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Abstract  

Construction industry is responsible for the depletion of large amounts of non-renewable 

resources and for 30% of greenhouse gas emissions. With an increase of environmental 

concern, a sustainable construction industry is urgently needed. Reducing raw materials 

consumption by using renewable or waste materials is considered as a significant step to 

achieve a construction industry with sustainability. Natural fibres are renewable resources 

and readily available in many countries all over the world. Most importantly, the specific 

mechanical properties of natural fibres, i.e. flax, are comparable to those of glass fibres 

being used as reinforcement materials in fibre reinforced polymer (FRP) composites. The 

use of natural fibres, i.e. coir, as reinforcement within concrete structures will help to 

achieve a sustainable consumption pattern of building materials. Based on this fact, steel-

free concrete structure using natural fibre reinforcements is developed, i.e., natural flax 

fibre reinforced polymer (FFRP) tube encased coir fibre reinforced concrete (CFRC) 

structure (FFRP-CFRC). This composite structure is composed of an outer FFRP tube and 

a CFRC core. In this composite structure, flax fibre is considered as the reinforcement of 

FRP tube because the comparable mechanical properties of flax to glass fibre. Coir fibre 

is considered as reinforcement of concrete because of its highest toughness amongst all 

natural fibres. In a FFRP-CFRC, the pre-fabricated FFRP tube serves as permanent 

formwork for fresh concrete and also protects the concrete core from possible outer 

aggressive environments. In addition, as confinement of the concrete core, it increases 

concrete strength and ductility. Coir fibres within concrete are used to reduce concrete 

cracks and modify the failure mode of concrete. The composite structure becomes ductile 

because of coir fibre bridging effect.  

This study provides a comprehensive understanding of design and characterization of this 

steel-free FFRP-CFRC composite structure for infrastructure application. Initially, three 

different fibre fabric reinforced polymer composites, i.e. flax, bamboo and linen, were 

fabricated using a vacuum bagging technique and their mechanical properties, i.e. tensile, 

flexural, compressive, vibration and in-plane shear, were studied. The results confirmed 

flax fabric to be used as the reinforcement material in the outer FRP tube. Then, FFRP 

tubes were fabricated using a hand lay-up process, the axial compressive, flexural and 

vibration properties of FFRP tubes with different geometries were experimentally 
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investigated. These studies showed that FFRP tubes had good energy absorption 

capabilities to be axial and flexural structural members. Next, axial compressive test on 

FFRP tube confined plain concrete (FFRP-PC) and FFRP-CFRC showed that the FFRP 

tube confinement increased ultimate compressive stress and strain for both PC and CFRC 

remarkably, compared with the unconfined PC and CFRC. Coir fibre inclusion had an 

insignificant effect on ultimate compressive stress but modified the failure mode of 

FFRP-CFRC to be ductile, compared with the FFRP-PC. In addition, experimental results 

obtained from axial compression were compared with the predictions using existing stress 

and strain models for glass/carbon FRP (G/CFRP) confined concrete, and two strain 

models were developed for FFRP-PC and FFRP-CFRC for a practical design purpose. 

After that, four-point bending test on FFRP-PC and FFRP-CFRC beams indicated that the 

FFRP tube confinement increased lateral load carrying capacity and energy absorption 

capability of both PC and CFRC beams significantly. However, compared with the FFRP-

PC beams, coir fibre inclusion led to a ductile failure mode of the concrete core after the 

rupture of the outer FFRP tube for FFRP-CFRC specimens. Based on linear elastic theory 

and an assumption of Bernoulli’s theory, a simplified analytical method was developed 

and predicted the ultimate bending moment of FFRP-PC and FFRP-CFRC beams under 

flexure. Flexural test also confirmed that slippage between FFRP tube and concrete core 

could be an issue which may compromise the structural performance of the composite 

structures. Hence, a novel interlocked FFRP tube and CFRC interfacial profile was 

developed to impede the slippage between the tube and the concrete core, which in turn 

increased the interfacial bond stress and composite action between the tube and the 

concrete core effectively. Then, the effect of this new interfacial profile on the axial and 

flexural behaviour of FFRP-CFRC composite was investigated. The effect of different 

parameters of the interfacial profile on the bond behaviour of FFRP panel and CFRC 

block specimens were studied. The results will be used to develop a FFRP panel and 

CFRC overlay bridge deck for the future study. Next, hammer-induced vibration tests 

were performed on FFRP-PC and FFRP-CFRC beams, which showed that both the FFRP 

tube and coir fibre increased the damping ratio of the concrete significantly, thus reducing 

the impact of dynamic loading on the composite structure. Finally, future works and 

recommendations were provided for designing this kind of steel-free composite structure 

for future infrastructure application. 
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Chapter 1   

Introduction 

1.1 Motivation  

Construction industry is one of the major and most active sectors in the world. In Europe, 

the construction industry is responsible for the depletion of large amounts of non-

renewable resources and for 30% of carbon dioxide gas emissions. To build a sustainable 

construction industry, recently the European Union (EU) announced that in medium term 

raw materials consumption in this sector must be reduced by 30% and that waste 

production in this sector must be cut down by 40% (Pacheco-Torgal and Jalali, 2011). 

Reducing the raw materials consumption by using by-products or renewable materials is 

considered as a significant step to achieve a sustainable construction industry. Such 

strategies offer great advantages of creating new opportunities for these by-products 

while preserving natural resources and without changing the conventional construction 

methods. Another great step is the development of buildings with alternative materials, 

technologies and methods of construction. By doing so, resources and energy 

consumption can be reduced remarkably and good energy efficiency without causing 

health and damaging eco-systems can be provided. Therefore, the United States (US) 

Department of Agriculture and the US Department of Energy had also set goals of having 

at least 10% of all basic building blocks be created from renewable and plant-based 

sources in 2020, increasing to 50% by 2050 (Mohanty et al., 2005).  

Concrete is the mostly used construction material which is high in compressive strength 

and low in tensile strength with brittle characteristics. Thus, steel rebar is normally 

required within concrete to provide good compressive and tensile strength as well as 

ductility requirement of concrete structures. However, today steel reinforcement is still 

expensive and comes from non-renewable resources with high energy consumption. 

Normally each cubic meter of concrete structure requires an average of 200 kg of steel 

rebar (Pacheco-Torgal and Jalali, 2011). Furthermore, corrosion of steel reinforcement in 

concrete structures is one of the major challenges for civil engineers. In the US, an 
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upgrading of civil engineering infrastructure related to steel corrosion was estimated as 

$20 trillion (NSF, 1993). In EU, nearly 84,000 reinforced and pre-stressed concrete 

bridges require maintenance, repair and strengthening with an annual budget of £215 

million, excluding traffic management cost (Lee and Jain, 2009). Therefore, the 

development of new materials to replace steel rebar as reinforcement of concrete becomes 

a significant step in achieving a sustainable construction.  

With this motivation, the author has developed a new sustainable steel-free composite 

structure with natural fibre reinforcements, i.e. flax fibre reinforced polymer (FFRP) tube 

encased coir fibre reinforced concrete composite (termed as FFRP-CFRC) for future 

infrastructure application. The present study carries out a systematical investigation on 

the use of flax FRP tube as confinement of concrete and coir fibres as reinforcement 

being used within concrete. This study also provides a comprehensive understanding of 

design and characterization of this steel-free FFRP-CFRC composite structure for 

infrastructure application. In addition, future works and recommendations are provided 

for designing this kind of composite structures as axial and flexural structural members. 

The use of this sustainable composite structure will promote the development of 

construction industry with more energy efficiency and lower carbon footprint. 

 

1.2 Research objectives 

The following objectives are identified for this study: 

1. The use of natural fibres, i.e. flax as reinforcement material of fibre reinforced 

polymer (FRP) composites was reviewed, which presented a summary of recent 

developments of flax fibre and its FRP composites. 

2. A comprehensive understanding of tensile, flexural, in-plane shear, compressive, 

vibration, and failure mechanisms and flax fibre/epoxy matrix interfacial bond using 

scanning electron microscopy for flax FRP laminates. 

3. Investigation of axial compressive, flexural and vibration properties of hollow flax 

FRP tubes. The energy absorption capabilities of flax FRP tubes are compared with 

conventional metallic and glass/carbon FRP (G/CFRP) tubes. 

4. Investigation of axial compressive behaviour of FFRP-CFRC cylinders and 

comparison of these results with FFRP tube confined plain concrete (FFRP-PC) 

specimens to identify the effect of coir fibre inclusion.  
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5. Evaluation of existing stress models for G/CFRP confined concrete and development 

of strain models for FFRP-PC and FFRP-CFRC under axial compression. 

6. Investigation of flexural behaviour of FFRP-CFRC beams and comparison of these 

results with the FFRP-PC beams. 

7. Development of a simplified analytical method to predict ultimate bending moment 

for FFRP-PC and FFRP-CFRC beams under flexure.  

8. Development of an improved FFRP tube and CFRC interfacial profile to increase the 

interfacial bond and to impede the slippage between the tube and the concrete under 

flexural and compressive loadings.  

9. Investigation of basic dynamic properties of the composite structure. 

 

1.3 Structures of dissertation 

The dissertation consists of 9 chapters. The following gives a brief description of the 

contents of the dissertation: 

Chapter 1: This chapter gives the motivation and objectives of this research, followed by 

the structures of the dissertation. 

Chapter 2: This chapter presents the literature review on flax fibre and its FRP 

composites and the literature review on coir fibre and coir fibre reinforced concrete 

(CFRC). It addresses why flax fibre as reinforcement material for natural FRP tube, and 

coir fibre as reinforcement within concrete, were selected for the FFRP-CFRC composite 

structure. The durability of FFRP composites and CFRC for infrastructure application is 

reviewed. 

Chapter 3: This chapter introduces the manufacturing of flax fabric reinforced epoxy 

composites using a vacuum bagging technique. It describes the experimental investigation 

of the mechanical properties of FFRP composite laminates, including tensile, flexural, in-

plane shear, compressive and vibration properties of the composites from flat coupon 

tests. In addition, the failure mechanism of FFRP laminate, microstructure and 

fibre/epoxy matrix interfacial bond was analysed using scanning electron microscopy 

(SEM).  

Chapter 4: This chapter presents axial compression of small-scale FFRP composite tubes 

with different parameters, i.e. tube diameter, tube thickness and tube length to diameter 
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ratio. The energy absorption capability of these FFRP tubes are evaluated and compared 

with conventional metallic, i.e. aluminium and steel, and G/CFRP composite tubes. In 

addition, the flexural behaviour and vibration properties of large-scale FFRP composite 

tubes with different geometries are experimentally investigated.  

 

Chapter 5: This chapter presents the axial compressive behaviour of FFRP-CFRC of 

FFRP-PC composite columns as axial structural members. The experimental results and 

analytical modelling of FFRP-CFRC and FFRP-PC composites are provided. 

Comparisons between experimental test results and theoretical predictions based on the 

existing stress models for G/CFRP confined concrete are given. Based on the test results 

and the analysis, a strain model is proposed for FFRP-PC and FFRP-CFRC for practical 

design purpose. Factors influencing the strength and ductility of the composite such as: 

coir fibre content, coir fibre length and FFRP tube thickness, are addressed.  

Chapter 6: This chapter introduces the flexural behaviour of FFRP-PC and FFRP-CFRC 

composite beams as flexural structural members. The experimental results of FFRP-

CFRC and FFRP-PC beams under four point bending are given. The flexural behaviour of 

FFRP-CFRC is compared with plain concrete (PC), CFRC and FFRP-PC specimens. The 

effect of coir fibre inclusion and tube thickness on the ultimate load, deflection, energy 

absorption capacities, failure modes and ductility is addressed. The failure mode of CFRC 

core is further analysed using photography and SEM study. The neutral axis depth of the 

composite beams is determined. A simplified analytical method based on linear elastic 

analysis and an assumption of Bernoulli’s theory is developed to predict the moment 

capacities of FFRP-PC and FFRP-CFRC beams. In addition, the slippage between FFRP 

tube and the concrete core is discussed.  

Chapter 7: This chapter includes two parts. Firstly, a novel interlocked FFRP and CFRC 

interfacial profile is proposed and introduced. Push-out test is performed on normal and 

interlocked FFRP-CFRC cylinder to evaluate the effectiveness of this interlocking profile 

on the bond behaviour between FFRP tube and the CFRC core. Then, the study 

investigates the effect of interlocking on the axial compressive and flexural behaviour of 

FFRP-CFRC composites. In addition, the effect of interlocking on slippage between the 

FFRP tube and the CFRC core is analysed and discussed. Secondly, the bond strength 

between FFRP panels and CFRC block with different parameters for the profile is 
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experimentally investigated to have an optimized interlocked FFRP and CFRC interfacial 

profile.  

Chapter 8: This chapter introduces the hammer-induced vibration test on FFRP-PC and 

FFRP-CFRC beams in order to obtain the basic dynamic properties of composite beams 

in longitudinal, transverse and torsional vibration modes. The effects of coir fibre 

inclusion and FFRP tube on these dynamic properties of FFRP-CFRC beams are 

discussed. The considered parameters include dynamic elasticity of modulus, Poisson’s 

ratio, damping ratio and natural frequency. The dynamic elasticity of modulus and 

dynamic Poisson’s ratio are compared with the values obtained from static axial 

compression test. The mechanism behind the increase in damping due to coir fibres is 

discussed. 

Chapter 9: A summary of the investigations is given in this chapter. The chapter also 

presents the general conclusions drawn from the work presented in this dissertation. 

Recommendations for design and characterization of this steel-free FFRP-CFRC structure 

are given. Possible future research is outlined. 
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Chapter 2 

Literature review 

Related journal papers: 

Yan, L.B., Chouw, N., Jayaraman, K., 2014. Flax fibre and its composites – A review. 

Composites Part B: Engineering, 50: 296-317.  

2.1 Flax fibre and flax fibre reinforced polymer composites 

In recent years, the use of flax fibres as reinforcement for FRP composites has gained 

popularity due to an increasing requirement for developing sustainable materials. Flax 

fibres are cost-effective and offer specific mechanical properties comparable to those of 

glass fibres. Composites made of flax fibres with thermoplastic, thermoset and 

biodegradable matrices have exhibited good mechanical properties. This review presents 

a summary of recent developments of flax fibre and its composites. 

2.1.1 Introduction  

The use of bio-fibres to replace glass fibres as reinforcement in FRP composites for 

engineering applications has gained popularity due to an increasing environmental 

concern and desire for sustainable materials. Approximately 43,000 tonnes of natural 

fibres were utilized as reinforcement materials in FRP composites in EU in 2003 (Liu et 

al., 2007). The amount increased to around 315,000 tonnes in 2010, which accounted for 

13% of the total reinforcement materials (glass, carbon and natural fibres) in FRP 

composites. It is forecasted that about 830,000 tonnes of bio-fibres will be consumed by 

2020 and the share will go up to 28% of the total reinforcement materials (Carus and 

Scholz, 2011).
 
The US Department of Agriculture and the US Department of Energy had 

set goals of having at least 10% of all basic chemical building blocks be created from 

renewable and plant-based sources in 2020, increasing to 50% by 2050 (Mohanty et al., 

2005). The explosive growth in bio-composites is indicative of their wide application in 

the future as the next generation structural materials. 
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2.1.2 Flax fibres 

Flax (Linum usitatissimum) is one of the most widely utilized bio-fibres. Flax is also one 

of the first to be extracted, spun and woven into textiles. Flax in textile use was found in 

graves in Egypt dating back to 5,000 BC (Dewilde, 1983). Kvavadze et al. (2009) have 

recently reported finding twisted wild flax fibres indicating that prehistoric hunter-

gatherers were making cords for hafting stone tools, weaving baskets, or sewing garments 

around Dzudzuana Cave (Georgia) up to 30,000 years ago. Flax grown for fibre and 

linseed grown for seed oil are cultivars (varieties of the same plant species bred with an 

emphasis on the required product) (Shekhar and Van Sumere, 1992). Canada is the largest 

producer and exporter of flax in the world since 1994. In 2005/06, Canada produced 

about 1.035 million-tonnes and currently ships 60% of its flax exports to EU, 30% to the 

US, and 4% to Japan (Flax Council of Canada, 2011). Other leading producers of flax are 

France, Belgium and the Netherlands, with nearly 130,000 acres under cultivation 

annually. In 2007, the EU produced 122,000 tonnes of flax fibres. Climatic conditions in 

the regions are perfect for growing flax, and increasing worldwide demand for linen 

makes it an important cash crop. The growing cycle of flax is short, with only 100 days 

between sowing in March and harvesting in July in the Western European region (Libeco, 

2012). 

2.1.2.1 Structures 

Flax fibres are produced in the stems of flax bast plant. Like cotton, flax fibre is a 

cellulose polymer, but its structure is more crystalline, making it stronger, crisper and 

stiffer to handle, and more easily wrinkled. A schematic view of the multi-scale structures 

of flax from stem to the cellulosic fibrils is given in Figure 2.1 (Charlet et al., 2007; 2009). 

Flax plant ranges in length up to 90 cm which possesses strong fibres all along its stem, 

and average 12 to 16 microns in diameter. At the macroscopic level, a flax stem is 

composed, from the outer towards the inner part, of bark, phloem, xylem and a central 

void. At the meso-scopic level, the cross-section of a bundle contains between 10 and 40 

fibres which are linked together mainly by pectin (Charlet et al., 2007). The 

microstructure of a flax fibre is extremely complex due to the hierarchical organisation at 

different length scale and the different materials present in variable proportions (Baley, 

2002). At the microscopic scale, each elementary fibre is itself made of concentric cell 

walls, which differ from each other in terms of thickness and arrangement of their 
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constitutive components. At the centre of the elementary fibre, the concentric cylinders 

with a small open channel in the middle called the lumen, which contributes to water 

uptake as displayed in Figure 2.1. The outer cell wall designed as the primary cell wall is 

only 0.2 µm thick (Bos and Donald, 1999). On the outer side, the thin primary cell wall 

coats the thicker secondary cell wall which is responsible for the strength of the fibre and 

encloses the lumen. Each layer is composed of microfibrils of cellulose which run parallel 

one to another and form a microfirilar angle with the fibre direction; this angle is 

minimum in the secondary cell wall (Charlet et al., 2007). The bulk of the fibre is 

essentially constituted by the layer S2 of the secondary cell wall (dominating the cross 

section), as shown in Figure 2.2. This thickest cell wall (S2) contains numerous 

crystalline cellulose micro-fibrils and amorphous hemicellulose which are oriented at 10° 

(see Figure 2.2) with the fibre axis and give fibre its high tensile strength (Baley, 2002). 

At the nano-scale, a microfibril is constituted of cellulose chains (crystalline zones) 

embedded in an amorphous matrix mainly made of pectins and hemicelluloses. The 

cellulose crystallites in the secondary cell wall are laid down in oriented, highly 

crystalline microfibrils which are glued together by the amorphous hemicellulose/pectic 

matrix (Baley, 2002). These micro-fibrils represent about 70% of the weight of a flax 

fibre and are likely to act as the reinforcement material within the fibre. The angle 

between the axis and the fibrils of the fibre could affect the strength of the fibres (Bos and 

Donald, 1999). Generally, a fibre is more ductile if the micro-fibrils have a spiral 

orientation or the fibre axis.  

 

Figure 2.1: Flax structure from the stem to the cellulosic fibrils (Charlet et al., 2007; 

2009) 
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Figure 2.2: The micro-structure of a flax fibre cell (Baley, 2002) 

 

2.1.2.2 Chemical composition  

The chemical composition and location of constituents within the flax stem define the 

properties of flax fibre. Table 2.1 lists the compositions of flax fibres reported by 

different authors (Bastra, 1998; Troger et al., 1998; Liholt et al., 1999; Khalil et al., 2000; 

Cristaldi et al., 2010; Dittenber and GangaRao, 2012). The main constituents of a flax 

fibre consist of cellulose, hemicellulose, wax, lignin and pectin, in varying quantities. 

Cellulose, hemicellulose and lignin are basic components which determine the physical 

properties of the fibres. Cellulose is the stiffest and the strongest organic constituent in 

the fibre. However, cellulose is a semicrystalline polysaccharide with a large amount of 

hydroxyl group, giving hydrophilic nature to natural fibre when used to reinforce 

hydrophobic matrices. The result is a very poor interface and poor resistance to moisture 

absorption (Bledzki et al., 2008). In composite materials, bio-fibres adhere poorly to 

hydrophobic matrices, often to the point that the composite is mechanically inferior to 

either the bio-fibres or the matrix material on their own. This calls for the fibre or matrix 

modification to improve the mechanical properties of the composite. Hemicellulose is 

strongly bound to cellulose fibrils presumably by hydrogen bonds. Hemicellulosic 

polymers are branched, fully amorphous and have a significantly lower molecular weight 

than cellulose. Because of its open structure containing many hydroxyl and acetyl groups, 
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hemicellulose is partly soluble in water and hygroscopic. Lignin and pectin act mainly as 

bonding agents (Salnikov et al., 2003). Lignins are amorphous, highly complex, mainly 

aromatic, polymers of phenylpropane units but have the least water sorption of the natural 

fibre components (Bledzki et al., 2008). The waxy substances of flax fibres affect the 

fibre wettability and adhesion characteristics. As shown in Table 2.1, flax fibre is rich in 

cellulose which accounts for about 70% of the total chemical composition. This enables 

flax to be widely considered as reinforcement in composite.  

Table 2.1: Chemical composition of flax fibres as reported by different authors 

Cellulose 

(%) 

Hemi-

cellulose (%) 

Pectin 

(%) 

Lignin 

(%) 

Wax 

(%) 

Moisture 

content 

(wt. %) 

Reference 

64.1 16.7 1.8 2.0 1.5 10.0 Bastra, 1998 

67 11 - 2.0 - - Troger et al., 1998 

73.8 13.7 - 2.9 - 7.9 Liholt et al., 1999 

65 - - 2.5 - - Khalil et al., 2000 

62-72 18.6-20.6 2.3 2-5 1.5-1.7 8-12 Cristaldi et al., 2010 

71-75 18.6-20.6 2.2 2.2 1.7 10.0 Dittenber & GangaRao, 2012 

 

2.1.2.3 Tensile deformation  

Tensile properties of flax fibres are essential when considering as reinforcement in FRP 

composites. The tensile deformation of a flax fibre is influenced by the specimens, even 

when these fibres are cultivated in the same location and the test parameters considered 

are identical. Charlet et al. (2009) gave the typical tensile stress-strain curve of the flax 

fibre, as shown in Figure 2.3. The response curve can be divided into three parts: (1) a 

first linear part (strain from 0 to 0.3%), this deformation associates with a global loading 

of the fibre, through the deformation of each cell wall; (2) a second non-linear part (0.3 to 

1.5%), the non-linear behaviour was interpreted as an elasto-visco-plastic deformation of 

the fibre, especially of the thickest cell wall (S2), since the alignment of the cellulosic 

micro-fibrils with the tensile axis led to the re-arrangement of the amorphous parts of the 

wall (mainly made of pectin and hemicelluloses); and (3) the final linear (1.5% to 

rupture). This linear part is thought to correspond to the elastic response of the aligned 

micro-fibrils to the applied tensile strain.  
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Figure 2.3: Tensile stress-strain curve of an elementary flax fibre (reproduced with 

permission from Charlet et al. (2009) 

 

2.1.2.4 Factors affecting tensile properties  

Unlike synthetic fibres, natural fibres have significantly greater variability in their 

mechanical properties due to the conditions experienced in the field and the potential 

damage arising from the processes of production and measurement conditions. These 

factors which affect the mechanical properties of flax fibres are summarised in Table 2.2 

(Nishino, 2004). In the process of production of flax fibres, there are several different 

stages: plant growth, harvesting, fibre extraction and supply. In each stage several factors 

can influence the quality of fibres. Except for the structure and property of the fibre itself, 

experimental conditions such as fibre gauge length, test speed, all have effects on the 

properties of flax fibres. Additionally, various fibre surface treatments change the fibre 

properties considerably.  

Table 2.2: Factors affecting the mechanical properties of flax fibres 

Plant growth  Specimens of plant, crop cultivation, crop geographical origin, 

fibre location in plant, local climate, e.g. rainfall and 

temperature during growth. 

Harvesting stage Fibre ripeness, which effects: cell wall thickness, coarseness of 

fibres, adhesion between fibres and surrounding structure, size 

and shape of lumen, porosity, microfibril angle. 

Fibre extraction stage Decortication process, type of retting method, separating 

conditions. 

Supply stage Transportation conditions, storage conditions, age of fibres. 

Measurement 

conditions 

Tensile speed, initial gauge length, moisture, temperature, 

different cross-section of fibres at different points. 

