building insulation materials thanks to their thermal insulation properties. The thermal conductivity of particleboards made from a mixture of coconut fibres and durian peels (ratio of 90:10 coconut fibres and durian peels by weight) is of 0.07W/m.K [38] and suitable to consider this material as a proper thermal insulator according to the review of Asdrubali et al. [39]. The thermal properties of material made with 40% of oil palm bunch fibres and phenol-formaldehyde showed a thermal conductivity of 0.293W/m.K and thermal diffusivity of 0.158 mm2/s, still remains high and not suitable for building insulation. This value was, however, obtained for a sample having only 40 % of natural fibres. The thermal conductivity of pure fibres is only 0.055W/m.K with the density of 100kg/m3 and can be considered as an insulation material. Sair et al. [40] suggested that the thermal conductivity properties of hemp fibres reinforced polyurethane composites is evidence of their application in the thermal insulation field. Polyurethane composites with fibres content from 5% to 30% reaches the maximum thermal conductivity of 0.048W/m.K. The study indicated that the introduction of hemp fibres into polyurethane matrix results in an increase in the thermal conductivity, it is also encouraged to use the hemp fibre for the sake of reducing the cost of polyurethane plates and ecological advantages.  
1.2. Coconut fibre According to the report of Year of Natural Fibre (2009) [5], coconut fibre is one of the fifteen of the world's major plant and animal fibres. The application of coconut fibre has a long history. Coconut fibres-based products were introduced in late the 19th century, and now there is a wide range of products made from coconut fibres. More 



Chapter 1. Literature review 

BUI Thi Thu Huyen  P a g e  | 33 

than 25 products could be made from coconut fibres like ropes, mattresses, brushes, geotextiles, and automobile seats and so on.  

 

Fig. 1.3. Cross section of coconut fruit.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
 

 

Fig. 1.4. Manufacturing process of coconut fibres. 
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Manufacturing of coconut fibres is a time-consuming work for coconut suppliers and coconut exporters because this process is mainly done manually. Coconut fruit is covered by coconut fibres on the secure husk layer, as shown in Fig. 1.3. Coconut fibres, which connected to energetic husk pith that are chemically reactive, are extracted out of coconut husk through a manufacturing four steps process, shown in Fig.1.4. It is estimated that about 55 billion of coconuts are produced annually in the world, shown in Fig 1.5. But only 15% of the husk fibres are actually recovered, leaving most husks abandoned, this is a waste of natural resources and a cause of environmental pollution [41]. 

 
Fig. 1.5. Leading producers & global production of coir fibre annually. 

1.2.1. Properties of coconut fibre There are two kinds of coconut fibre based on coconut husk at difference growth stages of coconut: white and brown fibres. White fibre, which is extracted from immature coconuts, is smooth, fine, and soft, while brown fibre, which is obtained from mature coconuts, contains more lignin and less cellulose than other fibres such as flax and cotton and so are stronger but less flexible [41]. 
1.2.1.1. Physical and mechanical properties of coconut fibre Physical and mechanical properties of coconut fibre are given in Table 1.4  The image of the coconut fibre surface under scanning electron micrograph (SEM), as shown in Fig. 1.6 indicates cracks, voids, and parallel ridges, which are further connected with intermediate nodes perpendicular to fibre length forming more or less rectangular indentation [42]. According to Tran et al. [43], each elementary fibre consists of two cell wall layers, which contain bundles of micro fibrils, and the middle 
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lamella glues elementary fibres together. Fig. 1.7 shows the variation of fibres diameter along the fibre length. The diameter of different fibres gradually increases from base to a mid-point and starts decreasing still the tip ends [44]. 
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Table. 1.4. Physical and mechanical properties of coconut fibre reported in literature. 

Ref. Diameter Length Natural humidity Water absorption Absolute density Tensile strength at failure Modulus of elasticity  (mm) (mm) (%) (%) (g/cm3) (MPa) (GPa) [45] 0.25 50 - 180 1.12 - - [16] 0.51 90 - - 1.15 150.0 3.0 [46] 0.32 20 - 30 - - 1.13 176.0 22.4 [47] 0.43 17 - - 1.28 - - [48] 0.25 50 - - 1.20 - - [49] 0.01-0.46 50 - - 1.15-1.46 95.0-230.0 2.2-6.0 [50] 0.10 - - - 1.41 - - [51] 0.15-0.35 10 - 40 - - - - - [52] 0.10-0.80 44 - 305 < 50 63 1.17-1.40 - - [44] 0.10-0.20 40 - 120 - - - - - [53] 0.10-0.45 - - - 1.15 - 4-6 
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[54] - - - 94 1.177 95.0-118.0 2.8 [55] 0.10-0.20 - - - 1.15-1.33 250.0 4.0-5.0 [56] - 20 - - 1.37 165.2 3.2 [57] 0.20-0.25 90 - - 1.15 68.4 1.6 All ref. 0.01-0.80 10 - 305 < 50 63 - 180 1.12 - 1.46 68.4 – 250.0 1.6 – 22.4 
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Like other natural fibres, properties of coconut fibre vary and depend mainly on its sources. So, it is difficult to predict the properties of coconut fibres and thereafter those of cementitious composites containing fibres. In recent years, many researchers investigated the addition of coconut fibres to cementitious composites for various purposes. They indicated that coconut fibre has demonstrated a series of advantages [16,42,50,58,59]. Among all the natural fibres, coconut fibre has the highest tearing strength and retains this property even in wet conditions [60]. Fig. 1.8 shows typical tensile stress-strain relationships of single fibres. Coconut fibre is the most resistant and the most ductile fibre among plant fibres [46,61]. Its toughness can be up to 21.5 MPa while the toughness of kenaf bast and abaca leaf fibres are four and two times lower than that of coconut fibres, respectively [35]. Indeed, the strain at the peak stress (failure stress) of coconut fibre is 4-6 times higher than that of other natural fibres. The coconut fibres also have high resistance to fungi and rot.  A previous study run by Andiç-Çakir et al. [56] indicated that the tensile strength of coconut fibres can be retained 80% after six months in the clay environment. Sen [53] confirmed that coconut fibre is not easy combustible and provides excellent insulation against temperature. The durability of coconut fibre was investigated by Laborel et al. [62], and results showed that the lifetime of coconut fibre only lasted for 2 – 3 years without any treatment. Lignin, pectin, and other impurities within the coconut fibres are considered harmful for its adhesion with the cement matrix during the composite manufacturing [41]. Some authors, thus, tried to improve these disadvantages by various treatment processes such as washing treatment [58], soaking the fibres with NaOH solution [17,49,61,63], chemicals mixture (HCl, NaNO2, o-hydroxy aniline) [64], or even coating of fibres with phenol and bitumen [65] or silica fume and metakaolin [66]. Out of these, the alkali treatment method can be used as a primary treatment for all of the type of natural fibres [67] because this treatment method was expected to remove waxes and fatty substances from the untreated fibres surface in order to improve the work of adhesion achievement of all fibres–matrix systems [63]. 
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Fig. 1.6. Images of the coconut fibre and SEM results [68]. 

 
Fig. 1.7. Variation of fibre diameter along the fibre length [44].  (a) coarse fibre, (b) medium fibre, (c) fine fibre.        

 

Fig. 1.8. Typical tensile stress-strain relationships of single coir fibres [43] 

1.2.1.2. Chemical composition of coconut fibre. An overview of the chemical composition of coconut fibre is listed in Table. 1.5, in which three main compositions of coconut fibre are lignin, cellulose, and hemicellulose. These compositions have both positive and negative effects on the different properties of the fibres. Due to high lignin content, natural degradation of coconut fibre takes place much more slowly than in other natural fibres. They were reported the best for retaining a sufficient percentage of their original tensile strength for all tested conditions [59].  
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Table. 1.5. Chemical composition of coconut fibre reported from different previous

Ref. Water soluble Pectin and related compounds Hemicellulose Lignin Cellulose
 (%) (%) (%) (%) (%)[8] 5.25 3.0 0.25 45.84 43.44[69] - 0.5 24.54 31.84 38.4[54] - 8.8 12.36 46.48 21.46

[49] 10.00 1.8 0.20 41.00-45.00 36.00-43
[7] 9.34 - 34.90 29.80 56.8[70] - 3.0 0.25 45.00 43.00[17] 9.81 - 2.00 49.20 39.3[71] - 4.2 7.64 37.11 44.06[72] 13.68 - 12.69 46.50 21.22[73] - 7.0 26.00 27.00 40.00All ref. 5.25-13.68 0.5-8.8 0.25-34.9 27-49.2 21.22-
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1.2.2. Properties of coconut fibre-reinforced cementitious composites  

1.2.2.1. Mechanical properties The properties of coconut fibres-reinforced concrete (CFRC) can increase or decrease depending on fibre length and content. Thus, CFRC strengths can be higher or smaller than those of plain concrete [74]. The main advantage of adding fibres to concrete is to generate a post-cracking residual tensile strength in combination with a large tensile strain [75]. There are some different recommendations about the optimal length and content of fibre in reinforced concrete, as shown in Table 1.6. However, most the researchers believed that concrete incorporating fibre less than 5% content (by mass of cement) and 60 mm in length could give the best performance. 
Table. 1.6. Recommended fibre length and content in reinforced concrete. Ref. Length Content  (mm) (% by mass of cement) [74] 50 5.00 [45] 50 1.50 [46] 20 - 30 0.60 [76] 15 - 35 0.47 [77] 60 0.50 All ref. 15 - 60 0.47 – 5.00 Ali et al. [74] investigated the mechanical and dynamic properties of CFRC, as indicated in Table 1.7 with various fibre lengths (2.5, 5.0, and 7.5 cm) and different fibre volumes (1%, 2%, 3%, and 5%). They concluded that concrete incorporating 5% coconut fibres with 50 mm in length could gain the most advantage in overall properties. Besides, Wang et al. [45] compared the performance of the plain concrete and CFRC by a drop weight device. The required amount of coconut fibres was of 1.5% of the cement mass, and the lengths of the fibres were 25mm, 50mm, and 75mm. It was found that the addition of fibres performed similar behavior for all lengths in the compressive dynamic strength. However, CFRC had better performance in resisting spalling and fragmentation, which was due to the bridge function of coconut fibres distribution. 
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Ramli et al. [46] investigated the effects of aggressive environments on the strength and durability of CFRC. The experimental results proved that the fibres played a crucial role in restraining the development of cracks. The compressive and flexural strengths of the concrete containing fibres were improved by 13% and 9%, respectively, in comparison with unreinforced concrete. Generally, the negative effects caused by aggressive environments can be suppressed with fibres-reinforced concrete. This study recommended that the coconut fibres undergo treatment prior to its application in concrete protect it against natural degradation or it could be replaced with non-corrosive fibres.  Sobuz et al. [76] investigated the physical and mechanical characteristics of concrete  incorporating chopped coconut fibres with a different volume percentages of fibres 1.0, 3.0, 5.0, and 7.0. After 28 days of curing, the compressive strength of CFRC (at fibre level of 3%) is 18.85 MPa in comparison with 31.57 MPa that of plain concrete, and it satisfies the structural requirement of lightweight concrete. CFRC has shown a smaller number of crack developments and decreasing crack width. It has been concluded that coconut fibre has the potential to be used in the concrete to produce lightweight structural concrete. Ede et al. [77] studied the effect of coconut fibres on the compressive and flexural strength of concrete by destructive and non-destructive test methods with the fibres length of 60 mm and fibres diameter of 0.75mm. Result showed that the compressive strength of CFRC is increased with the increase of coconut fibres proportion up to 0.5% then gradually decreased from 0.75%. The percentage strength gained at 28 days for 0.25%, 0.5%, 0.75% and 1.0% fibres contents with respect to the control sample were 4.58%, 38.13%, 8.56% and -2.42%, respectively. The results for the flexural strength of concrete gained at 28 days for 0.25%, 0.5% and 1.0% of coconut fibres were 28.82%, 22.15%, and 0.42%, respectively. Yan et al. [49] studied the mechanical properties of fibre-reinforced cementitious composites. As shown in Table 1.8, compared with the plain concrete, coconut fibres (1% by mass of the cement) improved the compressive strength, modified stress-strain behavior, improved also flexural strength, deflection, fracture energy, i.e., energy at fracture from compressive test, which is the area under applied load 
to displacement curve, and flexural toughness, i.e., the energy equivalent to the area 
under load-deflection curve up to first-crack load of the concrete effectively. The increase in fracture energy and flexural toughness were 550% and 424%, respectively. The fibres treatment with 5 wt.% NaOH solution at 20°C during 30 min can further improve these properties of coconut fibres-reinforced cementitious composite. 
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Hwang et al. [78] examined the effect of the addition of random short coconut fibres (an average 17 mm in length) for various cementitious composites on the mechanical properties, plastic cracking, and impact resistance of these composites. They noted that higher volume of coconut fibres in the mortar reduces the density of mortar. The addition of coconut fibres and higher water-to-binder ratio led to the lower compressive strength and higher absorption. The 28-day flexural strength of cementitious sheet and the modulus of failure increased from 5.2 to 7.4 MPa, and from 6.8 to 8.8 MPa with the coconut fibre-to-mortar ratios ranged from 0% to 4%, respectively.   
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Table. 1.7. Mechanical properties compared between plain concrete and concrete with 5% fibre content [74] Content Compressive strength at failure Splitting tensile strength at failure  
Static modulus of elasticity (*) Modulus of failure  Density  

 (MPa) (MPa) (GPa) (MPa) (kg/m3) Plain concrete 35.0 3.8 33 4.30 2340 Fibre reinforced concrete 36.4 3.7 29 4.45 2270 
Comparison  (Increase + Decrease -) 

+ 4% - 2% - 12% +4% - 3% 
(*) Static modulus of elasticity is ratio of stress to strain in the elastic range.   
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Table. 1.8. Compressive and flexural properties of plain and fibre-reinforced concretes [49]. Type of concrete Compressive strength at failure 
Modulus of elasticity 

Compressive strain at failure Energy absorption Flexural stress Fracture energy Flexural toughness 
 (MPa) (GPa) (%) (N.m) (MPa) (N.m)  Plain concrete 22.4 28.6 0.2 32.7 9.8 1.6 1.2 Coir fibre reinforced cementitious composite 

23.8 (6.3%) 27.4 (-4.2%) 0.3 (45%) 54.5 (66.7%) 11.2 (14.2%) 10.4 (550%) 6.3 (424%) 
Treated coir fibre reinforced cementitious composite 

24.0 (7.1%) 27.9 (-2.4%) 0.3 (70%) 58.4 (78.6%) 11.9 (21.4%) 11.3 (606%) 6.6 (449%)  
Note: in the brackets, the change due to coir fibres and treated coir fibres compared to the plain concrete specimen. 
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Andic-Cakir et al. [56] determined the physical (density, water absorption), mechanical (flexural strength, compressive strength, toughness values) and thermal properties of randomly oriented coconut fibre-cementitious composites after the curing period of 28 days in water. Beside control mortar mixtures, coconut fibres incorporated composites were prepared by adding 0.4%, 0.6%, and 0.75% raw fibres by weight of the total mixtures. And similar mixtures were also prepared with alkali treated fibres. Results from mechanical testing were presented in Fig 1.9 showed that the mortars with fibres incorporation enhanced their mechanical properties. These effects became more significant by increasing the amount of raw fibres and treated fibres. 

Fig. 1.9. Flexural and compressive strengths and toughness of mortars, respectively [56]. The effect of coconut fibre on the strength and durability properties of cement-lime surface plaster mortar was investigated by Sathiparan et al. [79]. The purpose of adding fibres into this type of mortar is to control and/or to avoid cracking in the mortar. Fibres in mortar serve as a crack arrestor and this can create a stage of slow crack propagation and gradual failure. In this study, a total of 115 samples were prepared, which were 100 cubes (150 mm x 150 mm x 150 mm) and 15 beam prisms 
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(100 mm x 100 mm x 500 mm). The samples were tested with mortar containing 0.125%, 0.25%, 0.50%, and 0.75% of coconut fibre (by mass of dry mortar) and cured for 28 days. Test results showed that although compressive and flexural strengths were not improved, post crack properties such as ductility, residual strength, and toughness were increased at higher coconut fibres level in the cement matrix.  Lertwattanaruk et al. [7] mainly focused on the effects of both coconut and oil palm fibres on the physical, mechanical, and thermal properties of cement materials. Experiments for determining the mechanical properties of different fibres cement flat sheets (using fibres-to-cement weight ratios of 5%, 10%, and 15%) were conducted. The results are shown in Fig. 1.10 indicated that the increase of the amount of natural fibres tended to reduce the density, compressive and flexural strengths of the cementitious composite, but these values still meet the requirement of ASTM C1185 and C1186 standards for fibres cement sheet and roofing.  
 

 

 

 

 

 

 

 

Fig. 1.10. Compressive and flexural strengths of fibre-reinforced cement mortars [7]. Meanwhile, Kesikidou et al. [80] evaluated and compared the mechanical properties of mortar incorporating three types of natural fibres (jute, coconut, and kelp). All fibres were cut manually with a length of 1 cm and added into the mortar at the level of 1.5% by volume of mortar. It is obvious that there were different significantly in the behavior of the mortars under the compression test. Although all mixtures with fibres presented a downward trend in mechanical properties because of higher porosity, coconut fibres reinforced mortar has the highest compressive strength due to lignin-rich coconut fibres. 
1.2.2.2 Thermal conductivity. Thermal conductivity λ is defined here as the steady state heat flow passing through a unit area of a homogeneous material, 1m thick, induced by a 1K difference of 
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temperature on its faces. According to ref. [39], material is usually considered as a thermal insulator if its conductivity is lower than 0.07 W/mK. 
Table. 1.9. Thermal conductivity of natural unconventional insulation materials. Ref. Natural material Density Thermal conductivity 

Quality of the thermal insulation   (kg/m3) (W/mK)  [16] Coconut fibre 115 0.046-0.068 Good [81] Sugarcane fibre 70-120 0.047-0.053 Good Coconut fibre 40-90 0.048-0.058 Good Oil palm fibre 20-120 0.056-0.098 Intermediate [15] Date palm 187-389 0.072-0.085 Intermediate [82] Corn cob 171-334 0.101 Poor [83] Banana and polypropylene fibre 980-1040 0.157-0.182  Poor 
Table 1.9 has summarized the thermal properties of some natural materials. Good, intermediate, poor levels were used to indicate the performance in terms of thermal conductivity. For example, good level is used for the best material having thermal conductivity λ < 0.05W/mK, while poor level indicates materials characterized by worst performance, with λ > 0.08 W/mK and intermediate is used for the remaining ones, characterized by an in-between performance. In Table. 1.9, concerning natural materials, the lowest thermal conductivity (at the value of 0.046 W/mK) was measured in coconut fibre with a density of 115 kg/m3.  Table 1.10 gives the thermal conductivity of several coconut fibre-reinforced cementitious composites. Both Andic-Cakir and Lertwattanaruk [7,56] reported that the incorporation of coconut fibres in the cement composites exhibited the lower bulk density of products and reduced the product’s thermal conductivity, which provided effective heat insulation. While Andic-Cakir et al. [56] indicated that the thermal conductivity coefficient samples added coconut fibres reduced to 66% compared to control cement mortar without fibres, Lertwattanaruk et al. [7] reported this number 
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was only 7%. Besides, there is a difference between these two studies on the prediction tendency of the variation of thermal conductivity at the higher level of fibre. Andic-Cakir et al. [56] reported that the thermal conductivity values gradually increased with the increase of fibre content. By contrast, Lertwattanaruk et al. [7] concluded that the increase in fibre volume in the mix proportion led to higher porosity and lower bulk density of cement composites. A positive effect of decreasing bulk density is a lower thermal conductivity of fibre cement products leading to better thermal insulation.  Similarly, it has frequently been shown [13,14,84,85] that the addition of fibres into the matrix resulted in a linear reduction in the density and a reduction in thermal conductivity and, therefore, a more insulating behavior of the material. This difference is explained by the sand content in these two studies. Ashour et al. [86] also proved that the thermal conductivity of all materials is decreased with the increase of fibre content or the addition of sand. The coconut fibres have more significant effect on the thermal conductivity than the sand content. The effect of coconut fibres length and pre-treatment on thermal conductivity of composites has been not reported in these studies. 
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Table. 1.10. Thermal conductivity of some reinforced cementitious composites with coconut fibres. 

 

Ref. Composite type Density Thermal conductivity 
Observations 

  (kg/m3) (W/mK)  [16] Ferrocement + coconut fibre (sandwich type) 
- 0.221 Two ferrocement panels (25 cm thick each) filled with coconut fibre, two sheets of electrowelded mesh 6x6–10x10, two sheets of expanded metalgauge 26, annealed wire rods 9.5 mm, mortar rendered with mixture cement: sand (1:3) 

[87] Binderless coconut husk board 
250-450 0.046-0.068 Test boards (45 x 45 x 2.5 cm3) filled with coconut husk were pre-pressed manually to compact the materials, two Teflon sheets were used to on both the top and bottom surfaces of the mat to prevent the produced boards.  [7] Cement mortar with coconut fibre 
210, 198, 180 

0.410, 0.380, 0.370 
Specimen of 5x5x2.5cm3 with weight ratio cement-to-sand of 1:2 and fibre-to-cement of 5%, 10%, 15%. 