Surface treatment Chemical treatment, upgrading treatment, water treatment, 

drying treatment, etc. 
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The main problem of natural fibre/polymer composites is the incompatibility between the 

hydrophilic natural fibres and the hydrophobic matrices. The hydrophilic characteristics 

of the natural fibres (e.g. flax fibres) can lead to a poor fibre/matrix adhesion due to the 

presence of pendant hydroxyl and polar groups in the components. This nature leads to 

high moisture uptake which can seriously lower the tensile properties of the fibres 

themselves and thus lower the mechanical performance of bio-composites. To improve 

fibre/matrix interfacial bonding, chemical modifications have been considered for flax 

fibres. Alix et al. (2009) performed five different chemical treatments, i.e. maleic 

anhydride (MA), acetic anhydride (Ac), silane (Si) and styrene (S), on flax fibres 

(cultivated in Hermes variety of the year 2004 in Normandy, France) to investigate their 

effects on fibre tensile properties. It was found that the chemical treatments reduced the 

stiffness and the toughness of fibres, excepted for Si treatment. It is believed that the 

significant enhancement in tensile properties with Si treatment is due to the possible 

grafting of Si with a long carbonyl chain between microfibrils. Physical treatments, such 

as stretching, thermo-treatment do not change the chemical composition of the fibres but 

change the fibre structure, surface properties and thereby influence the tensile properties 

of the fibres (le Duigou et al., 2012). The physical and tensile properties of flax fibres by 

different authors are listed for Table 2.3. 

Table 2.3: Physical and tensile properties of flax fibres by different authors 

Diameter 

(µm) 

Relative 

density 

(g/cm
3
) 

Tensile 

strength 

(MPa) 

Elastic  

modulus 

(GPa) 

Strain at 

failure  

(%) 

Reference 

12-600 1.4-1.5 343-2000 27.6-103 1.2-3.3 Dittenber & GangaRao, 2012 

17.8 5.8 1.53 1339 486 58 15 3.27 0.4 Baley, 2002 

12.9 3.3 - 1111 544 71.7 23.3 1.7 0.6 Andersons et al., 2006 

15.8 4.1 - 733 271 49.5 3.2 1.7 0.6 Andersons et al., 2006 

15.6 2.3 - 741 400 45.6 16.7 1.7 0.6 Andersons et al., 2006 

21.2 6.6 - 863 447 48.0 20.3 2.1 0.8 Andersons et al., 2006 

15 0.6 1.53 1381 419 71 25 2.1 0.8 Charlet et al., 2006 

 

2.1.2.5 Comparison to glass and other bio-fibres 

The physical and tensile properties of various natural fibres and glass fibres are given in 

Table 2.4. Dittenber and GangaRao (2012) made a comparison between natural fibres 
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with glass fibre in specific Young’s modulus, cost per weight and cost per unit length to 

resist 100 kN load. The specific modulus was approximated using the average of the 

extreme values (the upper and lower values) of stiffness and the average of the extreme 

values of density found in the literature. It is observed that the specific Young’s modulus 

of flax is the second largest one followed by Ramie and the specific modulus of flax is 

greater than that of glass. The comparison in cost per weight indicates that the unit price 

of flax fibre (0.3 to 1.2 US dollar per kg) is also lower than that of glass fibres (1.6 to 3.3 

US dollar per kg). Therefore, among various natural fibres, flax fibre offers the best 

potential combination of low cost, light weight, and high strength and stiffness for 

structural application.  

Table 2.4: Physical and tensile properties of natural fibres and glass fibres (Dittenber and 

GangaRao, 2012) 

Fibre 

type 

Diameter 

(µm) 

Relative 

density 

(g/cm
3
) 

Tensile 

strength 

(MPa) 

Elastic 

modulus 

(GPa) 

Specific 

modulus 

(GPa×cm
3
/g) 

Elongation  

at failure  

(%) 

E-glass <17 2.5-2.6 2000-3500 70-76 29 1.8-4.8 

Abaca - 1.5 400-980 6.2-20 9 1.0-10 

Alfa - 0.89 35 22 25 5.8 

Bagasse 10-34 1.25 222-290 17-27.1 18 1.1 

Bamboo 25-40 0.6-1.1 140-800 11-32 25 2.5-3.7 

Banana 12-30 1.35 500 12 9 1.5-9 

Coir 10-460 1.15-1.46 95-230 2.8-6 4 15-51.4 

Cotton 10-45 1.5-1.6 287-800 5.5-12.6 6 3-10 

Curaua 7-10 1.4 87-1150 11.8-96 39 1.3-4.9 

Flax 12-600 1.4-1.5 343-2000 27.6-103 45 1.2-3.3 

Hemp 25-600 1.4-1.5 270-900 23.5-90 40 1-3.5 

Henequen - 1.2 430-570 10.1-16.3 11 3.7-5.9 

Isora - 1.2-1.3 500-600 - - 5-6 

Jute 20-200 1.3-1.49 320-800 30 30 1-1.8 

Kenaf - 1.4 223-930 14.5-53 24 1.5-2.7 

Nettle - - 650 38 - 1.7 

Oil palm  - 0.7-1.55 150-500 80-248 0.5-3.2 17-25 

Piassava - 1.4 134-143 1.07-4.59 2 7.8-21.9 

PALF 20-80 0.8-1.6 180-1627 1.44-82.5 35 1.6-14.5 

Ramie 20-80 1.0-1.55 400-1000 24.5-128 60 1.2-4.0 

Sisal 8-200 1.33-1.5 363-700 9.0-38 17 2.0-7.0 

 

For structural application with bio-composites, the production yield of the fibre 

reinforcement should be sufficient. The estimated production volumes of several 

commonly used natural fibres which are common for composite fabrication are given in 
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Table 2.5. It shows that cotton has the largest yield. However, cotton fibre in specific 

modulus and per unit cost is not desirable compared to flax, as described by Dittenber and 

GangaRao (2012). Table 2.5 also shows that jute and flax also have the relatively high 

annual yield with favourable mechanical properties. Thus, when taking the cost, 

mechanical performance and yield into account, among various bio-fibres, flax, hemp and 

jute are the three most promising candidates that can be considered to replace glass fibres 

in composites. 

Table 2.5: Estimated global production volume averages of different natural fibres (in 

million metric tons per year) 

Fibre type Production per year (Million 

tonnes) 

Main producer countries 

Abaca 0.10 Philippines, Equator 

Cotton 25 China, USA, India, Pakistan 

Coir 0.45 India, Sri Lanka 

Flax
 1 

0.50-1.5 China, France, Belgium, 

Belarus, Ukraine 

Hemp
 2 

0.10 China 

Henequen 0.03 Mexico 

Jute 2.5 India, Bangladesh 

Kenaf 0.45 China, India, Thailand 

Ramie 0.15 China 

Silk 0.10 China, India 

Sisal 0.30 Brazil, China, Tanzania, 

Kenya 
1
 The real production of flax was underestimated because the production of flax in 

Canada is not considered for calculation.  
2
 China has announced plan to substantially increase the hemp production for textiles in 

the coming years to 1.5 million tonnes of fibre per year. 

 

2.1.3 Polymer matrix 

In natural fibre/polymer composites, polymer matrix holds the fibres together to provide a 

shape and transfer the load to the fibres by adhesion and/or friction. Matrix also provides 

rigidity and shape to structural member, protects fibres from chemical and corrosion, 

influence the performance behaviours such as impact and ductility. The commonly used 

thermoplastic polymer matrix is polypropylene (PP) and several synthetic thermoplastics 

such as polyethylene (PE), polystyrene (PS). The properties of the thermoplastics are 

listed in Table 2.6 (Holbery and Houston, 2006). The primary thermoset resins used are 

polyester, vinyl ester, and epoxy resins.  
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Table 2.6: Properties of typical thermoplastic polymers used in natural fibre composite 

fabrication (Holbery and Houston, 2006) 

Properties PP LDPE HDPE PS 

Density (g/cm
3
) 0.899-0.920 0.910-0.925 0.94-0.96 1.04-1.06 

Water absorption (24 h@20
o
C) 0.01-0.02 < 0.015 0.01-0.2 0.03-0.10 

Tg (
o
C) -10 to -23

’ 
-125 -133 to – 100

’ 
N/A 

Tm (
o
C) 160-176 105-116 120-140 110-135

’ 

Heat deflection Temp (
o
C) 50-63 32-50 43-60 Max. 220 

Coefficient of thermal 

expansion (mm/mm/
 o
Cx10

5
) 

6.8-13.5 10 12-13 6-8 

Tensile strength (MPa) 26-41.4 40-78 14.5-38 25-69 

Elastic modulus (GPa) 0.95-1.77 0.055-0.38 0.4-1.5 4-5 

Elongation (%) 15-700 90-800 2.0-130 1-2.5 

Izod impact strength (J/m) 21.4-267 > 854 26.7-1068 1.1 

PP = polypropylene, LDPE = low density polyethylene, HDPE = high-density polyethylene 

and PS = polystyrene 

 

A comparison of the typical thermoset properties is provided in Table 2.7 (Holbery and 

Houston, 2006). Thermoplastics have many advantages over thermoset polymers in bio-

composites fabrication such as low processing, design flexibility, and ease of moulding 

complex parts. However, the development of thermoplastic natural-fibre composites is 

restricted by the processing temperature. Generally, the temperature should be below 

230
o
C to avoid degradation of bio-fibres, e.g. PP and PE. Among the thermoplastic 

polymers, PP is the most widely used in bio-composites due to its low density, good 

mechanical properties, relatively high temperature resistance, excellent processibility, and 

good impact resistance. Although thermoplastic materials currently dominate as matrices 

for bio-fibres, nowadays more and more researchers are looking more toward to 

thermosets. This is because thermoset polymers outperform thermoplastics in some areas, 

including mechanical properties, chemical resistance, thermal stability, and overall 

durability. In addition, thermosets allow for more flexibility in structural fibre 

configurations and can be processed at room temperature or at temperatures comfortably 

within the safe range for natural fibres. Among thermosets, epoxy is the most common 

one. Epoxy resins offer high mechanical performance (with respect to tensile strength and 

modulus, and compressive strength) and solvent resistance to environmental degradation. 

Vinyl ester is also widely used for its excellent chemical resistance, good thermal (better 

moisture resistance than epoxy when cured at room temperature) and impact properties. 
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Table 2.7: Properties of typical thermoset polymers used in natural fibre composites 

(Holbery and Houston, 2006) 

Property  Epoxy Polyester  Vinyl ester  

Density (g/cm
3
) 1.1-1.4 1.2-1.5 1.2-1.4 

Elastic modulus (GPa) 3-6 2-4.5 3.1-3.8 

Tensile strength (MPa) 35-100 40-90 69-83 

Compressive strength (MPa) 100-200 90-250 100 

Elongation (%) 1-6 2 4-7 

Cure shrinkage (%) 1-2 4-8 N/A 

Water absorption (24 h@20
o
C) 0.1-0.4 0.1-0.3 0.1 

Izod impact strength (J/m) 0.3 0.15-3.2 2.5 

 

2.1.4 Flax fibre reinforced composites 

Flax fibres as reinforcement material of composite are not only considered in the form of 

monofilament configuration. Monofilament fibres are further processed into mats, rovings, 

yarns and fabrics in composites. To date, a variety of manufacturing techniques have been 

developed to produce composites, such as film stacking, vacuum infusion, hand lay-up, 

compression moulding, filament winding, manual winding, resin transfer moulding 

(RTM), injection moulding and pultrusion. When selecting a manufacturing technique, 

the parameters including the targeted properties, size and shape of the composites, the 

properties of raw materials and manufacturing cost all should be taken into account. The 

size of a composite is treated as a dominating factor for composite fabrication. For 

preliminary evaluation of composites with small size, injection and compression 

mouldings are preferred as a consequence of their simplicity and fast processing period. 

For structure with large size, open moulding and autoclave processes (e.g. RTM and hand 

lay-up) are essential. Some manufacturing techniques are excluded for composites with 

specified shapes. Filament winding is the most suitable method for manufacturing 

composites pressure vessels and cylinders where the fibres normally are in the form of 

yarn (Ho et al., 2011). Pultrusion is mainly used for producing long and uniform cross-

section parts. In injection moulding, fibres are usually chopped into short according to the 

critical fibre length. The stress should be fully transformed from the matrix to the fibre 

and the fibre can be loaded to its full capacity assuming a good interfacial bonding is 

achieved. The amount of the mixture can be pre-designed. Compression moulding 

technique is a combination of hot-press and autoclave processes. The fibres are usually in 

the forms of chopped fibres and mat. Hand lay-up is a labour-intensive process which is 

easy to deal with and cost-effective. It is widely used in civil infrastructure to retrofit and 
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strengthen structure with carbon or glass fibre reinforced composites. Liquid composite 

moulding technique includes RTM, vacuum infusion, structural reaction injection 

moulding, and other subsets where the basic approach is to separately inject and liquid 

resin into a bed of stationary preforms (Ho et al., 2011). The RTM and vacuum infusion 

enables the production of composites with high volume fraction and better strength-to-

weight ratio. The fibre preforms normally are fabric and mat. In particular, theoretically, 

there is no limitation on the size of composites with RTM and vacuum infusion processes, 

which is critical for practical engineering application.  

Oksman (2001) studied the mechanical properties of traditionally retted unidirectional 

(UD) flax/epoxy composites and UD ArcticFlax/epoxy using the RTM technique. Results 

showed that the (50/50) high quality ArcticFlax/epoxy composite has a stiffness of about 

40 GPa and tensile strength of 280 MPa. RTM showed to be a suitable processing 

technique for natural fibre composites when high quality laminates are preferred. 

Fibre surface condition (e.g alkalization) is critical for the interfacial bond between fibre 

and matrix. Van de Weyenberg et al. (2006) found that alkalization of flax fibres is a 

simple and effective method to enhance the fibre/epoxy matrix bonding thus improving 

the flexural properties of UD flax/epoxy composites. John and Anandjiwala (2009) found 

that the Zein modification (2% solution) increased the tensile and flexural strength as a 

result of the improvement in interfacial bonding. However, the modification decreased 

the impact strength of the composites. The decrease in impact strength may be interpreted 

by assuming that a better fibre/matrix adhesion results in shorter average pull-out lengths 

of the fibres.        

Assarar et al. (2001) compared the tensile properties of flax- and glass-fabric reinforced 

epoxy composites which were fabricated by a hand lay-up process. It was found that the 

tensile strength of flax composites reached up to 380 MPa – making it close to that of 

glass-fabric reinforced epoxy composites.  

2.1.5 Summary 

Flax fibres are cost-effective materials have specific mechanical properties which have 

potential to replace glass fibres as reinforcement in FRP composite. Their main 

disadvantage is the variability in their properties. Environmental effects (e.g. high relative 

humidity) will degrade the tensile properties of flax fibres. A suitable chemical treatment 
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(e.g. Silane) can increase the tensile strength and strain of the flax fibres. Improving the 

poor environmental- and dimensional stability of lignocellulosic materials is an effective 

way to modify the mechanical properties of these materials. 

Flax fibre with thermoplastic and thermoset matrices exhibit promising mechanical 

properties. A major limitation of using flax fibres as reinforcement in composites is the 

incompatibility which results in poor fibre/matrix interfacial bonding and thereby reduces 

the tensile properties. The selection of suitable manufacturing process and 

physical/chemical modification can improve the mechanical properties of flax composites. 

2.2 Coir fibre and coir fibre reinforced concrete composites 

Natural fibres as reinforcement in composites (such as cement paste, cement sand mortar 

and concrete) have been studied by many researchers because the fibres can modify 

tensile and flexural strength, and fracture energy, e.g. (Ramakrishna and Sundararajan, 

2005; Asasutjarit et al., 2007). These natural fibres studied include coir, sisal, jute, 

eucalyptus grandis pulp, malva, ramie bast, pineapple leaf, kenaf bast, sansevieria leaf, 

abaca leaf, bamboo, palm, banana, hemp, flax, and cotton and sugarcane fibres, etc. 

Natural fibres are very cheap and locally available in many countries. Their use, as a 

construction material, for improving the properties of the composites costs a very little 

when compared to the total cost of the composites.  

2.2.1 Coir fibres and its mechanical properties 

Coir fibre is one of the widely used natural fibres for concrete due to its highest toughness 

among natural fibres and the extremely low cost, as well as availability (Buruah and 

Talukdar, 2007). Coir fibre is extracted from the outer shell of a coconut. In 2009, 

approximately 500,000 tonnes of coir fibres were produced annually worldwide, mainly 

in India and Sri Lanka (Buruah and Talukdar, 2007). The physical and mechanical 

properties of coir fibres can be found in Table 2.4.  

The tensile stress-strain curves of coir fibres by different authors are given in Figure 2.4. 

The information in the table and the figure shows that coir fibres possessing elongations 

at failure are several times larger than other natural fibres. Coir fibre is reported the 

toughest fibre (21.5 MPa) amongst all natural fibres, where toughness of a fibre is taken 

as the area under stress-strain curve (Ali et al., 2012). 
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Figure 2.4: Tensile stress-strain curves of coir fibres (Ali et al., 2012) 

 

2.2.2 Coir fibre reinforced concrete composites 

Li et al. (2004) stated that flexural toughness and flexural toughness index of 

cementitious composites with coir fibre increased by more than 10 times due to coir fibre 

bridging effect. Reis (2006) also reported that coir fibre increased concrete composite 

fracture toughness and the use of coir fibres showed even better flexural properties than 

synthetic fibres (glass and carbon). Baruah and Talukdar (2007) reported that the 

compressive, tensile and shear strengths of CFRC with 2% fibre (by volume of concrete 

and fibre length of 40 mm) increased by 13.7%, 22.9% and 32.7% respectively, compared 

with the plain concrete (PC) specimens. Tensile splitting test indicated that PC was 

broken into two halves without contact. In contrast, CFRC specimen was crushed into 

two halves but still kept as a whole due to coir fibre bridging effect. Islam et al. (2012) 

found that the addition of 0.5% volume (vol.) coir fibres enhanced the flexural strength of 

normal-strength concrete by 60% but only by 6% of high-strength concrete. However, the 

ductility and toughness of the both normal- and high-strength concrete increased with an 

increase in the volume fraction content of the coir fibres. Hasan et al. (2012) suggested 

used coir fibres as reinforcement for lightweight concrete structures. 

Ali et al. (2012) investigated the mechanical properties of coir fibre reinforced concrete. 

In the study, three different fibre lengths (i.e. 2.5, 5 and 7.5 cm) and four different fibre 

contents by mass of cement (i.e. 1, 2, 3 and 5%) were considered. PC was considered as a 

reference for evaluation. Therefore, a total of 13 batches of concrete were constructed. It 

was found that the coir fibre inclusion reduced the slump compared to the PC. The slump 

decreased with an increase in fibre content. The CFRC with fibre length of 5 cm had 

better slump than other CFRC batches with other fibre lengths. Overall, the slumps for 
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different CFRCs were 10-40 mm and the CFRCs were workable inspite of this low slump. 

The decrease in the workability of CFRC was due to the hydrophilic nature of the coir 

fibres. With an increase in fibre content and fibre length, the static modulus of elasticity 

of the various CFRCs reduced. Compared with the PC, the coir fibre inclusion either 

increased or reduced the static modulus of elasticity depending on the fibre content and 

fibre length used. However, the CFRC with 5 cm long fibres and 5% fibre content had the 

best overall static properties, i.e. compressive, splitting tensile and flexural properties (Ali 

et al., 2012).  

Using CFRC that reduces raw building materials consumption and increases energy 

efficiency would provide a solution to immediate infrastructure needs while promoting 

the concept of sustainability. For instance, Cook et al. (1978) used CFRC as low cost 

roofing materials. It was found that the coir fibre reinforced concrete was much cheaper 

compared with locally available roofing materials. Luisito et al. (2013) suggested CFRC 

boards for application as such as titles, bricks, plywood and hollow blocks. As suggested 

by Ali et al. (2013), using local materials such as coir fibres and ropes as reinforcement of 

concrete is more economical than the construction of earthquake-resistant structures with 

steel reinforcement. 

2.3 Durability of flax fibre reinforced polymer composites and coir 

fibre reinforced concrete composites 

There is no doubt that natural fibre reinforced concrete and polymer composites had 

many promising features for sustainable concrete structure applications. But several 

challenges in the promotion of these natural fibre composites remain. One major obstacle 

which needs to be overcome for successful commercialization of natural fibre reinforced 

concrete and natural fibre reinforced polymer composites is their durability.  

For FFRP composites, durability also relates to resistance to deterioration resulting from 

external and internal influences. The lack of data related to the durability of natural fibre 

reinforced composites is one major challenge that needed to be addressed prior to a 

widespread acceptance and implementation of bio-composite materials in different 

engineering areas. To have durable flax fibre reinforced composites, the modification of 

the poor environmental and dimensional stability of lignocellulosic materials, e.g. using 

Duralin treatment of flax fibres to reduce moisture absorption and swelling, was 
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recommended (Stamboulis et al., 2000). Improved understanding of interfacial properties 

is also essential to optimise the mechanical properties and durability of bio-composites 

materials. Le Duigou et al. (2010) used different thermal treatments, i.e. cooling rate and 

annealing to increase interfacial bonding of flax fibre/poly(l-lactide) composites. In 

addition, a proper modification such as functionalizing and blending on fibre surface (e.g. 

by acrylic acid and vinyl trimetoxy silane (Singh et al. 2000)) and polymer matrix is also 

beneficial for the development of durable flax fibre reinforced composites. Arbelaiz et al. 

(2005) used maleic anhydride-polypropylene copolymer (MAPP) as compatibilizer to 

treat flax fibres. Results showed that using MAPP as coupling agent, mechanical 

properties of flax fibre reinforced composites improved and the water uptake rate of the 

composites clearly decreased. Guduri et al. (2008) considered Polypropylene-graft-

Maleic anhydride (PP-g-MA, Grade: G-3015) and Polyethylene-graft-Maleic anhydride 

(PE-g-MA, Grade: G-2608) as compatibilizer to increase mechanical properties and 

reduce water absorption of flax fibre reinforced composites, eventually the durability of 

the composites was improved. Joffe et al. (2003) considered triacetin as plasticizer to 

improve the adhesion between fibre and matrix to improve the durability. As summarized 

by La Mantia and Morreale (2011), other types of treatment can also be considered to 

improve the durability of flax fibre reinforced polymer composites: (1) Alkali treatment 

(mercerization), (2) Acetylation, (3) Stearic acid treatment, (4) Benzylation, (5) Peroxide 

treatment, (6) Anhydride treatment, (7) Permanganate treatment, (8) Silane treatment, (9) 

Isocyanate treatment and (10) Plasma treatment. 

For natural fibre reinforced concrete, the durability is related to the ability to resist both 

external and internal damages (Pacheco-Torgal and Jalali, 2011). The external damages 

include e.g. temperature, humidity variations, sulphate or chloride attack. The internal 

damages are compatibility between fibres and cement matrix and volumetric changes. 

Natural fibres immersed in Portland cement will degrade because the high alkaline 

environment will dissolve the fundamental constituents of the fibres, such as lignin and 

hemicellulose, and in turn weakening the structure of the natural fibres, as explained by 

Gram (1983). Gram concluded that the coir and sisal fibres could preserve their tensile 

strength in carbonated concrete with the value of pH less than 9. Similar durability 

investigation on sisal and coir fibres was also performed by Filho et al. (2000). These 

fibres were placed in a sodium hydroxide solution for 420 days. It was observed that there 

was 27.3% and 39.1% reduction in tensile strength for sisal and coir fibres, respectively. 
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John et al. (2005) investigated coir fibre reinforced blast-furnace slag cement mortar, 

which was taken from the internal and external walls of a 12 year old house. Fibres 

removed from the old samples were reported to be undamaged. No significant difference 

was found in the lignin content of fibres removed from external and internal walls, 

confirming the durability of coconut fibres in cement composites. Sivaraja et al. (2010) 

tested the mechanical properties of CFRC at an interval of 3 months for a period of 2 

years under alternate wetting and drying conditions. The test results indicated that the 

compressive strength increased from 27.8 MPa to 30.3 MPa, splitting tensile strength 

enhanced from 3.28 MPa to 3.58 MPa and the modulus of rupture added from 4.79 MPa 

to 4.85 MPa at the ages of 28 days to 2 years. The wetting and drying for a period of 2 

years had an insignificant effect on the mechanical properties of CFRC. Li et al. (2007) 

studied untreated and alkaline-treated coir fibre reinforced cementitious composites for 

normal curing and accelerated ageing. For accelerated ageing in the last two days of 

curing, the specimens were taken out of the water tank, air dried, and then frozen at 

−10
o
C for 24 hours, followed by thawing the specimens at 24

o
C for 2 hours and baking 

them in a forced draft oven at 90
o
C for 22 hours. The resulting mortar with treated fibres 

had lesser flexural strength (0.8%) and ductility (4%) but greater toughness (19%) than 

mortar with untreated fibres for normal cured specimens. However, for accelerated ageing 

specimens, treated fibres reinforced mortar had a lesser flexural strength (38%) but 

greater toughness (44%) and ductility (73%) than that of untreated fibres reinforced 

mortar. 