[56] Cement mortar with coconut fibre 
- 1.676, 1.709, 1.767 

Specimen of 4 x 4 x 16 cm3 with weight ratio cement-to-sand of 1:3 and fibre-to-cement of 1.8%, 2.7%, 3.375%. 
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The coconut fibres filled roofing can be used as an insulating material for house living with a lower thermal conductivity than conventional building materials [16] and a decrement factor of 43% (thermal damping) compared to ferrocement-only precast roofing channel [88]. Thus, fibres filled precast roofing can provide an ecological alternative for energy-saving and thermal comfort. 
1.2.3. The effect of distribution and orientation of fibres in the composite 
materials To effectively control the cracking process, it is important to know how the location and orientation of fibres in matrix. Different approaches, from simple to cutting-edge technologies, including both destructive and non-destructive, have been conducted by many researchers to determine the orientation and distribution of fibres such as manual counting [89], numerical simulation [90], the usage of ERICKA software based on Mori and Tanaka model [91]. Moreover, image analysis technique [92], or some modelling methods coupled with radiography [93], confocal laser scanning microscopy CLSM [94,95], optical and tomographic applications [96] were also used. Recently, a new method using computed tomography CT, which was originally developed for medical application, has been applied as a useful tool for determining characteristics of composites in building construction [97–101]. This approach offers possibilities of microstructural analysis without any destruction for producing images. Dupont et al. [102] predicted the total number of fibre (both effective and non-effective) crosses a crack section by using the theoretical calculation of an orientation factor. The ratio between the fibres’ average projected length on the axis normal to a cross-section and the total length of fibre is considered as an orientation factor. For the sake of prediction, the fibre numbers in a cut cross-section, a comparison between calculation and experiment to acquire the number of fibres was made on 107 prismatic specimens with a coefficient of variation of 36%. The results showed that this model provided a sufficiently accurate prediction of the number of fibres in the cut surface. Gettu et al. [103] cut specimens according to main directions and counted fibres crossing in a cut surface. It has been statistically shown that the density of fibres in the plane, which is perpendicular to the filling direction, was 0.27 fibre/cm2. In the two other planes, which are parallel to the filling direction, this value was nearly double with 0.51 fibre/cm2 and 0.52 fibre/cm2, respectively. Based on the experimental results, they concluded that this method suits to appraise the distribution and orientation of fibres.    Many attempts [104–110] have been made to investigate the influence of distribution and orientation of fibres on mechanical properties of composite. Among others, Laranjeira et al. [105] stated that composite inclusion of jute fibres in 
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longitudinal direction seems to give significantly better results in tensile behavior than transverse fibres due to the extreme sensitivity of fibre-matrix adhesion. Nevertheless, randomly oriented fibre-reinforced composites provide intermediate results between those of longitudinal and transverse fibres. They also concluded that final composite properties mainly depended on both fibres orientation and fibres length and content.  Yoo et al. [104] evaluated the influence of fibres orientation on flexural behavior of steel fibre-reinforced concrete by using image analysis during mechanical and impact tests. They indicated that placing fresh concrete at endpoint of the mould and granting it to flow freely could give better fibre orientation due to the higher density of fibres compared to pouring fresh concrete in all mould locations. A better fibre orientation can lead to higher flexural strengths, toughness, and energy absorption capacity, as shown by the drop-weight impact test. On the other hand, the fibre orientation has a negligible effect on the first-cracking properties under static loading. According to Sebaibi et al.[111], the rheology of material and the fibre content have significant effects on the behavior of uniaxial tensile strength due to the obstacles of fibres on the granular arrangement of reinforced concrete.    
1.2.4. Cracking behavior of fibre reinforced composite materials Even if the improvement of compressive and flexural strengths of fibre-reinforced composites is not always observed, fibres would contribute as a crack-arrester that restricts the development of crack in composite as noticed in wide-ranging previous studies [11,27,79,112–114]. However, in order to control cracking behavior effectively, it is essential to know how displacement and strain fields in mortar specimens evolve during mechanical testing. In recent years, digital image correlation (DIC) method, offering a non-contact and high precise deformation determination solution for materials and product testing, is available and applied [115–117]. Notice that this method also offers measurement accuracy applied for different types of materials such as ceramics [117], soils [118], cementitious matrices [119,120], film [121], asphalt concrete [122], woods [123] or even sloshing liquids [124]. It seems to be the best option for conventional strain and deformation measurements because DIC method enables accuracy and precision even in the case of cementitious matrices that are considered as the various heterogeneous materials. Based on the DIC results of flexural behavior of lightweight ferrocement slab panels, several researchers [125,126] have confirmed the relevance of DIC approach for being applicable in deformation and strain fields determination. Concerning mechanical testing, the applicability of tensile and bending tests to fibres-reinforced composite materials with strain hardening and/or strain softening response has been observed on synthetic fibres-based composite. The three-point flexural test does not suit for 
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fibre-reinforced composite when multiple cracks appeared around the part of the notch. However, the four-point flexural test can be used when specimen as a beam whose length is more than three times higher than its height to limit the effect of shear deformation on the bending test results [126].   
1.2.5. Durability of fibre reinforced composite materials 

1.2.5.1. Carbonation resistance Significant reduction in the long-term mechanical performance has been observed and identified in natural fibre-reinforced composite in aging due to deterioration of the incorporated natural fibres under cementitious environment [21,46,127]. In recent years, carbonation is well indicated to achieve mitigation of degradation of natural fibres and improve the durability of fibre-based cement composite [20,128–131]. In nature, the reaction between carbon dioxide CO2 and cementitious composites based on cement occurs very slowly due to the CO2-poor environment, ranging from 0.03-0.04 % [132,133]. Therefore, it takes at least one year in accordance with XP P 18-458 French standard or even four years [134] to investigate the effect of carbonation on resistance of such composites. Experimentally, to enable the carbonation process, accelerated carbonation is highly recommended to significantly decrease time period of carbonation curing [135]. This method consists in creating an environment in which the concentration of CO2 is considerably higher than natural environment with selected experimental conditions, i.e., environmental 
conditions. As ambient environmental conditions, concentration of CO2, relative humidity RH, temperature, and duration of exposure as well play a crucial role in the carbonation process and have significant effects on the carbonation of cementitious composite samples. Parameters considered in previous studies on accelerated carbonation are listed in Table 1.11 with their experimental conditions and objectives.     
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Table 1.11. A literature review concerning accelerated carbonation. Reference Binder(s) Testing conditions Properties investigated Concentration of CO2 (%) Relative humidity RH (%) 
Temperature (°C) Max.  exposure time  

XP P 18-458 Accelerated carbonation test – French standard 

 50 ± 5 65 ± 5 20 ± 3 1 week Carbonation depth 

EN 12390-10 – European standard 
 0.040 ± 0.001 65 ± 2 20 ± 2 1 year Carbonation depth 

EN 13295 – European standard 
 1 60 ± 10 21 ± 2 56 days Carbonation depth 

Lee et al.[132]   PC, fly ash 5 60 20 1 year Carbonation degree 
Georget et al.[133] PC 0.040  70 Not mentioned  

6 months Micro-structure characterisation 
RILEM Committee CPC-18 [134] 

 0.03 65 20 4 years Carbonation depth 
PERFDUB project [136]  3 ± 0.5 65 ± 5 20 ± 2 70 days Carbonation depth 
EN 12390-12 – European standard 

 3 ± 0.5 57 ± 3 20 ± 2 70 days Carbonation depth 
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Tang et al.[137] 42.5 PC 20 ± 2 70 ± 5 20 ± 5 4 weeks Carbonation depth  
Qin et al.[138] 42.5 PC, fly ash, GGBS, limestone powder 

20 60 ± 5 20 ± 3 4 hours Mineral composition, mechanical properties,  
De Weerdt et al.[139] PC, fly ash 1 60 20 9 weeks Carbonation depth, moisture content, mineral composition 
Ashraf et al.[140] Calcium silicates 15 94 35, 45 and 60 145 hours Carbonation kinetics 

100 94 60 120 hours Microscale mechanical performance 
100 94 60 145 hours Macroscale mechanical performance 

Leemann et al.[141] PC, fly ash, slag 4 57 20 9 weeks Mechanical properties, carbonation coefficient 
Zhu et al.[142] PC 100 70 20 24 hours Mechanical properties, mineral composition 
Romildo et al.[143] OPC 9.8 64.3 26.7 109 days Durability 
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Tonoli et al.[144] PC 100 75 20 7 days Physical and mechanical properties 
Tomography et al.[145] PC 20 ± 3 70 ± 5 20 ± 5 28 days Carbonation degree, crack distribution, pore structure 
Neves Junior et al.[146] High initial strength and sulfate-resistant PC 

20 60 25 24 hours Mechanical and porosity properties 

Mi et al.[147] Cement 0.04 70 20 28 days Distribution of carbonation zones 
Note: (O)PC = (Ordinary)Portland cement. All these studies have suggested that the accelerated carbonation is a good mean to CO2 sequestration and an effective procedure to decrease the alkaline environment prematurely in the cementitious matrix. This is explained by the process of carbonation reaction in cementitious matrix that carries out as follows: CO2 + H2O    H2CO3     (1.1) Ca(OH)2 + H2CO3  CaCO3 + 2H2O   (1.2) C3S2H3 + 3H2CO3  3CaCO3 + 2SiO2 + 6H2O (1.3) The degree of carbonation is the main concern of some previous studies with inconsistent observations depending on the binder type and test conditions. After carbonation curing, the surface of sample could be divided into three different zones depending on CO2 absorbed amount in theory and CO2 uptake in sample, including the fully carbonated zone, the partly carbonated zone and the non-carbonated zone [148]. A complete carbonation was observed for CEM III-based concrete under natural carbonation after 3.7 years [149], for portlandite at 20°C and 91% relative humidity and CO2 concentration of 1% [150]. Whereas partial carbonation was detected (i) for a polypropylene fibre-cement composite with 15% of CO2 concentration, at 60°C and 
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with 90% relative humidity [151], (ii) for an autoclaved aerated concrete under conditions of 20°C, 90% relative humidity and 3% of CO2 after 20 days [152] or (iii) for OPC-based concrete with the conditions of 23°C, 70% relative humidity and 20% of CO2 within 16 weeks [146]. Several methods for the measurement of carbonation depth are applied, from simple to cutting-edge technology methods. However, the traditional and most popular parameter used to measure carbonation depth is the use of a suitable indicator [153]. Some reagent solutions were highly recommended like phenolphthalein [154,155] or thymolphthalein [132,156]. These indicators are sprayed on the tested surface of samples. The change of the pH value in samples leads to the change in colour of the indicator. But more recent conclusions [157,158] believed that even when the reduction of the pH value due to the carbonation process could be made visible clearly by the colour change of phenolphthalein pH reagent, that area can still be considered as only underwent partial carbonation. Therefore, in order to limit the drawbacks of the reagent solution, it is necessary to use simultaneously other methods for improving the accuracy of carbonation depth measurement. Some methods were suggested in previous studies such as thermogravimetric analysis [128,138,139,159], images analyses [145,160], X-ray diffraction [148,150], infrared spectroscopy [150] or using fibre optic chemical sensors [161]. Among them, digital image analysis was believed to be the most quickly and inexpensive technique for determining maximum carbonation depth [162]. Among accelerated carbonation testing conditions, the CO2 concentration is considered as the main factor for the laboratory carbonation test [153,163]. It should be noted that CO2 concentration is the largest difference between natural and accelerated carbonation conditions, inducing the laboratory process used to replace natural carbonation. With the CO2 concentration of under 5%, Neves et al. [164] have found that a linear relationship between carbonation depth and CO2 concentration was observed. Otherwise, when the CO2 concentration was beyond 5%, this relation differed significantly since the carbonation depth - CO2 concentration curve could be described by a square root function [165]. Moreover, Auroy et al. [166] reported that 3% CO2 concentration was the most suitable content for accelerated carbonation in the laboratory to investigate and compare the consequences of the natural environment and accelerated carbonation on the properties of cementitious matrix.     Statistically, most of the research were done with relative humidity range of 50 - 75 %, for which it is believed to get a higher carbonation rate [150,167,168]. The only exception is reported by Ashraf et al. [140] that applied at relative humidity level of 94% due to the short exposure time, i.e. approximatively six days. Ceukelaire et al. [167] 
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investigated the role of relative humidity condition in the carbonation process of concrete by using a wide range of different relative humidity levels from 40 to 90 % with increment of 10%. They indicated that the carbonation resistance increases with the increase of relative humidity levels. In detail, with relative humidity of 50%, a maximal rate of carbonation was obtained, expressed by maximal carbonation depth of 8.5 mm after 21 days exposure in 10 % CO2 while only 1.4 mm was recorded for the same time exposure in natural carbonation. Otherwise, these values with the relative humidity level of 90% dropped to only 4.9 mm and 0.5 mm for accelerated and natural carbonations, respectively. The presence and abundance of free water caused by high relative humidity could diminish the rate of CO2 diffusion and lead to the slow carbonation rate [169]. As well as, Elsalamawy et al. [168] reported that relative humidity and carbonation depth relationship corresponds to a polynomial function, showing a carbonation depth peak obtained with an approximately relative humidity of 65% for all four samples tested, regardless of the types of cement and water/cement ratio used. This seems to be corroborated by the result in ref.[170] which found that the highest carbonation rate reaches at the level of relative humidity of 65%, proving the ability of increase rate of carbonation process in moderately saturated moisture condition. Meanwhile in the study of Weerdt et al. [156], a higher carbonation rate was observed in mortar based on Portland-fly ash cement (30 wt.% fly ash) compared to Portland cement-based mortar at the same controlled conditions. The observed increase in carbonation rate could be interpreted as being a result of the fly ash reaction leading to the reduction of portlandite and formation of mono-carbonate which makes lower pH value in Portland-fly ash cement-based mortar [171,172]. The dependence of water/binder ratio on the carbonation degree was also investigated in literature [132,173]. The increase in water/binder ratio enhances carbonation depth for all the types of binder used. A higher ratio of water/binder provokes the formation of larger pores that contributes to carbon ion penetration deeply into sample. This is a convenient environment to promote the accelerated carbonation process.  Concerning the relationship between the mechanical strength and accelerated carbonation of composites, the carbonation process could make the compressive strength of cementitious matrix higher in comparison with the samples cured under natural conditions whatever the types of added minerals, especially at the early age [174]. This is mainly owing to the formation of CaCO3 from the transformation of calcium hydroxide Ca(OH)2 that fills pores to mitigate the porosity in the cementitious matrix. These results provided additional support for previous findings in the literature [175–179]. In contrast, some other studies [146,158,168,170,173,180] believed that the compressive strength of the cementitious composite was decreased 
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at the higher carbonation degree levels. They believed that the reduction of the pH value during CO2 curing process has negative effects on the reinforcement and leads to decrease in the mechanical performance of composite. The carbonation process causes a structural change in the CSH phase of cementitious composite, which could induce both the increase in strength and carbonation cracking. This complicated change leads to the prediction effects of carbonation on the mechanical performance of cementitious materials become very difficult [181].  Regarding thermogravimetric analysis, several studies [130,182] also confirmed that when samples are subjected to the carbonation process, the conversion of Ca(OH)2 into CaCO3 could result in mitigation of the pore size in the cementitious system. Therefore, at higher carbonation degree levels, samples show better resistance to high temperature due to the change in microstructure of the carbonated sample. For instance, the amount of Ca(OH)2 diminishes as the quantity of CaCO3 enlarges along the carbonation process and decreases the porosity of composite. Additionally, the disintegration of Ca(OH)2 occurs at the temperature range from 450°C to 550°C while the weight loss at the temperature above 550°C only concerns CaCO3. The reaction of Ca(OH)2 to acquire CaCO3 could lead to the reduction in alkalinity of the cementitious composite, creates a less aggressive environment to protect natural fibres in better condition [143]. Therefore, thermal and chemical stabilities are considered as two main advantages of carbonated products.              
1.2.5.2. Wetting and drying cycle The weathering change is one of the most penalizing external actions for the long-term properties of reinforced-composite materials. Therefore, many attempts [127,183–186] have been made to investigate the weathering effects on the reinforced-composites for long-term structural applications because most of these materials are applied for outdoor construction activities.  Several former studies showed that when natural fibres are incorporated, composites are sensitive to high humidity and temperature compared to man-made fibres because of their hydrophilic properties and thermal sensitivity [187–189]. Natural fibre-reinforced cementitious composites are mainly used in outdoor applications where the environment is considered as an aggressive factor. Therefore, these composite materials have to deal with damaged problems regarding the losses in strength and decrease in durability. It is necessary to evaluate the durability of wetting and drying exposure of cementitious composites in order to prevent and mitigate the composite degradation. Parameters considered in previous studies on effects of cyclic wetting and drying are listed in Table 1.12 with their experimental conditions and objectives. 
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Table 1.12. A literature review concerning the effect of cyclic wetting and drying on the 
physical and mechanical properties of different composite materials. 

Ref. Type of composite materials 
Treatment method Properties investigated The number of cycle n (Maximum) 

Parameters tested  
Variation trend with n Wetting Drying 

[187] Flax/epoxy composites IWW until saturation OD at 60°C during 48h  
Mechanical and physicochemical properties 

7 Water absorption Wab  
-Wab decreases slightly. -WD cyclic have no severe effects in reducing mechanical properties. Good retention of mechanical properties. -Thermal decomposite is more resilient after WD.  

[190] Pulp fibre –cement composite 
IWW at 65°C during 23.5h, AD at 22°C during 30 min, 

OD at 65°C during 23.5h, AD at 22°C 

Flexural properties 25 First crack strength Peak strength Post-cracking toughness 

Decrease 
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[191] during 30 min,  Microstructural and chemical properties 
  

[192] Basalt fibre-reinforced polymer concrete 
Immersed in 3.5% NaCl solution during 8h, 40°C 

AD at 25°C during 16h,  
Bond-slip behavior 360  Weaker and more brittle 

[193] Textile reinforced concrete thin plate 
Immersed in 5% NaCl solution during 12h 

AD during 12h, 
Mechanical properties 150 Interfacial bonding strength between the fibre yarn and fine-grained concrete  

-Decrease. -Mechanical properties has not been significantly improved  -The deterioration increase 
[194] Textile reinforced concrete column 

 90  -Bearing capacity and ductility decrease.  
ASTM 4843 

Solid wastes IWW for 23h OD at 60°C for 24h  
 12   

IWW: immersed in water for wetting. 

OD: oven dry 

AD: air dry 
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Mechanical performance of composite materials needs be assured in wake of environmental vulnerability. The effects of wetting and drying cycle on the mechanical properties of natural fibres reinforced composite were investigated in several previous studies. Generally, exposure wetting and drying cycles have strong effects on mechanical properties of samples due to the repetition of negative environment for the bonding between fibres and matrix [192,194]. After sample is exposed to wetting and drying cycles, compressive strength is the most critical factor in assessing performance of composite materials [195]. For instance, the decrease in strength of kraft pulb fibres reinforced-cement paste was seen from the first two cycles in the study of Mohr et al [196]. After 25 cycles of freshwater exposure at ambient temperature, it would retain only 1 – 2% of post-cracking toughness. They also proposed three development steps of composite degradation under wetting and drying cycles. First, debonding between fibres and cementitious matrix occurs within the first two cycles because of drying shrinkage of fibres, followed by a remarkable loss in mechanical properties of composite and dimensional change of fibres due to the reappearance of hydration products inner the pore at the fibre-cement interface. This stage takes place prior to 10th cycle. Then fibres are mineralized after 10 cycles. In this last stage, although a negligible increase in strength is obtained, toughness is not regained.  Similarly, compressive strength of alkali-activated composite materials showed a significant downward trend when these specimens were placed in wetting and drying repeating environment [197]. This strength reduction could be explained by several following reasons. Firstly, the shrinkage of specimen in drying stage induces the formation of cracks and subsequent decrease strength. Besides, the degradation of microstructure due to alkali attack also leads to affect harmful on mechanical performance. Sodium solution crystallizes in porosity space and creates inner pressure to contribute to strength decline. The last reason is due to alkali leaching that restrains alkali-activation, which probably diminishes strength. By contrast, the mechanical properties seem to be not affected significantly by several wetting and drying cycles, according to Sodoke et al.[187]. Observation on the relationship between stress and strain of cycle flax/epoxy composite indicated that an insignificant decrease in the initial slopes, i.e., deformation modulus, was obtained after a 104-day-period of exposure due to the crystallization effect of fibre treatment. Meanwhile, the deterioration process of mortar cement kept in the saltwater environment is diminished due to the delay of chloride diffusion in porosity of matrix [198]. Before decreasing slightly in the 120th cycle, the relative dynamic modulus of elasticity (which was considered as the conversion of acoustic time) of mortar has an upward trend during the first 90 cycles. Also, it was obvious that the mass of mortar increased to 2.74% after exposure time compared to control mortar (unaged cycling). Consumption 
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water during the hydration process causes the formation of unsaturated pore space, and thus, mortar specimen continues to absorb water to increase its mass until reaches maximum water saturation [199,200].      
1.3. Conclusions and recommendations The collected data from literature presented in this chapter is intended to know the potential usage of coconut fibre and other natural fibres as reinforcement in the composite materials. The characteristics of fibres addition substantially influenced the mechanical and durability properties of the composite. To my best knowledge, only some researches [16,87,88] on the application of coconut fibre composite materials are done with precast filled coconut fibres. Ali [59] reviewed to put this composite materials into practice as house construction and slope stabilization. With regard to the durability of coconut fibres-reinforced composite, no study has been reported except for [46,48]. It is necessary to widen the application of coconut fibres-reinforced composite materials as parking lot pavement or noise barrier wall for highway noise insulation. Even it can also be used in road and bridge building. However, it needs to be carefully investigated before implementation. Although the usage of fibres could result in a reduction in some of the properties of composite such as modulus of elasticity and compressive strength, the addition of natural fibres to composite materials can reduce both the development of cracks and damage. Besides that, if the proper fibre content and selection of the material ratio are carried out, this material could be incorporated into the composite as a good thermal insulation solution. The dosage and length of fibres, therefore, could be studied further based on the summarized findings in this review to meet the standards for adequate composite performance. In order to compensate the negative effects of natural fibres, many new techniques and methods have been developed in the literature. Several datas, however, still exist limitation. Appropriate methods for fibres in the future in the construction industry should be thus considered to develop further applications of natural fibres. The usage of agricultural by-products in building construction is considered as a good solution for protecting the environment and reduce the burdens of waste management in many nations. The incorporation of natural fibres and/or agricultural by-products in construction attracted more attention from researchers and construction managers due to environmental and economic benefits.      
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CHAPTER 2. CHARACTERIZATION OF MATERIALS AND 
EXPERIMENTAL METHODS  

2.1. Introduction The literature review presented in the previous chapter has highlighted the influence of constituents on the formulation and properties of concretes and mortars incorporating bio-based materials such as plant fibres. Also, in this work, it is essential to characterize the different constituents that will be used in the composition of materials (cement, aggregates, and fibres). This chapter details the campaign of tests conducted to characterize these materials through their morphological, physical, and mechanical properties. Besides, sample preparation and testing methods are also indicated in this second chapter.  
2.2. Materials 

2.2.1. Water The water used for manufacturing mortar is potable and obtained from local supplier. Its total chlorine content and pH is 0.07 mg/l and 7.4, respectively. The content of chlorine is, therefore, lower than the limit value given by standard NF EN 1008 (0.27 mg/l).  
2.2.2. Cement Mortars are manufactured based on two types of cements, CEM I 52.5 N type I Portland Cement (PC) and Calcium Sulfoaluminate cement (CSA Cement), which are 
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supplied by Vicat Company. CSA cement, containing approximately 55% of calcium sulfoaluminate, is considered as a green binder due to its environmentally friendly characteristics, i.e., 37% lower of CO2 emission emitted than PC [201]. Indeed, CSA cement is produced at lower calcined temperature and energy requirement for grinding procedure than PC due to the easier grinding of CSA clinker [202]. In addition, CSA cement is appraised as special cement with a lower alkali content, i.e., pH range of 10.5-11 and 12 – 13 for CSA cement and PC, respectively. This pH value range for CSA cement could result in reducing the natural degradation of natural fibres in the mortar composite.  
2.2.3. Sand An alluvial quartz sand 0/2 mm is used in manufacturing mortars. The main physical properties and chemical compositions of two cement types and sand are given in Table 2.1. The grain size distributions of the types of cements and sand are given in Fig. 2.1 and Fig. 2.2 shows their appearance. 
2.2.4. Superplasticizer CHRYSO Fluid Optima 352 EMx is added with the ratio of 1% by mass of cement as a superplasticizer for a significant water reduction and enhancement of the workability of the fresh mixture in accordance with the suggestion of Yan et al. [25]. 