To increase the durability of natural fibre reinforced concrete, some authors suggested the 

use of matrix modification, e.g. using low alkaline concrete and adding pozzolans such as 

husk ash, blast furnace slag or fly ashed to Portland cement (Agopyan et al., 2005; 

Savastano, et al., 2005). Mohr et al. (2007) reported that the addition of ternary blends 

with slag and silica fume can prevent fibre degradation effectively. Fibre modification is 

also beneficial for the durability of natural fibre reinforced concrete using water-repellent 

agents or fibre impregnation with sodium silicate, sodium sulphite or magnesium sulphate 

(1995). Natural fibres with coatings can be water-resistant and alkaline-free, and in turn 

improve the durability. Bilba and Arsene (2008) recommended using silane coating to 

improve the durability of natural fibre reinforced concrete. To improve the durability of 

natural fibre reinforced concrete, two methods could be considered: (1) matrix 

modification using low alkaline concrete by adding pozzolanic by-products to Portland 
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cement, and (2) coating of natural fibres to avoid water absorption and free alkalis with 

application of water-repellent agents or fibre impregnation using sodium silicate, sodium 

sulphite, or magnesium sulphate (Pacheco-Torgal and Jalali, 2011). 
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Chapter 3  

Mechanical Properties of Flax Fabric 

Reinforced Polymer Composites 

Related journal papers: 

Yan, L.B., Chouw, N., Yuan, X.W., 2012. Improving the mechanical properties of natural 

fibre fabric reinforced epoxy composites by alkaline treatment. Journal of Reinforced 

Plastics and Composites, 31(6): 425-437.  

Yan, L.B., 2012. Effect of alkaline treatment on vibration characteristics and mechanical 

properties of natural fabric reinforced composites. Journal of Reinforced Plastics and 

Composites, 31(13): 887-896.  

3.1 Introduction 

In the previous chapter, it has been mentioned that flax fibres have specific mechanical 

properties comparable to those of synthetic glass fibres. Hence, they can be used to 

replace glass fibres in FRP composites. Among various natural fibres, flax offers the best 

potential combination of low cost, light weight, and high strength and stiffness as the next 

generation of structural materials for engineering application. For structural application 

with natural FRP (NFRP) composites, the production yield of the fibre reinforcement 

should be sufficient. It was found that jute, flax and bamboo fibres have relatively high 

annual yield with favourable mechanical properties.  

Among various polymer matrices, epoxy, is a commonly used one with high tensile 

strength and compressive properties, as well as solvent resistance to environmental 

degradation. In addition, it allows for flexibility in structural fibre configurations and can 

be processed at room temperature or at temperatures comfortably within the safe range 

for natural fibres, which enable epoxy as a good candidate for manufacturing FRP 

composites. Polymer matrix, reinforced by woven fabric, is the form of composites used 

most commonly in structural applications such as aircrafts, boats and automobiles. This is 



 

25 

 

attributed to the fact that the woven fabric allows the control of fibre orientation and 

quality control, good reproducibility and high productivity.  

In the application of FRP composite materials, good tensile strength is essential for the 

composite performance. The tensile properties of composite materials are significantly 

dependent on the interfacial bond between the fibre and the matrix, as well as the fabric 

structure. The fibres and matrix interfacial adhesion can be improved by surface 

modification such as alkali, saline and acetylation. Among those treatments, alkali is 

widely applied because it is easy to operate and cheap. Studies have shown that alkali 

treatment of fibres with sodium hydroxide (NaOH) solution with 5 wt. % (by weight) for 

30 minutes can significantly increase mechanical strengths of flax fibre reinforced 

composites (Zafeiropouosa et al., 2002) and bamboo fibre reinforced composites 

(Kushwaha and Kumar, 2008). In these composites, the flax and bamboo fibres are in the 

form of monofilament configuration. To date, the effect of alkali on single fibre yarn has 

not been investigated.  

Therefore, to evaluate the mechanical properties of NFRP composites, three epoxy 

composites reinforced with flax, linen and bamboo woven fabrics were manufactured. 

The effect of alkali treatment on the mechanical properties of the three single-strand yarns 

and the corresponding composites were considered. In addition, scanning electron 

microscopy (SEM) is used to study the surface morphology of the yarns and the 

composites. 

3.2 Materials and methods 

3.2.1 Fibre and epoxy  

Commercial woven flax, linen and bamboo fabrics were used because of their wide 

availability. The flax fabric (550 g/m
2
) was obtained from Libeco, Belgium. The linen 

fabric (350 g/m
2
) and the bamboo fabric (210 g/m

2
) were obtained from Hemptech, New 

Zealand. The structures of fabrics are displayed in Figure 3.1. The epoxy used is the SP 

High Modulus Prime 20LV epoxy system, which is specifically designed for use in a 

variety of resin infusion processes (see Table 3.1).  
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Figure 3.1: Structures of flax, linen and bamboo woven fabrics 

Table 3.1: Properties of epoxy system 

Material 

properties 

Resin:  

SP PRIME 20LV 

Hardener:  

SP PRIME 20 Slow 

Mix ratio by weight 100 26 

Viscosity at 20
o
c (cP) 1010-1070 22-24 

Density (g/cm
3
) 1.123 0. 936 

 

3.2.2 Alkali treatment  

Initially these fabrics were cut into a size of 400 mm x 300 mm. Fibre single-strand yarns 

were extracted from the corresponding fabric. For alkali-treated specimens, these fabrics 

and yarns were washed three times with fresh water to remove contaminants, and then 

dried at room temperature for 48 h. The dried fabrics and yarns were then immersed in 5 

wt. % NaOH solution (20
o
C) for 30 min, followed by washed 10 times with fresh water 

and subsequently three times with distilled water, to remove the remaining sodium 

hydroxide solution. Finally, these fabrics and yarns were dried at 80
o
C in an oven for 24 h.  

The significance of alkali treatment is the disruption of hydrogen bonding in the fibre 

surface, thereby increasing surface roughness. This treatment removes a certain amount 

of lignin, wax and oils covering the external surface of the fibre cell wall, depolymerizes 

cellulose and exposes the crystallites. Addition of sodium hydroxide to natural fibre 

promotes the ionization of the hydroxyl group, i.e. the alkoxide (Liu et al., 2009): 

                       OHNaOFibreNaOHOHFibre 2   (3.1)                                              

The fibre with a higher amount of hydrogen groups would become more compatible with 

the epoxy matrix. Thus, alkaline processing directly influences the cellulosic fibril, the 
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degree of polymerization and the extraction of lignin and hemi-cellulosic compounds 

(Jähn et al., 2002).  

3.2.3 Composite fabrication 

All the composites were manufactured by VBT. It consists of an initial hand lay-up of a 

fibre preform and then impregnation of the preform with resin in a flexible bag in which 

negative pressure is generated by a vacuum pump (see Figure 3.2). In the next step, the 

composites were cured at room temperature for 24 h and placed into the Elecfurn oven for 

curing at 65
o
C for 7 h.  

 

Figure 3.2: Vacuum bagging setup for laminate composites (SP system, 2001) 

 

3.2.4 Fibre volume fraction 

Density of the mixed epoxy given by the supplier was 1.08 g/cm
3
. Composite density was 

determined by the buoyancy method using water as the displacement medium based on 

ASTM D792. The void contents of the composites were determined according to ASTM 

D2734. After obtaining the density and void content for each composite, the fibre volume 

fraction for the composite was derived from the fibre/epoxy resin weight ratio and the 

densities of both fibre and epoxy resin matrix (Heslehurst, 2006). The fibre volume 

fraction fV was calculated using the following equation: 

                                       
v

rf

f V
VV

V 



/1

1
1                                                            (3.2)                                                                                

where vV
 
is the void content of composite and 

rV  is the volume of epoxy resin. The 

calculated fibre volume fractions of all the untreated and alkali-treated composites are 
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listed in the Table 3.2. It can be seen that the fibre volume fractions and thicknesses of all 

the composites were approximately 55% and 5 mm, respectively.  

Table 3.2: Physical properties of composites 

Composites Fabric 

layers 

Thickness 

of each 

layer (mm) 

Thickness of 

composites 

(mm) 

Fibre 

volume 

fraction (%) 

Flax/epoxy untreated 6 0.712 5.049 55.1 

alkali-treated 6 0.705 5.021 55.9 

Linen/epoxy untreated 8 0.510 4.984 54.8 

alkali-treated 8 0.498 5.011 55.3 

Bamboo/epoxy untreated 14 0.312 5.085 55.4 

alkali-treated 14 0.304 5.069 54.2 

 

3.2.5 Tensile test of single-strand yarns  

The tensile test was conducted on Instron 5567 machine according to ASTM D2256 on 

single-strand yarn specimen in the straight configuration, in the case of no conditioning. 

The specimens were 150 mm in length, and were handled in a manner to avoid any 

change in twist or any stretching of the specimens. Each test was repeated 10 times at the 

room temperature and the average values were reported. The cross-sectional area of fibre 

single-strand yarn was assumed to be circular; the diameter of the yarn was measured 

with the help of a profile projector.  

3.2.6 Tensile test of composites 

The flat coupon tensile test was conducted on the Instron 5567 machine according to 

ASTM D3039 on plates with a size of 250 mm x 25 mm x 5 mm (length x wide x 

thickness) for each composite. The crosshead speed was 2 mm/min. To register the 

elongation during the test, an extensometer with a gauge was placed on each specimen. 

For each composite, five specimens were tested at room temperature and the average 

tensile strength and modulus were obtained directly from the machine.  

3.2.7 Three point bending test of composites 

The flexural test was carried out on the Instron 1185 machine according to ASTM D790 

on plates with a size of 100 mm x 20 mm x 5 mm (length x wide x thickness) for each 

composite. The crosshead speed was 2.2 mm/min for each test. The length of support 
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span was 80 mm and the overhang length on both sides was 10 mm. For each composite, 

five specimens were tested at room temperature and the average flexural strength and 

modulus were obtained directly from the machine.  

3.2.8 Vibration test of composites 

As a construction material, the damping of the material is an important parameter related 

to the study of vibration of a structure. Damping of a composite can be defined as the 

decay in vibrations of the composite. Damping plays an important role in controlling the 

structure from excessive vibrations due to dynamic loadings. Therefore, understanding 

the vibration characteristic of FRP composite material, like damping has industrial 

significance. Damping ratio – a dimensionless measure of damping – is a property of the 

composite that also depends on its mass and stiffness. Vibration test was conducted by 

using an accelerometer to detect the dynamic characteristics of the composite plates. 

Figure 3.3 gives a schematic view of the vibration test system. Three specimens with a 

size of 250 mm x 25 mm x 5 mm (length x wide x thickness) for each composite was 

clamped in the form of a cantilever beam with 225 mm effective length span; the 

accelerometer was attached on the free end side of each cantilever laminate, and then the 

free vibration was simulated. The vibration acceleration time histories were recorded by 

the data acquisition software with a computer. The logarithmic decrement is used for 

calculating the damping ratio   of cantilever laminates from the recorded acceleration 

time histories based on the following equation:  

                                               
ji

i

g

g

j 

 ln
2

1


                                                                   (3.3)                                                                                         

where ig  is the peak acceleration of ith peak, jig   is the peak acceleration of the peak j  

cycles after ith peak, it  is the time instant at the peak acceleration of the 
thi  cycle, as 

shown in Figure 3.4(a).  
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Figure 3.3: Schematic view of vibration test system 

 

With respect to the fast Fourier transformation (FFT), the vibration frequency spectrum 

was obtained from the measured time-histories. The main peak corresponds to the natural 

frequency of the composite. The average damping ratio and average natural frequency of 

each composite tested on three specimens was reported. 

 

Figure 3.4: Vibration time history: (a) Untreated flax/epoxy composite and (b) alkali 

treated flax/epoxy composite  

 

3.2.9 Compressive test of composites 

The compressive test was carried out according to ASTM D3410 on plates with a size of 

125 mm x 25 mm x 5 mm (length x wide x thickness) for each composite. The crosshead 

speed was 1.5 mm/min for each test. An extensometer with a gauge was amounted on the 

specimen for measurement of the strain. For each composite, five specimens were tested 
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at room temperature and the average compressive strength and compressive modulus 

were reported.  

3.2.10 In-plane shear test of composites 

The in-plane shear test was conducted according to ASTM D3518 with a size of 250 mm 

x 25 mm x 5 mm (length x wide x thickness) for each composite. As per ASTM D3518, 

the in-plane shear stress-strain response of fibre reinforced polymer composites using 

fabric with a plain weave structure is determined by tensile testing of a  450 laminate. 

The cross-head speed was 2 mm/min. To register the elongation during the test, an 

extensometer with a gauge was placed on each specimen. For each composite, five 

specimens were tested at room temperature and the average shear strength and shear 

modulus were obtained. 

3.2.11 Scanning electron microscopy  

Surface topographies of the untreated and alkali-treated fibre yarn were investigated using 

a SEM (Philips XL30S FEG, Netherland) at room temperature, operated at 5 kV. The 

tensile fracture surfaces of the composite samples were also analysed. The sample 

surfaces were vacuum coated by evaporation with platinum before examination.  

3.3 Results and discussion 

3.3.1 Tensile properties of fibre yarns 

The tensile properties of untreated/alkali-treated flax, linen and bamboo yarns are listed in 

Table 3.3. Tensile properties of flax and bamboo monofilament fibres given in literature 

are demonstrated in Table 3.4 (Kesseler et al., 1998; Bos et al., 2002; Defoirdt et al., 

2010). It is observed that both measured tensile failure stress and modulus of flax, linen 

and bamboo single-strand yarns are much lower than those of flax and bamboo 

monofilament fibres in the literature. This is attributed to the different tensile failure 

mechanisms between fibre yarn and monofilament fibre. For monofilament fibre, fibre 

breakage is the only failure mechanism; while the tensile failure of textile fibre yarns is a 

combination of fibre slippage and fibre breakage, see in Figure 3.5(b), which shows the 

flax yarn close to failure. According to Ghosh et al. (2005), the tensile failure of viscose 

fibre yarn is strongly dependent on the yarn structure, i.e. the configuration, alignment 

and packing of constituent fibres in the yarn cross section. For fabric with loose packing 
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of fibres in the yarns, the yarn failure mechanism is slippage dominated, thus the load-

bearing capacity of the slipped fibre is reduced drastically and the final yarn strength is 

poor. 

Table 3.3: Tensile properties of untreated/alkali-treated flax, linen and bamboo single-

strand yarns 

Single-strand fibre yarn Single strand 

diameter 

(mm) 

Density  

(g/cm3) 

Tensile 

failure stress  

(MPa) 

Elongation 

at break 

(%) 

Young’s 

modulus 

(GPa) 

Flax untreated 0.708 1.43 0.09 145.4 8.4 2.9 0.3 16.4 0.4 

alkali-treated 0.703 1.22 0.05  118.5 10.3 3.1 0.4 13.8 0.5 

Linen untreated 0.514 1.35 0.04  129.7 10.1 4.3 0.2 12.3 0.6 

alkali-treated 0.506 1.17 0.13  108.4 12.2 4.4 0.5 10.7 0.4 

Bamboo untreated 0.303 1.26 0.10  67.5 5.7 2.8 0.2  5.4 0.4 

alkali-treated 0.298 0.85 0.09   46.8 6.4 2.8 0.1  3.9 0.3 

 

Table 3.4: Properties of flax and bamboo monofilament fibres in literature 

Fibre Tensile strength 

(MPa) 

Tensile modulus 

(GPa) 

Elongation 

at break (%) 

References 

Flax 400-1800 50-70 2-3 Kesseler et al. (1998), 

Bos et al., (2002) 

Bamboo 140-800 11-35 1.3-3.6 Defoirdt et al. (2010) 

 

 

Figure 3.5: A single-strand flax yarn specimen in tensile test: (a) before loading and (b) 

close to failure  
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Table 3.3 depicts that the tensile failure stress of untreated flax single-strand yarn is 12.1% 

and 115.4% larger than those of untreated linen and bamboo yarns, respectively. The 

elongation at the break point of the linen yarn is almost 50% larger than that of flax and 

bamboo yarns.  

For the alkali-treated counterparts, the tensile strength and modulus of all three fibre 

yarns decreased. Compared to untreated specimens, the alkali-treated flax, linen and 

bamboo yarns experienced 18.5%, 16.4% and 30.7% decrease in tensile strength and 

15.9%, 13.0% and 27.8% decrease in tensile modulus, respectively. However, the 

elongations at break of alkali-treated flax and linen yarns increased. A similar result was 

obtained by Gomes et al. (2004), where a single curaua fibre after alkali treatment was 

considered. This fact may attributable to fibre damage caused by chemical reaction with 

sodium hydroxide during the treatment. This damage is considered to be caused by a 

chemical structural change such that cellulose in the fibre partially changes from 

crystalline cellulose I into amorphous cellulose II (Okano and Nishiyama, 1998).  

Table 3.3 also shows that the alkali treatment leads to the reduction in the diameter and 

the density of yarn specimens. However, the reduction in fibre weight is greater than that 

in fibre diameter after this treatment.  

3.3.2 Surface morphology of fibre yarns 

Alkali treatment could influence the inner cellulosic components of the fibre and the non-

cellulosic components such as hemicelluloses, lignin and pectin simultaneously. After 

alkali treatment, the (partial) hemicelluloses, lignin and surface impurities such as waxes 

and oils were removed from the fibre surface. Since both diameter and density of alkali-

treated yarns decreased (see Table 3.3), this indicates that the hemicelluloses, lignin and 

pectin of the fibres were dissolved by the alkaline solution. The removal of these 

cementing constituents (hemicellulose, lignin and pectin) resulted in the decrease in 

tensile properties of fibre yarn by reducing the stress transfer between the fibrils. The 

removal of surface impurities such as waxes and oils leads to a cleaner and rougher fibre 

surface than before, as displayed in Figure 3.6. This rougher surface facilitates both 

mechanical interlocking and bonding reaction due to the exposure of the hydroxyl groups 

to epoxy, thereby increasing the fibre/matrix adhesion. 
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Figure 3.6: Surface morphology of untreated and alkali-treated single fibre yarns: (a) 

untreated flax and (b) treated flax 

 

3.3.3 Tensile properties of composites 

Figure 3.7 presents the tensile properties of net epoxy resin and untreated/alkali-treated 

flax, linen and bamboo fabric reinforced composites. For untreated specimens (see Figure 
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7(a)), the tensile strengths of flax and linen fabric reinforced composites increased 64.5% 

and 44.1%, respectively, compared to pure epoxy (73 MPa). The tensile moduli of flax 

and linen fabric reinforced composites are 157.1% and 97.1% higher than that of pure 

epoxy (3.5 GPa), respectively (see Figure 3.7(b)). This indicates that the addition of 

fabrics increases the tensile strength and modulus of the composites because a uniform 

stress distribution from the epoxy is transferred to the unidirectional fibre. The significant 

increase in tensile moduli of flax/epoxy and linen/epoxy composites supports the 

following statement derived from the composite matrix theory that the tensile modulus of 

fibre reinforced composite is strongly dependent on the modulus of the fibre and the 

matrix, the fibre content and orientation. However, the addition of bamboo fabric causes a 

decrease of the tensile strength of approximately 26.4% (Figure 3.7(a)), and an increase 

of 25.7% in tensile modulus compared to the respective values of net epoxy (Figure 

3.7(b)). The possible reasons for this strength reduction are: (1) The tensile strength of 

bamboo single-strand yarn itself is much less than those of flax and linen fibres, as shown 

in Table 3.4; and (2) The fibre volume fraction of bamboo/epoxy composite in this study 

is apparently not the optimum one, because the maximum tensile strength of a composite 

exists when an optimum fibre content is used. The optimum fibre content varies with the 

nature of the fibre and matrix, the fibre aspect ratio, and the fibre/matrix interfacial 

adhesion. A significant offset from the optimum value can remarkably decrease the 

tensile strength of the composite, and sometimes lead to an even lower strength compared 

to the one of its components. Also similar behaviour has been observed by Ishak et al. 

(2011), in the study the tensile strength of kenaf core fibre reinforced unsaturated 

polyester composites with fibre content of 40% is lower than that of pure polyester.  

With regard to the tensile strain at failure, only the value of linen/epoxy composite of 3.7% 

is larger than that of pure epoxy, at 3.5%. Both flax/epoxy and bamboo/epoxy composites 

have less tensile strains, which is 3.0% and 2.8%, respectively (see Figure 3.7(c)). This is 

because the elongation measured at break of linen yarn is larger, while those of flax and 

bamboo yarns are lower, compared to the pure epoxy. The decrease in tensile strains at 

failure of the composites is due to the smaller elongation at break point of fibre yarns 

compared to that of pure epoxy; see Table 3.3. Additionally, the bamboo fabric in the 

composites (see Table 3.3) may result in the epoxy being insufficient to wet the fabrics 

entirely and lead to poor fibre/matrix interfacial bonding and thus to the lower tensile 

properties of the composites.   
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Figure 3.7: Tensile properties of untreated/alkali-treated flax, linen and bamboo fabric 

reinforced composites compared to net epoxy resin 

 

As shown in Figure 3.7, the tensile strength and modulus of all the composites increased 

due to the treatment. Compared to the untreated ones, the flax/epoxy, linen/epoxy and 
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bamboo/epoxy composites have 21.9%, 18.7% and 32.8% increase in tensile strength and 

13.3%, 8.8% and 13.6% increase in tensile modulus, respectively.  

Figure 3.8 shows the typical tensile stress-strain relationship of all the composites. The 

stress-strain curves can be divided approximately into three zones. The first zone up to 

about 0.3% strain a purely elastic behaviour can be observed; allowing measurement of 

the modulus. The second zone is a nonlinear zone with the strains ranging from 0.3 to 

1.5%; this nonlinearity could be interpreted as an elasto-visco-plastic deformation of the 

fibre. Similar tensile deformation has been observed in the study of a flax fibre performed 

by Charlet (2003). The possible cause is a re-arrangement of the amorphous parts of the 

wall (mainly made of pectins and hemicelluloses), and itself caused by the alignment of 

the cellulosic microfibrils with the tensile axis. The third zone is approximately linear 

until the point of failure. When it reaches the ultimate tensile strength, the curve is 

followed by a sudden drop, which indicates the occurrence of a brittle failure. This third 

part is thought to correspond to the elastic response of the aligned micro-fibrils to the 

applied strain, and the end of the curve represents the ultimate strength which is due to 

fibre fraction and fibre pull-out. There is no appreciable plastic deformation in the curves 

after failure; the crack propagates rapidly without increase in the applied stress when it 

reaches the peak stress. 

 

Figure 3.8: Typical tensile stress-strain curves for untreated/alkali-treated flax, linen and 

bamboo fabric reinforced composites 

 

As displayed in Figure 3.9, all the untreated specimens failed primarily at a single cross-

section in form of a brittle fracture and exhibited pull-out of fibre yarns. It is clear that the 
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fracture crack is perpendicular to the direction of the applied stress and the failure is 

almost a strainght line. This indicates that failure of the fibre yarns along the load 

direction, debonding and pull-out, and brittle fracture of the matrix are the main failure 

mechanisms of the fabric reinforced composites. This observation will be further 

discussed in the next section. 

 

Figure 3.9: Typical failure mode after tensile test for untreated flax, linen and bamboo 

fabric reinforced composites  

 

3.3.4 Surface morphology of composites tensile fractured surface  

Figure 3.10 depicts a typical fracture zone of untreated flax fabric reinforced composites 

in tension. A indicates the failure of the fibre due to the tensile stress applied. The fibre 

pull-out with a considerable length is clearly visible (B). C points to two large cracks due 

to brittle fracture of the epoxy matrix adjacent to the fibre as a result of the brittle nature 

of the epoxy resin. The gap indicated by D between the flax fibre and the matrix 

represents the fibre debonding, which indicates the loss of fibre/matrix interfacial 

adhesion. Figure 3.10 clearly shows that the failure of the fibres in the load direction, 

debonding and pull-out, and brittle fracture of the matrix have been found to govern the 

failure of fabric reinforced polymer composites in tension.  
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Figure 3.10 SEM micrograph of typical failure modes for flax fabric reinforced 

composites in tension  

 

SEM micrographs for tensile fractured surfaces of untreated and treated composites are 

shown in Figure 3.11. For untreated composites, Figures 3.11(a), (c) and (e) show some 

noticeable gaps between the fibres and matrices (indicated by A, C and E), which are the 

evidence of poor fibre/matrix adhesion. In contrast, the fibre/matrix adhesion are 

enhanced after alkali treatment (see the locations indicated by B, D and F in Figures. 

3.11(b), (d) and (f) respectively). Compared untreated Figure 3.11(a)) with treated (Figure 

3.11(b)) flax composites, it is clear that the treated fibre surface is much rougher than that 

of untreated flax fibre. This leads to better bonding at the fibre/matrix interface because 

alkali removes the impurities and waxy substances from the fibre surface and creates a 

rougher topography which facilitates the mechanical interlocking. Also, the purified fibre 

surface further enhances the chemical bonding between the fibre and epoxy matrix, 

because a purified fibre surface enables more hydrogen bonds to be formed between the 

hydroxyl groups of the cellulose at one side, and the epoxy groups at the other side. In 

addition, it is clear that fibre pull-out dominates the failure mode as displayed in Figure 

3.11(c). More fibre pull-out in tensile fracture zone indicates the poor fibre/matrix 

adhesion. As a consequence of the treatment the fibre/matrix interface bonding quality is 

improved, and leads to better tensile properties of the composites. 
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Figure 3.11 SEM micrographs of tensile fractured surfaces of untreated and alkali-treated 

flax, linen and bamboo fabric reinforced composite 

 

3.3.5 Flexural properties of composites 

The flexural properties of untreated/alkali-treated composites are illustrated in Figure 

3.12. Compared to pure epoxy (82 MPa), the flexural strength of the untreated flax/epoxy 
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composite increased 46.7% and that of the untreated linen/epoxy composite increased 

30.6%. The flexural modulus of the untreated flax/epoxy, linen/epoxy and bamboo/epoxy 

composites increased 100%, 57.1% and 14.3%, respectively. The flax, linen and bamboo 

composites have 20%, 54.3% and 28.6% enhancement in flexural failure strain, compared 

to pure epoxy (see Figure 3.12(c)). This shows that the flexural strain at failure of the 

three fibres are larger than that of pure epoxy because of the enhancement in flexural 

strain in the composites. As illustrated in Figure 3.12, the alkali treatment enhances the 

flexural properties of all three fabric reinforced epoxy composites. Compared to the 

untreated composites, the flax/epoxy, linen/epoxy and bamboo/epoxy composites 

experienced 16.1%, 16.7% and 13.6% enhancement in flexural strength and 7.2%, 9.1% 

and 6.3% increase in flexural modulus, respectively.  
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Figure 3.12: Flexural properties of untreated/alkali-treated flax, linen and bamboo fabric 

reinforced composites compared to net epoxy resin 

 

The improvement of flexural properties of treated fibre composites is possibly due to the 

removal of outer fibre surface; increase cellulose content and interfacial adhesion by 

alkali treatment. However, the results show that the influence of alkali treatment on 

flexural properties is less than that on the tensile properties (see Figure 3.8). The reason is 

that the flexural failure mode shows less fibre pull-out, a consequence of the direction of 

the applied stress being perpendicular to the composite laminate in the three point 

bending test, as shown in Figure 3.13. 

 

Figure 3.13: Typical failure mode after flexural test for untreated flax, linen and bamboo 

fabric reinforced composites 

 

Flexural failure in fibre reinforced polymer is characterised by the presence of 

compressive and tensile stresses. No specimen failed by typical delamination during 
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loading and the failure mode shows little fibre pull-out in flax and linen composites and 

no fibre pull-out in bamboo composites. As expected the crack is always initiated on the 

tensile side of the laminate and propagates in an upward direction to compressive side. 

The typical flexural stress-strain curves of the untreated/alkali-treated composites are 

shown in Figure 3.14. Three regions could be defined approximately. All the specimens 

in the first region show a linear relationship between stress and strain, in which the 

flexural modulus measurement can be performed. In the second region the curves exhibit 

a non-linear pattern before reaching to the ultimate strength due to an elasto-visco-plastic 

deformation of the fibre. The third region in the curves presents a decreasing trend after 

the ultimate flexural strength. These third parts of the curves are quite different between 

flax/epoxy, linen/epoxy composites and bamboo/epoxy composites. For both 

untreated/alkali-treated bamboo/epoxy composites, the post-peak curves go down very 

rapidly almost in a straight line without increasing in strains. This indicates that the 

specimen break into two pieces when the maximum stress is reached, while for 

untreated/alkali-treated flax and linen composites, the post-peak curves dip with a 

continuously increase in strains, this reveals a ductile behaviour before fracture of flax 

and linen composites in flexure. The possible reason is that although the flax/epoxy and 

linen/epoxy specimens are broken when the maximum stresses are reached, some fibres 

are not broken into two parts (see Figure 3.13); and they still withstand the applied stress. 

 

Figure 3.14: Typical flexural stress-strain curves for untreated/alkali-treated flax, linen 

and bamboo fabric reinforced composites 

 

Based on the discussions above, it was confirmed that the overall tensile/flexural 

properties of flax- and linen fabric reinforced epoxy composites are superior to those of 
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bamboo fabric reinforced epoxy composites, which are more likely to be used for natural 

fibre reinforced polymer tube encased coir fibre reinforced concrete structure. Therefore, 

in the following discussions, the vibration characteristics, compressive properties and in-

plane shear properties of bamboo fabric reinforced epoxy composites are not included.   

3.3.6 Vibration characteristics of composites 

Figure 3.4 illustrates the time histories of untreated and alkali-treated flax/epoxy 

composites in vibrations. The average damping ratio and average natural frequency of all 

the composites are given in Table 3.5. It shows that both flax and linen fabric reinforced 

polymer composites exhibit a similar pattern in damping ratio, namely, the damping ratio 

of the untreated composite is larger than the alkali-treated one. Alkali treatment has a 

negative effect on damping ratio of both flax and linen composites; the decrease in 

damping ratio of flax- and linen-epoxy composite is 7.4% and 9.3%, respectively. For all 

composites considered, the untreated flax-epoxy composite has the largest damping ratio 

of 1.48%. With respect to natural frequency, it is observed that both flax and linen 

composites possess a smaller natural frequency than the corresponding treated one. 

Compared with the untreated composite, the increase in natural frequency of the treated 

composite is believed attributable to fact that the alkali treatment reduced the mass and 

increased the stiffness of the composite. The Young’s modulus of alkali-treated 

composite was larger than that of the untreated one, as listed in Table 3.3. From the 

relationship among natural frequency (f), mass (m) and stiffness (k) of the composite, 

namely, mkf /)2/1(   , it is easy to derive that the alkali treatment increased the 

natural frequency of the composites.   

Table 3.5: Mechanical properties of treated and untreated composites 

 

Compressive 

strength  

(MPa) 

Compressive 

modulus  

(GPa) 

Shear 

strength 

(MPa) 

Shear 

modulus 

(GPa) 

Damping 

ratio 

(%) 

Natural 

frequency 

(Hz) 

Untreated flax/epoxy  
90.32 

(4.30) 

2.18 

(0.13) 

38.01 

(2.21) 

2.07 

(0.11) 

1.48 

(0.06) 

16.02 

(0.25) 

Treated flax/epoxy 
93.02 

(3.25) 

2.35 

(0.20) 

41.11 

(2.54) 

2.16 

(0.16) 

1.37 

(0.04) 

16.83 

(0.16) 

Change due to alkali (%) 3.0 7.8 8.2 4.2 -7.4 5.1 

Untreated linen/epoxy  
78.64 

(3.45) 

1.88 

(0.09) 

34.06 

(1.78) 

1.84 

(0.12) 

1.29 

(0.09) 

16.94 

(0.12) 

Treated linen/epoxy 

 

82.28 

(4.02) 

1.97 

(0.16) 

35.67 

(2.06) 

1.93 

(0.20) 

1.17 

(0.05) 

17.63 

(0.28) 

Change due to alkali (%) 4.6 4.8 4.7 4.9 -9.3 4.1 

Numbers in parentheses are standard deviations. 
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Damping defines the energy dissipation capability of a material. The damping of fabric 

reinforced polymer composite is believed attributed to the presence of air voids (e.g. the 

inherent lumens of the fibres), the viscoelastic characteristics of epoxy matrix and/or the 

fibre materials, and the interphase between the matrix and the fibre. Interphase is defined 

as the region adjacent to fibre surface all along the fibre length (Gibson et al., 1991). 

Interphase possesses a considerable thickness and its properties are different from those 

of embedded fibres and matrix. It is true that the mechanical properties (e.g. tensile and 

flexural properties) of fabric fibre reinforced polymer composites are highly dependent on 

the matrix/fibre interphase.  

Fibre/matrix interphases also affect the damping of the composites. The decrease in 

damping ratio of the treated composites may be attributable to the fact that alkali 

treatment leads to a better fibre/matrix interfaces. For untreated composites, there are 

more voids or gaps at the fibre/matrix interfaces. In the vibration, more energy has been 

dissipated due to the internal friction between the fibres and the matrices where more 

fibre/matrix interfaces are involved, thereby leads to a larger damping ratio of the 

composites. After alkali treatment, the fibre/matrix interfacial adhesion was improved. 

Consequently, the gaps at the fibre/matrix interfaces were narrowed and resulting in less 

energy dissipation in the vibration. SEM micrographs of the untreated and treated flax 

composites are shown in Figure 3.15. For the untreated composite, there are noticeable 

gaps between the adjacent fibres and the matrices; this indicates a poor fibre/matrix 

interfacial adhesion. These noticeable gaps are responsible for dissipating energy by 

fibre/matrix friction during the vibration. The insignificant gaps between the fibre and the 

matrix indicate the improved interfacial adhesion, as shown in Figure 3.15(b).   
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Figure 3.15: Surface morphology of untreated (a) and alkali-treated (b) flax fabric 

reinforced composites 
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3.3.7 Compressive properties of composites 

A comparison of compressive strength and modulus between pure epoxy and the 

composites is displayed in Figure 3.16. The ultimate compressive strengths of all the 

untreated and alkali-treated composites are highly dependent on the strength of the epoxy 

matrix, as shown in Figure 3.16(a). The compressive strength of untreated flax- and linen-

epoxy composite is 90.32 MPa and 78.64 MPa, respectively, compared with the pure 

epoxy (68 MPa). For compressive modulus, it can be seen that the stiffness of all 

untreated/treated composites mainly depends on the fibres, as the compressive modulus of 

the epoxy is 1.13 GPa (Figure 3.16(b)). Compared with the untreated composites, both 

alkali-treated flax and linen composites have an increase in compressive strength and 

compressive modulus; the increase in strength is 3.0% and 4.6%, respectively. The 

increase in modulus is 7.8% and 4.8%, respectively (Table 3.5). The enhancement in 

compressive properties of flax- and linen-epoxy composites by alkali treatment is 

possibly due to the improved fibre/matrix interfacial adhesion, since alkali treatment 

removed the hydrophilic nature of the cellulose fibre and thus improves the interfacial 

bonding.  
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Figure 3.16: Compressive strength and compressive modulus of all the composites 

 

The compressive stress-strain curves of all the composites are shown in Figure 3.17. It 

can be seen that the behavior of all the untreated/alkali treated flax and linen fabric 

reinforced epoxy composites under compressive loading is nonlinear. Three regions could 

be defined approximately. In the first region all the specimens show a linear relationship 

between the stress and strain. In the second region, the curves exhibit a non-linear pattern 

before approaching the ultimate stress. The third post-peak curves go down with a 

continuous increase in strains; this reveals a ductile behavior. The predominant failure 

mechanism observed in the compression test was fibre micro-buckling. It should be noted 

here that the strains at break of all the untreated/alkali-treated flax and linen composites 

are more than 8 %. 

 

Figure 3.17: Compressive stress-strain curves of all the composites 
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3.3.8 In-plane shear properties of composites 

The in-plane shear stress-strain behavior for both untreated and alkali-treated flax- and 

linen-epoxy composites is shown in Figure 3.18. The average shear strength and average 

shear modulus of all the composites are given in Table 3.5. The flax/epoxy composite has 

a larger shear strength and shear modulus than the linen-epoxy composite. The shear 

strength and modulus of untreated flax- and linen-epoxy composites is 38.0 MPa and 2.07 

GPa, and 34.06 MPa and 1.84 GPa, respectively.  

After alkali treatment, the shear strength and shear modulus of both flax- and linen-epoxy 

composites increased. Compared to the untreated composite, the treated flax and linen 

composite experienced 8.2% and 4.7% increase in strength and 4.2% and 4.9% increase 

in shear modulus, respectively (Table 3.5). The alkali treatment removes the impurities 

and waxy substances from the fibre surface and creates a rougher topography (Figure 3.3) 

which facilitates the mechanical interlocking. In addition, the purified fibre surface 

further enhances the chemical bonding between the fibre and epoxy matrix because a 

purified fibre surface enables more hydrogen bonds to be formed between the hydroxyl 

groups of the cellulose at one side, and the epoxy groups at the other side. As a 

consequence of the treatment, the fibre/matrix interfacial bonding quality is improved and 

leads to better in-plane shear properties of the composites. 

 

Figure 3.18: Shear stress-strain curves of all the composites 
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The stress–strain curves can be divided approximately into two zones. The first zone up 

to 0.3% strain is a purely elastic behaviour, allowing measurement of the modulus. The 

second zone is a non-linear zone until leading to the maximum shear stress. All the 

specimens were failed in form of matrix cracking and fibre breakage.  

3.5 Summary 

Flax, linen and bamboo fabric reinforced epoxy composites have been manufactured 

using the vacuum bagging technique. The influence of alkali treatment on the tensile 

properties of single-strand yarns, the surface morphologies and mechanical properties of 

the composites were studied. The investigation reveals:  

1. Alkali treatment with 5 wt. % NaOH solution has a negative effect on the tensile 

strength and modulus of single-strand flax, linen and bamboo yarns. The failure 

mechanism of natural single-strand fibres under tension is the combination of fibre 

breakage and slippage. 

2. The alkali treatment increases the tensile strength and modulus, flexural strength and 

modulus of all the fabric reinforced composites. However, the tensile and flexural 

strain of the composite increased marginally.  

3. In tension, the flax, linen and bamboo fabric reinforced composites exhibit the typical 

brittle fracture mode. The flax fabric reinforced composite features the largest 

ultimate tensile strength, and the linen fabric reinforced composites offers the largest 

tensile failure strain.  

4. In flexure, the bamboo fabric reinforced composites exhibit the brittle fracture mode 

while flax and linen composites possess a ductile behaviour before fracture. The flax 

fabric reinforced composite has the highest flexural strength at failure, and the linen 

fabric reinforced composites give the largest failure flexural strain. 

5. SEM study clearly reveals that the failure of natural fibre fabric reinforced composite 

is dominated by the failure of fibre yarns along the load direction, debonding and 

pull-out and brittle fracture of the matrix. 

6. Alkali treatment with 5 wt. % NaOH solution enhanced the compressive properties, 

in-plane shear properties of the flax and linen composites. However, the damping 

ratio and impact strength of both flax and linen composites decreased due to the 

treatment.  



 

51 

 

7. In vibration, the reduction in damping ratio by alkali treatment is believed attributable 

to the improved fibre/matrix adhesion resulting in less energy dissipation during the 

vibration, as analysed by SEM. 

8. In compression, the ultimate compressive strength of flax and linen composites is 

highly dependent on the strength of the epoxy. The stiffness of the fabric reinforced 

epoxy composite mainly depends on the fibre. The compressive failure of fabric 

reinforced epoxy composites exhibits a ductile fracture mode.  

9. In in-plane shear test, the stress-strain behaviour of the composites exhibits a non-

linear manner.  
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Chapter 4  

Axial compressive, flexural and 

vibration properties of flax fabric 

reinforced epoxy composite tubes 

Related journal papers: 

Yan, L.B., Chouw, N., 2013. Crashworthiness characteristics of flax fibre reinforced 

epoxy tubes for energy absorption application. Materials & Design, 51: 629-640.  

Yan, L.B., Chouw, N., Jayaraman, K., 2014. Effect of triggering and polyurethane foam-

filler on axial crushing of natural flax/epoxy composite tubes. Materials & Design, 56: 

528-541.  

Yan, L.B., Chouw, N., Jayaraman, K., 2014. Lateral crushing of empty and polyurethane-

foam filled natural flax fabric reinforced epoxy composite tubes. Composites Part B: 

Engineering, 63: 15-26.  

Yan, L.B., Chouw, N., Jayaraman, K., 2014. On energy absorption capacity, flexural and 

dynamic properties of flax fibre reinforced epoxy composite tubes. Fibers and 

Polymers, 15: 1270-1277.  

 

4.1 Introduction 

The use of thin-walled FRP columns is continually growing in civil engineering, 

automotive engineering and other industries due to the high strength-to-weight ratio, 

corrosion resistant and energy absorption capability of FRP materials. To be used in civil 

engineering, structures constructed with FRP materials are expected to have substantial 

deformation ability and energy absorption capacity in some extreme conditions, such as 

earthquake and impact loadings. As a possible replacement for G/CFRP-concrete 

composite structures, flax fabric reinforced epoxy composite tubes need to exhibit 

favorable deformation ability and energy absorption capacity.   



 

53 

 

In practice, FRP tube encased concrete structure provides an excellent alternative to 

conventional reinforced concrete (RC) in corrosive environments, e.g. highway bridge 

piers and girders, marine fender piles, poles and overhead sign structures (Mohamed, 

2010). These structures are periodically subjected to various dynamic actions from heavy 

vechiles, wind, ocean waves and earthquakes. The periodic response of a bridge 

component to, e.g. wind loading, may lead to material fatigue and thus raise safety 

concerns. Hence, a good understanding of vibration properties of FRP composite tubes, 

like damping and natural frequencies has industrial significance. 

In the following, the axial compressive, flexural properties and vibration characteristics of 

flax fabric reinforced epoxy composite tubes were investigated in this chapter. The effects 

of inner diameter, length-to-diameter ratio and tube thickness on the axial compressive 

behavior and energy absorption capacity of flax fibre reinforced epoxy circular tubes 

were evaluated by applying uniaxial quasi-static compressive force. The compressive 

behavior considered include load-displacement history, total absorbed energy (AE) and 

specific absorbed energy (SAE), and crush force efficiency (CFE) and the failure 

mechanisms. The effect of tube thickness on the flexural properties of the circular tubes 

was evaluated under four-point bending test. The flexural behavior considered includes 

load-displacement history, total absorbed energy and the failure mechanisms. The 

vibration properties, i.e., natural frequency and damping characteristics, were evaluated 

by vibration testing using a calibrated impact hammer of the tube specimens. The 

damping characteristics of the tubes were determined by using both logarithmic 

decrement curve and the half-powder bandwidth method. The influence of tube laminate 

thickness and specimen size on the vibration properties of FFRP tubes was also analysed. 

4.2 Experiments  

4.2.1 Material, fabrication and geometry 

Commercial bidirectional woven flax fabric (550 g/m
2
) was used for this study. The 

fabric has a plain woven structure with a count of 7.4 threads/cm in warp and 7.4 

threads/cm in the weft direction. The Epoxy used was SP High Modulus Prime 20 resin 

and hardener. FFRP tubes were fabricated using a hand lay-up process (Fig. 4.1). The 

weft direction of the fabric was aligned parallel to the axis of the tube. Details for 

fabrication of flax fabric reinforced epoxy composite tubes were as follows: 
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Figure 4.1. Flax fibre-reinforced polymer (FFRP) tubes (a) flax fabrics and epoxy, (b) 

FFRP tubeswith aluminium mould, (c) demoulded FFRP tubes, and (d) FFRP tubes for 

concrete pouring. 

 Flax fabric was cut to a designated size.  

 Surface preparation: Hollow aluminium tube mould was wrapped with a thin 

release film for easy demoulding of the tube.  

 Epoxy mixture: The resin and slow hardener were mixed with a ratio of 100:28 by 

mass.  

 Fabric pieces were impregnated into the epoxy resin for 30 min. 

 Primer application: A coat of epoxy primer was applied to the release film surface 

to cure for 30 min at the room temperature. 

 First fabric application: The first epoxy-impregnated fabric was then applied. The 

prepregnated fabric was carefully rolled around the mould to ensure good 

adhesion. 

 Second fabric application: The second layer was applied. This step was repeated 

for the targeted layers.  

 After curing for 24 h at room temperature, the FFRP tube with the mould was 

cured in an oven at 65
o 
C for 7 h. 

 After curing, the tube was removed from the mould with the help of a press. 
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For axial compression test, tubes with three tube inner diameters (D) are used, i.e. 36 mm, 

54 mm and 82 mm and three length-to-diameter ratios (L/D, denoted as R) of 1, 1.5 and 

2.0 are utilized. The wall of the tube comprised of 1, or 2, or 3 plies flax fabrics. The 

schematic view of a FFRP tube is given in Figure 4.2. Therefore, a total of 27 different 

types of tubes are considered. For each specific type of specimen, three tubes were 

fabricated and tested and the average measured value of each parameter is reported. 

Tables 4.1-4.3 show the data for all the specimens. In the following text, a specimen code 

will be used, e.g. D54-N2-R1.5, which indicates that the tube has an inner diameter (D) of 

54 mm, the number of plies (N) is 2 and the length-to-diameter ratio (R) is 1.5. For axial 

compressive tube specimens, the ends of the tubes were grinded to ensure the tubes were 

free from uneven ends in order to avoid eccentric loading during the test. 

 

Figure 4.2: Flax fabric reinforced epoxy hollow tube 

 

For the four-point bending test, the tube inner diameter is 100 mm and the length of the 

tube is 500 mm, respectively. The tube thicknesses are 2 and 4 layer flax fabric reinforced 

epoxy composites, with the thickness of 3.25 mm and 6.50 mm, respectively. Three tubes 

were tested for tube with a different thickness.  

For the impact hammer test, tubes with three different sizes were considered: (1) 100 mm 

in inner diameter and 500 mm in length, with tube thickness of 2-layer flax fabric 

reinforced epoxy composites, (2) 100 mm in inner diameter and 500 mm in length, with 
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tube thickness of 4-layer flax fabric reinforced epoxy composites, and (3) 200 mm in 

inner diameter and 1000 mm in length, with 6-layer flax fabric reinforced epoxy 

composites (thickness of 9.75 mm). 

4.2.2 Quasi-static compressive test  

Compressive testing of the specimens was performed by applying uniaxial quasi-static 

compressive forces using an Instron 5567 universal test machine with loading capacity of 

100 kN according to ASTM D7336M-12. The crosshead speed used was 10 mm/min. A 

linear variable displacement transducer (LVDT) was used to record the displacement. The 

total absorbed energy is considered to take place in the initial 80% of the axial strain 

(Figure 4.3). 

 

Figure 4.3: Typical load-displacement responses of a composite tube under axial 

compression 

 

A schematic typical load-displacement response of a tubular composite under uniaxial 

quasi-static compression is displayed in Figure 4.3. It can be divided into three zones. The 

first region is from the origin to the peak crush load, known as the pre-crushing zone. The 

second region is the post-crushing zone, which is characterised by the average crush load. 

The third zone is known as the compaction zone. Crashworthiness parameters for each 

specimen can be determined from the load-displacement relationship.  

 Peak load Pmax is the maximum load neglecting the compaction zone. 

 Peak compressive strength max is the ratio of the peak load to the initial cross 

sectional area of the circular tube. 
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 Absorbed crush energy AE is the area under the load-displacement response, where

 
max

0

d

PdAE , P is the crush load (kN) and  is the displacement (mm). Unit of J.  

 Specific absorbed energy SAE is the absorbed crush energy per unit mass of the 

crushed specimen, where mAESAE / , m is the mass of the crushed specimen. Unit 

of J/g. 

 Post-crush displacement  is the displacement in the post-crushing zone. 

 Average crush load Pavg is the ratio of the absorbed energy in the post-crushing zone 

(Ec) to the post-crush displacement, where /cavg EP  . 

 Crush force efficiency CFE is the ratio of the average crush load to the peak load, 

where CFE = Pavg/Pmax.  

 

4.2.3 Impact hammer vibration test 

Flax fabric reinforced epoxy tubes were tested to determine the fundamental frequencies 

of the transversal vibrations for calculating the damping ratio. Impact loading was 

performed using a calibrated hammer. The locations of impact and accelerometer for the 

transversal vibration mode are highlighted in Figure 4.4. In this mode, the two nodal 

points are located at 0.224L away from the two ends where L is the length of a tube. 

There is no motion at nodal points. The data was recorded using a data acquisition system 

with a computer. From the peak Fourier spectrum values, the natural frequencies of the 

tested specimens can be determined.  

L0.224L 0.224L

L/2

 Impact hammer Accelerometer

  

Figure 4.4: Test setup for detecting transversal vibration mode of a FFRP tube 

 

Regarding the damping properties of the specimens, two methods were considered: (1) 

logarithmic decrement of free vibrations and (2) half-power bandwidth method. For a 
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FFRP tube in a free transversal vibration excited by an impact hammer, the damping ratio 

( ) can be determined based on a logarithmic decrement. The values of acceleration 

amplitude measured by using an accelerometer could be used to calculate the logarithmic 

decrement: 

                                                 )ln(
2

1

Ni

i

A

A

i 




                                                           (4.1)                                                 
             

 

where iA is the i
th

 amplitude, and NiA   is the N
th

 amplitude after the i
th

 cycle.  

The half-power bandwidth method was also considered to calculate the damping ratio of 

the tubes. The measurement of the damping property by using half-power bandwidth 

method is displayed in Figure 4.5. The damping ratio is determined based on Eq. (4.2) 

below (Khan et al., 2011):
 

                                                   n





2                                                             (4.2)                                                                    

where   is the difference between frequencies 1  and 2  corresponding to half power 

points which are the frequencies at half of the squared amplitude 
maxY ,  2/maxY around 

the fundamental damped circular frequency, 
n . 

 

Figure 4.5: Definitions of 1 , 2  and 
n  based on the half-powder width method 

 

In the vibration mode, three identical tubes from each tube type were tested and three 

hammer impacts were applied on each tube. The average test results of each specimen 
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were reported. A photograph of the impact hammer testing of 6L-FFRP-LS tube is given 

in Figure 4.6. 

 

Figure 4.6: Impact testing of 6L-FFRP-LS tube using a calibrated hammer 

 

4.2.4 Four-point bending test 

Four-point bending tests were conducted on Instron testing machine according to ASTM 

C78. Figure 4.7 provides a photograph of the test setup for the four-point bending test of a 

FFRP tube. Readings of the load and LVDT were taken using a data logging system and 

were stored in a computer. 