Table. 2.1.  Characteristics of two cement types. 

 OPC CSA Sand 
Chemical properties (%)    Loss on ignition  2.2 3.37 0.3 SiO2 19.4 10.55 99.6 Al2O3 4.6 23.46 - Fe2O3  3.9 9.7 - CaO  64.3 45.07 - MgO  1.2 1.00 - SO3 2.6 8.07 - TiO2  0.3 1.29 - K2O 0.86 0.27 - Na2O  0.06 0.17 0.0051 
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P2O5  0.3 0.11 - S2- < 0.02  - Cl- < 0.007 0.01 < 0.001 
Physical properties  Blaine fineness (cm2/g) 4200 4650 - Density (g/cm3) 3.16 3.01 2.64 Average diameter (μm)  10.8 500 
Mechanical properties    Compressive strength (MPa)    
8 hours  16 - 1 day 23 34 - 2 days 34 38 - 7 days 48 44 - 28 days 62 50 - Initial setting time (min) 150 30 - 

Source: supplied by VICAT, France. 

 
Fig. 2.1. Grain size distribution of cement and sand. 
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CSA cement PC Sand 0/2 

Fig. 2.2. The materials used. 

2.2.5. Raw fibre Coconut fibres from Vietnam are used in present study as raw fibres. The specifications of fibres are presented in next chapter. Firstly, piths, coir dust, and undesirable materials are manually removed to select raw fibres.    
 

  
 Piths and dust of fibres 

 

   

Raw fibres    Cut fibres   
 

  
  Isolated fibres   

Fig. 2.3. The process of preparation of fibres. These fibres are then cut into a range of 10 - 20 mm in length. Fig. 2.3 shows the appearance and the process of fibre hand-preparation, while the length distribution of 
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fibres is presented in Fig. 2.4. This laboratory process is time-consuming work and demands elaborately. 

 
Fig. 2.4. Length distribution of coconut fibres. 

2.3. Mixture proportions The manufacturing of mortars is done according to NF EN 196-1 standard. The incorporation of fibres consists in substituting a volume of sand by a corresponding volume of fibre with the total mass of fibres and sand of 1350g. The fibres incorporation ratios are 0% (without fibres), 1%, 2% and 3%, percent expressed in volume of mortar. The mixing procedure is carefully applied to achieve the best homogeneous dispersion of fibres in the mixture.  With the usage of two different cement types and four different replacement levels of fibre, eight mixtures are performed. The detailed compositions with the mixture references (cement symbols are followed by the ratios of fibres) are given in Table 2.2. Fig 2.5 shows the mortar mixer used while the jolting apparatus is presented in Fig 2.6. The total time of a mixing procedure is six minutes in total, as shown in Fig. 2.7. The casting direction is shown in Fig. 2.8, which a large amount of fresh mortar is poured into various locations of the polystyrene mould. In present study, the compaction procedure is conducted with a frequency of one shock every second and a total of 120 shocks for each layer for mortars incorporating fibres and 60 shocks for reference mortar. According to ASTM C1018, fibre-reinforced composite requires a longer compact time than composites without fibres. Fig. 2.9 recaps the procedure of casting and curing of samples. As observed in Table 2.2, the inclusion of fibres reduces the density of hardened mortar composites around 9.5%. This density reduction could be an interesting parameter considering coconut fibre-reinforced mortar composite as a lightweight material in building construction.  
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Fig. 2.5. Mortar mixer 20l. Fig. 2.6. Shock table. 

Table. 2.2. Mix proportion and density of coconut fibre cementitious composite.  

Mortar reference PC (control) PC1   (1% fibre) 
PC2  (2% fibre) 

PC3   (3% fibre) 
CSA (control) CSA1  (1% fibre) 

CSA2  (2% fibre) 
CSA3  (3% fibre) 

PC (g) 450 450 450 450     CSA cement (g)     450 450 450 450 
Water (g) 225 225 225 225 225 225 225 225 Sand (g) 1350 1339.20 1328.41 1317.61 1350 1339.20 1328.41 1317.61 SP (g) 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 Raw fibres (g) 0 10.80 21.59 32.39 0 10.80 21.59 32.39 
Density* (kg/m3) 2277 2222 2123 2055 2218 2205 2110 2012 

Note: PC: Portland cement; CSA cement: Calcium Sulfoaluminate cement; SP: Superplasticizer.  

*: Density in hardened state. 
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1 - Adding cement and sand to the mixing container. - Mixing at low speed in 30 seconds 30 seconds 
   

2 -  Adding fibres slowly in order to avoid occurrence of agglomeration. - Mixing at low speed in 2 minutes 2 minutes 30 seconds 
   

3 -  Adding 2/3 the amount of water - Mixing at high speed in 1 minutes 30 seconds 4 minutes 
   

4 -  Adding superplasticizer - Mixing at high speed in 30 seconds 4 minutes 30 seconds 
   

5 -  Adding remaining the amount of water. - Mixing at high speed in 1 min 30 seconds 6 minutes 
Fig. 2.7. Mixing procedure of mortar containing fibres. 
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Fig. 2.8. Method of casting. 

 
Three moulds 40x40x160 mm3 Filling the moulds with fresh mortar Demoulding and curing of specimens in the air 

Fig. 2.9. The procedure of casting and curing of samples. 
2.4. Experimental methods in fresh state of mortar 

2.4.1. Slump flow test Slump flow values of fresh mortars are determined in accordance with EN 1015-3 standard with a small cone (D0=100 mm, D1=70 mm) by means of flow table, as shown in Fig. 2.10. At least four tests are performed to get an average result. Measurement the diameter of the mortar in two directions is done. Several tests are removed and replaced by other ones when the two individual flow values deviate from 

Mold 
Fresh mortar 
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their mean value by more than 10%. The slump flow value of samples is calculated according to the equation below: 𝑆𝑓 = ஽ି஽బ஽బ 𝑥100%                            (2.1) where 𝑆𝑓: slump flow value (%),  D0: the internal diameter at the bottom of the truncated conical mould (100 mm),  D: the average diameter of the mortar in two directions at right angles, in mm. 

  a. Before raising the mold b. Spread out the mortar. 
Fig. 2.10. Flow table. 

2.4.2. Determination of standard consistency In order to study the evolution of the consistency according to the different parameters, it is necessary to have an identical initial consistency. The water required for such a paste is determined by trial penetrations of pastes with different water contents. The standard consistency is evaluated to penetration by a standard plunger in the cement paste. Use the manual Vicat apparatus in accordance with EN 196-3 as shown in Fig 2.11.  The plunger is made from non-corrodible metal in the form of a right cylinder of 45mm effective length and 10mm diameter. The total mass of moving parts is 300g. The consistency is measured on the cement pastes with different water contents in order to determine the amount of water required to produce a distance between plunger and baseplate of 6 mm. 
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Fig. 2.11. The manual Vicat apparatus 
for determination of standard 

consistency. 

Fig. 2.12. The automatic Vicat apparatus 
for determination of setting time. 

2.4.3. Setting time test The setting is an essential parameter for binding materials. Setting time value could provide suitable time for mixing and shaping operation [203]. The setting time is determined by observing the penetration of a needle into cement paste of standard consistency until it reaches a specified value. The automatic Vicat apparatus in accordance with EN 196-3 is shown in Fig 2.12. The test is performed at ambient temperature. For initial setting time, a needle which is made from steel and in the form of a right cylinder of the effective length of 45mm and diameter 1.13mm. The time elapsed between starting mixing stages and the time at which the distance between the needle and the baseplate is 6mm is the initial setting time of the cement paste. For final setting time, fit the needle with ring attachment of diameter approximately 5mm to facilitate accurate observation of small penetrations. The time in minutes, measured from starting mixing stages to that at which the needle first penetrates only 0,5mm into the specimen, as the final setting time of the cement. 
2.4.4. Semi-adiabatic calorimeters of hydration test The quantity of heat of mortars during the first day is assessed in accordance with NF EN 196-9 standard, as shown in Fig. 2.13. The semi-adiabatic method consists 
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of importing fresh mortar samples into a calorimeter to calculate the amount of heat emitted according to the evolution of the temperature from the ambient temperature. The heat of hydration is given in joules per gram of cement (J/g). The temperature increase of mortar is compared with the temperature of an inert sample in a reference flask at 25°C. At a given time (t), the heat of hydration of cement 𝑄௛௬ௗ is calculated as the sum of the heat accumulated 𝑄௔௖௖ in the flask and the heat dissipated outside 𝑄ௗ௜௦ in following equations: 𝑄௛௬ௗ = 𝑄௔௖௖ + 𝑄ௗ௜௦  (2.2) The heat accumulated 𝑄௔௖௖ in the calorimeter and the heat dissipated outside 𝑄ௗ௜௦ are determined from the Eq. 2.3 and Eq. 2.4 below, respectively: 𝑄௔௖௖ = ௖௠೎  𝑥 ∆𝑡  (2.3) 
where:  𝑐: is the total heat capacity of the calorimeter, in J/K.  𝑚௖: is the mass of cement tested, in g.  ∆𝑡: is the temperature difference between the test calorimeter and the reference calorimeter at given time t, in K. 𝑄ௗ௜௦ =  ଵ௠೎ ∫ 𝛼. ∆𝑡. 𝑑𝑡௧଴     (2.4) where:   t: is the time since the hydration starts, in hour.  𝛼: is the coefficient of total heat loss of the calorimeter, in J/h.K.          
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    Fig. 2.13. The device for semi-adiabatic calorimeters of hydration test (EN 196-9). 

2.5. The experiments in hardened state 

2.5.1. Water absorption capacity Long-term water absorption by total immersion is determined by measuring the change in mass of the test specimens, totally immersed in water, over a period of 28 days in accordance with European Standard EN 12087, as shown in Fig. 2.14. Water absorption test is performed on the prism specimens 40 x 40 x 160 mm3 after the curing time of 28 days. At least four test specimens are used to get an average result.  

  

Fig. 2.14. Water absorption test. 

2.5.2. pH measurement The technique used to obtain pH value of mortars bases on the recommendation of ASTM D4972 - standard test method for pH determination of soils. A mixture of 10 g air dried mortar powders and 10 g distilled water is stirred within 12 hours at ambient temperature by using Hot Plate Stirrer UC125D to facilitate free lime of mortar powder to dissolve in water. The pH of these solutions is then obtained by means of pH meter. Fig. 2.15 presents stirring and filtering powder sample while pH meter is given in Fig. 2.16 

platium resistance themometer gasket insulating stopper thermometer pocket dewar flask mortar box oil mortar sample rubber disc rigid casing 
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Fig. 2.15. Stirring and filtering powder 

sample. 
Fig. 2.16. pH meter. 

2.5.3. Three-point flexural test Mechanical strengths of mortars are conducted in accordance with NF EN 196-1 standard. The three-point loading method are performed on hardened 40 × 40 × 160 mm3 prisms by means of an electromechanical press, as shown in Fig. 2.17. A linear variable differential transducer (LVDT) is attached to the machine to record deformation for each sample tested. Three specimens are tested after curing time at a constant rate deformation of 0.3mm/min with a capacity of 50 kN load cell. The displacement at the mid-length of prism and the flexural load are simultaneously recorded during the test to obtain the stress-strain relationship. The prism halves are kept for compression. The reported result is an average of three to six tests. The error bar in the results indicates the standard deviation. Calculate the flexural strength from: 𝑅௙ = ଵ.ହ௫ி೑௫௟௕య    (2.5) where    Rf: is the flexural strength, in MPa; b:  is the side of the square section of the prism, in mm (b = 40 mm); Ff: is the load applied to the middle of the prism at fracture, in N; l: is the distance between the supports, in mm (l = 100 mm); 
2.5.4. Compression test 
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Compression test is carried out on two halves of the prism broken after bending test, i.e., six specimens. The same press machine is used. However, the load cell of 250kN is installed. As recommended by the NF EN 196-1 standard, the loading rate applied is 2.5 kN/s. The half-prism tested is placed laterally in the center of the bearing plate of the machine, as shown in Fig. 2.18.  The compressive strength is calculated from:  𝑅஼ = ி಴௕మ  (2.6) where Rc: is the compressive strength, in MPa; Fc: is the maximum load at fracture, in N; b2 : is the area of the platens (40mm ˟ 40mm), in mm2.   

  
     Fig. 2.17. Flexural three points test.  Fig. 2.18. Compression test. 

2.6. Conclusions The aim of this present chapter is to report the characteristics of the various raw materials which incorporated into the composition of the mortar developed in this study, including water, cement, sand, fibres and superplasticizer. Besides, the mix proportion of mortars used during this study is also given. The second part of this chapter is devoted to the presentation of the experimental methods of testing applied on both fresh and hardened states of reinforced mortars. Most of these methods are from normal standards (European standard, ASTM …). Some of them are adapted from preliminary tests to suit the purpose and laboratory condition. 
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After the characterization of the conventional materials, chapter 3 concern to the determination and review of physical and mechanical properties of raw and treated coconut fibres for their recycling in mortars for construction materials. The effects of incorporating fibres on the performance and durability of mortars will be investigated in the next chapters.    
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CHAPTER 3. DERTERMINATION OF PHYSICAL AND 
MECHANICAL PROPERTIES OF RAW AND TREATED 

COCONUT FIBRES FOR THEIR RECYCLING IN 
CONSTRUCTION MATERIALS 

3.1. Introduction The coconut fibres could play an important role in reinforcing the building materials or improving/modifying their certain properties. Mechanical, thermal and acoustic properties are highly dependent on the characteristics of the fibre itself. As reported by various authors in the literature, the determination of the characteristics of coconut fibres poses several problems due to the great variability of these. This variability depends on several factors, such as the origin of the coconuts and the storage and processing methods used to obtain these fibres. Each study, like that of the incorporation of coconut fibres in mortars, requires an appropriate determination of the properties of the fibres used, i.e., the potential deposit of fibres at its disposal. The present chapter aims at providing further knowledge on the determination of coconut fibres properties in manufacturing reinforced mortars by incorporating different amounts of this type of fibres by means of the assessment of geometrical, physical and mechanical to thermal properties and durability properties of local coconut fibres (Vietnam). Once determined, these properties are compared with those observed in the literature. This comparative study makes it possible to situate the level of performance of these fibres with respect to other natural fibres, in particular coconut 
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fibres, and to consider using them as reinforcement in mortars. If the fibres tested are suitable for the manufacture of reinforced mortars, it seems necessary to control their preparation. This approach could, therefore, constitute an alternative solution to waste management and contribute to the development of reinforced mortars improving comfort performance in buildings. 
3.2. Preparation of fibres The fibres used in the present study are obtained from mature coconut husk extraction at Ben Tre province, Vietnam, one of the most famous places for growing coconut and for coconut products. Without any treatment, these fibres are considered as raw or natural fibres. Two simple treatment methods for fibres are applied (i) boiling of fibre (ii) alkaline 

treatment of fibre, a physical and eco-friendly treatment and a chemical treatment, respectively. The process of treatment is shown in Figure 3.1. The properties of untreated and treated fibres were evaluated and the resulting data were compared. 

  Fig. 3.1. Process of fibre treatment applied. 
3.3. Testing methods for the determination of fibre properties 

3.3.1. Microscope image The coconut fibre’s microstructure was examined using the digital microscope model Keyence VHX 6000, as shown in Fig. 3.2 (Keyence France SAS, Bois-Colombes, France). The microscope is operated under the power voltage of 240 VAC and frequency of 60 Hz. This device combines observation of captured images and measurement functions while providing a screen interface that makes visualization 

Washing fibres with water (three times)
Drying fibres in oven at 40°C for 12 hours 

Boiling fibres within 2 hours for physical treament or immersion fibres in NaOH 5% within 30 minutes for chemical treament
Washing fibres carefully until the water is clean

Drying fibres in oven at 40°C for 12 hours
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easier. Hence, the digital microscope made it possible to observe cross-section and external surface of coconut fibres. 
3.3.2. Absolute density Besides the mechanical properties, the density of the fibre is a crucial parameter to determine the fibre’s potential for lightweight material when using as reinforcement in a composite [204]. The determination of the absolute density of the fibres was conducted using a helium pycnometer, namely AccuPyc II 1340 (Micromeritics France, Verneuil en Halette, France), as given in Fig. 3.3. Ten samples were tested for each kind of fibre (mass of fibre 0.5 g/test at ambient conditions). Volume was then measured by means of the pycnometer at the same temperature. The final density was the average of the ten values. 

 
 

Fig. 3.2. Digital microscope. Fig. 3.3. The device for density test. 

3.3.3. The content of organic and mineral in fibre At the present time, no satisfactory standardized laboratory procedure is available to determine the organic content of plant fibres. In this study, the measurement of the content of organic and mineral bases on the difference in the mass of dry fibres at 550°C and fibres in the raw form. A bundle of fibres weighing 2g is placed in a calcination oven with balance attachment (Fig. 3.4) set at 550°C until the change in mass of the sample is less than 0.1%. Content of organic and mineral are calculated by using the following equation: 
Organic content = ୢ୰୷ ୫ୟୱୱ ୟ୤୲ୣ୰ ୡୟ୪ୡ୧୬ୟ୲୧୭୬୬ୟ୲୳୰ୟ୪ ୫ୟୱୱ ୠୣ୤୭୰ୣ ୡୟ୪ୡ୧୬ୟ୲୧୭୬ x100%, (3.1)  Mineral content = 100% - organic content  (3.2) 
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Six samples are carried out by calcination to acquire an average content of organic. Table 3.1. compares organic content of raw coconut fibres determined by two different techniques, including: drying calcination oven and thermogravimetric analysis (TGA) method (as shown in section 3.3.8.1). 
Table. 3.1. Organic content of fibres. 

 From the results of Table 3.1, it is clear that the organic content is nearly the same for the two used techniques with a difference of 2.67%.  

  
Fig. 3.4. Calcination oven with balance 

attachment. 
Fig. 3.5. Ventilated oven for drying 

fibres. 

3.3.4. The content of water in fibre The water content is determined in accordance with NF EN ISO 665. The measurement of the content of water bases on the difference in the mass of fibres by drying at 105°C in an oven at atmospheric pressure and fibres in the raw form. A bundle of fibres weighing 5g was placed in a ventilated oven (Fig. 3.5) until practically constant mass is reached. Electric oven, with thermostatic control and good natural ventilation, capable of being regulated so that the temperature of the air and of the shelves in the neighbourhood of the test portions lies between 101 °C and 105 °C in normal operation. 

Sample By drying oven By TGA 
Organic content 80.2 % 82.4% 
Mineral content 19.8% 17.6% 
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Content of water is calculated by using the following equation: Water content = ୬ୟ୲୳୰ୟ୪ ୫ୟୱୱ ୠୣ୤୭୰ୣ ୢ୰୷୧୬୥ିୢ୰  ୫ୟୱୱ ୟ୤୲ୣ୰ ୭୴ୣ୬୬ୟ୲୳୰ୟ୪ ୫ୟୱୱ ୠୣ୤୭୰ୣ ୢ୰୷୧୬୥ x100%  (3.3) 
Six samples are carried out to give average content of water content.  Table 3.2. compares water content of raw coconut fibres determined by two different techniques, including: drying oven and TGA instrument. 

Table. 3.2. Water content of fibres. 

From the results of Table 3.2, the same results of water content are obtained since the two different techniques are used with a difference of 3.6%. The TGA method will provide better accuracy and precision compared to the drying oven due to high sensitivity transducer (The thermal balance of TA usually has 0.001 μg accuracy). However, TGA will have typically small mass range (depending upon model 5μg to 30mg sample mass) compared to drying oven. 
3.3.5. Water absorption Natural fibres are hydrophilic materials that absorb water used for manufacturing elements or composites [62]. For the water absorption test of fibre, the recommendation of RILEM TC 236-BBM (Institut Pascal (Clermont University), BRE Centre for Innovative Construction Materials (University of Bath), IRDL (Université de Bretagne Sud), DGCB (ENTPE, Lyon), LGCGM (Rennes 1), LMDC (Université de Toulouse/UPS/INSA), Combloux- Agro ressource (Université de Liege) is used as a protocol of this test. The measurement of water absorption is based on the difference in the mass of dry fibres and fibres undergoing immersion at different times. Initially, a bundle of fibres weighing 2 g was placed in a ventilated oven at 60 °C until the change in mass of the sample is less than 0.1% within 24 h. The fibre bundles were placed in a permeable bag (Fig. 3.6.) that was then immersed in distilled water to reach its absorption. After the immersion time of 1, 15, 240 and 2280 min, a centrifuge (Fig. 3.7) having speed of 500 rpm was used for 30 s to remove the excess water from these fibre bundles (Fig. 3.8). Absorption capacity was calculated by using the following equation: 

Water absorption = Impregnated mass − Dry massDry mass x100% (3.4)
 

Sample Moisture by drying oven Moisture by TGA 
Coconut fibres 8.1 % 8.4% 
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Fig. 3.6. Permeable bags to contain 

fibres. 
Fig. 3.7. The centrifuge machine 

installed for water absorption test. 