 

Figure 4.7: Four-point bending test of hollow flax fabric reinforced epoxy tube 

 

4.3 Results and discussion  

4.3.1 Axial compressive test 

4.3.1.1 Load-displacement responses   
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Figure 4.8 presents the load-displacement response for each specimen under axial 

compression test. Except for the specimen D36-N3-R1.5, all the other curves illustrate a 

rapidly increasing crushing load up to the peak value at about 5 mm displacement, which 

corresponds to the triggering of crushing. After this, the curves drop sharply as initiation 

of fracture occurs with load falling in the steady state crushing phase. This steady crush 

behaviour with progressive collapse is the basic mechanism behind energy absorption of 

composites.  
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Figure 4.8: Load-displacement responses of the specimens  

 

4.3.1.2 Crashworthiness characteristics    

Peak load and crush force efficiency 

The peak load can be directly read from the load-displacement curve of each specimen 

and is listed in Tables 4.1-4.3. The peak load is of interest because at low-speed or low-

energy impacts, it is desirable for the structure to have no permanent deformation since 

this deformation would be considered as undesirable damage (Tarlochan and Ramesh, 

2012). Figure 4.9 gives the average peak loads (Pmax) of all the 27 types of flax FRP 

tubes. 

Table 4.1: Test results of flax FRP tubes with a diameter of 36 mm 

Specimen 
Layers 

(N) 
D 

(mm) 
L  

(mm) 
R 

L/D 
m 
(g) 

A 
 (mm²) 

Pmax 

(kN) 
max           

(MPa) 

Pavg 
(kN) 

CFE 
AE 
(J) 

SAE 
(J/g) 

D36-N1-R1-S1 1 36 36 1 9.5 193 10.0 51.90 4.37 0.44 114.3 12.03 
D36-N1-R1-S2     9.1  11.4 58.64 6.21 0.54 150.5 16.54 
D36-N1-R1-S3     9.4  10.9 56.07 5.78 0.53 138.4 14.72 

Average        10.7 55.54 5.45 0.50 134.4 14.43 
S.D.       0.76 3.40 0.79 0.05 15.05 1.85 

C.o.V (%)       7.10 6.12 14.50 10.0 11.19 12.82 

D36-N2-R1-S1 2 36 36 1 18.5 402 24.7 63.83 16.44 0.67 406.0 21.95 
D36-N2-R1-S2     18.0  23.0 57.20 18.63 0.81 446.6 24.81 
D36-N2-R1-S3     18.7  24.9 64.35 18.25 0.73 432.7 23.14 

Average        24.2 61.79 18.11 0.74 428.4 23.30 
S.D.       0.85 3.25 0.96 0.05 16.85 1.17 

C.o.V (%)       3.51 5.26 5.30 6.76 3.93 5.02 

D36-N3-R1-S1 3 36 36 1 30.1 628 45.9 73.07 29.93 0.65 1049.2 34.86 
D36-N3-R1-S2     31.6  39.7 63.21 26.17 0.66 1206.6 38.18 
D36-N3-R1-S3     30.3  44.3 70.53 28.45 0.64 1169.4 38.59 

Average        42.8 68.14 28.05 0.65 1141.7 33.88 
S.D.       2.63 4.18 1.55 0.01 67.2 1.67 

C.o.V       6.14 6.13 5.52 1.54 5.88 4.93 

D36-N1-R1.5-S1 1 36 54 1.5 12.1 193 8.2 42.55 5.32 0.65 188.1 15.55 
D36-N1-R1.5-S2     12.9  7.0 36.33 4.86 0.70 216.9 16.81 
D36-N1-R1.5-S3     13.0  8.0 41.51 5.24 0.66 210.4 16.19 

Average        7.7 40.13 5.14 0.67 205.1 16.18 

S.D.       0.52 2.72 0.20 0.02 12.3 0.51 

C.o.V (%)       6.75 6.78 3.67 2.98 6.00 3.15 

D36-N2-R1.5-S1 2 36 54 1.5 25.7 402 22.6 56.21 17.36 0.77 661.0 25.72 
D36-N2-R1.5-S2     27.6  22.0 54.71 17.86 0.81 687.0 24.89 
D36-N2-R1.5-S3     27.8  23.1 57.20 17.84 0.77 695.3 25.01 

Average        22.3 55.46 17.61 0.78 681.4 25.21 
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S.D.       0.45 1.02 0.23 0.02 14.6 0.37 
C.o.V (%)       2.01 1.84 1.31 2.56 2.14 1.47 

D36-N3-R1.5-S1 3 35 54 1.5 42.1 628 45.7 72.75 26.75 0.59 1650 39.19 
D36-N3-R1.5-S2     42.7  44.1 70.20 24.39 0.54 1484.7 34.77 
D36-N3-R1.5-S3     43.0  44.6 71.00 26.34 0.59 1613.2 37.52 

Average        44.8 71.32 25.83 0.57 1582.6 37.16 
S.D.       0.67 1.06 1.03 0.02 70.86 1.82 

C.o.V (%)       1.50 1.48 3.99 3.51 4.48 4.90 

D36-N1-R2-S1 1 36 72 2 20.2 193 11.1 57.60 4.34 0.39 156.8 7.76 
D36-N1-R2-S2     19.0  12.5 64.87 4.66 0.26 205.8 10.83 
D36-N1-R2-S3     19.0  11.8 61.24 4.61 0.39 198.7 10.45 

Average        11.8 61.24 4.50 0.35 187.1 9.68 
S.D.       0.57 2.97 0.14 0.06 21.62 1.37 

C.o.V (%)       4.83 4.85 3.11 17.14 11.55 14.15 

D36-N2-R2-S1 2 36 72 2 34.4 402 32.1 79.80 14.36 0.45 574 16.69 
D36-N2-R2-S2     37.2  23.7 59.23 13.27 0.56 572.4 15.39 
D36-N2-R2-S3     36.4  30.2 75.07 14.26 0.47 587.3 16.14 

Average        28.7 71.36 13.96 0.49 577.9 16.07 
S.D.       3.59 8.79 0.36 0.04 6.68 0.53 

C.o.V (%)       12.51 12.32 2.58 8.16 1.16 3.30 

D36-N3-R2-S1 3 36 72 2 56.5 628 51.9 66.61 40.80 0.79 2376.2 42.06 
D36-N3-R2-S2     56.9  53.9 69.35 41.82 0.77 2273.6 39.96 
D36-N3-R2-S3     55.9  51.4 65.97 40.45 0.78 2295.0 41.06 

Average        52.8 67.98 41.31 0.78 2324.9 41.03 
S.D.       3.59 1.47 0.58 0.01 44.19 0.86 

C.o.V (%)       6.80 2.16 1.40 1.28 1.90 2.10 

 

Table 4.2: Test results of specimens with a diameter of 54 mm 

Specimen 
Layers 

(N) 
D 

(mm) 
L  

(mm) 
R 

L/D 
m 
(g) 

A 
 (mm²) 

Pmax 

(kN) 
max           

(MPa) 
Pavg 
(kN) 

CFE 
AE 
(J) 

SAE 
(J/g) 

D54-N1-R1-S1 1 54 54 1 19.0 285 12.4 43.53 4.72 0.38 180.8 9.52 
D54-N1-R1-S2     18.0  10.9 36.26 3.10 0.29 126.4 7.02 
D54-N1-R1-S3     18.8  11.4 37.92 3.38 0.30 144.4 7.68 

Average        11.6 39.24 3.73 0.33 150.5 8.07 
S.D.       0.62 3.11 0.71   0.04 22.62 1.05 

C.o.V (%)       5.34 7.93 19.03 12.12 15.03 13.01 

D54-N2-R1-S1 2 54 54 1 39.3 586 37.0 63.09 22.51 0.61 908.5 24.55 
D54-N2-R1-S2     39.3  31.2 53.20 21.79 0.70 813.8 20.70 
D54-N2-R1-S3     39.0  35.8 61.04 21.76 0.61 846.7 21.72 

Average        34.7 59.11 22.02 0.64 856.3 22.32 
S.D.       2.49 4.26 0.35 0.04 39.25 1.63 

C.o.V (%)       7.18 7.20 4.59 6.25 4.58 7.30 

D54-N3-R1-S1 3 54 54 1 58.5 905 53.4 59.03 43.55 0.82 1762.0 30.12 
D54-N3-R1-S2     55.7  56.5 62.45 48.53 0.86 1610.4 28.91 
D54-N3-R1-S3     56.7  52.7 58.26 45.13 0.86 1733.4 30.57 

Average        54.2 59.91 137.21 0.84 1701.9 29.87 
S.D.       1.65 1.82 2.08 0.02 65.76 0.70 

C.o.V (%)       3.04 3.04 1.51 2.38 3.86 2.34 

D54-N1-R1.5-S1 1 54 81 1.5 29.5 285 9.5 32.30 3.03 0.32 405.5 13.75 
D54-N1-R1.5-S2     28.9  10.1 37.21 6.43 0.64 216.9 7.51 
D54-N1-R1.5-S3     28.4  9.5 32.30 4.71 0.50 269.4 9.49 

Average        9.7 33.94 4.73 0.49 297.3 10.25 
S.D.       0.28 2.31 1.38 0.13 79.43 2.60 

C.o.V (%)       2.89 6.81 23.17 26.53 26.72 25.36 

D54-N2-R1.5-S1 2 54 81 1.5 56.5 586 34.0 57.98 9.50 0.28 803.7 14.22 
D54-N2-R1.5-S2     55.5  37.8 62.83 15.86 0.42 1171.7 21.09 
D54-N2-R1.5-S3     56.6  36.7 61.00 13.48 0.38 987.3 17.44 

Average        36.2 60.60 12.95 0.36 987.7 17.58 
S.D.       1.60 2.00 2.61 0.05 150.1 2.80 

C.o.V (%)       1.66 3.30 20.15 13.89 15.20 15.93 

D54-N3-R1.5-S1 3 54 81 1.5 84.6 905 63.6 71.13 34.90 0.55 2819.0 33.32 
D54-N3-R1.5-S2     84.0  69.6 76.93 39.20 0.56 2703.1 32.18 
D54-N3-R1.5-S3     84.8  69.4 76.67 39.02 0.56 2804.3 33.07 

Average        67.5 74.91 37.71 0.56 2775.5 32.86 
S.D.       2.78 2.68 1.99 0.01 51.52 0.49 

C.o.V (%)       4.12 3.58 5.28 1.79 1.86 1.49 
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D54-N1-R2-S1 1 54 108 2 39.7 285 14.0 49.14 3.84 0.28 301.6 7.60 
D54-N1-R2-S2     39.4  12.0 42.13 3.58 0.30 313.8 7.96 
D54-N1-R2-S3     39.0  13.8 48.44 3.77 0.27 294.5 7.56 

Average        13.3 46.57 3.72 0.29 303.3 7.71 
S.D.       0.90 3.15 0.11 0.01 7.97 0.18 

C.o.V (%)       6.77 6.76 2.96 3.45 2.63 2.34 

D54-N2-R2-S1 2 54 108 2 73.4 586 25.6 43.65 17.85 0.70 842.5 11.48 
D54-N2-R2-S2     72.3  25.2 42.97 17.03 0.68 837.4 11.58 
D54-N2-R2-S3     72.4  25.4 43.30 17.34 0.68 839.7 11.52 

Average        25.4 43.31 17.44 0.69 840.0 11.53 
S.D.       0.16 0.28 0.34 0.01 2.09 0.04 

C.o.V (%)       0.63 0.65 1.95 1.45 0.25 0.35 

D54-N3-R2-S1 3 54 108 2 108.9 905 38.5 42.56 29.41 0.76 1442.1 13.24 
D54-N3-R2-S2     107.4  46.5 51.40 36.31 0.78 1670.1 15.55 
D54-N3-R2-S3     107.7  44.2 48.86 36.10 0.81 1840.6 17.09 

Average        43.1 47.61 33.94 0.78 1650.9 15.30 
S.D.       3.36 3.72 3.20 0.02 163.25 1.58 

C.o.V (%)       7.79 7.81 9.42 2.56 9.89 10.33 

 

Table 4.3: Test results of specimens with a diameter of 82 mm 

Specimen 
Layers 

(N) 
D 

(mm) 
L  

(mm) 
R 

L/D 
m 
(g) 

A 
 (mm²) 

Pmax 

(kN) 
max           

(MPa) 
Pavg 
(kN) 

CFE 
AE 
(J) 

SAE 
(J/g) 

D82-N1-R1-S1 1 82 82 1 48.2 428 13.7 32.00 4.87 0.36 215.0 4.46 
D82-N1-R1-S2     48.1  15.5 36.20 4.79 0.31 203.6 4.23 
D82-N1-R1-S3     48.8  16.0 37.38 5.01 0.31 223.4 4.58 

Average        15.1 35.19 4.89 0.33 214.0 4.42 
S.D.       1.58 2.31 0.09 0.02 8.18 0.14 

C.o.V (%)       10.46 6.56 1.84 6.06 3.82 3.17 

D82-N2-R1-S1 2 82 82 1 99.3 873 42.2 48.33 27.09 0.64 1132.6 11.41 
D82-N2-R1-S2     102.0  38.2 43.75 24.55 0.64 1298.1 12.73 
D82-N2-R1-S3     101.3  41.9 47.99 27.14 0.65 1186.4 11.72 

Average        40.8 46.69 26.26 0.64 1205.7 11.96 
S.D.       1.82 2.08 1.21 0.01 68.93 0.56 

C.o.V (%)       4.46 4.45 4.61 1.56 5.72 4.68 

D82-N3-R1-S1 3 82 82 1 154.2 1335 77.6 58.13 55.31 0.71 2463.0 15.97 
D82-N3-R1-S2     155.7  81.4 60.98 61.53 0.76 2780.9 17.86 
D82-N3-R1-S3     143.8  79.5 59.56 60.35 0.76 2699.1 18.77 

Average        79.5 59.55 59.06 0.74 2647.7 17.53 
S.D.       1.55 1.16 2.70 0.02 134.78 1.17 

C.o.V (%)       1.95 1.95 4.57 2.70 5.09 6.67 

D82-N1-R1.5-S1 1 82 123 1.5 73.1 428 9.3 21.71 3.54 0.38 211.5 2.89 
D82-N1-R1.5-S2     71.3  12.0 28.02 5.02 0.42 177.9 2.50 
D82-N1-R1.5-S3     73.2  10.9 25.45 4.57 0.42 202.3 2.76 

Average        10.7 25.06 4.38 0.41 197.2 2.72 
S.D.       1.11 2.59 0.61 0.02 14.17 0.16 

C.o.V (%)       10.37 10.33 13.93 4.88 7.19 5.88 

D82-N2-R1.5-S1 2 82 123 1.5 154.3 873 42.6 48.79 27.52 0.65 2694.1 17.46 
D82-N2-R1.5-S2     155.2  47.5 54.40 30.34 0.64 2346.9 15.12 
D82-N2-R1.5-S3     155.5  46.3 53.12 30.10 0.65 2445.6 15.73 

Average        45.5 52.10 29.32 0.65 2495.7 16.10 
S.D.       2.09 2.40 1.28 0.01 140.08 0.99 

C.o.V (%)       4.59 4.61 4.37 1.54 5.61 6.15 

D82-N3-R1.5-S1 3 82 123 1.5 223.5 1335 45.7 72.75 26.75 0.59 4102.0 18.35 
D82-N3-R1.5-S2     226.8  44.1 70.20 24.39 0.54 4253.1 18.75 
D82-N3-R1.5-S3     223.2  49.8 72.30 27.45 0.60 4129.3 18.50 

Average        46.5 71.75 26.20 0.58 4161.5 18.53 
S.D.       2.40 1.11 1.31 0.03 65.74 0.17 

C.o.V (%)       5.16 1.55 5.00 5.17 1.58 0.92 

D82-N1-R2-S1 1 82 164 2 102.5 428 14.0 32.68 3.84 0.27 51.05 0.50 
D82-N1-R2-S2     101.7  12.0 28.02 2.98 0.25 35.25 0.35 
D82-N1-R2-S3     101.4  12.3 28.72 3.13 0.25 44.31 0.44 

Average        12.8 29.81 3.32 0.26 43.54 0.44 
S.D.       0.88 2.05 0.37 0.01 6.47 0.06 

C.o.V (%)       6.88 6.88 11.18 3.85 14.86 13.64 

D82-N2-R2-S1 2 82 164 2 205.8 873 45.6 52.23 18.78 0.41 1960.1 9.52 
D82-N2-R2-S2     208.6  49.2 56.34 20.74 0.43 2128.5 10.20 
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D82-N2-R2-S3     207.8  49.1 56.23 21.54 0.44 2145.1 10.32 
Average        48.0 54.93 20.35 0.43 2077.9 10.02 

S.D.       1.67 1.91 1.16 0.01 83.57 0.35 
C.o.V (%)       3.48 3.48 5.70 2.33 4.02 3.49 

D82-N3-R2-S1 3 82 164 2 298.4 1335 54.5 40.83 39.45 0.72 5592.0 18.73 
D82-N3-R2-S2     299.3  57.2 42.86 36.75 0.64 5732.2 19.15 
D82-N3-R2-S3     299.3  58.0 43.45 38.54 0.67 5794.8 19.36 

Average        55.4 42.38 38.25 0.68 5706.3 19.08 
S.D.       1.50 1.12 1.13 0.03 84.79 0.26 

C.o.V (%)       2.71 2.64 2.95 4.42 1.49 1.36 

 

 

Figure 4.9: Effect of number of plies (N) on peak load of the specimens   

 

In general, when considering specimens with the same tube inner diameter (D) and the 

same L/D ratio (R); it is observed that the peak force on the specimen increases with an 

increase in the number (N) of plies (Tables 4.1-4.3). The specimen D82-N3-R1 has the 

largest peak load of 79.5 kN. Figure 4.9 displays the effect of the number of plies on the 

peak load of the specimens. For specimens with diameter of 36 and 54 mm, the increase 

in the peak load is approximately proportional to an increase in the number of plies and is 

independent of the length-to-diameter ratio (value of R) of the specimens (Figure 4.9). 

For tubes with a diameter of 82 mm, the increase in number of plies from 2 to 3 leads to 

only a slight increase in peak force for specimen D82-L3-R1.5 and D82-L3-R2. Overall, 

the number of composite plies has a significant effect on the peak force for the specimens. 

The effect of the inner diameter (D) on the peak load of the specimens is displayed in 

Figure 4.10. It can be seen that at the same L/D ratio and number of plies (N), an increase 

in the tube inner diameter has an insignificant effect on the peak loads of 1-ply laminate 
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specimens (N=1) with L/D ratio of 1, 1.5 and 2, respectively. For all the other specimens 

with 2- or 3-layers, the increase in the tube diameter either increases or reduces the peak 

load with R. No clear relationship between the peak load and the inner diameter of the 

tubes can be observed. 

 

Figure 4.10: Effect of tube inner diameter (D) on peak load of the specimens   

The average load also plays a key role in representing the crashworthiness characteristics 

because crush force efficiency (CFE), the average force-to-peak force ratio, is directly 

related to the deceleration that will be experienced by the vehicle occupants in the event 

of a crash. It is desirable to have the value of CFE close to unity for good energy 

absorption. In this case the specimen is crushing at a load close to the peak load thus the 

changes in deceleration can be minimized. The deviation of CFE from unity indicates 

rapid change in deceleration and this is should be avoided for vehicle design. Figure 4.11 

gives the effect of number of plies on the average CFE of the specimens. The specimen 

D54-N3-R1 has the largest CFE value of 0.84. It is clear that a growth in plies (N) 

increases the CFE values of all the specimens with the same D and R values, expect for 

the cases of D36-R1.5, D36-R1 and D54-R1.5. However, the CFE values of specimens 

with 3-plies laminate (N=3) have a small variation; most of the CFE values range around 

0.7. For specimens with 1- and 2-plies composite, the scatter is significant. This data 

indicates that a critical thickness (number of plies) may exist for flax/epoxy tubes to 

achieve CFE values with less scatter. 
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Figure 4.11: Effect of number of plies (N) on CFE of the specimens   

 

The effect of the inner diameter (D) on the CFE of the specimens is displayed in Figure 

4.12. For specimens with the same R and N values, the CFE values of N1-R1, N1-1.5, N1-

R2, N2-R1 and N2-R1 remain almost the same when the tube diameter increases from 54 

to 82 mm. The tube inner diameter has a significant effect on the CFE values of 

specimens N2-R2 and N2-R1.5.  

 

Figure 4.12: Effect of inner diameter (D) on CFE of the specimens   
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Based on the discussion above, it can be concluded that the specimens with a large 

number of plies (value of N) and a short length exhibit high resistance to crushing with a 

large value of the peak load and CFE.  

Crush energy absorption capability  

The energy absorption capability of a specimen is dependent on the area under the load-

displacement curve. Figure 4.13 gives the specific absorbed energy (SAE) for all the 

specimens. The specimen D36-N3-R2 has the largest SAE while the specimen D82-N1-

R2 has the smallest SAE. The specimen D82-N1-R2 failed to carry the load when it 

comes to the peak load due to global buckling failure, more details will be discussed 

below.  

 

Figure 4.13: Specific absorbed energy (SAE) of the specimens  

 

Figure 4.14 depicts the effect of the number of plies on the total absorbed energy of the 

specimens. For specimens with N of 1, the AE values are very low; this is attributable to 

the small peak load of those specimens as displayed in Figure 4.8. From specimens with 2 

or 3 layers, it is observed that the specimens with a larger tube diameter have larger total 

crush energy, especially for specimens with D of 84 mm.  
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Figure 4.14: Effect of number of plies (N) on AE of the specimens   

  

The effect of the inner diameter on AE is displayed in Figure 4.15. The results show that 

the AE values of specimens with N of 1 remain a lower, with a value of approximately 

200 J, and is independent of the length-to-diameter ratio (the value of R). For specimens 

with 2-layer laminate, the values of energy are almost the same when the tube thickness is 

36 mm and 54 mm. However, the absorbed energy of the specimen with a diameter of 82 

mm increases remarkably. The increase in total energy of specimens with 3-layer 

laminate is almost directly proportional to the increase in tube thickness, except for the 

specimen with length-to-diameter ratio of 2. The data indicates that the energy absorption 

capability of flax fibre reinforced epoxy tube is strongly dependent on the geometry of the 

tube. Specimens with a large length and numbers of plies exhibit more energy absorption 

as a consequence of more energy dissipated along the length and resistance of composites 

with more layers.  

 

Figure 4.15: Effect of inner diameter (D) on AE of the specimens 
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The use of specific absorbed energy (SAE) is essential when comparing the energy 

absorption capabilities of energy absorbers constructed with different materials. 

Generally, the larger the value of the SAE, the more efficient the energy absorber is. 

Figure 4.16 indicates that an increase in the number of plies leads to a significant increase 

in specific absorbed energy, and this effect is independent of the tube length-to-diameter 

ratio (value of R). Figure 4.17 shows that in the case of constant N, larger SAE values 

result from smaller tube inner diameters. It should be noted here that the specimen D36-

N3-R2 has the largest specific energy absorption capability.  

 

Figure 4.16: Effect of number of plies (N) on SAE of the specimens   

 

 

Figure 4.17: Effect of inner diameter (D) on SAE of the specimens   
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composite tubes. The failure mechanism is an important parameter to evaluate the 

crashworthiness of the composite tubes as energy absorber. For specimens failed in a 

stable progressive manner, the variations of the force as a function of displacement will 

be small and hence provide a stable deceleration (Lu and Yu, 2003). From Figure 4.8 it 

can be seen that most of the specimens were crushed in a progressive manner, except for 

the specimen D82-N1-R2. Under an axial compressive load, this long, thin wall and large 

diameter circular tube failed by Euler buckling, this is a catastrophic failure. The load 

increases to the peak value and then drops sharply to a very low post-failure load, as 

indicated by the circle in Figure 4.8. The catastrophic failure modes absorb little crushing 

energy. For specimen D82-N1-R2, the energy is only 43.15 J (Table 4.3); thus, the 

specimen is of little interest for the design of crashworthy structures.  

Four distinct failure modes of flax fabric reinforced epoxy composite tubes can be 

observed, as displayed in Figure 4.18. To analyse the progressive crushing of the 

specimens during the compression photographs at different stages were taken to present 

the crushing deformation and crack propagation. Figure 4.19 gives the load-displacement 

history of the specimen D82-N3-R2 with the failure Mode I. The failure mechanism of 

Mode I and Mode II is similar. The difference lies in the occurrence of initial trigger 

either at the bottom or top of the tube. In these two Modes, the composite tubes 

progressively crushed under the load and the laminates split into two concentric fronds as 

petal-like portions – one forced inwards, and the other outwards (Figures 4.20(a) and (b)). 

The crushed mode in Figures 4.20(a) and (b) indicates a lamina bending or splaying mode 

with stable brittle fracture as observed in (Mamalis et al., 1997). In the lamina bending 

and splaying mode, the dominated energy absorbing mechanisms include: (1) Crack 

growth in the longitudinal direction, (2) Splaying and fracture of the composite tube at the 

outer laminate, (3) Bending of the fronds and lamina bundles, (4) Compression of the 

composite tube, (5) Fracture of laminar bundles, and (6) Inter-laminar and intra-laminar 

cracks control the crushing progress for splaying, as labelled in Figures 4.20(a) and (b). 