 
Fig. 3.8. Bags containing fibres put in the centrifuge. 

3.3.6. Direct tensile test The single fibre tensile test was conducted using an INSTRON 3369 universal testing machine (INSTRON®, 825 University Ave Norwood, Norwood, MA 02062-2643, USA), as shown in Figure 3.9, in accordance with ASTM C1557. In order to prepare specimens for the test, transparency paper frames having dimension 4 cm × 4 cm were used to fix fibre in the middle by means of adhesive tape and cut both sides of them very carefully at mid-gauge before the test as shown in Figure 3.10. The fibre was tested with a free length of 2 cm using the displacement control at a rate of 0.5 mm/min and two clamps having a 10 N maximum load. Finally, 16 specimens were performed for each type of fibre. Extreme values were removed and replaced by other specimens tested. 
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a. INSTRON 3369 universal testing machine b. Details of grips and specimen. 

Fig. 3.9. Setup of the tensile test according to ASTM C1557. 

 
 a. Transparency paper frame for fixing fibre       b. Cutting of the frame before   

fibre testing. 

Fig. 3.10. Single fibre specimen before direct tensile test. 

The ultimate tensile strength of the fibre is calculated as follows: 𝜎 = 𝐹௠௔௫𝐴  (3.5) 

where  
σ: is ultimate tensile strength, in MPa;  
Fmax: maximum force at failure, in N; 
A: is the fibre cross-section area at the fracture plane, in m2. In order to measure the 

cross-section of each fibre after the tensile test, a borderline is drawn to define the cross-
section area of the fibre, and then the surface area is determined as illustrated in Fig.3.11. 
The tensile strain of fibre is calculated as follows: 
                                            ɛ = ௱௟௟ 𝑥100,  (3.6) 

Grip 

Frame 

Sample 

Grip 
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where  𝛥l: is the elongation of the gauge length, in m; 
L: is the initial gauge length, 0.02 m; 

 

Fig. 3.11. Area calculation. 

3.3.7. Single fibre pull-out test In this study, the bond strength of fibre with cementitious composite is determined by means of single fibre pull-out test with 2 cm of the embedded length of fibre in the mortar. Four mortar specimens are prepared for this test. Pull-out specimens are cast in polystyrene mold, having 4 × 4 × 16 cm3 in size in accordance with EN 196-1 standard. Fibres are inserted on the one side of the mould with default embedded length in the between two layers of the mortar, as shown in Fig. 3.12. For each specimen, there are seven fibres inserted on the side of the mold with the distance of the adjoining fibre of 2 cm, as shown in Fig. 3.13. Specimens are demolded after 24 hours and cured at temperature room (21oC) and relative humidity (50%) for 28 days. It is necessary to care much in the demolding process to avoid fibres can be broken. The single fibre pull-out test is conducted using a computer connected an INSTRON 3369 universal testing machine having a 50 kN load cell and a crosshead speed of 1.0 mm/min. The distance between the upper clamp and the specimen is set up as small as possible in order to avoid broken fibre during the pull-out test. For the preventing fibre end slippage in the clamp, fibre end is glued by aluminum tape before putting it in the clamp. Two auxiliary grips are used to keep specimen into the lower plane. The test set up is shown in Fig. 3.14. 
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Fig. 3.12. Casting specimen for pull-out 

test. 
Fig. 3.13. Specimen with seven fibres after 

demould 

 
 

Fig. 3.14. Single fibre pull-out test set up 

3.3.8. Durability The durability of fibre has to be taken into consideration for not only the manufacturing of composites but also during their period of application [204]. In present study, two types of durability are considered: thermal and chemical stability. 
3.3.8.1. Thermal stability Thermal analysis provides added benefits to understand the degradation mechanism and the enhancement of the thermal stability of material [205]. Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) diagrams of fibre with and without treatment were conducted on the STA 449 F5 Jupiter Simultaneous Thermal Analyzer device, as shown in Fig 3.15, under nitrogen atmosphere. A starting 



Chapter 3. Determination of physical and mechanical properties of raw and treated coconut fibres for their recycling in construction materials 

BUI Thi Thu Huyen  P a g e  | 88 

temperature of 25 °C was used with a heating rate of 20 °C per minute and a final temperature of 900 °C. For the preparation of the test, fibres were cut into small pieces of 0.5 mm in length. The mass of each sample ranged from 10 to 15 mg and was placed into the platinum crucible. 

 

Fig. 3.15. Thermal analyzer device. 

3.3.8.2. Chemical stability The most suitable test method for chemical stability is to expose the fibres to chemicals [206]. After the exposure, degradation of fibre can be tested by determining the change of the mass of the fibre. Cementitious composite is an alkaline environment due to the producing calcium hydroxide of Portland cement hydration procedure. In addition, the typical deterioration of cementitious composite happens under the attack of chloride and sulfate ions from the saltwater, de-icing salts, soil, and groundwater [112]. In present study, in order to determine the chemical stability of coconut fibre, sodium hydroxide NaOH 10%, and calcium hydroxide Ca(OH)2 saturated solution were prepared. The procedure of exposure of fibre is given in Fig. 3.16, while the image of samples is presented in Fig. 3.17. 



Chapter 3. Determination of physical and mechanical properties of raw and treated coconut fibres for their recycling in construction materials 

BUI Thi Thu Huyen  P a g e  | 89 

 
Fig. 3.16. The exposure procedure. 

 

Fig. 3.17. Treated fibres. 

The mass loss is calculated by the following equation: 
 Mass loss % = ቀ୧୬୧୲୧ୟ୪ ୫ୟୱୱି ୫ୟୱୱ ୟ୤୲ୣ୰ ୧୫୫ୣ୰ୱ୧୭୬୧୬୧୲୧ୟ୪ ୫ୟୱୱ ቁ x100%, (3.7) 

3.4. Results and discussion 

3.4.1. Geometrical properties Fig. 3.18 shows the surface and cross-section of coconut fibres tested using the digital microscope. As illustrated, the diameter of fibre was decreased by approximately 10% and 30% due to alkali and boiled treatment methods, respectively. In addition, the images depict that the process of treatment of fibres causes morphological changes with an increase in voids and a rougher surface because of the removal of most of the pectin, ash, and other impurities. Most fibres do not have a circular cross-section, so a heterogeneous distribution of loading occurs that makes predicting the mechanical properties of fibres, as well as composites incorporating fibres, become more difficult.  

Raw fibres dried in ventilated oven at 105°C for 24 hours
Immersion fibres in solution for 5, 10, 20, 30, 90 days
Withdrawal the fibres and washing them with water

Immersion washed fibres in water for 24 hours 
Fibres dried in oven at 105°C for 24 hours
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Fig. 3.18. Microscope images of surface and cross-section of fibre. A survey of the diameter of three hundred raw fibres by means of image analysis method indicates that average diameter in two directions at right angle ranges from 0.090 to 0.39 mm. Diameters ranged from 0.20 to 0.35 mm represent about 70% of the total, as shown in Figure 9. In comparison with previous studies, raw coconut fibre in the present study was found to be smaller in diameter than the raw fibres from Mexico (0.51 mm) [16], Taiwan (0.43 mm) [47] or Malaysia (0.32 mm) [46]. 

 
Fig. 3.19. Diameter distribution of raw coconut fibres. 

3.4.2. Physical properties Experimentally, the absolute density of the coconut fibres tested in the present study is reported in Table 3.3. This result is in line with the observations already made 
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in [49,50,52,56]. This value is less in comparison with commonly used fibres like steel fibre (7.80 g/cm3), carbon fibre (1.75 g/cm3) [207], or glass fibre (2.55 g/cm3) [127]. This is the reason behind the suggestion of coconut fibre being used in the production of the structural lightweight composite [76,208]. 
Table. 3.3. Absolute density of fibre. 

Fibre Average value (g/cm3) Standard deviation (g/cm3) 

Raw fibre (RF) 1.41 0.0014 

Alkali treated fibre (ATF) 1.51 0.0014 

Boiled fibre (BF) 1.50 0.0010 

No significant difference is observed between the absolute density of alkali-treated fibres and boiled fibres, but the absolute density of raw fibres is lower than that of treated ones. The absolute density of the fibres is significantly increased when treated with alkali or by the boiling method. Treatment dissolves pectin and impurities, due to which the volume is reduced and a gain in absolute density is observed. According to some researches [7,209], the content of ash in fibres has been reduced by approximately 70% after treatment. Graphs of water absorption versus time are presented in Figure 3.20. Both of two applied treatments led to a decrease in the absorption capacity of coconut fibres. As shown in Figure 3.20, the fibres absorb water rapidly in the initial step until a saturation level is achieved. The water absorption of fibres underwent a significant increase of approximately 100% for raw fibres and alkali-treated fibres and approximately 35% for boiled fibres within a short amount of time. However, from the four-hour immersion, these curves rise gradually to reach a constant value at the end of the process. From these observations, the water absorption of fibres is considered as sufficiently stable at 48 h and the values obtained are 133%, 130%, and 50% for raw, alkali-treated, and boiled fibres, respectively. Fibres become fully saturated after the two-day-immersion period.  
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(a) (b) 
Fig 3.20. Water absorption of coconut fibres: (a) versus time; (b) logarithmic scale. Considering the observation time, the absorbing water of coconut fibres resembles a logarithmic law as follows: W(t) = Kଵ x log(t) + IRA, (3.8) 

where: 
IRA: is the initial rate of the absorption (after an immersion of 1 minute); 
K1: corresponds to the slope of the function W(t) exposed in logarithmic time.  
These values are listed in Table 3.4. 

Table. 3.4. Data results from water absorption test in logarithmic law. 

Type of fibre Initial rate of absorption IRA in % The slope of the curve K1 
RF 77.82 7.86 

ATF 84.28 6.42 
BF 31.67 2.21 One of the main reasons behind the change in absorption capacity of the fibre is hemicelluloses. Another reason is the critical role of crystalline cellulose and lignin in the water absorption process. Moisture causes the cell wall of lignocellulose fibre to swell until it reaches its saturation [210]. The water absorption of boiled fibres was observed to be half that of the raw and alkali-treated fibres. It seems that alkaline treatment was less effective on the absorption capacity of fibre than physical treatment. In addition, the alkali-treated fibre structure was observed to be denser after treatment. The reduction in the absorption capacity of boiled fibre could be explained according to Ferreira et al. [210]. After several wetting and drying cycles, boiling with the addition of water during the boiling process, packing and a tightening of the fibre cell are increased. In addition, the lumen is decreased due to the treatment process, which results in a reduction in the fibre’s water absorption capacity. From the observation of cross-section of the coconut fibre (see Figure 8c) there is a lumen in the 
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middle and irregular multi-voids around, which indicates its higher water absorption than some others. Pretreatments could result in a surface morphology modification (such as surface geometry, surface roughness, dirt removal) and microstructure change from pores to macropores [211]. Rawangkul et al. [212] observed a reduction in the volume of the void by using mercury intrusion porosimeter MIP measurements on boiled coconut fibres. The total volume of mercury intruding up to the maximum pressure was 4.16 and 2.52 cm3/g for 0.5 h boiled fibre and 1 h boiled fibre, respectively. At the same time, they observed a reduction in the surface areas. The surface area of 0.5 h boiled fibre was higher than that of 1 h boiled coir. In addition, the reduction in porosity can be qualitatively observed by images given in Figure 3.18. Table 3.5 recaps the water absorption capacity of some plant fibres. The capacity of fibre to absorb water diminishes the durability of fibre-reinforced composites. Water absorption results in volume changes that can lead to the appearance of cracks in composites [54]. The water absorption capacity is a crucial drawback of plant fibres for their application in construction materials. Limiting water absorption is thus often desirable to enhance the durability of composites. Coating fibres to avoid water absorption and alkaline environment was suggested by Pacheco-Torgal et al. [54] as a valuable way to upgrade the durability of fibre-reinforced concrete. 
Table. 3.5. Water absorption rate of some plant fibres from literature. 

Reference Type of fibre Water absorption in % 
[68] Oil palm 54 
[28] Flax 132 

Present study Coconut 133 
[213] Bamboo 145 
[68] Bagasse 153 
[210] Sisal 180 
[214] Kenaf 307 
[82] Corn cob 327 

3.4.3. Mechanical properties 

Tensile strengths and tensile strains of single raw and treated fibres are given in Table 
3.6. The results indicate that the physical treatment decreased the tensile strength by 
approximately 17%, while the chemical treatment decreased the tensile strength by 11% in 
comparison with raw fibre. It is evident that the tensile strength of coconut fibres was 
deteriorated with boiled and alkali treatments. Raw fibre is stronger and less brittle as 
compared to treated coconut fibre. A similar downward trend was also observed when Gu 
[59] treated coconut fibres with the NaOH solution. The chemical treatment and several 
wetting cycles in physical treatment provide more Na+ and OH- ions. These ions react with 
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the cellulose in the fibre. In addition, the several wetting cycles in the physical treatment 
method result in the partial removal of lignin, pectin, and fatty acid, which is the detrimental 
factor to the fibre strength. The cellulose in natural fibre is mainly responsible for the 
mechanical properties of the fibre [215]. In order to compensate for the loss of strength of 
fibres, the use of resin can improve the strength of composite-incorporating fibres [73]. 

Table. 3.6. Tensile strengths and tensile strains of coconut fibres. 

Type of fibre Tensile strength at failure 
(MPa) 

Tensile strain at failure 
(%) 

RF 123.6 ± 37.6 26.9 ± 9.9 

ATF 111.2 ± 16.3 31.8 ± 10.6 

BF 105.9 ± 10.3 40.7 ± 11.7 

In contrast, an increase of 18% and 51% in the tensile strain at the failure was 
observed for chemically and physically treated fibres, respectively. The treated fibres 
became ductile because of the removal of the impurities [41]. 

Compared with other natural fibres, the coconut fibre has a significantly higher strain 
at failure. Table 3.7 shows the tensile properties of different raw fibres in the present study 
and others in previous works. 

Table. 3.7. Tensile properties of some plant fibres. 

Reference Type of fibre Tensile strength at failure (MPa) Tensile strain (%) 

Present study Coconut fibre 123.6 ± 37.6 26.9 ± 9.9 

[22] Jute fibre 393.0 – 773.0 1.1 - 1.5 

[25] Sisal fibre 530.0 – 640.0 3.0 – 7.0 

[28] Flax fibre 1254.0 ± 456.0 ± 0.6 

3.4.4. Adhesion to matrix. Coconut fibre pull-out test The images of fibre in mortar through the digital microscope are shown in Fig. 3.21, while the result of the pull-out tests is shown in Fig. 3.22. It is found that the treatment process induces to significantly increase the pull-out load (which is necessary to pull out fibre from the specimen) from around 18N for raw fibre to 27N for alkaline treated fibre and 32N for boiled fibre. The present investigation is supported by similar conclusion for sisal fibre found in the literature. Ferreira et al. [210] conducted pull out tests to study the effect of sisal fibre treatments on the fibre-matrix interface. They found that the alkali treatment modified the fibre composition 
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by removing the amorphous constituents of the fibre and thereby increasing its crystallinity, and thus, significant improvement by approximately 30% was observed in the maximum pullout load. 

  
Fig. 3.21. The image of fibre in mortar. Fig. 3.22. The pull-out load–

displacement curves. 

3.4.5. Thermogravimetric analysis. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) diagrams are presented in Fig. 3.23 and Fig. 3.24, respectively and main data results are summarized in Table 3.8.  It can be seen that the thermal behavior of coconut fibre is similar to that of other plant fibres such as sisal [21,216] or hemp [205]. The nearly same trends are found among the pyrolysis behavior of the three types of fibres. Four main stages of mass loss are observed in the pyrolysis process. The first stage is in the temperature range between ambient temperature and 140 °C. The fibres start their decomposition easily with the mass loss of approximately 8% for treated fibres and 12% for fibres without treatment. This loss of mass would correspond mainly to the dehydration of the fibre whose water content is approximately 7%–10% and the removal of volatile compounds. The second stage of mass loss corresponds to hemicellulose degradation and occurs at 140 °C. This phenomenon can be explained by the fact that hemicellulose contains a series of saccharides like xylose, mannose, glucose, and galactose, which are very easy to remove and deteriorate to volatiles evolving at low temperatures [217]. The next stage, which happens between 250 and 400 °C, corresponds to cellulose degradation. Due to the firm and good order structure, the thermal stability of cellulose is higher. Lignin is full of aromatic rings with various branches, which leads to its degradation occurring at last and ends at 900 °C. At 900 °C, the residual masses for raw, alkali-treated, and boiled fibre, are 0.05%, 13.94%, and 14.64%, respectively. It can be 
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concluded that the treatment application has a significant effect on the thermal degradation behavior of coconut fibres. For natural coconut fibre, there is a temperature range between 150 and 615 °C, where the loss is the most significant (from 10% to 90%). In comparison, thermal diagrams of treated fibres have a higher temperature range than that of raw fibres. Among the three types of fibre, alkali-treated fibres are the most difficult ones to decompose even if the boiled fibres behave similarly. Its decomposition happens slowly under the whole temperature range, i.e., from ambient temperature to 900 °C. For both types of treated fibre, the mass loss rates are the highest, at about 350–400 °C, where the rate of boiled fibre peaks at 0.95 wt%/°C and that of alkali-treated and raw fibre are maximum at 0.75 wt%/°C. From the temperature of 400°C, the degradation process of three types of fibre continues slowly and gets a stable value at around 0.1 wt%/°C. The small mass loss of cellulose and lignin under temperature development could be correlated with a reduction in water absorption capacity of the treated fibres as well as an increase in chemical stability that makes them less hydrophilic.    

 

Fig. 3.23. TGA of fibres tested. 

 

Fig. 3.24. DTG of fibres tested. 
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Table. 3.8. Thermal gravimetric data results of coconut fibres. 

Type of fibre 
 Transition temperature range 

(°C) 
Mass loss (%) 

Residue left at 
900°C (%) 

RF 

 20 - 140 12.39 

0.05 
 140 - 390 44.40 
 390 - 600 33.31 
 600 - 900 9.85 

ATF 

 20 - 140 8.02 

13.94 
 140 - 390 46.16 
 390 - 600 20.28 
 600 - 900 11.60 

BF 

 20 - 140 9.37 

14.63 
 140 - 390 45.60 
 390 - 600 22.76 
 600 - 900 7.64 

3.4.6. Chemical durability  Fig. 2.43 shows the mass loss of fibres immersed in different solutions. From the histograms, calcium hydroxide solution indicates a lower mass loss than the other one. While the maximum weight loss is observed about 37% for raw fibre in sodium solution after the immersion time of 90 days, this number is only around 25 % for both other ones. This could be due to the presence of numerous pores, which allows the aqueous solution to permeate into and break down the silicon linkage [112]. On the other hand, thanks to the process of treatment, the chemical degradation of treated fibre is slower than that of fibre without treatment. Retentiveness of the mass of fibre with treatment in sodium solution NaOH at the end of 90 days is approximately 75% in comparison to 63% for the raw fibre in the same immersion situation. Similarly, the weight of raw fibre decreases up to 20% at the end of the calcium hydroxide solution Ca(OH)2 immersion period, that of treated fibre decline only nearly 12%. This may be explained because pectin, ash, and other impurities which are easier to degrade than three main components of fibre, has been removed due to the treatment process.  
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Fig. 3.25. Mass loss of fibres after exposure in sodium solution or calcium hydroxide 
solution. 

3.4.7. Conclusions for properties of coconut fibres The knowledge of the properties of coconut fibre is necessarily required to use it as reinforcement in composite materials. Two treatment approaches were considered: physical and chemical methods. The experimental results obtained put forward the following conclusion: The treatment process removes a part of the fibre surface, resulting in a rougher fibre surface and increased absolute density as well as the decreased diameter of fibre by roughly 10% and 30% for alkaline and boiled treatment, respectively. Water absorption capacities of alkali-treated and raw fibre were found to be almost the same, but there was a remarkable reduction in water absorption capacity of boiled fibre. The experiments to determine the thermal conductivity of the bundles of fibre have shown that both treatment methods do not affect the thermal conductivity values. For all types of fibre, the thermal conductivity was decreased from 0.052 to 0.024 W/m.K with the increase in density of the fibre bundles from 30 to 120 kg/m3. Both treatment processes decreased the tensile strength of the fibre. This happens due to a reduction in lignin, pectin, fatty acid and cellulose due to the treatment process. By contrast, tensile strains at failure of fibres were increased significantly by 18% and 51% after chemical and physical treatment, respectively. This implies that the ductility of fibres has increased after treatment. The same trend of thermal behavior of all the types of fibres was found in TGA and DTA tests. However, the higher thermal stability of treated fibres was observed in comparison to raw fibre by virtue of the partial removal of impurities. The residue of treated fibres left at 900 °C is higher than that of raw fibres. Similarly, higher chemical durability with the application of both treatments was explained by exposing the fibres to the saturated solution of sodium hydroxide 
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NaOH (10%) and calcium hydroxide (Ca(OH)2). The results indicate that the mass loss of raw fibre is 37% and 20% in sodium and calcium hydroxide solution, respectively. Mass loss of treated fibres is roughly half as compared to raw fibres. The higher percentage of hemicellulose, cellulose, and lignin in treated fibres is the reason for this chemical durability. A careful selection of fibres is a crucial task and required before using coconut fibres as well as other natural fibres in reinforced composites. Different parameters need to be identified, such as the origin and local and seasonal quality variations of the fibres in order to control the retting process, defects, and homogenous batches of fibre. Considering the circular economy, sustainable development and environmental aspects, a simple method for coconut fibres preparation should be proposed, as illustrated in Figure 3.26. In the fibre preparation process, the collection must be installed near the coconut fields or the coconut pulp industry where raw coconut envelopes are collected. Husk retting and fibres extraction are processed using water without chemical additives at the same place. The water used is filtered and impurities gathered for biomass. Water is again reused for the retting process. Fibres are sun-dried and cut to the desired lengths with a knife mill machine equipped with various sieve sizes. In this cutting operation, coarse grains as chips are mixed with fibres that will be separated by means of an air jigging system. Finally, fibres cut to length are bagged like coconut chips. 