When the applied load approaches the peak load of the specimen, the formation of cracks 

starts at the top or bottom of the tubes due to the local stress concentration. Then, the 

cracks propagate along the longitudinal axis of the tubes followed by a sharp drop of load. 

Further propagation of these cracks leads to the formation of fronds either inwards or 

outwards.  
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Figure 4.18: Progressive crushing: (a) Mode I, (b) Model II, (c) Mode III, and (d) Mode 

IV 
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Figure 4.19: Load-deformation history of axially loaded composite tube specimen D82-

N3-R2 

 

 

Figure 4.20: Crushed specimens: (a) Mode I, (b) Model II, (c) Mode III, and (d) Mode IV 
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The observed failure mode of the specimens indicates that most of the specimens with 2 

or 3 layers, independent of D and R, exhibit the failure Modes I and II. It should be noted 

here that the two identical specimens may exhibit either Mode I or Mode II. This 

indicates that the occurrence of failure Modes I and II of the composite tubes is 

dominated by the thickness of the cell wall. A chamfered end of the composite tube can 

be designed in future studies to control the initiation of micro-fracture at the chamfered 

region and eventually a stable crush zone can be generated.  

Some specimens failed with Mode III, as displayed in Figure 4.17(c) and Figure 4.19(c). 

It can be observed that the crushing behaviour is different from that of Modes I and II. 

Mode III consists of an initial unstable failure followed by stable crushing behaviour. The 

tubes start to have local cracks around the middle region of the tube and form 

circumferential fractures which leads to an irregular collapse failure mechanism, and 

finally the tube compresses into folds which leads to cracking of the tube wall. The 

dominated failure mechanisms include: (1) Crack growth in the circumferential direction 

of the tube, (2) Splaying and fragmentation of the tube, (3) Fracture of laminar bundles, 

(4) Compression of the composite tube. In all, the failure Mode III starts with cracks 

along the circumferential direction and may lead to unstable local buckling and mid-

length buckling. In this mode, there is a very large drop after the peak load and the load 

curve fluctuates significantly along the displacement path. When the main body of the 

tube contacts the crosshead, the compressive load increases and the remaining specimen 

starts to fail in a progressive manner, e.g. D42-N2-1.5 in Figure 4.8. 

Some specimens collapsed with irregular deformation behaviour and are labelled as Mode 

IV. This almost occurs for specimens with 1-layer laminate. In this mode, the failure 

mechanism is similar to that of conventional very thin walled metals where a folding 

mechanism occurs. 

4.3.1.4 Optimal design and comparison to other energy absorbers 

Based on the test results given in Tables 4.1-4.3, it is observed that the flax/epoxy 

composite tube D36-N3-R2 (with inner diameter of 36 mm, number of plies of 3 and 

length-to-diameter ratio of 2) has the largest specific energy absorption capability of 41 

J/g and the CFE is 0.78. The load-displacement response of D36-N3-R2 shows that this 

specimen is optimal, i.e. it has outperformed all other specimens considered in this study, 
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as displayed in Figure 4.21. Cunat (2000) investigated the crashworthiness of stainless 

steel and reported the SAE of steel tube ranged from 12.5 to 38 J/g. Bouchet et al. (2000) 

reported the SAE of aluminium tube was from 22 to 43 J/g. However, both the CFE of 

steel and aluminium were less than 0.6. Therefore, the crashworthiness performance of 

the optimized natural flax/epoxy tube is superior to conventional metal energy absorbers. 

Hull (2000) reported glass/polyester resin tubes have a SAE of 50 J/g. Hamada et al. 

(1991), Thornton (1992), Ramakrishna and Hull (1978) reported the SAE of 

carbon/epoxy composite tubes were 53, 60 and 62 J/g, respectively. Farley (1981) 

reported the SAE value of kevlar/epoxy composite tube as 38 J/g. In addition, as 

displayed in Figures 4.13-4.15, most of the flax/epoxy composite tubes in this study 

crushed in a brittle manner with a progressive crushing pattern which is similar to those 

of the synthetic fibre reinforced composite tubes, where the failure modes of splaying and 

fragmentation of the composite skins, bending of the composite lamina bundle and elastic 

compression of the composite material are also widely observed in the studies in 

(Hamada et al., 1991; Thornton, 1992). Therefore, it can be seen that natural flax/epoxy 

composite tubes have the potential to be an effective energy absorber offering a 

comparable energy absorption capability to that of glass/carbon fibre reinforced 

composites.  

 

Figure 4.21: Load-displacement curve of the optimised design 
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between 4.2 and 13.4 J/g and the CFE was from 0.25 to 0.32 for non-triggered and was 

between 0.38 and 0.45 for triggered silk/epoxy tubes. With regard to failure modes, 

Eshkoor et al. mentioned in their study that generally buckling (either local buckling or 

mid-length buckling) and hinge formation are the two main characteristics of woven 

natural silk/epoxy tubes. Oshkovr et al. stated that their tubes with 24 and 30 number of 

silk/epoxy composite laminates in all length (50 mm, 80 mm and 120 mm) exhibited mid-

length buckling, which was failed initiated at the middle of the tube length which then 

proceed to overall buckling and followed by catastrophic failure. On the other hand, 

unlike the catastrophic failure of silk/epoxy tubes, the flax/epoxy composite tubes crushed 

in a brittle manner with a progressive crushing pattern. Therefore, it is clear that the 

natural flax/epoxy composite tube is superior to the natural silk/epoxy tubes in the overall 

performance as energy absorbers.  

4.3.1 Impact vibration test 

Natural frequency is a characteristic of a structure associated with the mass and stiffness 

distribution along the structure under the considered boundary condition. The mass and 

stiffness differ based on the material applied. Damping of a system can be defined as the 

vibration decay of the system. It is interpreted as a dissipation of the vibration energy. 

Damping plays an important role in controlling the system from excessive vibrations due 

to dynamic loadings, e.g. wind, vehicle impact, ocean waves or earthquakes, also in 

ensuring the comfort of people in a building from induced vibrations, e.g. due to subway 

or heavy high-speed trains in the vicinity. The damping of fabric reinforced polymer 

composites is attributed to the presence of air voids (e.g. the inherent lumens of the 

fibres), the viscoelastic characteristics of epoxy matrix and/or the fibre materials and the 

interphase between the matrix and the fibre. Interphase is defined as the region adjacent 

to fibre surface all along the fibre length (Gibson, 1991).
 
Interphase possesses a 

considerable thickness and its properties are different from those of embedded fibres and 

matrix. The interphase affects the damping of composites.  

Natural frequencies and damping ratios of the specimens obtained from the free 

transversal vibration are given in Table 4.4. Considering the medium-scale specimens 

with the same size, with an increase of the tube thickness from 2 to 4 layers, the natural 

frequency reduced from 37.5 Hz to 27.8 Hz and damping ratio from 18.06% to 15.64%. 

The reduction in natural frequency as a result of the increase in thickness is believed to be 
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attributed to the fact that the increase in thickness leads to a large increase in the mass but 

a slight increase in the stiffness of the tubes. According to the relationship among natural 

frequency (f), mass (m) and stiffness (k), ,/)2/1( mkf    it is easy to derive that the 

increase in tube thickness increased the natural frequency of the medium-scale FFRP 

tubes. Considering the FFRP tubes with different sizes, it can be seen that an increase in 

tube size from 100 mm × 500 mm to 200 mm × 1000 mm, leads to a significant increase 

in the natural frequency but a remarkable reduction in the damping ratio. Therefore, 

FFRE tubes have size-dependent dynamic properties. To be specific, an increase in the 

tube thickness will reduce the damping ratio of the tube when the tube dimension, i.e. 

length and inner diameter, is the same.  

Table 4.4 Test results of FFRP tubes under impact hammer test 

Specimens* Natural 

frequency 

(Hz) 

Damping 

ratio** (%) 

Damping  

ratio*** (%) 

Absolute difference in 

damping ratio**** (%) 

2L-100-500-S1 38.2 18.45 19.66 6.6 

2L-100-500-S2 36.9 16.95 15.67 7.6 

2L-100-500-S3 37.3 18.79 19.83 5.6 

Average 37.5 18.06 18.39  

4L-100-500-S1 28.3 14.82 15.99 7.9 

4L-100-500-S2 27.7 15.44 16.87 9.3 

4L-100-500-S3 27.4 16.67 18.15 8.9 

Average  27.8 15.64 17.00  

6L-200-1000-S1 136.2 6.48 6.29 2.9 

6L-200-1000-S2 139.5 6.96 7.17 3.0 

6L-200-1000-S3 137.4 7.07 7.38 4.4 

Average 137.7 6.84 6.95  

In * column, 4L-100-500-S2 indicates the tube specimen 2 has a thickness of 4-layer 

flax fibre reinforced composites, the inner diameter of the tube is 100 mm and length is 

500 mm. **measured by logarithmic decrement and ***measured by half-power 

bandwidth method, ****compared to the damping ratio measured by logarithmic 

decrement 

 

It is clear that the two methods considered in this study give similar damping ratios for 

each type of the FFRP tube. However, it seems that the difference (or deviation) in 

damping ratio tends to be smaller for 6L-200-1000 specimens, where these specimens 

have a low damping ratio of 6.84%. For 2L- and 4L-100-200 small specimens, the 

difference (or deviation) in damping ratio measured by logarithmic decrement and half-

power bandwidth methods are within 7.6% and 9.3%, respectively, but those of 6L-200-

1000 large specimens are within 4.4%.  
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4.3.2 Four-point bending test 

One objective of this study is to invesitgate the flexural properites of hollow flax fabric 

reinforced epoxy composite tubes. In the author’s opinoin, flax fabric reinforced epoxy 

composite tubes may have the potential to be used as poles in civil structural applications 

due to their high stiffness-to-weight ratio and their non-corrosive characteristics 

compared with conventional concrete poles. Flax fabric reinforced epoxy composite tubes 

consist of layers of resin-impregnated fibres oriented at different angles which respect to 

the tube’s longitudinal axis. Flax fibres in the longitudinal direction provide flexural and 

axial reinforcment, while fibres in the hoop direction provide confinement of the  

longitudinal fibres.      

Flexural failure in FFRP composite tube is characterized by the presence of compressive 

and tensile stresses. As expected, during the testing, the crack is always initiated on a 

tensile side of the FFRP tube and propagates in an upward direction to compressive side. 

The lateral load-displacement curves of the tubes obtained from four-point bending test 

are given in Figure 4.22. It shows that the tensile elastic modulus of 4-layer flax fabric 

reinforced epoxy tube is larger than that of the 2-layer flax fabric reinforced epoxy. The 

load-displacement curve pattern of 2-layer flax fabric reinforced epoxy tube is similar to 

that of the 4-layer flax fabric reinforced epoxy one. The curves can be divided 

approximately into two zones. The first zone up to 5 mm of deflection is a purely elastic 

behavior. The second-zone is a slightly non-linear response leading to the ultimate lateral 

load. When it reaches the ultimate load, the curve is followed by a sudden drop, which 

indicates the brittle failure of the tubes. Regarding 4-layer flax fabric reinforced epoxy 

tubes, several slight load drops are observed in the load response curve, which can be 

explained by the cracking of the tubes.  
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Figure 4.22 Load-displacement curves of FFRE tubes under flexure 

 

Regarding the ultimate lateral load and the deflection at the mid-span of the tubes, it is 

clear that the tube with 4-layer fabric has a larger load carrying capacity and deflection 

compared to the tube with 2-layer flax fabric. The ultimate load capacity of 4L-FFRP 

tube is approximately 32 kN, which is almost two times of that of the 2L-FFRP tube 

(approximately of 16 kN). It is well known that the load carrying capacity of a solid plain 

concrete pole with the similar size (100 mm in diameter and 500 mm in length) is 

approximately 10 kN (El Chabib et al., 2005). For the density of these two materials, it is 

approximate 2.2 g/cm
3 

for the concrete and 1.2 g/cm
3
 for the FFRP tube. This leads to the 

calculated load-to-weight ratio is 26.7 kN  cm
3
/g and 4.5 kN  cm

3
/g for an empty FFRP 

tube and a plain concrete pole, respectively. Therefore, it can be conclued that the flexural 

performance of empty FFRE tube is superior to conventional application of concrete 

beam as a pole.  

4.4 Summary 

This study investigates the axial compressive behaviour and energy absorption capacity 

of natural flax fabric reinforced epoxy composite tubes under quasi-static uniaxial 

compressive load. In addition, the flexural properties of the tubes were tested under four-

point bending and the vibration characteristics were determined by the hammer-induced 

impact testing. Based on the experimental results the following conclusions can be drawn: 

(1) In axial compression, specimens with a large number of composite plies and short 

length exhibit a high resistance to crushing with a large value of peak load and CFE. 
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(2)  In axial compression, for specimens with the same inner diameter and length, an 

increase in the number of plies increases the crushing energy absorption capability 

significantly.       

(3) In axial compression, the energy absorption capability of flax/epoxy composite tube is 

strongly dependent on the geometry of the tube. Specimens with a large length and 

number of composite plies have more energy absorption capacity.  

(4) In axial compression, the optimal design of a flax/epoxy tube, in the specimens 

selected for this study, has a SAE of 41 J/g and a CFE of 0.78, which is superior to 

conventional metal energy absorbers and close to that of glass/carbon fibre reinforced 

polymer composites reported in literature.  

(5) In axial compression, most of the specimens crushed in a brittle manner with a 

progressive crushing pattern. The major energy absorption mechanisms observed are 

fragmentation and splaying of the composite, bending of the lamina bundles and 

compression of the composites.  

(6) In impact vibration, an increase in tube thickness led to a reduction in natural 

frequency and damping ratio of the tubes. FFRP tubes have size-dependent dynamic 

properties, i.e. an increase in size increased the natural frequency but reduced the 

damping ratio remarkably.  

(7) In flexure, an increase in tube thickness led to an enhancement in the load carrying 

capacity. The 4L-FFRP tube shows a high load carrying capacity up to 32 kN, which 

is much larger than the solid plain concrete beam with a similar size, indicating that 

the hollow FFRP tube has the potential for pole application.  
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Chapter 5  

Compressive behavior and analytical 

modelling of flax FRP tube encased 

coir fibre reinforced concrete  

Related journal papers: 

Yan, L.B., Chouw, N., 2013. Experimental study of flax FRP tube encased coir fibre 

reinforced concrete composite column. Construction and Building Materials, 40: 1118-

1127.  

Yan, L.B., Chouw, N., 2013. Behavior and analytical modeling of natural flax fibre 

reinforced polymer tube confined plain concrete and coir fibre reinforced concrete. 

Journal of Composite Materials, 47(17): 2133-2148.  

Yan, L.B., Chouw, N., 2013. Effect of bond on compressive behaviour of flax fibre 

reinforced polymer tube – confined coir fibre reinforced concrete. Journal of 

Reinforced Plastics and Composites, 32(4): 273-285.  

 

5.1 Introduction 

The corrosion of steel reinforcement is one of the major challenges that current civil 

engineers are facing. In the United States, the upgrading of civil engineering 

infrastructure has been estimated as US $20 trillion (NSF, 1993). In the European Union 

nearly 84,000 reinforced and prestressed concrete bridges require maintenance, repair and 

strengthening with an annual budget of £215M, excluding traffic management cost 

(Hollaway, 2011). Recently, there has been a growing interest in utilizing G/CFRP 

composite materials in construction industry due to their relatively low density, high 

strength and resistance to corrosion. The use of FRP is an innovative solution to the 

corrosion problem. One attractive application of G/CFRP composites is in the form of 

wrapped-jacket and tube to confine concrete columns and thus may enhance compressive 

strength and structural ductility remarkably (Fam and Rizkalla, 2001).
 
The use of 
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G/CFRP composites as an alternative of steel reinforcement for concrete structures 

provides a potential for increasing service life and environmental benefits for a variety of 

structural engineering applications, such as bridge piers, marine fender piles, and poles.  

Currently, a wider application of G/CFRP materials in civil infrastructure is limited by the 

high initial cost, the insufficiency of long-term performance data, the lack of standard 

manufacturing techniques and design standards, risk of fire, environmental impact (FRP 

contains chlorine which is associated to the toxins of dioxins and furans), and the concern 

that the non-yielding characteristic of FRP materials could result in brittle failure of the 

structure without prior warning (Bakis et al., 2002; Hollaway, 2011). Among these 

limitations, cost and concern of brittle failure of FRP materials are probably the most 

influential factors when assessing the merits of FRP as a construction material. 

In most cases, failure of G/CFRP confined concrete was dominated by the rupture of the 

FRP jacket or tube in the hoop direction. After removing the jacket or the tube, the 

concrete cores had large wide cracks, or crushed or spalled into blocks, or even crushed 

into powder, as observed in the studies, e.g. Xiao and Wu, 2000; Berthet et al., 2005; Li, 

2006. In flexure, the failure starts by the tensile rupture of the FRP jacket or tube at the 

lowest point in the bottom section of the beam. The tensile cracks begin on the bottom 

section and progress towards the upper section resulting in the development of a major 

crack. The concrete core develops excessive larger flexural cracks at the mid-span of the 

columns and the cracks propagate up to the mid-depth of the beams, as observed in 

previous research (Fam and Rizkalla, 2001; Mohamed, 2010). Therefore, G/CFRP 

confined concrete structures may lose load bearing capacity suddenly after the rupture of 

the FRP since they are elastic up to failure.  

Research on fibre reinforced concrete has shown that short discrete fibres, used in 

cementitious matrices, can modify tensile and flexural strength, and fracture energy 

(Balaguru, 1992). Pacheco-Torgal and Jalali (2011) reviewed the mechanical properties 

of cementitious building materials reinforced with several vegetable fibres, i.e. sisal, 

hemp, coir, banana and sugar cane bagasse. Coir fibre, as one of the reinforcement fibres 

in concrete, was investigated due to its highest toughness among natural fibres, and the 

extremely low cost and availability (Ali et al., 2012). Baruah and Talukdar (2007) 

reported that the compressive, tensile and shear strengths of CFRC with 2% fibre (by 

volume of concrete and fibre length of 40 mm) increased by 13.7%, 22.9% and 32.7% 
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respectively, compared with PC specimens. Tensile splitting test indicated that the PC 

was broken into two halves without contact. In contrast, CFRC specimen was crushed 

into two halves but still kept as a whole due to coir fibre bridging effect.  

Research on bio-composites concluded that natural fibres, i.e. flax, have the potential to 

replace glass fibres as reinforcement in polymer composites (Bodros et al., 2007). Assarar 

et al. (2011) confirmed that the tensile stress and strain at failure of flax fabric reinforced 

epoxy polymer composites are 300 MPa and 2.0 % respectively – putting them close to 

GFRP composites (Assarar et al., 2011). Additionally, natural fibres, such as flax, hemp, 

coir and jute, are also cost effective. They are low density with high specific strength and 

stiffness and are readily available.  

Thus, the use of cost-effective natural fibres (e.g. flax) in FRP composites as concrete 

confinement is another step to achieve a more sustainable construction. In addition, the 

use of natural fibres (e.g. coir) in concrete will also beneficial for concrete industry. 

Based on this motivation, a new composite structure, i.e. natural flax fibre reinforced 

polymer (FFRP) tube encased coir fibre reinforced concrete (CFRC), was proposed by the 

author. 

In this FFRP tube encased CFRC (FFRP-CFRC) system, a relatively inexpensive flax 

fibre is used as reinforcement of FFRP tube confining the concrete. Coir fibre in the 

cementitious matrix modifies the failure pattern of the concrete. The axial compressive 

behavior of 24 FFRP tube encased PC (FFRP-PC) and confined CFRC cylinders are 

investigated under axial compression. The experimental variables include four different 

tube thicknesses and two different coir fibre weight contents. For the safety and economic 

design of FFRP tube confined concrete, an accurate axial stress-strain confinement model 

is required. To date several confinement models have been developed to predict the 

ultimate axial compressive strength and ultimate axial strain of G/CFRP confined 

concrete. To assess the applicability of existing models, in this study the effectiveness of 

the existing confinement models is evaluated for FFRP-PC and FFRP-CFRC. To achieve 

a comprehensive assessment, a total of 23 stress models are considered. The evaluation is 

focused on the prediction of the ultimate axial compressive strength and axial strain of the 

FFRP confined concrete because they are the two most significant parameters for FRP 

confined concrete design.  
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5.2 Experiments  

5.2.1 Materials and specimen preparation 

FFRP tubes were fabricated using the hand lay-up process. Commercial bidirectional 

woven flax fabric (550 g/m
2
) was used for this study. The structure of the flax fabric was 

given in section 3.2.1. The Epoxy used was the SP High Modulus Ampreg 22 resin and 

slow hardener. Details for fabrication of FFRP tubes are given in section 4.2.1. Fabric 

fibre orientation was at 90
o 

from the axial direction of the tube. Tensile and flexural 

properties of FFRP composites were determined by a flat coupon test on Instron 5567 

machine according to ASTM D3039 and ASTM D790, respectively. The mechanical 

properties of FFRP composites are listed in Table 5.1. 

Table 5.1: Physical/mechanical properties of FFRP composites 

Composite 

thickness 

(mm) 

Tensile 

strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Tensile 

Strain 

(%) 

Flexural 

strength 

(MPa) 

Flexural 

modulus 

(GPa) 

Fibre 

volume 

fraction 

(%) 

Density 

of  

FFRP  

(g/cm
3
) 

2.65
 

102 8.0 3.6 103 5.9 53.8 1.268 

5.30
 

125 9.2 4.4 128 8.5 55.7 1.275 

3.25
 

106 8.7 3.7 109 6.0 54.2 1.270 

6.50
 

134 9.5 4.3 144 8.7 55.1 1.273 

 

All the concrete specimens are divided into two parts: test matrices A and B. For 

specimens in test matrix A, the fabric layer arrangement of FFRP tube was two and four 

layers, respectively. When fabricating FFRP tubes, the considered overlap length was 100 

mm, which was the inner diameter of the tube. Two batches of concrete were prepared. 

Both batches were designed as PC with a 28-day compressive strength of 25 MPa. The 

first batch was PC. For the second batch, coir fibre was added during mixing. The fibre 

length was 50 mm and fibre weight content was 1% of PC. Concrete mix design followed 

the ACI Standard 211. 1. The mix ratio by weight was 1: 0.58: 3.72: 2.37 for cement: 

water: gravel: sand, respectively. For specimens in test matrix B, two batches of concrete 

were designed with the compressive strength of 25 MPa and two different fabric layer 

arrangements (2 layers and 4 layers) were considered, the same as that given in test 

matrix A. However, in matrix B, the coir fibre length was 50 mm and weight content was 

1% of cement, and the fabric overlap length was 157 mm, which was half of the inner 

perimeter of the tube.  
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Table 5.2 lists the test matrix of all the specimens. Three PC and three CFRC specimens 

were considered as control groups. The other cylinders were FFRP-PC and FFRP-CFRC 

specimens with 100 mm core diameter and 200 mm height. For each FFRP tube, one end 

was capped with a wooden plate before concrete pouring. Then concrete was cast, poured, 

compacted and cured in a standard curing water tank for 28 days. Both end sides of the 

specimens were treated with high quality mortar to have a uniform bearing surface and a 

blade was used to cut the upper and lower edges of tube confined specimen to avoid it 

directly from bearing the axial compression (Figure 5.2(a)). 

Table 5.2: Test matrix of cylinders with core diameter of 100 mm and height of 200 mm 

Specimen 

Cases* 

No. of 

specimens 

Coir fibre  

length 

(mm) 

Coir fibre  

mass content 

Fabric overlap 

length (mm) 

Tube 

thickness 

(mm) 

PC-A 3 -- -- -- -- 

CFRC-A 3 50 1% of concrete -- -- 

2L-FFRP-PC-A 3 -- -- 100 2.65 

4L-FFRP-PC-A 3 -- -- 100 5.30 

2L-FFRP-CFRC-A 3 50 1% of concrete 100 2.65 

4L-FFRP-CFRC-A 3 50 1% of concrete 100 5.30 

PC-B 3 -- -- -- -- 

CFRC-B 3 50 1% of cement -- -- 

2L-FFRP-PC-B 3 -- -- 157 3.25 

4L-FFRP-PC-B 3 -- -- 157 6.50 

2L-FFRP-CFRC-B 3 50 1% of cement 157 3.25 

4L-FFRP-CFRC-B 3 50 1% of cement 157 6.50 

In * column, “2L” and “4L” indicates 2-layer fabric and 4-layer fabric, respectively. “FFRP-PC” and 

“FFRP-CFRC” indicates flax FRP tube confined plain concrete and confined coir fibre reinforced 

concrete, respectively. “A” and “B” indicates specimens for test matrix A and test matrix B, 

respectively.  