 

Fig 3.26. Eco-friendly method of coconut fibres preparation. 
3.5. Conclusions  This chapter aims at evaluating the different properties of local coconut fibres (Vietnam). Several laboratory tests provide geometrical, physical, mechanical properties and durability properties that are compared with literature results obtained from similar natural fibres. The local coconut fibres tested demonstrated properties suitable for reinforced mortars. With adequate control of their preparation, they could be reused in the manufacture of mortars in the construction. 
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After having better understanding properties of the raw materials used, the next chapter is an essential step of this study: Behavior of fibres reinforced mortar - Distribution, orientation of fibres and cracks formation.   
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CHAPTER 4. BEHAVOIR OF FIBRES REINFORCED MORTAR: 
DISTRIBUTION, ORIENTATION OF FIBRES AND CRACKS 

FORMATION  

4.1.  Introduction Based on the remarkable results of the addition of fibres in composite in previous studies, it is necessary to investigate comprehensively the effects of partial replacement of fine aggregate by natural fibres in mortar for enhancing the mechanical properties as well as durability of mortar incorporating fibres. In need, partial replacement of natural fibres will be clarified to determine the sufficient amount of fibres in mortar.  The present chapter compared the mechanical properties of fibres reinforced mortar with different incorporation levels of fibres with the goals as follows: - To determine a suitable method for using coconut fibre in mortar for the sake of improving the mechanical properties of mortar.   - From the experimental data, the optimum dosage of fibres for mortar can be detected. Cracking behavior and orientation distribution of fibres in mortar is also then determined to control mechanical cracks in the composite. In order to clarify the influence of coconut fibre volume fraction on the mechanical properties of mortars, compressive and flexural strengths are determined 
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through experimental results in present chapter. Additionally, properties of mortar in the fresh state are also investigated to enhance its workability. 
4.2. Fresh mortars properties 

4.2.1.  Slump flow Fig. 4.1 shows the evolution of slump flow of samples. In the fresh state, control mortar is so fluid with slump flow of approximately 70% for OPC and 80% for CSA. As observed, while the fibre content is increased, the slump flow is decreased remarkable, which reflecting a reduction of workability. The reduction of the slump flow gains at roughly 7% for OPC and 8% for CSA at the fibre content of 3%. Some reports [4,28,47,218] also have confirmed the poor workability of samples reinforced fibres. The higher absorptive significantly (133% of coconut fibre in comparison with roughly 7% of mortar) and retentive nature of coconut fibre may be responsible for this phenomenon.  

 
Fig. 4.1. Slump flow of mortars. 

4.2.2. Standard consistency of cement Before measurement of setting time, standard consistency of cement paste with the difference of ratio water/cement is needed to determine. The results obtained are shown in Fig 4.2. As can be seen from the data results, the standard consistency (d = 6 mm) is obtained at the water/cement ratio of 0.28 and 0.26 for Portland and CSA cement, respectively. This result reflects an increase in the viscosity of the Portland cement paste in compare with that of CSA cement. This increase in viscosity may be due to the presence of polysaccharides in the paste. 
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 Fig. 4.2. The evaluation of standard consistency of two types of cement pastes in 
accordance with EN 196-3. 

4.2.3. Initial setting time The results of initial setting time are shown in Fig. 4. 3. As expected, the CSA cement gave a significantly lower initial setting time than that of Portland cement. This special cement distinguishes itself from Portland cement by a high-speed bonding. The initial setting time of CSA cement equal to 15 minutes, while this value of Portland cement is higher approximately ten times. The reason for the significantly lower initial setting of CSA is low alkali. The primary phases of Portland cement are calcium trisilicate (C3S) responsible for the initial strength at approximately 60% and calcium disilicate (C2S) the primary phase at approximately 20%, responsible for the strength over time. CSA cement does not form any free lime like Portland cement, which results in a lower alkali content. The pH of CSA lies at 10.5 - 11 in compare with 13 of Portland cement. This trend agrees with the research of Elyamany et al. [219]. The rapid set and the water demand of CSA cement, require special attention to ensure a positive result, may accelerate binding times as well as increasing the mixing speed. 

 
 

Fig. 4.3. Initial setting time. 
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4.2.4.  Heat of hydration The heat flow measured for control and fibres reinforced mortars within the first 24 hours is presented in Fig. 4.4. according to the fitted curves. The semi-adiabatic temperature increases continuously and reaches at 64.3°C and 62.2°C for CSA and PC samples, respectively. It could be observed that the maximal temperature regularly decreases at the higher replacement levels of fibres content, whatever the cement type used. This temperature is an important parameter and needs to be predicted precisely to restrain cracking and mitigate other problems during the interim storage of cementitious materials [220]. Much more effect of fibre content on the mortars with the cumulative heat release measured from semi-adiabatic flasks is clearly shown in Fig. 4.5. Thus, data analysis allows the determination of typical parameters from semi-adiabatic hydration and heat flow graphs. These parameters are given in Table 4.1, where Qmax is the maximal heat of hydration in joules per gram of cement, tmax is the time of maximum rate of heat evolution in minute and Imax is the maximum intensity of rate of heat evolution in joules per hour per gram of cement.  Results show the same trends of the relationship between heat of hydration and temperature development are found even for all mortars specimens, regardless of cement type used but with respect to the fibre content. As shown in Fig. 4.4, the four steps during the hydration time of mortars, including dormant period, hydration acceleration, hydration deceleration and period of slow continuous reaction, can be identified in accordance with the well-known hydration behavior. After mixing, the C3S phase, which is the most reactive of the clinker minerals, and water react with each other to make a formation of aluminate-rich gel at the first stage. In the second step, which is called the induction period, the gel reacts with sulfate in solution to form crystals of ettringite under the low heat evolution. So, this stage is also called the dormant period before the acceleratory period is started. In the third stage, the alite Ca3SiO5 and belite Ca2SiO4 in the cement clinker start to react to form calcium silicate hydrate and calcium hydroxide. The rate of heat evolution reaches a peak after approximately 7 hours and 9 hours for the CSA cement and Portland cement, respectively. The deceleratory period occurs then, following by a steady stage at the end. Hydration acceleration and hydration deceleration are two main stages because they correspond to the period of strength development. The results also indicated that mortars based on CSA cement react more speedily considerably compared to PC-based mortars, and maximal rate of heat evolution takes place after around 8 hours of hydration while this value of PC-based mortars is from 2 to 3 hours later. In Fig. 4.5, the presence of fibres influences differently to the heat hydration development depending on the cement type and fibre content in mortar. As the fibres 
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content increases from 0 to 3%, a decrease in the overall heat of hydration from 318 J/g to 268 J/g for samples based on PC is observed while the overall heat of hydration increases from 275 J/g to 334 J/g for samples based on CSA cement. This is presumably contributed by the lower rate of organic reaction of fibre in water in PC-based mortar compared to that in mortar based on CSA cement. The maximum heat emitted is found in PC-based mortar without fibres at the value of 318 J/g of cement and in CSA-based mortar with 3% of fibres at the value of 334 J/g of cement after 24 hours by semi-adiabatic calorimeters. It should be noted that most of mortars tested are not considered as low heat conventional cements because their heat of hydration exceeds the value of 270 J/g of cement in accordance with EN 197-1. Thus, controlling and preventing cracks during the storage process become more difficult.  As observed in Fig. 4.4., the rate of heat released during the hydration could ease comparing the different mortars and evidence the delay caused by the inclusion of coconut fibres into mortar. The heat flow peak is 68.75 J/h.g after 491 min and 252.91 J/h.g after 478 min for PC and CSA samples without fibres, respectively, followed by mortars incorporating fibres. In order to explain this phenomenon for both types of cement, water content of fibres reinforced mortars is considered. The high water absorption capacity of coconut fibres induces the lower free water content in the cementitious matrix, which makes restriction of Ca2+ and OH- diffusion [221]. Therefore, pozzolanic reactions in cement are delayed, and the early hydration occurs slowly. 

 
Fig. 4.4. Rate of heat evolution of studied mortars. 
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Fig. 4.5. The semi-adiabatic curve of mortars. 

Table. 4.1. Hydration characteristics of cementitious matrices.  

Hydration processes of mortars based on CSA cement present a stable trend after 12 hours while those of PC based mortars demonstrate a significant upward trend in the same period. This means that mortars based on CSA cement react more rapidly than PC-based mortars and all heat of hydration occurs within 24 hours of hydration. 

Specimen reference Measured value Qmax 
Maximum temperature measured value 

The time of maximum heat evolution tmax 
Maximum insensity of heat flow Imax  (J/g of cement) (°C) (min) (J/h.g of cement) 

PC 318 62.20 491 68.75 PC1 294 58.90 634 56.25 PC2 277 57.00 550 58.82 PC3 268 51.90 664 43.75 CSA 275 64.30 478 252.91 CSA1 284 62.80 664 252.94 CSA2 303 61.00 471 223.53 CSA3 334 60.90 451 200.00 
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Thus, it could be assumed that ye’elimite (C4A3S) as a dominant component of CSA cement is much more reactive than the other accessory phases [201].   
4.3. Hardened mortar properties 

4.3.1. Water absorption capacity Fig. 4.6 shows the results of water absorption of mortar. As can be seen from this graph, a significant increase in water absorption is reported with the increase of fibre content. Water absorption achieves in the maximum value of approximately 8% at the 3% of fibre content, which reflects the effect of hydrophilic characteristics of coconut fibre that absorbs manufacturing water. This factor, consequently, used for the correction of the effective water content for the composite mix design [28]. 

Fig. 4.6. Water absorption capacity of mortars. 

4.3.2. Mechanical properties The content of fibre in matrix (by volume of cementitious matrix) is classified into three different levels, according to Zollo et al. [222], including low, moderate and high concentrations. When the fibre content is more than 3%, it is considered high. It is noted that composite incorporating high fibre content requires a special mixing procedure in order to achieve the homogeneous dispersion fibres in the mixture. In contrast, in the case of fibre content being under 1%, it is considered low while the fibre content in the range of remaining concentration is considered moderate. According to Kesikidou et al. [223], due to lignin-rich properties of fibre, cement mortar incorporating coconut fibres has a smaller decrease of compressive strength in comparison with others natural fibre (jute and kelp). An investigation on the strength and durability of coconut fibre-reinforced concrete in the marine environment was performed by Ramli et al. [46]. They stated that the compressive strength underwent a decrease and the flexural strength increased by 9% when the fibre content (expressed by volume of binder) varies from 0.6 to 2.4% in all considered environments. In conclusion, the authors recommend that the dosage of coconut fibres 
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should be less than 1.2% of the binder volume to reduce their natural degradation in the long term. This is supported by the study of Hwang et al. [47], which indicated that the compressive strength of specimens decreased from 65 to 33 MPa and the flexural strength increased up to 7.5% when fibre content is in the range from 0 to 4% (by mortar volume). This can be explained by the congestion or clustering of fibre causing a sea-urchin effect. This effect reduces the bond between the fibres and the matrix and leads to less strength and contributes to cracking damages and failures. On the contrary, Yan at al. [49] reported that fibre inclusion could give higher values in mechanical strengths, up to 6.3% and 14.2% for compressive and flexural strength, respectively, compared to plain concrete, which meets the desired mechanical performance since fibres are used as reinforcement.  The mechanical properties of fibres-reinforced mortars depend on various parameters such as intrinsic properties of fibres, fibres contents, fibres distribution, fibres orientation, interfacial transition zone (ITZ), i.e., fibres and cementitious matrix 
adhesion. In order to compare the mechanical performances of the various composites, compressive and flexural strength results at different ages are presented in Fig. 4.7 and Fig. 4.8, respectively. As expected, the compressive and flexural strengths of mortars increase along the curing period for all the mortars. The decrease in the compressive strength of mortars with increasing fibre content is found during the curing period even if CSA1 mortar at 28 days behaves differently. The 28-day compressive strength of PC and CSA cement-based mortars decreased by approximately 15.8% and 14.0% when fibre content varied from 0% to 3%, respectively. So, the minimal of compressive strength is found in mortar incorporating the most of fibre, i.e., 3%, and compressive strengths of samples incorporating fibres are less than control sample values obtained. These results are also confirmed in previous studies [8,39]. Concerning this observation, a part of the explanation is that the pectin, ash, and other impurities included in the fibre component, induce the reduction of the bond between fibres and cementitious matrix. Additionally, the higher air content and porosity, relative to increase in fibre content, involve a decrease in the compressive strength.  As foreseen, flexural test indicates that the strength increases significantly when the content of fibres is higher, regardless of the type of cement. In Fig. 3.8, we observe that fibres content of 2% in mortars seems to lead to the maximal flexural strength. In detail, concerning PC2 sample at 28 days, an addition of 2% fibres into mortar gave the highest flexural strength, more than 16.7% and 14.5% compared to PC and PC1 mortar samples, respectively. This improvement could be due to the flexibility of natural fibres. At the highest fibre content level, i.e., 3%, the flexural strength of PC and CSA cement-based mortars suffers a slight decrease due to much more fibres being in restricted area of the brittle cementitious phase which leads to the significant 
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cumulative effects on the strength of material [222]. In addition, according to the reports in ref. [224], frictional energy losses considerably in the wake of pulling out of fibres due to the debonding at the interface, which is partly responsible for failure. The results in Fig. 4.8 also indicate that mortars with CSA cement give a better flexural performance at early age than PC-based mortars. However, the strength evolution versus time of mortars based on PC is steeper than that of mortar based on CSA cement. 7-day CSA cement-based mortars have better mechanical performance than PC-based mortars, but the latter mortars presented higher flexural strengths at 28 days. Rapid strength development is considered as an advantage of CSA cement when it is applied to mortars [225]. 

 
Fig. 4.7. Compressive strength of mortars versus time. 

 
Fig. 4.8. Flexural strength of mortars versus time. Concerning the flexural behavior of mortar, Fig. 4.9 shows the typical evolution graphs of the force applied as a function of the displacement at mid-span of the specimen for unreinforced and 2% fibre-reinforced mortars. Both unreinforced and reinforced samples present nearly the same behavior until the first cracking appears where the effects of fibres on cracking are not obtained. Then the curve of control 
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mortar is stopped with brittle fracture. Otherwise, the mortar with 2% fibres behaves differently. The sudden brittle fracture is prevented due to fibres pull-out. Since pull-out phenomenon happens, fibre contribution to bonding in ITZ is insignificant [226]. The reinforced mortars show that a progressive load decrease is likely associated with a progressive rupture of the fibre–matrix interface and then limits a brittle fracture.  Toughness is defined as the capacity of a material in energy absorption and determined by the area under stress-strain curve that demonstrates the mechanical performance of fibres in spending energy [11,227]. In present study, ASTM standard C1018 is used as the main guide. Flexural toughness index I5 is calculated based on the energy equivalent to the ratio between the area of the load-deflection curve up to a deflection of three times the first crack deflection appearing (blue and brown areas in Fig. 4.10) and the area corresponding to this deflection (brown area in Fig. 14). The principle of calculation of toughness index I5 is illustrated in Fig. 4.10, while Fig. 4.11 indicates the toughness index I5 value of all mortars tested. 

 
Fig. 4.9. Typical curves of behavior in bending 3 points of mortars after 28 of curing. 

 
Fig. 4.10. Principle of calculation of toughness index I5 in accordance with ASTM 
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Fig. 4.11. Toughness index I5 at different ages of mortars.This index is mainly governed by the length and the amount of reinforced fibres. As can be seen from the results, the content of fibres affected the cementitious matrix in different ways. Whatever the age of mortars, toughness index I5 of control and 1% fibre reinforced mortars is always equal to 1. This means that for control mortars and mortars with a low fibre content, failures stay fragile as soon as the first matrix crack appears because no or not enough fibres are incorporated. Beyond 1% fibre content incorporated, the toughness index increases and a maximum of 3.42 is observed for 3% fibre reinforced mortar at the age of 7 days. Incorporating of coconut fibres in mortars may significantly increase the toughness and residual strength factors of mortars, while producing a first crack strength is only slightly greater than the flexural strength of control mortars. A considerable improvement in toughness values of composite thanks to inclusion fibres is also found in the previous study. The best result was obtained with fibre content of 12% when this value increased 25 times in ref. [224] or addition fibre content of 5% made it improve nearly two times in ref. [36] during the measurement process.      Nevertheless, a significant reduction of I5 is observed in mortar added 2% fibres with the increase in aging. For example, after 28 days of curing, I5 goes down by 33% for PC2 samples. A possible explanation for this observation could be that the degradation of vegetable fibres under progressive aging due to the alkaline environment of the cementitious matrix could make themselves become the weakest component of cement materials and lead to decrease ductility of composite. Several studies [20,228] also indicated that natural fibres-reinforced cement paste composite (such as coconut, sisal or malva that are original in Brazil) presented a significant reduction in fracture toughness due to effect of ageing. However, fibre-reinforced cement paste composite met the desired mechanical performance compared to unreinforced composite. 

4.3.3. Orientation and distribution of fibres in mortar 
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Yin et al. [229] reported that four types of fibre (glass fibre, metal fibre, natural fibre, and synthetic fibre) could be used for reinforcement in concrete. However, according to the authors, most of previous research work on orientation and distribution of fibres focused on modern materials like steel fibres [102,103,109,230,231], glass fibres [91,94,96,232,233], or synthetic fibres as poly(lactic acid) fibres [234], unsaturated polyester fibres [235], sand carbon fibres [92,95,236]. Nevertheless, only a limited number of research works [105,237] have been performed on the orientation of natural fibre in the reinforced composite. Knowledge and data results on the fibre orientation and distribution in a composite material are important and contribute to (i) the control of orientation and distribution 
of fibres during the manufacture and necessarily (ii) the improvement of the mechanical 
properties. The present study is a small step in filling this knowledge gap. In order to clarify the coconut fibre orientation and distribution within the matrix of hardened mortar, microscope measurement was adopted for present research work utilizing the digital microscope model Keyence VHX 6000.  

4.3.3.1. Experimental method CSA1 and CSA2 samples are considered for surveying the distribution and orientation of fibres. The analysis is carried out according to three orthogonal planes to determine of coconut fibres orientation and distribution. The definition of sectional planes is given in Fig. 4.12. The X-axis is along with the longitudinal axis of the specimen, while the Y-axis corresponds to the vertical axis in opposite to casting direction, and finally, the Z-axis is the transverse axis of the specimen. The different section planes are named: OYZ (cross-section with normal direction X-axis), OXZ (cross-section with normal direction Y-axis), and OXY (cross-section with normal direction Z-axis). The height of specimen is supported on the Y-axis.  

 

Fig. 4.12. Definition of planes.  
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To have a representative quantification of distribution and orientation of fibres, the specimens are cut into three cubes of 40 × 40 × 40 mm3: (i) cube A which is at the 
end of specimen (as cube C) and (ii) cube B which is in the middle of specimen, as shown in Fig. 4.12. It can be assumed that A and C cubes have significantly similar main orientation and distribution of fibres due to the flow of fibres and paste and the proximity of a face to the end of mould. On the other hand, cube B is centered and different from A and C cubes. With these assumptions, only A and B cubes are considered. Each cube is cut according to three planes: OYZ, OXZ, and OXY, as the above-given definitions. Fig. 4.13 illustrates cut planes on which the distribution and orientation of fibres in mortars are investigated. A minimum of three test specimens is used to get average results.  

Fig. 4.13. Three different planes of mortar sample cut.  All sections obtained are then scanned by using the digital microscope. The microscope is operated with high-resolution HDR (high dynamic range) function. About twelve microscope images are acquired for each cross-section, but only the typical images of distribution and orientation of fibres observed are used in this manuscript. For each cut cross-section, a grid-mesh of 1 cm spacing is used to investigate the difference in fibre concentration at different positions on the cut cross-section and the effect of encircling borders of the mould on fibre distribution, as presented in Fig. 4.14. Fibre count and density in the different planes are compared 
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using ImageJ software to evaluate the degree of homogenous and isotropic distribution of fibre in the composite. As shown in Fig. 4.14, black colors correspond to the air voids due to their low density, while fine aggregate with a higher density can be clearly seen in sections.  Microscopic images allow investigating and quantifying the distribution and orientation of the fibres into the cementitious matrix. The orientation factor has been used in several studies to define this distribution by two means: Orientation factor, noted α, according to Zhang et al. [109], is defined as the ratio between the sum of fibres length in force direction and the sum of all fibres length. This factor is based on volume, the quantity of fibre and the area of cut cross-section fibres, as reported by Stahli [89]. In order to make a simple calculation, the orientation factor of fibres α is calculated by using equation (4.1) based on the recommendations of Dupont et al. [102]. This method also has been applied by several studies [104,238,239].  α = ே಴ே      (4.1) 
where: NC: is the average number of fibres for each mesh of 1 cm2;  N: is the total of the theoretical average of fibres at the cross-section calculated by the following equation: 𝑁 = ∑ ௏஺೑೔್ೝ೐  𝑥 𝐴௚௥௜ௗ                (4.2) 
where: V: is the volume of fibres, in %;  Afibre: is the area of fibres in each mesh, in cm2;  Agrid : is the area of each mesh, in cm2; In the case that all fibres are distributed in perfect alignment to the considered cross-section, orientation factor will be 1, which means that there is no segregation, and all fibres are oriented parallel to the considered cross-section. Otherwise, this factor would be 0 for those perpendicular to it.  The values of orientation factor of approximately 0.5 [102] and 0.6 [240] in two dimensions were obtained using this first method in the case that the fibres are oriented randomly in the plane and not restricted on their alignment.  
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Fig. 4.14. Image of a typical grid in a cross-section divided into meshes of 1cm x 1cm. Another method has been applied to determine the orientation factor, noted ηθ, based on the data results obtained from image analysis [94,104,111,241,242]. This second method is applied in the present study. The angle obtained between the fibre axis and the Y-axis, which corresponds to the vertical axis in opposition to casting direction, is defined as the orientation 𝜃 (0 ≤ 𝜃 ≤ 90°). This orientation could be determined based on the two principal axes of the visible ellipse observed of each fibre: the major axis a and minor axis b. The geometry dimension of these ellipses observed is obtained by the image analysis. The orientation 𝜃 could be then calculated from the following equation: 𝜃 = 𝑎𝑟𝑐. cos ௕௔              (4.3) 

If the fibre is perpendicular to the cut plane, the orientation 𝜃 corresponds the maximum value of 90°, as shown in Fig. 4.15. Otherwise, the orientation 𝜃 equals to 0 when the fibre parallel to the surface. The average orientation of all fibres in a cut cross-section 𝜂ఏ  is calculated from orientation of single fibre by applying the following equation: 𝜂ఏ = ଵே೑ ∑ cos (𝜃)ே೑௜ୀଵ      (4.4) 
with Nf being the total fibre numbers in a cut surface.  
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Fig. 4.15. Definition of two polar angles of each fibre [243]. 