 

5.2.2 Axial compression test 

For each cylinder, two strain gauges were mounted at mid-height of a cylinder aligned 

along the hoop direction to measure hoop strain. Two LVDTs were placed 180
o
 apart and 

covered and spaced 130 mm centred at the mid-height to measure axial strain, as shown 

in Figure 5.2. Compression test was conducted on an Avery-Denison machine under 

stress control with a constant rate of 0.20 MPa/s based on ASTM C39. Each sample was 

axially compressed up to failure. Readings of the strain gauges and LVDTs were taken 

using a data logging system. 
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Figure 5.2: Axial compression test setup: (a) FFRP confined CFRC and (b) unconfined 

PC 

 

5.3 Results and discussion 

5.3.1 Stress-strain relationship  

The stress-strain curves of FFRP-PC and FFRP-CFRC are displayed in Figures 5.3-5.6. 

These curves can be divided into three regions. In the first purely linear region, the stress-

strain behaviour of both FFRP-PC and FFRP-CFRC specimen is similar to the 

corresponding unconfined PC and CFRC. In this region the applied axial stress is low, 

lateral expansion of the confined PC or CFRC is inconsiderable and confinement of FFRP 

tube is not activated. When the applied stress approaches the ultimate strength of 

unconfined PC or CFRC, the curve enters the second nonlinear transition region where 

considerable micro-cracks are propagated in concrete and the lateral expansion 

significantly increased. With the growth of micro-cracks, the tube starts to confine the 

concrete core and counteracts the stiffness degradation of the concrete. The third 

approximately linear region is mainly dominated by the structural behaviour of FFRP 

composites where the tube is fully activated to confine the core, leading to a considerable 

enhancement of concrete compressive strength and ductility. When axial stress increases, 

the hoop tensile stress in the FFRP tube also increases. Once this hoop stress exceeds the 

ultimate tensile strength of FFRP tube obtained from the flat coupon tensile test failure of 

the FFRP tube starts.  
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Figure 5.3 Stress-strain behaviour of FFRP-PC (Test matrix A) 

 

 

 
Figure 5.4 Stress-strain behaviour of FFRP-CFRC (Test matrix A) 

 

 

 
Figure 5.5 Stress-strain behaviour of FFRP-PC (Test matrix B) 
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Figure 5.6 Stress-strain behaviour of FFRP-CFRC (Test matrix B) 

 

5.3.2 Compressive results of the specimens  

Table 5.3 lists the average values for each considered concrete type. '

cof  is peak 

compressive strength of the unconfined concrete, '

ccf is ultimate compressive strength of 

the confined concrete, co is the axial strain at peak strength of unconfined PC or CFRC, 

cc is the ultimate axial strain of FFRP-PC or FFRP-CFRC.
 lf is the lateral confining 

pressure between the FRP tube and concrete core, ' '/cc cof f is confinement effectiveness 

and '/l cof f is the confinement ratio of FRP confined concrete. The value of lf is calculated 

using the following equations (Lam and Teng, 2003): 

                                                      
2 FRP

l

f t
f

D
                                                                (5.1)                                             

                                                     FRP FRP hf E  
  
                                                        (5.2) 

where FRPf  and t are the hoop tensile strength and the thickness of the FFRP tube, 

respectively. D is the inner diameter of the tube, FRPE  is the tensile modulus of FFRP 

tube and h
 
is the corresponding tensile hoop strain. 

In general, Table 5.3 indicates that FFRP tube as concrete confinement increased the 

ultimate compressive strength and ultimate axial and hoop strains of all confined PC and 
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CFRC specimens significantly, with the increase in strength and ductility is being 

proportional to an increase in tube thickness.  

Table 5.3: Average test results of the specimens 

Concrete 

type 

Tube 

thickness 

(mm) 

'

cof
 

(MPa) 

co
 

(%)
 

'

ccf
 

(MPa) 

cc

(%) 

hrup
 

(%)
 

lf  

(MPa)

 

'

'

co

cc

f

f  

'co

l

f

f

 co

cc




 

PC-A -- 25.7 0.18 -- -- -- -- -- -- -- 

CFRC-A -- 23.4 0.41 -- -- -- -- -- -- -- 

2L- FFRP-PC-A 2.65 25.7 0.18 37.8 1.50 2.80 5.81 1.47 0.23 8.53 

4L- FFRP-PC-A 5.30 25.7 0.18 50.2 1.90 4.50 14.25 1.95 0.54 10.92 
2L- FFRP-CFRC-A 2.65 23.4 0.41 33.0 1.50 3.50 5.81 1.42 0.25 3.75 
4L- FFRP-CFRC-A 5.30 23.4 0.41 48.3 2.20 4.20 14.25 2.06 0.61 6.11 

PC-B -- 25.8 0.20 -- -- -- -- -- -- -- 

CFRC-B -- 28.2 0.54 -- -- -- -- -- -- -- 

2L- FFRP-PC-B 3.25 25.8 0.20 37.0 1.72 2.91 7.08 1.43 0.27 8.60 

4L- FFRP-PC-B 6.50 25.8 0.20 53.7 2.25 4.54 18.72 2.08 0.73 11.25 
2L- FFRP-CFRC-B 3.25 28.2 0.54 38.8 1.89 3.62 7.08 1.38 0.25 3.50 

4L- FFRP-CFRC-B 6.50 28.2 0.54 56.2 2.70 4.29 18.72 2.00 0.66 5.00 

 

Table 5.3 shows that coir fibre inclusion in test matrix B (fibre length of 50 mm and fibre 

content of 1 % of cement) increased the peak compressive strength while coir fibre in test 

matrix A (length of 50 mm and fibre content of 1 % of PC) reduced the peak strength, 

compared with the corresponding unconfined PC in test matrix A and B. However, coir 

fibre increased the axial strain at peak strength significantly for both test matrices.  

It is also observed that the ultimate compressive strength and ultimate axial and hoop 

strains of FFRP-CFRC in test matrix B are larger than the corresponding results of 

confined CFRC specimens in matrix A when the fabric layers are the same, i.e. at 2 layer 

and 4 layers, respectively. In comparison with specimens in matrix A, the increase in the 

ultimate strength and strains of specimens in matrix B is believed attributable to a 

combination factors due to the increase in overlap length and fibre weight content.  

5.3.3 Ductility   

Ductility of G/CFRP confined concrete can be evaluated based on the axial strain ratio of 

the confined concrete to that of the unconfined concrete. It is also considered in this study 

to evaluate the ductility of FFRP tube encased concrete. As displayed in Table 5.3, for 

specimens in test matrix B, the strain ratios of 2-layer and 4-layer FFRP-PC are 8.60 and 

11.25, and are 3.5 and 5.0 for 2-layer and 4-layer FFRP-CFRC, respectively. Therefore, 

FFRP tube confinement led to the significant increase in the ductility of the proposed 
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composite members under pure axial compression. As expected, the ductility of the 

specimen increased with an increase in tube thickness. It should be mentioned here that in 

the case of FFRP-CFRC, the axial strain of unconfined CFRC (0.54%) was considered for 

the calculation, this leads to a relatively lower value of the strain ratio. If the strain of the 

unconfined PC (0.2%) was considered, the strain ratios of 2-layer and 4-layer FFRP-

CFRC will be 9.45 and 13.50 respectively. These ratios are 9.9% (9.45 vs. 8.60) and 20.0% 

(13.5 vs. 11.25) larger than the corresponding 2-layer and 4-layer FFRP-PC specimens. 

Therefore, coir fibre inclusion further increased the ductility.  

 

5.3.4 Failure mode in compression 

For all the FFRP-PC and FFRP-CFRC specimens, the failure under compression was 

initiated at the middle height of the tube and progressed towards its top and bottom ends. 

In each of the confined specimen, only a single crack was observed and this crack 

propagated along the fibre direction in the tube (Figure 5.7). Failure modes of the 

concrete core were evaluated. It was found that the failure pattern was quite different 

between the concrete core without and with coir fibre reinforcement. After removed the 

tube, it was observed that the PC core completely crushed. The CFRC core was damaged 

with macro-cracks but still held together by the coir fibres (Figure 5.8). It is evident that 

coir fibre inclusion can restrict the propagation of the cracks in the concrete core for 

FFRP tube encased concrete.  

 

Figure 5.7 Typical failure of FFRP-PC (a) and FFRP-CFRC (b) 
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Figure 5.8 Failure patterns of PC and CFRC cores after removed FFRP tube 

  

5.3.5 Effectiveness of existing confinement models 

To date several stress-strain models have been developed to predict the ultimate 

compressive strength and strain for G/CFRP tube confined concrete and G/CFRP-

wrapped concrete.
 
These models are divided into two categories: design-oriented and 

analysis-oriented. Design-oriented models are closed-form equations and are based 

directly on the interpretation of experimental results. These models consider FRP 

confined concrete as a single “composite” material, and are thus simple and convenient to 

apply in design (Lam and Teng, 2003). The analysis-oriented models, on the other hand, 

are generated using an incremental numerical procedure, such as the one by Mander et al. 

(1998). Analysis-oriented models treat the FRP and concrete core separately, and predict 

the behaviour of FRP confined concrete by an explicit account of the interaction between 

FRP and the confined concrete core via radial displacement compatibility and equilibrium 

conditions. They are modes versatile and accurate in general (Lam and Teng, 2003). 

Compared to the complexity resulting from incremental process of analysis-oriented 

model, a simple and accurate design-oriented model is particular suitable for direct 

application in design calculations.  

5.3.5.1 Performance of design-oriented models on ultimate compressive strength  

The most common form of design-oriented models can be represented by the following 

expression: 
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'

' '
[1 ( ) ]mcc l

co co

f f
k

f f
                                                    (5.3)                                                                           

where, k  is effectiveness coefficient and m is the power coefficient of the confinement 

ratio. The axial behaviour of confined concrete was primarily proposed by Richart and 

Brandtzaeg in 1928. The majority of the design-oriented models have the similar 

expression as Richart and Brandtzaeg in Eq. (5.3). The different relations for k  and m of 

some design-oriented modes are listed in Table 5.4. 

Table 5.4: Parameters of the typical design-oriented confinement models 

Models m  k  

Xiao & Wu ([8], 2000) and Richart et 

al. ([44], 1928)
 

1.0 4.1 

Lam & Teng ([18], 2003)
 

1.0 3.3 

Wu et al. ([19], 2006) and Lam & 

Teng ([20], 2002)
 

1.0 2.0 

Saaman et al. ([21], 1998)
 

0.70 3.38 

Saafi ([22], 2000)
 

0.84 2.2 

Toutanji ([23], 2003)
 

0.85 3.5 

Karbhari & Gao ([24], 1997)
 

0.87 2.1 

Miyauhi et al. ([25], 1999)
 

1.0 2.98 

Cheng et al. ([26], 2002)
 

1.0 2.4 

 

Comparison of the experimental ultimate strengths of FFRP-PC and FFRP-CFRC with 

their predictions based on design-oriented models is displayed in Figure 5.7, where black 

square marks indicate FFRP-PC (2 layer and 4 layers) and triangular points represent the 

FFRP-CFRC specimens (2 layer and 4 layers) from test matrix A. The ( ) marks indicate 

the FFRP-PC (2 layer and 4 layers) and ( ) marks denote FFRP-CFRC (2 layer and 4 

layers) from test matrix B, respectively. Figure 5.9 depicts that the existing design-

oriented models vary considerably because the models are directly generated based on the 

interpretation of experimental data. Figure 5.9 also shows that the ultimate strength of 

FFRP-PC and FFRP-CFRC is highly dependent on the lateral confinement pressure lf . 

The increase in confinement effectiveness is directly proportional to the increase in 

confinement ratio.  
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Figure 5.9: Comparison of results with other confinement models for FFRP confined 

concrete 

 

Table 5.5 makes a comparison of experimental ultimate strengths with the predictions 

based on the design-oriented strength models. Figure 5.10 illustrates the absolute error 

curves of the design-oriented models on ultimate compressive strength prediction. The 

accuracy of a model is classified into three categories: Category I of good accuracy 

(absolute error  15%), Category II of relatively accuracy (15% < absolute error  30%) 

and Category III of inaccuracy (absolute error > 30%), as marked in Figures 5.9 and 5.10. 

Figure 5.8 shows that the models by Wu et al. ([19] 2006) and Lam & Teng ([20] 2002) 

predict the ultimate strengths of all the FFRP-PC and FFRP-CFRC specimens accurately. 

The absolute error is 7.3% and 0.7% for 2-layer FFRP-PC and it is 5.4% and 16.0% for 4-

layer FFRP-PC, respectively. For confined CFRC, the absolute error is 6.3% and 9.0% for 

specimens confined by 2-layer FFRP tube and it is 7.2% and 16.3% for specimens 

confined by 4-layer FFRP tube, respectively (Table 5.5). The strength models by Saafi 

([22] 2000)
 
and Karbhari & Gao ([24] 1997) fit the ultimate strength of the majority of 

the experimental results relative accurately, with most of the absolute errors ranging from 

15% to 30%. The model by Cheng et al. ([26] 2002) may also be defined as category II, 

except for the prediction of 4-layer FFRP-PC (test matrix B). All the other models 

overestimate the ultimate strengths of the FFRP-PC or FFRP-CFRC. It should be noted 

here that the design-oriented confinement models are directly developed according to the 

interpretation of their experimental database based on G/CFRP confined concrete. It is 

true that the tensile strength and modulus of G/CFRP composites obtained from flat 
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coupon tensile tests are significantly larger than the FFRP composites give in Table 5.1. 

This may lead to the overestimation in the strength predictions of FFRP tube confined 

concrete.  

 

Figure 5.10: Absolute error of design-oriented models in predictions of ultimate 

compressive strength 

 

Table 5.5: Comparison of experimental ultimate compressive strength with predicted 

ultimate compressive strength by design-oriented models 

Models 

FFRP tube confined PC FFRP tube confined CFRC 

2L- FFRP-PC  

(MPa) 

Absolute 

Error 

(%) 

4L- FFRP-PC 

(MPa) 

Absolute 

error 

(%) 

2L- FFRP-CFRC 

(MPa) 

Absolute 

 error 

(%) 

4L- FFRP-CFRC 

(MPa) 

Absolute 

 error 

(%) 

A B   A      B       A B A B A B A B A B     A B 

Test result 37.8 37.0 - - 50.2 53.7 - - 33.0 38.8 - - 48.3 56.2 - - 

[8]  49.9 54.4 32.0 47.0 83.8 103 67.2 91.8 47.5 57.1 43.9 47.2 81.9 104 69.6 85.9 

[18] 45.2 48.8 19.6 31.9 72.4 88.0 44.0 63.9 42.6 51.5 29.1 32.7 70.4 89.6 45.8 59.4 

[19] & [20] 37.5 39.7 0.7 7.3 52.9 62.3 5.4 16.0 35.1 42.3 6.3 9.0 51.8 65.4 7.2 16.3 

[21] 56.5 60.7 49.7 34.3 82.7 95.7 64.7 78.2 53.4 64.3 61.8 59.3 79.3 99.5 64.2 77.0 

[22] 42.1 44.7 13.6 20.8 59.9 69.4 19.3 29.2 39.3 47.6 19.1 22.7 57.3 72.0 18.9 28.1 

[23] 51.4 55.4 36.0 49.7 80.0 94.9 59.4 76.7 48.7 58.6 47.5 51.0 76.9 97.5 59.7 73.5 

[24] 40.6 43.1 7.4 16.5 57.8 67.3 15.1 25.3 38.1 45.9 15.4 18.3 55.5 69.5 14.9 23.7 

[25] 41.1 46.6 8.7 25.9 67.8 81.9 35.1 52.5 39.5 49.2 19.7 26.8 66.0 83.7 36.6 48.9 

[26] 39.8 42.5 5.3 14.9 59.6 71.0 18.7 32.2 37.4 45.1 13.3 16.2 57.6 72.9 19.3 29.7 

“A” and “B” indicates specimens from test matrices A and B, respectively.  

Absolute error = 
%100



test

testprediction  

Xiao & Wu ([8], 2000), Lam & Teng ([18], 2003), Wu et al. ([19], 2006) and Lam & Teng ([20], 2002), Saaman et al. ([21], 1998), 

Saafi ([22], 2000), Toutanji ([23], 2003), Karbhari & Gao ([24], 1997), Miyauhi et al. ([25], 1999), Cheng et al. ([26], 2002) 
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Analysis-oriented models have the analytical expressions for predicting the ultimate 

compressive strength which follow the well-known model of Mander et al. (1998). The 

model of Mander et al. was derived from the William-Warnke surface failure (1975) for 

tri-axial compression state with equal effective lateral confining pressure (Richart and 

Brandtzaeg, 1925): 

                               254.1294.71254.2
'''
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                                         (5.4)                                                            

Fam and Rizkalla ([1] 2001), Saadatmanesh et al. ([27] 1994), Restrepol and De Vino 

([28] 1996), Spoelstra and Monti ([29] 1999), Samaan et al. ([30] 1998), Chun and Park 

([31] 2001) are adopting the similar expressions as Eq. (5.4) for their study. Table 5.6 

gives the expressions of some existing analysis-oriented models. 

Table 5.6: Equations of typical analysis-oriented confinement models  

                     Authors Models 

Fam and Rizkalla ([1], 2001), 

Saadatmanesh et al. ([27], 1994), 

Restrepol and De Vino ([28], 1996), 

Spoelstra and Monti ([29], 1999), 

Saaman et al. ([30], 1998), Chun and 

Park ([31], 2001) 

254.1294.71254.2
'''
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f

f

f
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Harries and Kharel ([32], 2002) 587.0'' 629.4 lcocc fff   

Binici ([33], 2005) )9.91(
''

''

co

l

co

l
cocc

f

f

f

f
ff   

Marques et al. ([34], 2004) 83.0'' 7.6 lcocc fff 

 
Teng et al. ([35], 2007)  lcocc fff 5.3''   

 

In general, most analysis-oriented strength models not match the ultimate compressive 

strengths of all the FFRP-PC and FFRP-CFRC, as displayed in Figure 5.11 and Table 5.7. 

Only the model by Harries and Kharel ([32] 2002) predicts the strengths of all the 

experimental results accurately, although the considered coir fibre weight content and 

tube thickness vary from test matrix A to matrix B. The absolute error of 2-layer FFRP-

PC from test matrix A and test matrix B is 0.3% and 9.2%, respectively. For the other 

three sets of FFRP-PC and FFRP-CFRC with different tube thickness and coir fibre 
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weight content, the absolute errors range from 3.7% to 10.5%. All the other models 

overestimate the ultimate strengths significantly. This may also be attributed to the fact 

that the tensile properties of FFRP materials obtained from flat coupon tensile test were 

significantly lower than that of G/CFRP, as displayed in Table 5.1. In addition, most 

analysis-oriented models followed the model by Mander et al. (1998) based on steel-

based confinement. The formulation is based on ultimate strength surfaces modeled on 

triaxial test data, and therefore Mander et al. predict the improvement in compressive 

strength of the confined concrete as a function of one value of lateral confining pressure, 

assumed to be constant throughout the loading history. However, this is not the case for 

FRP-confined concrete.  

 

Figure 5.11: Absolute error of analysis-oriented models in predictions of ultimate 

compressive strength  
 

Table 5.7: Comparison of experimental ultimate compressive strength with predicted 

ultimate compressive strength by analysis-oriented models 

Models 

FFRP confined PC FFRP confined CFRC 

2L- FFRP-PC 

(MPa) 

Absolute 

Error 

(%) 

4L- FFRP-PC 

(MPa) 

Absolute 

error 

(%) 

2L- FFRP-CFRC 

(MPa) 

Absolute 

 error 

(%) 

4L- FFRP-CFRC 

(MPa) 

Absolute 

error 

(%) 

A B  A   B     A B A B A B A B A   B     A B 

Test result 37.8 37.0 - - 50.2 53.7 - - 33.0 38.8 - - 48.3 56.2 - - 

[1]& 

[27-32] 
53.3 53.5 41.0 44.6 46.1 81.6 8.2 52.0 50.0 55.2 51.5 42.3 67.7 78.9 40.2 40.4 

[32] 37.7 40.4 0.3 9.2 47.7 51.6 5.0 3.9 35.4 42.8 7.3 10.3 43.7 54.1 10.5 3.7 

[33 54.7 56.4 44.7 52.4 86.5 92.8 56.6 72.8 49.5 59.6 50.0 53.6 79.0 96.0 63.6 70.9 

[34] 54.6 58.8 44.4 58.9 75.6 102.0 72.3 89.9 52.3 62.2 58.5 60.3 84.1 104.4 74.1 85.8 

[35] 46.0 50.6 21.7 36.8 73.2 91.3 50.6 70.0 43.7 53.0 32.4 36.6 73.3 93.7 51.8 66.7 

“A” and “B” indicates specimens from test matrix A and B, respectively. Calculation of absolute error refers to Table 5. 
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5.3.5.3 Performance of confinement models of ultimate axial strain 

Table 5.8 lists the expressions of several confinement models for ultimate axial strain 

prediction. It can be seen that the ultimate axial strain is relevant to the axial strain co at 

peak strength of unconfined PC and the confinement effectiveness ' '/cc cof f .  

Table 5.8: Prediction equations for ultimate axial strain by various confinement models 

Authors Models 

Wu et al. ([19], 2006) )3.63.1(
'

'

co

cc
cocc

f

f
   

Mander et al. ([43], 1998), Fam and 

Rizkalla ([1], 2001),  Saadatmanesh et 

al. ([27], 1994), Restrepol and De 

Vino ([28], 1996), Spoelstra and 

Monti ([29], 1999),  Saaman et al. 

([30], 1998), Chun and Park ([31], 

2001), Harries and Kharel ([32], 

2002), Binici ([33], 2005), Marques et 

al. ([34], 2004) and Teng et al. ([35], 

2007) 

)]1(51[
'

'


co

cc

cocc
f

f
  

Richart et al. ([44], 1928) '
001.0002.0

co

FRP
cc

Df

tE
  

Saafi ([22], 2000) )]1)(6.2537(1[
'

'


co

cc

FRPcocc
f

f
  

Miyauhi et al. ([25], 1999) ])
2

(6.101[002.0 373.0

'

co

FRP
cc

Df

tf
  

Lam & Teng ([36], 2001) for GFRP tube 
7.0

'

'

)(272
co

cc

co

cc

f

f





 

Lam & Teng  ([36], 2001) for CFRP sheet )(152
'

'

co

cc

co

cc

f

f





 

 

Comparison of the experimental ultimate axial strains with the predictions is given in 

Table 5.9. Absolute error of strain models in predictions of ultimate axial strains is given 

in Figure 5.12. It shows that the strain model by Miyauchi et al ([25] 1999) fits the 

experimental ultimate strains of all the FFRP-PC specimens, and it also accurately 

predicts the strains of 2-layer and 4-layers FFRP-CFRC specimens in test matrix A. 
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However, it slightly underestimates the ultimate strains of 4-layer FFRP-CFRC 

specimens in test matrix A (with absolute error of 23.3%) and B (with absolute error of 

25.9%). This may be attributable to the addition of coir fibre, since coir fibre in test 

matrix A reduced the average peak compressive strength while it increased the average 

peak compressive strength in test matrix B, compared with the corresponding unconfined 

PC.  

Table 5.9: Comparison of ultimate axial strains of experimental results with the 

predictions by the existing models  

Models 

FFRP confined PC FFRP confined CFRC 

2L- FFRP-PC 

 (%) 

Absolute 

Error 

(%) 

4L- FFRP-PC 

 (%) 

Absolute 

error 

(%) 

2L- FFRP-CFRC 

 (%) 

Absolute  

error 

(%) 

4L- FFRP-CFRC 

 (%) 

Absolute  

error 

(%) 

A B A B  A B      A B     A B A B A B A B 

Test 

result 
1.5 1.72 - - 1.9 2.25 - - 1.5 1.89 - - 2.2 2.70 - - 

[19] 1.9 2.06 26.7 17.4 2.4 2.88 26.3 28.0 4.2 5.40 180 185.7 5.9 7.51 168.2 178.1 

[1],[27-

35]&[43] 
0.6 0.63 60.0 63.4 1.0 1.28 47.4 43.1 1.3 1.57 13.3 16.9 5.6 3.24 154.5 20.0 

[44] 0.7 0.92 52.0 6.5 2.1 2.59 10.5 14.7 0.8 0.86 46.7 54.5 2.3 2.39 4.5 11.5 

[22] 1.7 1.77 13.3 4.1 4.7 6.03 147.3 168.0 4.0 5.04 166.7 166.7 11.3 14.38 413.6 432.6 

[25] 1.4 1.50 6.7 12.8 1.8 2.05 5.3 8.9 1.4 1.45 6.7 23.3 2.0 2.00 9.1 25.9 

[36]
C

 6.7 7.30 346.7 324.4 8.1 9.41 326.3 318.2 14.9 19.3 893.3 921.2 19.2 24.77 772.8 817.4 

[36]
D

 4.3 4.69 186.7 172.7 5.6 6.64 194.7 195.1 9.5 12.26 533.3 548.7 13.4 17.28 509.1 540.0 

“A” and “B” indicates specimens from test matrix A and B, respectively. C indicates GFRP tube strain model and D indicates CFRP sheet 

strain model given by Lam and Teng36. Calculation of absolute error refers to Table 5. 