4.3.3.2. Results and discussion 

Distribution and orientation fibre in the three different orthogonal cross sections: The orientation and distribution fibres in mortar get changed during the fabrication process. After mixing, random orientation and distribution of fibres can be obtained. The pouring process could make fibres tend to align with the direction of casting. Then, fibres come back in random orientation and distribution state due to their movement during the compaction process.  In Fig. 4.16, for the fibre-reinforced mortar, the images of the fibres emerge in red color in each cross-section of 4 × 4 cm2, which allows the fibres counting easily. The shape of fibres on these images provides information about their orientation relative to the plane of the images, i.e., cross-section observed. Fibres, which lie close to parallel to the plane of the image, show as elliptical or elongated, in distinctive red color, while fibres being perpendicular to the plane of the image (in the normal direction) show as dots more or less circular or square. Randomly oriented fibres are clearly observed from the transformed binary images of cross-sections in Fig. 4.16. Table 4.2 recaps the orientation and distribution of fibres data in all cross-sections for A and B cubes of mortars incorporating 1% and 2% fibres. Nothing appears as homogeneous and isotropic in the distribution of fibres in these cross-sections, whatever be the cubes. All fibres in the reinforced mortars are randomly located and segregation can be observed through the value of orientation factor ηθ. More fibres seem to be preferential parallel to the horizontal planes, this is demonstrated by the value of the orientation factor ηθ in OXZ plane that is in the range from 0.8 to 0.9 in all samples concerned. In addition, the smaller orientation factor values in the vertical planes could be evidence for well-oriented fibres in contribution to sudden fracture resistance of mortar.  
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 1% fibre, cube A, OYZ plane       1% fibre, cube A, OXZ plane        1% fibre, cube A, OXY plane 

 2% fibre, cube A, OYZ plane 2% fibre, cube A, OXZ plane 2% fibre, cube A, OXY plane 

 1% fibre, cube B, OYZ plane 1% fibre, cube B, OXZ plane 1% fibre, cube B, OXY plane 

 2% fibre, cube B, OYZ plane 2% fibre, cube B, OXZ plane 2% fibre, cube B, OXY plane 
Fig. 4.16. The binary threshold image of cross sections. 
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At both fibre contents tested, a clear difference in fibre orientation is not nearly observed as the value of orientation factor is almost similar. This means that fibre orientation is not governed by the number of fibres. The fibres area ratio and fibres density in vertical planes, i.e., OYZ and OXY planes, have considerably higher levels compared to the horizontal one, i.e., OXZ plane. The highest number of fibres per unit surface is obtained in the OYZ plane, followed by the numbers obtained in OXY and OXZ planes, respectively. Based on the statistical results, the vertical planes seem to gather more fibres than the horizontal plane.  
Different distribution fibres in different meshes – Effect of the sides and bottom of the 
mould Division surface sample into smaller parts is the easiest method for counting fibres and assessing the orientation factor [244]. Before analysing the distribution of fibres in each mesh, a notion of layer and row is indicated in Fig. 4.17. For detail, the fibre distribution results in each mesh of cube B of CSA2 sample are demonstrated in Fig. 4.18, while Fig. 4.19 indicates the ratio of fibre area in each mesh in all planes. Fig. 4.20 recaps the average ratio area of fibres in each part of cross-sections. By visualizing the position of fibres in each cross-section, it can be observed from Fig. 4.19 that fibres distribution in the cementitious matrix follows the same trend in both OXY and OYZ planes. The fibres tend to move to the upper layer during the compaction process. The fibres in the OXZ plane are fairly distributed in the middle row than at the top and bottom rows of the cross section. The increase in the percentage of fibres from bottom to the top layer in the opposite casting direction (for vertical planes) and from first and fourth rows to second and three rows (for the horizontal plane) is adequate evidence to explain movement trend of fibres. There could be a higher fibre number at the top layer of the specimen. A reasonable explanation for this phenomenon could be the different densities between fibres and other components of the cementitious matrix. The density of cement and sand are 3.16 g/cm3 and 2.69 g/cm3, respectively, while density of fibre is only 1.41 g/cm3. The lower weight of fibres makes them have a trend to move to the top of sample. It is essential to divide the cross-section into three different parts, as shown in Fig. 4.20 following the suggestion of Dupont et al. [102], to evaluate the effects of the sides and bottom of the mould on fibres orientation and distribution. It can be seen that fibres being in the white part are not influenced by any sides of the mold and, therefore, can move and rotate freely in all directions. Fibres being in the blue part are under only one side of the mold and fibres in the yellow part are under the influence of two boundaries of the mold. As can be observed from the data results in Fig. 4.20 that for all planes, the average ratio of fibre presence area in each mesh is the biggest in the 
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yellow part at 6.9% - 8.6%, followed by the blue and white parts, respectively. The free rotation and movement of fibre without any obstacle in white part make the fibre area to be at least 4.6%, and fibres seem to trend to move perpendicularly to the cross-section. On the contrary, due to two sides of the mold, the area of fibres in the yellow part has reached a peak of approximately 8.6%. 
Table. 4.2. Orientation and distribution fibres parameters in each cross section observed 

for CSA cement-based mortars. 

Mortar reference Plane Number of fibres per unit surface (fibres/cm2) 
The percentage of area fibres (%) 

Fibre orientation factor 𝜂ఏ    
 

Cube A (end of specimen) 
CSA1 OYZ 40.375 5.787 0.844 OXY 26.500 3.532 0.831 OXZ 29.875 3.082 0.803 
CSA2 OYZ 61.563 6.035 0.793 OXY 48.563 6.030 0.810 OXZ 44.313 7.289 0.800 

Cube B (center of specimen) 
CSA1 OYZ 40.438 4.024 0.778 OXY 31.625 3.007 0.803 OXZ 22.813 2.376 0.826 
CSA2 OYZ 52.000 5.573 0.798 OXY 46.250 5.482 0.821 OXZ 32.563 6.606 0.901 
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Fig. 4.17. Notion of row of horizontal plane and layer of vertical planes. 

 
Fig. 4.18. Different distribution of fibres in each mesh of three cross section planes of 

mortar sample incorporating 2% fibre in %.  
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Fig. 4.19. Ratio of fibre area in each mesh of sample incorporating 2% fibre in %. 
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Fig. 4.20. Ratio of fibres area in each part of mortar sample incorporating 2% fibre. 

Effect of the distribution fibres on the flexural behavior The heterogeneous distribution of fibres has a significant influence on the mechanical properties of fibre-reinforced composite [245]. Mainly, in bending, the fibres play the most effective role when they perpendicular to the direction of the flexural strength. Based on analyzing load and displacement relation, the difference in fibre distribution induces different fracture factors and behavior of mortar under flexion. As shown in Fig. 4.21, flexural load vs. displacement relationship differs when fibre-reinforced mortar samples installed and tested according to two different positions, namely in the casting direction and the opposite casting direction. Due to the presence of fibres in reinforced mortars, cementitious matrices avoid brittle fracture suddenly after appearing of the first cracking. The main difference observed in the post-peak behavior. When sample is tested in casting direction, the flexural test stops quickly at a displacement value of 1.06 mm. By contrast, for the sample installed in the opposite casting direction, the displacement in the same test conditions reaches 2.39 mm. Even if the ultimate load is similar, it would seem that the fibres are not distributed in the same way in the upper and bottom parts of sample during the casting, which could be seen from the different density of fibres between these top and bottom layers of the sample in Fig. 4.18. The brittle fracture preventing effect contributed by fibres is shown more clearly due to a higher fibres density in the upper part of mortar. From microscopic observation, the image of the cracked surface of a specimen tested in the opposite casting direction is given in Fig. 4.22. Resisting fragmentation is well observed, where there is not spalling at the surface of the specimen due to bridge consequence and fibre distribution. The same observation was also reported in previous studies of Yoo et al. [104] and Wang et al. [45]. 
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Fig. 4.21. Load–displacement curves of mortar inclusion 2% fibre after 7 days. 

 
Fig. 4.22. Fibres bridging at the cracked surface of the specimen inclusion of 2% fibre 

loaded in opposite casting direction. 

4.3.4. Cracking behavior of mortars using digital image correlation DIC In order to upgrade the measurement accuracy of DIC calculation, some approaches were proposed. The grey intensity adjustment strategy has been recommended in the report [246]. Firstly, the selection of saturated pixel, which is based on the assumption, is done followed by the measurement of the truncated intensity of saturated pixel in accordance with those of the surrounding pixels. Last step, grey intensity transformation obtains the new deformed speckle image. Not only an improvement of measurement accuracy in DIC but also the correlation coefficient was observed thanks to using a grey intensity adjustment strategy. Increase by 10% in DIC measurement accuracy was recorded when intensities of true experimental image were climbed by 20%. In other reports, researchers [118,247] reported the measurement accuracy mainly depends on speckle quality of specimens and proposed, therefore, employing a high-quality lens, which can limit the drawbacks of 
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heterogeneity and anisotropy of specimens to provide the reliability and accuracy of the DIC results.          In present part, DIC technique, which is a type of cutting-edge technology, is applied to determine the cracking development on the surface of specimens subjected to three-point bending test. The recorded images are analyzed, and they can help to see the weakness points for quantitative deformation evaluations of specimens. 
4.3.4.1. Preparation of samples Through overall consideration of various experimental tests carried out in the first step of present study, especially from coconut fibres reinforced cementitious matrix in fresh state to compressive strength and flexural properties of the specimens, it can be concluded that the coconut fibre’s incorporating rates at level of 2% volume of mortar seems to be the optimum fibre dosage for the range of fibre type employed in this research. This is because optimum performance is generally achieved at this dosage and where higher fibre dosage of 2% performed better in some instances, the difference is not significant. Quartz sand is replaced partially by 2% coconut fibres. CSA and CSA2 are used to label for reference mortar and mortar with 2% fibres, respectively.  Appropriate sample preparation plays a critically important for achieving satisfactory accuracies from the DIC technique [118]. DIC is a well-established technique for determining displacement and strain fields based on comparison tracking of the same points between two digital images that characterize the original and deformed surface of a material under mechanical loading. The suitable sample preparation plays an important role in achieving satisfactory accuracies from the DIC technique [248]. In preparation, samples are painted with a random black speckle pattern following the requirement of the DIC technique. In practice, firstly, a thin layer of white paint is applied, which will thoroughly cover the surface of the samples and once this layer is totally dry, random speckles are then sprayed by means of black spray paint. It is essential to strictly do this procedure carefully to avoid making big black stains on samples to achieve successful imaging acquisition during the DIC technique application. An example of the black and white speckled surface of specimen is given in Fig. 4.23. 
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Fig. 4.23. Observation area on a mortar specimen obtained by spraying white and 

black paint. The observation area is defined according to the objective searched in the use of DIC method. This area is called zone of interest (ZOI). It covers a size of 40 × 100 mm2, as shown in Fig. 4.24, and is determined in order that enough focus is given on the investigation of cracking behavior during the flexural test performed on mortar specimens.  

 

Fig. 4.24. Zone of interest. 

The experimental setup for DIC technique application is detailed in Fig. 4.25. Strain and displacement measurements are run according to a chosen axis system, as shown in Fig. 4.24. Principal (Dx and Dy) and normal (in the x-direction ɛxx and y-direction ɛyy), plane shear ɛxy (in the xy-plane) strains in percentage are calculated. To achieve accurate results in DIC method, a high-resolution charged-coupled device (CCD) digital camera with the support of an LED flash is used to ensure that it has enough intensity of the light to record images during the test. All photographs are captured at a rate of one image per second. The photos are taken continuously until the test is finished. Then Correli software application is used to analyze the images with the scale factor of camera of 0.26458 mm/pixel.     
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Fig. 4.25. Flexural test set up equipped for DIC. 

4.3.4.2. Results and discussion 

Strain development The relationship between force and displacement could describe flexural behavior until failure. A typical curve concerning CSA2 sample at 7 days of curing is plotted in Fig. 4.26. Simultaneously, during the flexural test, the images of observed damage inside ZOI are presented in Fig. 4.27. As expected, due to the presence of coconut fibres, specimen failure is not suddenly brittle. The DIC results concern the horizontal and vertical displacement (DX and DY) and the transverse strain (ɛxx), the vertical strain (ɛyy) and the shear strain (ɛxy), as shown in Fig. 4.28 for a CSA2 sample at 7 days of curing. These images illustrate the continuous strain development during the flexural test. The displacement and strain mappings obtained from DIC could better understand crack patterns and explain the failure mechanisms of samples in bending and shear. In addition, when analyzing DIC images, crack propagation of mortars during the tests is observed. 



Chapter 4. Behavior of fibres reinforced mortar: Distribution, orientation and cracks formation 

BUI Thi Thu Huyen  P a g e  | 126 

 
Fig. 4.26. Force versus displacement for CSA2 sample at 7 days. 

In order to clarify the understanding of the different periods of crack initiation and propagation in bending, five particular points corresponding to five load steps are noticed, as shown in Fig. 4.26. Point A is at the end of non-linear elasticity period (so A is also at the first of linear period). This point shows how the normal displacement evolves in the elastic period during the flexural test. Crack has not occurred in this step, although the load reaches 55% of the maximum load. In the next step, point B represents the displacement in the linear part of the curve and corresponds to the crack start appearing at the load of 85% the maximum. First micro-cracking in mortars, which is not visible to the naked eyes in Fig. 24, could be observed visually in the second mapping image series in Fig. 25. It should be noted that the formation and development of cracks also depend on the characteristics of supporting (two) and loading (one) rollers of the flexural test. If one of them is capable of tilting or sliding slightly, a uniform distribution of the load over the width of the specimen is well applied. And thus, this induces the appearance of single crack. Otherwise, multi-cracks would have occurred, and flexural behavior will be affected if all supporting rollers cannot freely rotate. Therefore, the scatter of cracks is observed on the cross-section of the sample in this case [249]. In the third step, point C corresponds to the peak of the force-displacement curve, i.e., the maximum of the flexural load. As the sample partly suddenly fails, the point C’ is reached to introduce the residual force. The load reaches the maximum load and some fibres begin pulling out from the cementitious matrix and then slip inside mortar, as clearly shown by the drop from point C to point C’. The period from point D to point E is along the residual force step which mobilizes shear resistance of fibres. This step describes a nearly constant load period while the bending displacement continues increasing due to remaining fibres. The crack initiates at the base, i.e., an opposite plane to applied load, of the sample and propagates toward 
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the direction of loading in the wake of the appearance of the initial crack. In this stage, the contribution of fibre on preventing brittle fracture suddenly is shown clearly. Additionally, resisting fragmentation is observed as there are not spalling at the surface of the specimen due to the bridging effect of the fibre distribution. For control sample, the bridging effect could not be observed. The relationship between force and displacement, the images of observed damage inside ZOI and DIC results of unreinforced mortar are depicted in following figures: Fig. 4.27, Fig. 4.28, and Fig. 4.29, respectively. In this sample, only two loads identified steps are identified: A’ is at the end of non-linear elasticity period and B’ is at maximum applied load obtained. The sample shows a sudden drop at about 80% of the maximum applied force. The strain development of the control mortar is characterized by a non-linear elastic part followed by a nearly linear behavior before sudden failure occurs (fragile behavior). As can be seen in series of ZOI mapping, the formation of flexural crack of both unreinforced and reinforced mortars is nearly the same. The single crack appears at the base of the samples on which it is believed to have the maximum bending moment and no shear load. 
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Fig. 4.27. Image series of observed damage in ZOI for a CSA2 sample.
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Fig. 4.28. Displacement and strain development contour map inside ZOI of CSA2 at five load stages. 
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Fig. 4.29. Force versus displacement for a CSA control mortar at 7 days. 

 
Fig. 4.30. Image series of observed damage in ZOI for a CSA control mortar. 
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Fig. 4.31. Displacement and strain development contour map inside ZOI of CSA at two load stages.
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Effect of fibre content The addition of 2% fibres increases the flexural strength of the reinforced mortar, as presented in section 4.3.2. In Fig. 4.28, the crack propagation is not exactly along the central axis and slightly off-centered for CSA2 sample, while the crack has occurred in the middle of the control sample, as shown in Fig. 4.31. Also, it can be seen in Fig. 4.28 and Fig. 4.31 the development of crack in fibre-reinforced mortar is found with an inclined angle of 75°, while staying along the vertical for unreinforced mortar. This could be the result of the inhomogeneous distribution of fibres in the mortar. Moreover, due to the presence of fibres, sample holds on to its shape in the wake of formation and development of fracture and crack. The results show that the addition of 2% fibres results in the smaller crack (both width and length) than that of mortar without fibre at the same level of loading, which is likely due to the relatively large pores in the mortar containing fibres. This can be confirmed by the microscope images of mortars at two mixture designs shown in Fig. 4.32. The inclusion of fibres has created a more porous structure in the mixture, which induces the mortar to be lower bulk density [36] that can provide convenience for transportation.  In addition, the shear strains in horizontal planes are analyzed to achieve a clear understanding of the cracking behavior. In this way, two layers are chosen: (i) in the 
above part of sample, line A-A’ in the compressive part of sample which has small vertical displacement; (ii) in the below part of sample, line B-B’ in the tensile part of sample which has more significant vertical displacement. Fig. 4.33 indicates these chosen layers in the ZOI. The recorded results of the corresponding recorded shear strains can be seen in Fig. 4.34.  The shear strain can be obtained from strain gauge. The results indicate that the shear strain shows an upward trend over the area of cracking. Outside of this area, the values of shear strain remain close to zero. This means that shear crack is mainly found around the crack tip and difficult to detect in other parts. Note that shear strains became significantly larger when the fibres are added in mortars. The distribution of cracks is governed by the distribution of shear strain. For both types of samples surveyed, the shear strains in the area closer to the loading point became remarkably smaller when compared to those in the layer closer to the maximum cracking of specimen.   Fig. 4.35 gives the crack width of unreinforced mortar and fibre-reinforced mortars at their corresponding ultimate loads based on DIC analysis. It is clear that fibres play an important role in controlling the cracking behavior and increasing the crack width of fibre-reinforced mortar at the end of the test. As observed at the ultimate 
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load, the crack width of mortar containing fibres is approximately four times larger than that of unreinforced mortar. In this case, the positive benefit of the fibres incorporation is obvious. A similar trend is also observed in other research works that show bond strength between the mortar and the fibres is in good agreement due to fatty composition in lignin and results in the crack width and length control [48,80,250]. 

 
a. Reference mortar. b. Mortar with 2% fibres. 

Fig. 4.32. Microscope images of two mixture designs.     a. Reference mortar. b. Mortar with 2% fibres. 
Fig. 4.33. Horizontal lines for analysis. 

 
Fig. 4.34. Shear strains calculation at ultimate tests along horizontal lines of mortars 

by means of DIC. 
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Fig. 4.35. Value of crack width for samples measured at their corresponding ultimate 

loads based on DIC. 
4.4. Conclusions The incorporation of coconut fibres into mortar to enhance its mechanical properties has been experimentally investigated. In order to achieve better performance, the optimization of fibres volume in PC and CSA cement-based mortars was discussed in the first part of the present study. Then the orientation and distribution of fibres in relation to cracking behavior of reinforced mortars, were studied. Digital image correlation method proved its advantages in the displacement and strain measurement of the reinforced mortars. This method solved the problems of conventional displacement and strain measurement techniques with a sufficient level of measurement accuracy and suits to investigate cracking behavior of fibre-reinforced mortar. From the data results obtained and discussed, the main conclusions are as following: - The maximum heat of hydration decreased with the increase of fibre content from 0% to 3% for PC-based mortars from 318 to 268 J/g of cement, while the heat of hydration varies from 275 to 334J/g of cement for CSA cement-based mortars for the same range of fibres addition. Considering the type of cement used in mortars, the same trend of the evolution of the heat flow in all fresh mortar cases during the first day was observed. Accurate prediction maximal temperature in the hydration process is necessary to impede crack appearance and diminish adverse effects during curing period of mortars. - As fibre content increases, the flexural strength of mortars increased significantly, causing, by contrast, a decrease in compressive strength. A decrease of approximatively 14 - 16% in compressive strength was recorded for CSA cement and PC-based mortars, respectively. 2% coconut fibres content seems to be an optimum for improving the flexural strength of mortars with clear enhancement of 16.7% for PC-based mortars.  
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- Cutting the specimens along the casting direction and counting fibres number on each surface seems to be a reasonable methodology for evaluating the distribution and orientation of fibres in the mortars. The fibres location is revealed through the microscope images, which helped to understand the arrangement of fibres within the hardened reinforced mortars and obtained the quantitative measurement of the distribution and orientation of fibres. It seems that the number of fibres do not have significant effects on fibre orientation. The higher density of fibres was found in vertical planes compared to horizontal planes. The distribution of fibres in hardened mortar was very different as fibres tend to move to the upper layer of mortar during the manufacturing process, creating a heterogeneous and anisotropic distribution of fibres in the matrix, which led to the difference in flexural behavior and fracture factor of mortar. Due to the border effect, the movement of fibres was limited and led to different area of fibres in different parts of sample. - Strain mapping of the mortar samples achieved by DIC method can be used in the study of understanding of crack mechanisms of fibres reinforced mortars when the strains are recorded from an ideal ZOI location on the sample surface. After the appearance of the initial crack at the load of 85% the maximum, crack initiates at the centre of sample and propagates toward the loading point. Due to the various distribution of fibres, crack formation and propagation is not developed exactly vertically in the centre of the sample. It is observed at an angle of 75°. By contrast, the development of crack goes vertically upwards at the centre of surface for the unreinforced mortar specimens. The enhancement toughness and preventing development of cracks inside reinforced mortars are the most important contributions of fibres.     
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CHAPTER 5. RELATIONSHIP BETWEEN DURABILITY AND 
STRENGH OF MORTAR INCOPORATING FIBRES  

5.1. Introduction Although fibre-reinforced mortar shows a wide range of its advantage, it is not easy to recommend and employ such material for construction because of problems to solve as long-term properties and durability. Significant reduction in the long-term mechanical performance has been observed and identified in natural fibre-reinforced composite in aging due to deterioration of the incorporated natural fibres under cementitious environment [21,46,127]. The study of the durability and long-term behavior of mortar incorporating coconut fibres is one of the main objectives of this research program. Unlike work on fibre formulation and treatments, the data results on the durability of these materials are still limited. The results of the two previous chapters have highlighted obstacles in terms of the durability of these fibre cementitious composites. Natural fibres reinforced composites are mainly used in outdoor applications where environment is considered as an aggressive factor. These composite materials have to deal with damaged problems regarding the losses in strength and decrease in durability. In order to improve long-term behavior of these composite materials, several programs to investigate relationship between durability and strength are proposed in this chapter, including exposure of these materials to extreme conditions, such as carbonation or wetting and drying cycles. Improving the 
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durability of these composites is therefore essential for their viability in the construction materials field. 
5.2. Influence of accelerated carbonation on the microstructure and 
mechanical properties of coconut fibre-reinforced cementitious matrix In the present study, the influence of incorporating fibres and type of cement on the carbonation development of mortars is determined by means of carbonation depth measurement, mechanical performance, and pyrolysis behavior. With the usage of two different cements and four replacement amounts of coconut fibres, the effect of the accelerated carbonation on the change in microstructure and mechanical properties of mortars is investigated experimentally. The outcomes of this present study contribute to have better understanding in carbonation resistance of fibre-reinforced mortar and the influence of accelerated carbonation on behavior performance of cement-based materials.    

5.2.1. Samples under accelerated carbonation After the period curing of 28 days, the mortar samples are placed in the carbonation storage chamber, as shown in Fig. 5.1. Based on XP P 18 - 458 – French standard, the present study proposes to use the carbonation chamber installed at 4% concentration of CO2, a temperature of 20°C and a relative humidity (RH) of 65%. The time in the storage chamber is 12 weeks. 

Fig. 5.1. Carbonation storage chamber.  
5.2.2. Experimental methods for carbonation depth measurement 

5.2.2.1. pH indicator 1g phenolphthalein powder was dissolved in the mixture of 30 ml deionized water and 70ml ethyl alcohol. This solution was then used for the carbonation depth 
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measurement in accordance with the guidance of RILEM Committee CPC-18 [134] and EN 13295. The clean freshly broken surface was sprayed with this solution. Due to the relative effects of the measuring time on the measured depth of carbonation after the reagent application, measurement one day after spraying was considered in present study when the limit between carbonated and non-carbonated zones was clearly demonstrated. The reagent could give a sufficiently clear colour change in sample to differentiate the neutralized areas. Phenolphthalein turns red purple in the non-carbonated zone. Otherwise, it remains colourless in the carbonated zone (pH value in the range from 8.3 to 9.5 [132]).   
5.2.2.2. TG-DTG measurement During the sample preparation process for TGA-DSC (Thermogravimetric analysis - Differential scanning calorimetry), the grinding along the profile was carried out from the external (outside) surface to the central part of sample with an increment of 2 mm. Considering the 40 mm sample height, ten profile ground sections were obtained for each sample. Thermal gravimetric analysis of unreinforced and fibre-reinforced mortars was performed on a thermal analyser (STA 449 F5, NETZSCH) in the temperature range of 20°C – 900°C in nitrogen atmosphere with the speed of 50ml/min. The rate of heating was kept constant at 20°C/min. Sample mass between 50 mg and 60 mg was put in a platinum crucible for this measurement.  Due to the thermal decomposition of portlandite (CH) at the temperature ranging between 450°C and 550°C and that of calcium carbonate (CC) at the temperature ranging of 550°C - 850°C, the amount of two minerals is expressed in the following equations in accordance with refs. [128,139,251]:   𝐶஼ு = ௠రఱబି௠ఱఱబ௠ఱఱబ 𝑥 ெ಴ೌ(ೀಹ)మெಹమೀ = ௠రఱబି௠ఱఱబ௠ఱఱబ 𝑥 ଻ସଵ଼   (5.1) 𝐶஼஼ = ௠ఱఱబି௠ఴఱబ௠ఴఱబ 𝑥 ெ಴ೌ಴ೀయெ಴ೀమ = ௠ఱఱబି௠ఴఱబ௠ఴఱబ 𝑥 ଵ଴଴ସସ    (5.2) When carbonated process occurs, CH converts gradually into CC, depending on the rate of CO2 diffusivity. This means that the mass of CH decreases while the amount of CC increases when carbonation process of mortar samples is happening. Based on the quantity of CC and CH, the degree of carbonation could be determined. At the depth on which the appearance of both CH and CC is obtained, this zone is considered as carbonation zone. Otherwise, the amount of CC is negligible at the greater depth of sample from which carbonation process almost does not occur. Hence, TGA analyses constitute a suitable and accurate method to evaluate the change in carbonation degree along the profile of sample sections.  
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In this study, phenolphthalein indicator and TG-DTG measurement are performed on mortar without fibres and with 2% fibres.   
5.2.3. Results and discussion 

5.2.3.1. Carbonation depth 

Phenolphthalein method Fig. 5.2 and Fig. 5.3 show the typical images of the observed surface of samples after being covered by phenolphthalein reagent. As can be seen in these images, PC-based mortar makes the colour change in a part of sample, while CSA cement-based mortar does not present any change in colour in its whole surface. This means that PC-based mortar was only partly carbonated, while complete carbonation was observed in the mortar based on CSA cement. PC-based mortar showed relatively higher carbonation resistance but has a lower ratio of Ca/Si in comparison with CSA cement-based mortar. This behaviour could be justified in part by the difference in the amount of CaO and SiO2 between PC and CSA cement. In fact, CaO and SiO2 in cement convert into calcium silicate hydrate gel (CSH) and portlandite (Ca(OH)2) due to the hydration acceleration. More CH content results in higher alkalinity in the pore solution of mortar based on PC, which results in change of its colour to red purple in the inner part of surface after the exposure to phenolphthalein reagent. On the other hand, due to whole CH content converting into CC, remaining colourless in carbonated mortar in CSA sample was obtained as shown in Fig. 5.3. This result also evidences that the carbonation resistance in CSA cement-based mortar was insignificantly governed by the dense microstructure formed by ettringite [173]. Some previous studies [150,252,253] also highlighted the ratio of Ca/Si influences on the carbonation behaviour. They reported that with a higher ratio of Ca/Si, a faster carbonation degree was obtained in consequence of the rapid decalcification of calcium silicate hydrate gel (CSH). Additionally, CaCO3 formation result from the decomposition of ettringite [254,255], which is the main phase of CSA cement, and induces to boost the depth of carbonation in CSA sample.     Other studies [163,173] also indicated that carbonation depth in concrete with CSA cement as a main binder is considerably higher than that in concrete manufactured with other binders such as Portland or blast furnace cements. This value, for example in ref [173], is up to 15 mm after seven-week period of carbonation curing compared with 6 mm and 5 mm of PC-based concrete and blast furnace cement-based concrete, respectively.  Concerning the CO2 penetration, the fibres could improve the carbonation rate of mortar due to the high air content (the fibres act as an air-entraining admixture), 
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which induces CO2 penetration becomes easier. It can be observed from the images in Fig. 5.3, the carbonation degree of the control mortar is higher than that of mortar incorporating fibres, showed by a weaker colouration on the surface of reinforced mortar. When mortar with fibres addition is employed, the carbonation degree of mortar could be increased.  

  
Fig. 5.2. Images of CSA and CSA2 samples surfaces after carbonation test covered by 

phenolphthalein.  

  
Fig. 5.3. Images of PC and PC2 samples surfaces after carbonation test covered by 

phenolphthalein. To confirm the pH value reduction due to accelerated carbonation, an additional pH measurement was done with samples under natural curing. The technique used to obtain pH value of mortars bases on the recommendation of ASTM D4972 standard. A mixture of 10 g air-dried mortar powders and 10 g distilled water was stirred within 12 hours at ambient temperature using a hotplate stirrer (UC125D, STUART) to facilitate lime powder in mortar to dissolve totally in water. This solution obtained was then filtered with the filter paper of 25 μm pore size. The pH measurement of these mixtures was carried out by means of pH meter. The results of the pH value for mortars based on two types of cement are given in Fig. 5.4. It is observed that the pH of mortar based on CSA cement is significantly smaller than that of PC-based mortar due to the difference in pH of CSA cement and PC. In addition, the pH value of mortar seems to be not governed by fibre content.  
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Fig. 5.4. Effect of fibre content on pH values for PC and CSA cement-based mortars. 

TGA measurement Fig. 5.5 illustrates the measured CC and CH content using TGA measurement, as a function of depth of mortar. For the PC2 sample, where a part of area is exposed by carbonation, a clear decrease in CC content is detected while the amount of CH measured is increased gradually. This means that exposure to carbonation has significant effects on the degree of clinker reaction. This induces the observed two opposite trends in CC and CH contents from the outer surface to the middle part of carbonated samples observed. More deeply, the CO2 penetration is more complicated and almost restricted in the outer sections due to the dense microstructure impeding. On the contrary, the concentration distribution of CH and CC in CSA2 sample, which is carbonated completely, is almost constant over the sample entire depth.  In addition, the amount of CC in the carbonated area of PC2 sample is higher than that of CSA2 sample but is lower in the non-carbonated area. A stronger carbonation degree for PC2 sample compared to CSA2 sample in outer sections is obtained. This observation could be explained by CaO content in the two types of binder. The higher content of CaO in PC could induce the higher content of CC in carbonation area. Also, due to the low pH value and low porosity of CSA cement [201], the CO2 diffusivity becomes more difficult even in the outer sections. Nevertheless, the difference happened upon non-carbonated area and the lower content of CC in PC2 sample is observed. The cause of this phenomenon is that clinker reaction under carbonation curing for 12 weeks increases the amount of CC created, which makes the higher content of CC in CSA2 sample than in PC2 sample within non-carbonation sections. Otherwise, due to low CH content [256], the consumption of CH in CSA samples were almost completed after 12 weeks of the accelerated carbonation.  As can be seen from Fig. 5.5, the different carbonation depth according to two methods, i.e., one using phenolphthalein indicator on the freshly broken surface of samples and the other, the thermogravimetric analysis for sample powder profiles, is 
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observed. The ratio between depth on which both CC and CH are detected, and maximal depth of colorless zone is approximately three. A reasonable explanation for this difference may be the heterogeneity of carbonation front depth in the entire sample induced by the differences in internal structure of composite and diffusivity of CO2 and the powder sampling approach [156]. Another possible cause is the carbonation degree. While phenolphthalein indicator remains colorless only in fully carbonated zone, where the carbonation degree is above 50%,, the appearance of both CH and CC is detected by TGA technique even in partly carbonation zone, i.e. where the carbonation degree is less 50% [148]. The restricted use of traditional method is to focus only on the alkalinity change of the pore solution in carbonated sample, and apparently it lacks of correlation with other criteria [170]. Therefore, the depth of colorless zone is mostly underestimated [153,162] and smaller considerably than carbonation depth identified by other measurements. However, phenolphthalein method could offer a simple way to investigate the carbonation-induced difference concerning alkalinity occurred at the surface of sample applied. In contrast, TG-DTG analysis method shows a sufficient level of measurement accuracy in relation to CH and CC concentrations distribution of CH and CC in each profile section.  

 
Fig. 5.5. CH and CC concentrations distribution over the depth of PC2 and CSA2 samples.      
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5.2.3.2. Mechanical properties 

 
Fig. 5.6. Comparison mechanical strength of mortar samples cured in two different 
conditions. Concerning the PC mortar samples with and without coconut fibres, the 12-week carbonation reaction process improves the compressive strength by 8.7% and 32.7%, respectively. For CSA cement-based mortars, which are higher carbonation depth, the compressive strength of control and fibre-reinforced specimens decreased slightly by 3% and 1.3%, respectively. The carbonation process of CSA cement-based mortars occurs at completely area tested, and then leads to the degradation of ettringite in a short time. This could result in a slight decrease of compressive strength in CSA specimens after carbonation curing as shown in Fig. 5.6. Chi et al. [175] also indicated a logical relationship between carbonation depth and compressive strength since they reported that the compressive strength decreased at higher carbonation depth. This could be contributed by the pore structure of composite, which gains remarkable changes after accelerated carbonation, controlling both carbonation degree and compressive strength totally. It is clearly seen that this relation significantly depends on the type of binder used in composite [141,168,257]. Thus, compressive resistance should not be used as a main determinant of carbonation resistance since samples contain different binder types.  The effects of carbonation on flexural strength are different for both CSA cement and PC-based mortars. A relative drop in flexural resistance is observed in mortar containing CSA cement after CO2 curing. Accelerated carbonation-induced flexural strength of CSA cement-based mortar is only approximately 6 - 6.5 MPa, either incorporating fibres or without fibres. Flexural strength of CSA mortar samples incorporating fibres decreases significantly by nearly a half after carbonation curing. This may be due to the cumulated effects of incorporating fibres and tensile strength 
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of cementitious matrix (loss of ettringite), which affects remarkably the bending behavior. Otherwise, flexural strength of PC-based mortar shows a slight upward trend after carbonation, regardless fibres content. Comparison with PC based-mortar without fibres, PC based-mortar incorporating fibres shows a higher increase in both flexural and compressive strength under CO2 curing. This phenomenon could be caused by the higher porosity in fibre-reinforced mortar, which is a convenient environment to CO2 penetrate deeply into specimen, and the carbonation degree occurs more rapidly than in reference mortar. It is reported that the carbonation reaction seems to be governed considerably by CO2 diffusion process. Porosities in specimen are filled and the specimen becomes denser after accelerated carbonation applied in mortar samples [130,182]. It is clear that the presence of fibres play the crucial role in the change of mechanical strength of mortar specimens. The establishment of carbonation could result in the decrease of the alkaline environment prematurely in cementitious matrix. This critical advantage provides more chemical stability to the cellulose fibres due to a less aggressive environment [182]. In addition, the bonding between natural fibres and cementitious matrix after carbonation process is improved and results in a drop of the voids surrounding fibres. Due to this, mortars at higher fibre content could give better mechanical performance after accelerated carbonation applied.  
5.2.3.1. Thermogravimetric analyse 

 
 

 
Fig. 5.7. TG and DTG graphs for different profiles of PC2 sample after accelerated 

carbonation. 
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Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) diagrams from the surface to centre part of PC2 sample used in the carbonation test are presented in Fig. 5.7. With these graphs, the weight loss is identified in Fig. 5.8. Concerning the derivative of the thermogravimetric curve, three decomposition peaks are obtained, including C-S-H, CH and CC. The first two peaks indicate that C-S-H and CH content in inner (inside) profile ground sections are higher than in outer ones (near surface) while the last peak concerns the decomposition of CC, showing the amount of CC in outer sections is higher than that in inner ones. Due to the negligible mass of fibre powder compared to cementitious matrix powder, the decomposition peak regarding cellulose of fibre, which occurs in the temperature range between 300 and 360°C [151,258], is not almost observed. As the ratio of using coconut fibres reinforces, the coconut fibre is the lightest as component in the mortar mixture, and the influence on the powder component is difficult to recognize. These quantity changes result from the reaction between HCO3- ions, which dissociated by the reaction of CO2, and Ca2+ ions, which is released by dissolution of CH, to form CC during the carbonation process. The decomposition peaks of C-S-H and CH mainly occurred in non-carbonated and part-carbonated sections in the temperature range from 100 – 150°C and 400 – 500°C, respectively, and the strongest in PC2-16-18mm and PC2-18-20 mm profiles. While CC peaks almost occurred in carbonated areas in the temperature range from 700 – 800°C, the strongest peaks found in PC2-0-2 mm and PC2-2-4mm profiles near sample surface.  In terms of weight loss, at the first of the decomposition period, both non-carbonated and carbonated areas have very similar thermal behavior. Nearly the same trends are found among the pyrolysis behavior of ten profiles. As can be seen from the data results, carbonated sections present higher resistance to temperature than other ones from ambient to 550°C. This could be explained because carbonated sections have higher CC content decomposed only after 550°C. A significant difference in the pyrolysis behavior is observed from 550°C when the weight loss after this temperature level is characterized by carbonation. The steeper curves after 550°C for the outer profiles thus clearly indicate the attack of CO2 and the higher rate of weight loss due to accelerated carbonation [259]. The endothermal effects could be divided into four main steps: (I) 20 – 110°C (evaporation and C-S-H), (II) 110 – 460°C (C-S-H and cellulose), (III) 460 – 760°C (portlandite and poor-crystallized carbonates) and (IV) 760 – 900°C (well-crystallized carbonates). In detail, at the first step from ambient temperature to 110°C, decomposition of sections occurs slowly since the mass loss is about 2% for all profiles and mainly concerns free water content. The mass loss changes for the temperature range from 110 to 200 °C significantly relates to the consumption of C–S–H promoted by the accelerated carbonation with the absorption 
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capacity of the CO2 of the cementitious composite. However, the degradation process happens mainly between 110°C and 760°C during which the mass loss of 8% is observed. The step that happens between 350°C and 400°C, relates to cellulose degradation, and nearly no change is found between the tested profiles. After, the changes in the endothermal peaks between 450 and 550 °C correspond to the decomposition of CH. From 550°C, the changes are observed between the carbonated areas. The degradation process continues slowly at the last stage with the weight loss of about 2% for outer profiles and approximately 1% for inner ones. It gets a stable value of residue left at 900°C. At the end of the decomposition period, residual weight at 900°C of outermost profiles ranged of 86-90% is against slightly more than 90% of most in-depth profiles. A possible explanation for this could be that at the high temperature, the decomposition is in regard to CC formed from the carbonation process in carbonated areas. Otherwise, decomposition at this temperature in non-carbonated areas is mostly due to the amount of calcium-carbonated filler, which is already in the composition of conventional cement to decrease the cost in cement production industry [182]. As the result of thermal analysis, it is observed that non-carbonated areas have a better ability to resist temperature than other ones.        

 
Fig. 5.8. Mass loss for different profiles of PC2 sample and transition temperature 

ranges. 

5.2.4. Conclusions Coconut fibre-reinforced mortars were prepared using two different types of cement, i.e., PC and CSA cement. The carbonation resistance was investigated in laboratory conditions. The comparison in terms of carbonation degree and mechanical performance between two types of mortars was carried out. Based on the measurement data results, the following conclusions could be summarized:    - Using CSA cement with lower alkali content could lead to a notable reduction in carbonation resistance due to the lower content of CaO compared to conventional 
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cement. While the large inner surface area of PC-based mortar presents in red purple, all broken surface of CSA cement-based mortar shows in colourless when they are sprayed by phenolphthalein reagent after the carbonation exposure period of 12 weeks. - Incorporating natural fibres into mortar could lead to an increase in the carbonation degree due to the additional presence of air entrainment that strongly supports CO2 penetration into fibre-reinforced mortar.  - A difference in carbonation degree was obtained between two measurement methods used: phenolphthalein reagent and TGA measurement. The depth of colourless zone determined by phenolphthalein is nearly three times smaller than the carbonation depth obtained by TGA technique. Several drawbacks of the conventional method by the reagent were reported, but this simple method still suits to evaluate the change in alkalinity of pore solution in samples after the carbonation exposure. Meanwhile, TGA technique could give accurate results even if in the case powdered samples are representative only of different small areas, not of the entire sample.  -  The carbonation has different effects on the mechanical performance of mortar. While carbonation-induced compressive strength of PC-based mortar increased to 32.7%, that of all mortars based on CSA cement decreased insignificantly. However, in bending, the flexural strength ratio of CSA cement-based mortar before and after carbonation storage is nearly two due to the cumulated effect of fibres added and loss of ettringite of CSA cement-base samples during the carbonation process. It should be noted that for composites containing different binders, mechanical behaviour could be not a key factor in evaluating carbonation resistance. - Three decomposition peaks were clearly observed corresponding three decompositions, namely of CSH, CH and CC in the PC2 sample, respectively. Meanwhile, inner profile (centre part of sample), are concerned by the two first decomposition peaks and outer (near surface) ones are responsible for the last decomposition peak of CC. This means that from the external surface to centre part of PC2 sample, the increase in CSH and CH contents and decrease CC content were obtained.  - The thermal stability of the non-carbonated area is slightly higher than that of the carbonated area. For instance, at 900°C, the mass loss of the carbonated area is approximately 10 – 14%, while this value of the non-carbonated area is less than 10%. This could be due to the formation of CC, which is decomposed at the higher temperature during the carbonation process in the carbonated area. Other, the decomposition at this temperature mainly depends on the calcium-carbonated filler content in the production of conventional cement.  
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5.3. Effects of wetting and drying cycles on the performance of coconut fibres 
reinforced mortar composite Many investigations on the effects of weathering on the long-term performance of composite materials have been performed by previous studies as durability [190], degradation mechanisms [195,198,260], microstructure and composition change [200,261], mechanical performance [193,262–265]. However, most of them work on conventional concrete while knowledge and data results about those of natural fibred-reinforced composite are still limited. So that understanding on the effects of wetting and drying exposure on mechanical performance and microstructure change of natural fibres reinforced mortars are essential and contribute to (i) the control of the change in 

microstructure and necessarily (ii) the improvement of the mechanical properties of 
mortar composite. 

5.3.1. Sample under wetting and drying cycles A wetting and drying cycle is defined here as 24 hours for drying in a ventilated oven at 55 °C, 24 hours for immersion in water at ambient condition. Before each exposure (immersion or dry), sample is stored in the air within at least 1 hour to dry or cool down at original temperature to avoid undesirable micro-crack due to thermal shock. Simultaneously, the mass of sample is measured to control its change (loss/gain) during wetting and drying repeating. It is ensured stability, which means that the change in mass of the sample is less than 1% within 2 hours before doing the next steps. Samples are exposed to 1 and 5 cycles before testing to investigate the effects of different wetting and drying cycles on mechanical performance and composition of fibres reinforced mortar. The properties of exposed and unexposed samples are evaluated, and the resulting data are compared.  After different cycles of wetting and drying, the water absorption properties of mortars are evaluated by the relative uptake of weight defined by Abt according to the following equation: 𝐴𝑏௧ = ௐೢ ିௐ೏ௐ೏  𝑥 100% (5.3) Where  Abt: Moisture absorption of mortar after exposure t cycles, %.   Ww: Mass of mortar after wetting, g.   Wd: Mass of mortar after drying, g. The value of moisture absorption is calculated based on an average of at least three specimens. 
5.3.2. Results and discussion  
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5.3.2.1. Water absorption The effects of natural fibres additive and wetting and drying cycles on water absorption of mortars are shown in Fig. 5.9.  

 
Fig. 5.9. Values of moisture absorption for the mixes. According to the results, there is a significant increase in water absorption with cycle number effects. Generally, the water absorption rate of PC-based mortars is higher than those of CSA cement-based mortars in most cases, regardless of fibre content and cyclic wetting and drying number. For instance, in the case of applying the wetting and drying environment, at the 1st cycle, average values are around 3.4 % and 2.6% for PC-based and CSA-base mortars, respectively. At this cycle, when the cement hydration process continues, the porosities and macrospores are filled by the later hydration products which are formed due to the ye’elimite reactions in CSA cement [266], making mortar to become denser. This phenomenon is responsible for the lower absorption of CSA cement-based mortar compared to PC-based mortar. After hydration process is completed totally, the number of macrospores in CSA cement-based mortar increases. A possible explanation for this may be that the voids are divided by numerous hydration products, creating larger pores at the hydration process. During this process, these voids could not be filled totally by the later hydration product system, i.e., ettringite (AFt) and aluminum hydroxide (AH3), leading to a higher aggregation of pores [267]. Therefore, after 5 cycles, moisture absorption of mortars based on CSA cement increases significantly. The dash lines in Fig. 5.9. indicates that PC and CSA cement-based mortars under 5 exposure cycles exhibit a moisture absorption nearly twice and three times as high as those at the first cycle, respectively. In addition, incorporating natural fibres into mortar also leads to an increase in the voids surrounding fibres, resulting in higher absorption ability compared to unreinforced mortars. 
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5.3.2.2. Mechanical properties Samples without fibres, i.e., PC and CSA, and with 2% fibres, i.e., PC2 and CSA2, are chosen for mechanical investigation.  This is because PC2 and CSA2 samples contain optimal fibres content, according to previous study [268]. For the sake of comparison, PC and CSA are also considered. In order to observe the damage progression and explain the influence of wetting-drying action, the mechanical tests are performed after 0, 1 and 5 cycles. Control samples, which are not exposed, are considered as reference samples. Data results of compressive and flexural strengths after cyclic wetting and drying are presented in Fig. 5.10 and Fig. 5.11, respectively. The wetting and drying repeating has adverse effects on the mechanical performance of mortar, regardless of fibres content, presented by reducing both strengths. In general, losses in mechanical properties progress more highly in CSA-based mortar than that in PC-based mortars. However, the measurement results pinpoint that the maximum compressive strength is observed after one cycle since complete hydration of cement is reached due to the supplement of water during wetting process. In the next cycles, because of the formation crystallised hydrate products [269], more micro-cracks are appeared gradually inside mortar structure and induces a decrease in compressive strength. Both strength and deformation of mortar samples decrease according to the increase of porosity and the number of cycles. The great loss of strength is observed when fibres are incorporated into mortar. More pore in fine aggregate mortar could be appeared due to adding coconut fibres, causing to the convenient environment for the penetration of ambient air and water deeply. The change in mechanical value with predicted tendency is governed by the porosity, the number of cycles and fibre content as well, i.e., the higher fibre content, the higher porosity, the higher number of repeating, the lower mechanical strength. The difference observed in bending, the strength of mortars decreases continuously even after the 1st cycle.  In comparison with the compressive strength reduction, the decrease of flexural strength occurs more quickly with a dangerously high loss rate, shown by the steeper slope of strength reduction. Tang et al. [270] also confirmed that the flexural strength loss is more severe than that of compressive strength under wetting and drying exposure conditions. The main reason is that the natural degradation of fibres after wetting and drying exposure causes the break of the bonding between fibres and matrix, contributing mainly to the reduction the flexural strength of fibre reinforced-cementitious materials. Consequently, the bonding properties are deteriorated, which leads to the rapid decrease in the flexural performance of specimens. When the fibres are added, the effects of fibres degradation on mortar damage are stronger than that of bridging effect of the fibres distribution.  
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During bending load, deformation of samples is continuously followed, and the displacement is measured. The typical load–displacement relationships of mortars after 5 cycles compared to reference sample are illustrated in Fig. 5.12. As can be observed, the control fibre-reinforced mortar shows well-known behaviour and presents a good performance in preventing sudden brittle fracture due to fibres pull-out after appearing of first cracking. Meanwhile, a significant decrease in both maximum flexural strength and displacement is clearly observed in the wake of wetting and drying repeating. The mortar sample exposed 5 cycles fails rapidly while a significantly higher displacement value is found for the reference sample. As the results from force–displacement curve, after 5 cycles of wetting and drying, samples show a remarkable reduction in peak strength and post-cracking. The same observation was also reported in previous studies [264,265]. After several cycles, the degradation of fibres makes their ductility not strong enough to contribute crack-bridging capacity, and sequences of these fibres deterioration causes displacement-reducing. This could also be related to the crack formation due to shrinkage in the drying process and formation of hydration products, i.e., ettringite, in the wetting process [265]. The formation of shrinkage-induced crack usually occurs due to the removal of adsorbed water from the cementitious matrix during the hydration process [271].  

 

Fig 5.10. Compressive strength of mortars after wetting and drying cycles. 

 

Fig 5.11. Flexural strength of mortars after wetting and drying cycles. 
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Fig. 5.12. Typical force – displacement relationship of sample incorporating fibres. 

5.3.2.3. Thermogravimetric analysis Results of TG and DTG analysis of fibres-reinforced mortar prepared from PC and CSA cement with 2% fibres and without fibres after 5 wetting and drying cycles are plotted in Fig. 5.13. The weight loss along different temperature ranges is then identified in Fig.5.14. Concerning the thermal performance, the main three decomposition peaks that are indicated in three dash lines are clearly observed. They correspond to evaporation and C-S-H, Ca(OH)2 and CaCO3 decomposition steps according to three temperature ranges of 80 - 110°C, 450 – 480°C and 750 – 800°C, respectively. It should be noted that for reference samples, i.e., without any cyclic 
wetting and drying, the fourth peak is obtained at a temperature of 270 to 300°C. This decomposition peak regards cellulose of fibre, it seems to be disappeared for the samples that have undergone several cycles of wetting and drying due to the drawback of natural degradation of fibres, i.e., PC2 – 5 cycles and CSA2 – 5 cycles. Regarding the mass loss with temperature, the pyrolysis behaviors of four samples analyzed follow the same trend once mass fractions occur continuously in accordance with the increasing temperature. There are four main steps in the degradation of sample due to the endothermal effects, including (I) 20 – 110°C (evaporation and C-S-H), (II) 110 – 460°C (C-S-H and cellulose), (III) 460 – 760°C (portlandite and poor-crystallized carbonates) and (IV) 760 – 900°C (well-crystallized carbonates). The mass loss level increases gradually, and rapidly the increase tends to become stable from 790°C to at the end of the test. For instance, during the first of the decomposition period, i.e., from room temperature to 110°C, both reference and wetting and drying samples thermally behave very similarly, no difference in resistance to temperature changes of four samples is observed. During this temperature range, their mass loss fraction is less than 2% for four samples tested. 
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From 110°C, the slope of mass fractions of samples under wetting and drying is steeper compared to that of reference samples. Among the steps of degradation, the strongest deterioration takes place in the two intermediate steps in which 6 – 8% of mass loss is reported. At the end of the decomposition process, while PC2 – 0 cycles and CSA2 – 0 cycles samples retain approximately 93% of mass, two other ones do not weigh more than 90% of their initial weight. As a result of thermal analysis, it is observed that reference samples have a better ability to resist temperature than samples after wetting and drying cycles.       

 

Fig. 5.13. TG and DTG graphs for mortar incorporating fibres after 5 wetting and 
drying cycles. 

 

Fig. 5.14. Mass loss for samples incorporating fibres with and without wetting and 
drying cycles and transition temperature ranges. 
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Natural fibre-reinforced composite building materials are usually subjected to environmental vulnerability due to weathering change. In this study, the mechanical properties and microstructure change of cementitious matrix prepared with two types of cement, i.e., PC and CSA cement, and reinforced with coconut fibres at different level content, was investigated experimentally. The results were compared to those of mortars without fibres and not subjected to wetting and drying exposure. According to the measurement data results, the following conclusions could be summarized:    - Effects of cyclic wetting and drying on absorption capacity of mortars were clearly observed since moisture absorption of PC-based and CSA cement-based mortars at the 5th cycle were twice and triple higher than those at the first cycle, respectively. Also, when fibres were incorporated, the high absorption ability was found due to the increase in the voids surrounding fibres.  - The mechanical strength results presented a significant decrease in the 5th cycle in all mixtures according to the reference sample. However, due to the total hydration of cement, a slight increase in compressive strength was observed after the first cycle. The loss in flexural strength is more remarkable than that in compressive strength. The influence of fibre degradation on sample damage also dominant bridging effect of fibre distribution resulting from the wetting and drying exposure. The mechanical strength loss of CSA cement-based mortars was considered to be stronger than those of PC-based mortars. - The natural degradation of fibres in cementitious matrix after 5 cycles occurred strongly, shown by no observation of decomposition peaks at a temperature range of 270 to 300°C in PC2 – 5 cycles and CSA2 – 5 cycles samples. The mass loss with the temperature of sample under natural curing was found to be lower slightly than that of sample applied to wetting and drying curing, regardless of fibres addition. 
5.4. Conclusions Based on the literature, it is noted that most natural fibres exhibit poor long-term behavior in a cementitious environment, with a very rapid loss of post-cracking for composite materials. Several fibres treatment methods prior to use were proposed, but they seem to be not effective in improving their durability in cementitious materials. Therefore, an alternative binder was used in the cementitious matrix in order to reduce its aggressiveness on the fibres.  The effectiveness of CSA cement in improving the long-term behavior of fibres reinforced mortar could be confirmed by thermogravimetric analyzes and pH measurements. According to the literature, the degradation of plant fibres is mainly due to two reasons: the presence of calcium hydroxide, which leads to significant mineralization of the fibres, significantly degrading their mechanical performance, and 
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alkaline environment cementitious matrix, which causes alkaline hydrolysis of plant fibre constituents. CSA cement makes a remarkable reduction in pH value of the mortars. In addition, hydration of this cement does not result in the formation of calcium hydroxide. CSA cement seems, therefore, to be a suitable cement for natural fibres reinforced composite. In this chapter, the durability of coconut fibres reinforced mortar was investigated in laboratory conditions. Two aggressive environments were used to determine the relationships between strength and durability of mortar with and without fibres, i.e., carbonation curing and wetting and drying repeating. This approach could constitute an alternative solution to waste management and contribute to the development of reinforced mortars improving comfort performance in buildings. Regarding carbonation curing condition, two methods are used to measure carbonation depth of coconut fibre-reinforced mortars, including traditional phenolphthalein reagent and thermogravimetric analysis (TGA). Accelerated carbonation is conducted at 4% concentration of CO2, temperature of 20°C and relative humidity of 65% within 12 weeks. A complete carbonation is detected in the CSA cement-based mortar while PC-based mortar is partially carbonated according to both methods used. The difference in carbonation depth, however, is observed as soon as the reagent and TGA measurement are applied. The significant effects of carbonation process on the microstructure and mechanical properties of cementitious matrix are highlighted by analyzing the change in the amount of calcium carbonate (CC) and portlandite on the different mortar profiles and comparison with natural cured samples. Carbonation resistance capacity will decrease with the addition of 2% coconut fibres.  In terms of wetting and drying curing, water absorption of mortars is mainly affected by number of cycles while the effect of natural fibres incorporating is not clear. Compressive strength of mortar increases after the first cycle because the supplement of water in wetting process leads to complete hydration. However, the decrease in both compressive and flexural strengths and post cracking are observed after 5th cycle. The results of TGA measurement also indicated that weight loss due to the high temperature of samples under conventional curing lower than that of sample cured in wetting and drying repeating, regardless of incorporating fibres.  
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CONCLUSIONS AND RECOMMENDATIONS 

In order to reduce the dependency on conventional materials and negative environmental impacts, one of the main responsibilities of the construction field is to find new eco-friendly resources to replace the traditional materials partially. The usage of green materials in construction activities has become very interesting in recent years due to its advantages in different sectors. Natural fibres were known as potential candidates for reinforcing structures in civil engineering by virtue of their advantages. Many studies have shown the possible usage of natural fibre, such as the partial replacement of cement and aggregate, as well as fibre reinforcement. Significant environmental benefits can be gained through the usage of recycled plant fibres for reinforcement in composite materials. Coconut fibre was known as one of the main fifteen plant and animal fibres in the world. It is extracted from the tissues surrounding the coconut palm envelope, which is grown on 10 million ha of land throughout the tropics. Although natural fibres could play an important role in reinforcing the building materials or improving/modifying their certain properties, the investigations on their performance and durability are still limited. Therefore, this study aims at evaluating the different properties of local coconut fibres (Vietnam) and composite materials incorporating fibres. Many laboratory tests investigate geometrical, physical, mechanical properties and durability of fibres reinforced mortar compared to the literature results obtained from similar composite. With adequate control of their preparation, they could be reused in the manufacture of mortars in the construction. 
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The findings of this study demonstrated that the usage of coconut fibres in composite materials could significantly contribute to the sustainable development of the construction industry. Taking into consideration the structure application of composite materials containing fibres, the study recommended the composite outdoor structure for employing these materials. In order to supplement knowledge concerning agricultural by-products incorporated into composite materials, several experimental works have been carried out as part of this thesis: - Investigations on physical and mechanical properties of raw and treated coconut fibres for their recycling in construction materials. - Study on the orientation distribution of fibres in mortar and the cracking behavior of mortar incorporating fibres. - Determination relationship between durability and strength of fibres reinforced mortar.  Coconut fibres are extracted from coconut husk through a multi-step manufacturing process. Coconut fibres from Vietnam are used in present study as raw fibres. The specifications of fibre were identified as following main characteristics: - A big mean diameter (249.8 ± 30.95 µm) and variable morphology along with the fibre. - An absolute density is 1.41 g/cm3, and is much smaller than the man-made fibres. - Coconut fibre is hydrophilic material, likes other natural fibres, with high water absorption. This value reaches 133% after 48 hours of immersion. - Compared to other plant fibres, coconut fibre has lower stress (only 123.6 MPa), but higher tensile strain at the failure (approximately 27%). This research examined the properties of coconut fibres reinforced mortar, its performance in an alternative cement, and the following important conclusions can be drawn from this research:  - The combination method of coconut fibres and CSA cement in mortar significantly increased the flexural strength of mortar, up to approximately 17%.  - The addition fibres into mortar has remarkable effects on the cracking behavior of mortar. Fibres act as a crack-arrester since the presence of fibres could contribute to preventing brittle fracture suddenly after the first crack appears. Also, bridging effect of the fibre distribution induces a decrease in the crack width and length compared to the control sample at the same level of loading.  
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- Post cracking (toughness) is mainly governed by the length and the number of reinforced fibres since the toughness index reaches a maximum value at fibre content of 3%.  - The enhancement of toughness and preventing the development of cracks inside reinforced mortars are the most important contributions of fibres.    - The heterogeneous and anisotropic distribution of fibres in the matrix were observed as fibres have the tendency to move the upper layer of mortar. The distribution and orientation of fibres were very various that have the different effects on the flexural behavior and fracture patterns of mortar. The limited movement of fibres due to the effect of the sides and bottom of the mould was observed, which induced the different fibre areas in different parts of cut cross-section of sample. - The addition of fibres could improve the carbonation resistance of mortar while the usage of CSA cement with lower alkali content could lead to a significant decrease in carbonation resistance due to the lower content of CaO compared to conventional cement. - The different effects of carbonation on the performances of mortar were obtained. Carbonation-induced strengths of mortar are various due to the cumulated effect of fibres added. Therefore, mechanical behavior could be not a key factor in evaluating carbonation resistance of composite materials containing different binders. Carbonation curing also makes a slight reduction in the thermal stability of mortar. - A significant decrease in mechanical strength was observed after 5 cycles of wetting and drying due to the degradation of fibres. The losses in flexural strength are stronger than those in compressive strength because the fibres degradation influence on sample damage is also dominant compared to the bridging effect of fibres distribution through the wetting and drying curing. In summary, this research has developed methodologies of producing mortar with the improvement of mechanical properties and durability in the case of addition fibres. The great potential of using these methodologies in various composite materials applications have been shown as further studies. This will not only help to reduce consumption of conventional aggregate sources, but also provide an attractive avenue for recycling various types of waste in agricultural by-products. The findings contributed toward the sustainable development of the construction industry and environment.  Based on the findings of this study, the following recommendations for further research can be made: 
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- The usage of natural fibre types in composite materials and a simple technique to select coconut fibres from coconut fruit should be considered. A careful selection of fibres is a crucial task and required before using them in reinforced composites. Different parameters need to be identified, such as the origin and local and seasonal quality variations of the fibres in order to control the retting process, defects, and homogenous batches of fibre. - A factor affecting the mechanical performance of the composite is the microstructure of the interfacial transition zone (ITZ), which mainly decides the contribution of fibres in behavior improvement. The quantitative evaluation of the microstructure of ITZ should be conducted based on analysis of the results of SEM-EDS (scanning electron microscope - energy dispersive X-ray spectroscopy). The results obtained from SEM-EDS elemental analysis will allow the analysis microstructure of the ITZ between cement paste and fibres. The analyses of elemental compositions of major cement hydrated products (C-S-H (Calcium silicate hydrate), CH (Portlandite), AFm (monosulfate), AFt (ettringite) phases) will be used to determine the properties of ITZ of mortar. The fibres treatment method can lead to reducing porosity, CH content in the interfacial transition zone (ITZ). When fibres are treated with the treatment solutions, sodium silicate and silica fume reacted with CH to form C-S-H in composite. So, it is important to know how much reaction there is between treatment solution and CH to make C-S-H in the new concrete product, and how much CH consumed should be quantitatively determined by Fourier Transform Infrared Spectroscopy (FTIR analysis) or nuclear magnetic resonance (NMR) spectroscopy. - The long-term performance of composite materials containing agricultural by-products should be considered for future studies to assess the potential application for structures. - Minimizing the environmental impact of construction materials is increasingly the goal of a series of studies. The environmental impacts of typical composite in the construction industry are assessed based on the life cycle assessment (LCA) methodology according to ISO 14040 - Environmental management - Life cycle assessment - Principles and framework. Therefore, this section of the research proposal will focus on using an LCA method to evaluate the environmental impacts of natural fibres reinforced composites in terms of their global warming potential (GWP) for construction. Furthermore, this research will employ agricultural by-products for increasing the mechanical and durability performance of natural fibres reinforced composites. The LCA process requires maximizing composite durability, use agricultural by-products and supplementary cementing materials that replace a part or total of conventional cement. It is necessary to investigate the GWP, and 
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environmental impact of natural fibres reinforced composites while considering the fibres treatment method to improve mechanical and durability characteristics. Moreover, life cycle costs (LCC) analysis of the use of composite materials containing agricultural by-products should be observed in future studies.  - In order to natural fibres reinforced composite to become widely used construction materials, consistent and predictable results need to be obtained. To achieve these outcomes, further studies are required on these composite performances by testing and modeling.  Further studies on this topic are necessary to contribute to the application of this material for the building materials widely. Further research outcomes might contribute to environmental benefits and sustainable development of the construction industries in the future.   
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STANDARDS 

ASTM C1018 (2006): Standard test method for flexural toughness and first-crack strength of fibre-reinforced concrete (using beam with third-point loading). 
ASTM C1557 (1997): Standard test method for tensile strength and Young's modulus of fibres. 
ASTM C1185 (2003): Standard test methods for sampling and testing non-asbestos fibre-cement flat sheet, roofing and siding shingles, and slap boards. 
ASTM C1186 (2016): Standard specification for flat fibre-cement sheets. 
ASTM D4843 (2016): Standard test method for wetting and drying test of solid wastes. 
ASTM C109/C109M (2016): Standard test method for compressive strength of hydraulic cement mortars (Using 2-in. or [50-mm] cube specimens). 
ASTM D4972 (2003): Standard test method for pH of soils.  
NF EN 196-1 (2006): Methods of testing cement - Determination of strength. 
NF EN 196-3 (2009): Methods of testing cement - Determination of setting times and soundness. 
NF EN 196-6 (2012): Methods of testing cement - Determination of fineness. 
NF EN 196-7 (2012): Methods of testing cement - Methods of taking and preparing samples of cement. 
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NF EN 196-9 (2010): Methods of testing cement - Heat of hydration - Semi-adiabatic method. 
NF EN 1015-3 (1999): Methods of test for mortar for masonry – Determination of consistency of fresh mortar (by flow table). 
NF EN ISO 665 (2020): Oilseeds - Determination of moisture and volatile matter content. 
NF EN 12390-10 (2018): Testing hardened concrete - Determination of the carbonation resistance of concrete at atmospheric levels of carbon dioxide. 
NF EN 12390-12 (2020): Testing hardened concrete - Determination of the carbonation resistance of concrete - Accelerated carbonation method. 
NF EN 13295 (2004): Products and systems for the protection and repair of concrete structures - Determination of resistance to carbonation. 
NF EN 12087 (2013): Thermal insulating products for building applications - Determination of long-term water absorption by immersion. 
XP P 18-458 (2008): Accelerated carbonation test - Measurement of the thickness of carbonated concrete.    
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Appendix 1: Technical information of Portland cement CEM I. 
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Appendix 2: Technical information of CSA cement. 
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Appendix 3: Technical information of sand 0/2. 
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Appendix 4: Technical information of superplasticizers. 
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