 

 

Figure 5.12 Absolute error of strain models in predictions of ultimate axial strains  
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The model by Wu et al. ([19] 2006) relatively matches the ultimate axial strains of FFRP 

tube confined PC, with the absolute errors ranging from 20% to 30%. However, it 

considerably overestimates the strains for FFRP-CFRC. It is easy understandable because 

the average axial strain co at peak stress of unconfined CFRC specimens used for 

derivation of ultimate strain is 0.0041 and 0.0054, respectively, rather other 0.0018 and 

0.002 for unconfined PC specimens given in Table 5.3. If co of 0.0018 is used for FFRP-

CFRC calculation, the predicted ultimate axial strains for 2-layer and 4-layer FFRP-

CFRC in test matrix B will be 1.83% and 2.53%, the corresponding absolute errors will 

be 22% and 15% for specimens in test matrix A. For specimens in test matrix B, co of 

0.002 leads to the predicted ultimate axial strains for 2-layer and 4-layer FFRP-CFRC 

which will be 2.00% and 2.78%, respectively, the corresponding absolute errors will be 

5.8% and 3.0%. This data indicates that the strain model by Wu et al. ([19] 2006) could 

predict the ultimate axial strains of FFRP-CFRC structures when the axial strain at peak 

stress of PC is considered for calculation, rather other that of CFRC. For all the other 

models in the Table 5.9, no matter for FFRP-PC or FFRP-CFRC; they either overestimate 

the values, or underestimate the values significantly.  

Based on the discussions above, it is observed that the existing analysis-oriented strength 

model by Harries and Kharel ([32] 2002) (with prediction absolute error from 0.3% to 

10.5%) and design-oriented strength models by Wu et al. ([19] 2006) and Lam and Teng 

(2002) (with prediction absolute error from 0.7% to 16.3%) can predict for ultimate 

compressive strengths of all the FFRP-PC and FFRP-CFRC specimens accurately. The 

prediction based on strain models by Miyauchi et al. ([25] 1999) relatively fit the 

experimental ultimate axial strains of all the FFRP-PC and FFRP-CFRC, with absolute 

errors ranging from 1.4% to 25.9%. The strain model by Wu et al. ([19] 2006) may 

predict the experimental ultimate strains relative accurately when the axial strain of 

unconfined PC is considered for ultimate strain calculation of FFRP-CFRC. Therefore, an 

accurate strain mode is required for both FFRP-PC and FFRP-CFRC. 

5.3.5.4 Proposed strain models  

It is easy understandable that the GFRP tube strain model and CFRP sheet strain model 

proposed by Lam & Teng ([36] 2001) significantly overestimate the experimental 

ultimate axial strains of FFRP-PC and FFRP-CFRC, as listed in Table 5.9. This is 
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because their equations are directly developed from the experimental results of G/CFRP 

confined concrete specimens, and the tensile modulus of the G/CFRP composite is taken 

into account when developing the strain model Lam & Teng ([36] 2001). Actually, it is 

true that the tensile modulus of flax FRP composite is significantly lower than the 

G/CFRP. Based on the predicted ultimate axial strains obtained from the GFRP and 

CFRP models, the strain ratios, defined as the experimental ultimate strains of FFRP-PC 

and FFRP-CFRC divided by the corresponding predicted ultimate strains, are given in 

Table 5.10. 

Table 5.10 Experimental/prediction ultimate axial strain ratios of the considered 

specimens based on strain model by Lam and Teng ([36] 2001) 

Models 

FFRP confined PC FFRP confined CFRC 

2L- FFRP-PC 

(%) 

Strain 

ratio 

4L- FFRP-PC 

 (%) 

  Strain 

   ratio  

2L- FFRP-CFRC 

 (%) 

Strain  

ratio 

4L- FFRP-CFRC 

 (%) 

Strain  

ratio 

 A B A B     A B    A B  A   B A B A   B      A  B 

Test result 1.5 1.72 - - 1.9 2.25 - - 1.5 1.89 - - 2.2 2.70 - - 

[36]C 6.7 7.30 0.224 0.236 8.1 9.41 0.235 0.239 14.9 19.3 0.100 0.098 19.2 24.77 0.115 0.109 

[36]D 
4.3 4.69 0.349 0.368 5.6 6.64 0.339 0.339 9.5 12.26 0.158 0.154 13.4 17.28 0.177 0.156 

“A” and “B” indicates specimens from test matrix A and B, respectively. C indicates GFRP tube strain model and D indicates CFRP sheet strain 

model given by Lam and Teng36. Calculation of absolute error refers to Table 5. 

 

Considering the difference in tensile modulus of FFRP and G/CFRP, a material stiffness 

reduction factor ( ) is introduced to develop an accurate design-oriented strain model for 

FFRP tube confined PC and CFRC based on the GFRP tube and CFRP sheet models 

proposed by Lam and Teng ([36] 2001). This stiffness reduction factor  is derived 

directly from the experimental/prediction ultimate strain ratios given in Table 5.10. The 

average value of strain ratio for 2-layer FFRP-PC from test matrix A and matrix B is 

considered as the stiffness reduction factor based on the GFRP and CFRC models of Lam 

and Teng. For FFRP-PC and FFRP-CFRC of the composite with a lower tensile modulus, 

the material stiffness factor 1  is 0.230 based on the GFRP model and the material 

stiffness factor 2  
is 0.359 based on CFRP sheet model. Therefore, the proposed two 

models can be simplified as   

             Strain model I:    7.0

'

'
7.0

'

'

1 )(21.646.0])(272[
co

cc

co

cc

co

cc

f

f

f

f
 




                        (5.5)                                                  
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            Strain model II:   
' '

2 ' '
[2 15( )] 0.718 5.385( )cc cc cc

co co co

f f

f f





                                (5.6)                                                                                                                                                                                                                                   

where co is the compressive strength of unconfined PC, which is used for calculation for 

both FFRP-PC and FFRP-CFRC specimens. It is 0.0018 and 0.0020 for test matrix A and 

test matrix B, respectively (Table 5.3).   

Comparison of experimental ultimate axial strains of FFRP-PC and FFRP-CFRC with the 

predictions obtained from the proposed models is given in Table 5.11. In general, the 

proposed two equations predict the ultimate axial strains of FFRP-PC and FFRP-CFRC 

with low tensile modulus effectively. Compared to the Model I, Model II also can predict 

the results of 4-layer FFRP-PC much accurately. Compared the proposed strain model II 

with the one by Miyauhi et al. (Table 5.9), it is observed that the proposed model II is 

superior to that by Miyauhi et al. ([25], 1999) in prediction the ultimate axial strains for 

all the FFRP-PC and FFRP-CFRC in this study.  

Table 5.11: Comparison of proposed strain models and experimental results

 

Models 

FFRP confined PC FFRP confined CFRC 

2L- FFRP-PC 

(%) 

Absolute 

Error 

(%) 

4L- FFRP-PC 

 (%) 

Absolute 

error 

(%) 

2L- FFRP-CFRC 

 (%) 

Absolute  

error 

(%) 

4L- FFRP-CFRC 

 (%) 

Absolute 

 error 

(%) 

A B  A    B      A B A B A B A B A    B       A B 

Test result 1.5 1.72 - - 1.9 2.25 - - 1.5 1.89 - - 2.2 2.70 - - 

Model 1 1.55 1.69 3.33 1.74 1.87 2.17 1.58 3.56 1.54 1.65 2.67 12.7 1.94 2.11 11.8 21.9 

Model 2 1.55 1.68 3.33 2.33 2.01 2.37 5.79 5.33 1.51 1.63 0.67 13.7 2.13 2.30 3.2 14.8 

“A” and “B” indicates specimens from test matrix A and B, respectively. Calculation of absolute error refers to Table 5. 

 

5.4 Summary 

This study concerned the axial compressive behaviour of a new flax fibre reinforced 

polymer (FFRP) tube confined plain concrete (PC) and coir fibre reinforced concrete 

(CFRC). The experimental results of 24 FFRP-PC and FFRP-CFRC cylinders were 

presented. A total of 23 existing design-oriented and analysis-oriented models were 

considered to predict the ultimate axial compressive strength and axial strains of the 

experimental results. The study reveals: 

(1) The compressive strength of CFRC can increase or decrease by the addition of coir 

fibre with different fibre weight content, compared with unconfined PC. 
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(2) Coir fibre inclusion with length of 50 mm and fibre weight content of 1% of cement 

increased the ultimate compressive strength and ultimate strains of FFRP-CFRC 

specimens, compared with the FFRP-PC specimens.  

(3) FFRP tube confinement enhances the compressive strength and ductility of both PC 

and CFRC. The increase in tube thickness leads to an increase in compressive strength 

and ductility. 

(4) The axial stress-strain behaviour of FFRP-PC and FFRP-CFRC is approximately 

bilinear.  

(5) For the test conditions considered in this study, the design-oriented models by Wu et 

al. (2006) and Lam and Teng (2002) and an analysis-oriented model by Harries and 

Kharel (2002) can predict the ultimate axial compressive strength of FFRP-PC and 

FFRP-CFRC accurately. 

(6) No considered strain models predict the ultimate axial strains of FFRP-PC and FFRP-

CFRC accurately. Two proposed strain models, with an introduction of a stiffness 

reduction factor of the composite material; match the experimental strains of both 

FFRP-PC and FFRP-CFRC effectively. 
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Chapter 6  

Flexural behaviour and theoretical 

analysis of flax FRP tube encased coir 

fibre reinforced concrete  

Related journal papers: 

Yan, L.B., Chouw, N., 2013. Experimental study of flax FRP tube encased coir fibre 

reinforced concrete composite column. Construction and Building Materials, 40: 1118-

1127.  

Yan, L.B., Chouw, N., 2013. Compressive and flexural behaviour and theoretical analysis 

of flax FRP tube encased coir fibre reinforced concrete composite. Materials & Design, 

52: 801-811.  

Yan, L.B., Chouw, N., Jayaraman, K., 2014. Effect of column parameters on flax FRP 

confined coir fibre reinforced concrete. Construction and Building Materials, 55: 299-

213. 

 

6.1 Introduction 

In the previous chapter, the axial compressive behavior of FFRP-PC and FFRP-CFRC 

composite columns was evaluated. It was found that for both PC and CFRC, the FFRP 

tube confinement increased the ultimate compressive stress and strain remarkably. The 

increase in ultimate compressive stress is directly proportional to an increase in the 

thickness of the tube. Coir fibre inclusion has an insignificant effect on the confinement 

effectiveness. However, the coir fibre inclusion reduced the concrete cracks. Generally, 

the FFRP-CFRC composite exhibits its potential to be axial structural members. In this 

chapter, the feasibility of FFRP-CFRC composite beams as flexural structural members 

was evaluated under four-point bending testing. To find out the coir fibre inclusion and 

tube thickness effect on the flexural behavior, PC and FFRP-PC specimens were 

considered for comparison. 
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6.2 Experiments  

6.2.1 Materials and specimen preparation 

FFRP tubes were fabricated using a hand lay-up process. More details about the flax 

fabric and epoxy materials, fabrication process of the tubes and the physical/mechanical 

of FFRP composites can be found in section 4.2.1. Two batches of concrete were 

prepared. Both batches were designed as PC with a 28-day compressive strength of 25 

MPa. The first batch was PC and the other is CFRC. The mix ratio by weight was 1: 0.68: 

3.77: 2.96 for cement: water: gravel: sand, respectively. The cement used was CEM I 

42.5 normal Portland cement with a general use type. The coarse aggregate was gravel 

having a density of 1850 kg/m
3
. The gravel has a maxium size of 15 mm (passing through 

15 mm sieve and retained at 10 mm sieve). The natural sand was used as a fine aggregate 

with a fineness modulus of 2.75.  

For CFRC batch, coir fibre was added during mixing. The coir fibres were obtained from 

Indonesia. The fibres had been treated and cut to a length of 50 mm. The considered coir 

fibre weight content was 1% of the mass of the cement. The treatment progress of the coir 

fibres is given as follows: (1) Coir fibres were soaked in tap water with the addition of 

detergent (i.e. wash powder) for 24 hours to soften the fibres and to remove the dust and a 

certain amount of the impurities, e.g. wax and oils covering the external surface of the 

fibre cell wall. The removal of surface impurities such as waxes and oils is good to have a 

cleaner and rougher fibre surface which facilitates the bond in the cement matrix, (2) the 

fibres were washed with fresh water to remove the remaining contaminants and soaked 

again for 2 hour. These washing and soaking process were repeated three times, (3) fibres 

were then straightened manually and combed with a steel comb, (4) the fibres were put in 

an oven at 50
o
C for 24 h to remove the moisture of the fibres, (5) the fibres were combed 

again and finally cut into the required length with a guillotine. The oven-dried fibres were 

allowed to cool till they reached room temperature. 

The average mechanical properties of the coir fibres used in this study are given in Table 

6.1. The mechanical properties (ultimate tensile strength, failure strain and Young’s 

modulus) of single coir fibres were determined using a universal MTS-type tensile testing 

machine equipped with a 10 kN capacity load cell. The considered gauge length was 10 

mm. Before testing, the fibre was glued on a paper frame and its diameter was determined 
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from the average of optical measurements in three different spots. Then, the frame was 

clamped on the MTS machine. The cross-head displacement applied was 1mm/min. The 

test was repeated 10 times and the average values were reported. For each confined 

cylinder, one end of the FFRP tube was capped with a wooden plate to generate as a 

formwork for the fresh concrete. Then concrete was cast, poured, compacted and cured in 

a standard curing water tank for 28 days. Figure 6.1 displays the FFRP tubes and a FFRP-

CFRC specimen during casting.  

Table 6.1: Average mechanical properties of coir fibre 

Properties Coir fibre 

Average diameter 0.25 mm 

Length  50 mm 

Density  1.20 g/cm
3
 

Tensile modulus  2.74 GPa 

Tensile stress at break  286 MPa 

Tensile strain at break  20.8% 

Aspect ratio 200 

 

 

Figure 6.1: Specimens: (a) FFRP tubes and (b) FFRP-CFRC 

 

6.2.2 Test matrix and instrumentation 

The test matrix is given in Table 6.2. For each cylindrical specimen, six strain gauges and 

three LVDTs were used for the four-point bending test. Three strain gauges (i.e. gauges 
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H1, H2 and H3) mounted at the mid-span of a cylinder aligned along the hoop direction 

and three strain gauges (i.e. gauges A1, A2 and A3) at the axial direction to measure the 

hoop and axial strains, respectively. One LVDT covered the lower boundary of the 

composite beam at the mid-span to measure the deflection of the beam. The other two 

LVDTs were installed at the end of the beam to measure the slippage between the 

concrete core and the FFRP tube, as shown in Figure 6.2. The bending test was conducted 

on an Instron testing machine according to ASTM C78 standard. Readings of the load, 

strain gauges and LVDTs were taken using a data logging system and were stored in a 

computer. 

Table 6.2: Test matrix of the specimens 

Specimen group No. of 

specimens 

No. of 

fabric 

layers 

Core 

diameter  

D (mm) 

Length  

(mm) 

Tube 

thickness 

t (mm) 

PC 3 -- 100 520 -- 

CFRC 3 -- 100 520 -- 

2-layer FFRP-PC 3 2 100 520 3.25 

4-layer FFRP-PC 3 4 100 520 6.50 
2-layer FFRP-CFRC 3 2 100 520 3.25 
4-layer FFRP-CFRC 3 4 100 520 6.50 

 

 

Figure 6.2: Schematic view of four point bending test setup  
 

6.3 Results and discussion 

The average test results for the cylindrical specimens under flexure obtained from three 

identical specimens are summarized in Table 6.3. The effect of FFRP tube confinement 

and coir fibre inclusion on the peak load, maximum deflection, failure modes and bond 
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behaviour of the composite beams were evaluated. The neutral axis depths of the 

composite beams have been determined based on the distribution of the measured strains.  

Table 6.3: Average test results of long cylindrical specimens under flexure 

Specimen 

type 

Peak 

Load 

(kN) 

Increase 

due to 

tube 

(%) 

Increase 

due to 

coir (%) 

Max. 

deflection 

(mm) 

Increase 

due to 

tube (%) 

Increase 

due to 

coir (%) 

Ultimate 

moment 

(kN 

mm) 

Slip 

(mm) 

PC 7.4 - - 0.5 - - 555 -- 

2L-FFRP-PC 27.2 268* - 8.4 1580* - 2040 0.6 

4L-FFRP-PC 78.9 1066* - 14.3 2760* - 5918 1.1 

CFRC 10.1 - 36.5** 1.2 - 140** 758 -- 
2L-FFRP-

CFRC 
29.7 267* 9.2** 9.4 683* 11.9** 2228 0.4 

4L-FFRP-

CFRC 
84.7 946* 7.4** 16.8 1300* 17.5** 6353 1.4 

*indicates the increase due to tube confinement when comparing with unconfined PC or CFRC. **indicates the 

increase due to coir fibre inclusion when comparing with the corresponding unconfined PC or confined PC 

specimens with the same tube thickness. 

 

6.3.1 Effect of FFRP tube on peak load 

Figure 6.3 shows the load-deflection curves for PC, 2-layer and 4-layer FFRP-PC 

specimens and Figure 6.4 shows the curves for CFRC, 2-layer and 4-layer FFRP-CFRC 

specimens. It is clear that the PC columns have negligible lateral load carrying capacity 

and mid-span deflection as a result of un-reinforcement. In the case of confined PC, the 2-

layer FFRP-PC experienced 268% and 1360%, and the 4-layer FFRP-PC experienced 

1066% and 2760% enhancement in ultimate load and deflection, respectively, compared 

with the unconfined PC specimen. In comparison with the unconfined CFRC, the increase 

in load and deflection of 2-layer FFRP-CFRC are 267% and 683%, and are 946% and 

1300% of 4-layer FFRP-CFRC, respectively. This data indicated that FFRP tube 

confinement enhanced the load carrying capacity and deflection of both PC and CFRC 

beams remarkably. In flexure, the FFRP tube acted as reinforcement of the concrete core 

and the concrete core provided the internal resistance force in the compression zone and 

increased the stiffness of the composite structure.  
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Figure 6.3: Load-deflection behaviour of PC and FFRP-PCs 

 

 

Figure 6.4: Load-deflection behaviour of CFRC and FFRP-CFRCs 

 

The enhancement in load and deflection of the FFRP-PC and FFRP-CFRC specimens 

also increased with an increase in tube thickness. From 2-layer to 4-layer FFRP-PC, the 

increase in load and deflection are 190.1% (from 27.2 to 78.9 kN) and 72.3% (from 8.3 to 

14.3 mm), respectively. For the CFRC, the increase in load and deflection from 2-layer to 

4-layer FFRP confinement are 185.2% (from 29.7 to 84.7 kN) and 78.7% (from 9.4 to 

16.8 mm), respectively.  
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Figure 6.3 also displays that the load-deflection responses of 2-layer and 4-layer FFRP-

PC are similar, which are dominated by the strength and stiffness of the FFRP composite 

material. The curves are approximately linear at the beginning of the deflection and then 

become nonlinear until failure as that of the typical tensile stress-strain curves of FFRP 

composites. When exceeded the maximum load, the curves stop without hardening, which 

implies a brittle failure of the composite beam since both PC and FFRP are brittle 

materials. 

6.3.2 Effect of coir fibre on ductility  

Compared with PC specimen, the beam with coir fibre reinforcement had a larger 

ultimate load and deflection with an increase of 36.5% and 140%, respectively. In 

comparison with the brittle response of PC (Figure 6.3), the post-peak response of CFRC 

exhibited a ductile manner (Figure 6.4). The difference in load, deflection and failure 

mode were attributed to the result of coir fibre bridging effect. The coir fibres bridged the 

macro-cracks of the concrete and provided an effective secondary reinforcement for crack 

control. The fibres also bridged the adjacent surfaces of existing micro-crack, impeded 

crack development and limited crack propagation by reducing the crack tip opening 

displacement. In the case of confined CFRC, the increase in peak load and deflection of 

2-layer and 4-layer FFRP-CFRC are 9.2% and 11.9%, and 7.4% and 17.5% respectively 

when comparing to the corresponding FFRP-PC specimens. Therefore, coir fibre 

inclusion increased the lateral load carrying capacity and the maximum deflection of the 

composite beams as flexural structural members. Further, it should be pointed out that 

there is a distinct post-peak hardening of the load-deflection of the FFRP-CFRC 

specimens. Compared with the sudden failure of FFRP-PC (Figure 6.3), the addition of 

coir fibre modified the failure pattern to be ductile, as given in Figure 6.4.  

6.3.3 Failure modes in flexure 

Failure modes of FFRP-PC and FFRP-CFRC specimens are displayed in Figure 6.5. In 

flexure, the failure of all the FFRP-PC and FFRP-CFRC initiated by the tensile rupture of 

the FFRP tube in the zone between the two concentrated loads (largest bending moment 

appears in this zone), as displayed in Figures 6.5 (a) and (b). For all the FFRP-PC and 

FFRP-CFRC specimens, in flexure, each specimen only had one crack on the surface of 

the FFRP tube. The crack began at the bottom section of the tube and progressed towards 

the upper compression zone resulting in the development of the major crack. The crack 
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was almost perpendicular to the axis of the tube. In the case of FFRP-PC, the major crack 

went through the entire tube and the composite member was sudden broken into two 

halves (Figure 6.5 (a)). This is in exact accordance with the load-deflection response of 

the FFRP-PC beam. However, for confined CFRC, the major crack terminated at the 

compression zone of the composite beam (Figure 6.5 (b)). After the test, the outer FFRP 

tube was removed to examine the failure patterns of the concrete core. For PC core 

(Figure 6.5 (d)), it was observed that there were large amounts of vertical cracks and 

diagonal cracks along the two halves of the concrete. The vertical cracks were located in 

the constant bending moment zone and were thought to be the result of pure bending. The 

diagonal cracks in the shear span were pointed to the two load points due to the shear-

flexure forces. Regarding to CFRC, the core had a major crack with some small cracks in 

the zone between the two concentrated loads (Figure 6.5 (c)). No diagonal cracks in the 

shear span were observed. Obviously, the coir fibres bridged the adjacent surfaces of the 

major crack. Therefore, the comparison in failure modes of PC and CFRC cores gives 

credence to the statement that coir fibre bridging dominated the post-peak ductile 

response of FFRP-CFRC beam under flexure in Figure 6.4.   

 

Figure 6.5 Typical failure modes: (a) 4-layer FFRP-PC, (b) 4-layer FFRP-CFRC, (c) 

CFRC core and (d) PC core. L denotes the span of the beam 
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6.3.4 Fracture behaviour of CFRC 

Fracture surfaces of the CFRC specimens are examined using stereo microscope. The 

fracture surface in Figure 6.6 shows fibre crack bridging which strengthens the CFRC. It 

is clear that there is a major crack at the middle of the figure but this crack does not 

propagate due to the hold of fibres. Thus, in the fracture progress of CFRC, fibre bridging 

effects improved the resistance to crack propagation and crack opening. 

 

Figure 6.6: Coir fibre bridging  
 

Figure 6.7 reveals some fibres pull out (indicated by circle) and some delamination 

(indicated by oval shape) and fibres breakage (indicated by square). Therefore, 

photography studies clearly reveal that the failure of CFRC is dominated by the breakage 

of fibre along the load direction, fibre pull-out and fibre delamination from the 

cementitious matrix. SEM is a good way to study the fractured surface topographies of 

CFRC (Li et al., 2007). The SEM micrographs of coir fibre and CFRC after fracture are 

displayed in Figure 6.8. It is clear in Figure 6.8(a) that the surface of coir fibre is rough 

and the fibre surface is covered with protrusions which indicated by circle. The 

protrusions offer extra anchoring points such that the fibre can withstand stresses from the 

matrix better (mechanical bonding). The rough surface leads to the enhancement in aspect 

ratio and the mechanical interlocking, thereby in the matrix, the fibre can have a relatively 

strong bond with the matrix. Figure 6.8(a) also shows that the fibre surface has already 

formed a hydration bond with the cement paste. From Figure 6.8(b), it can be seen that 

there are many small cavities in the matrix surface as a result of the fibre pull-out 

(indicated by square). Some fibre breakage along the load direction (indicated by circle) 

and fibre delamination (indicated by oval shape) and the fibre debond from the matrix 
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also can be observed. The SEM photos give visual evidence that the damage of CFRC 

includes fibre breakage, fibre pull-out, and fibre delamination and debond from the matrix.  

 

Figure 6.7: Fibres pull out, delamination, debond and breakage 

 

 

Figure 6.8: SEM images of coir fibre surface and coir fibre reinforced cementitious after 

fracture (Li et al., 2007) 
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6.3.5 Slippage between FFRP tube and concrete core 

In flexure, slippage between FFRP tube and concrete core may compromise the load 

carrying capacity of the composite structure. To evaluate the bond of the composite 

structure, the slip at the ends of the specimens between the tube and the concrete core was 

measured. The measured average slips are 0.6 mm and 0.4 mm for 2-layer FFRP-PC and 

FFRP-CFRC, and are 1.1 mm and 1.4 mm for 4-layer FFRP-PC and FFRP-CFRC, 

respectively. This data indicates that coir fibre inclusion has no effect on the prevention 

of slippage between FFRP tube and the concrete core. Therefore, special arrangement 

should be considered to roughen the inner surface of the FFRP tubes to prevent slippage 

and may further increase the load carrying capacity of the proposed composite structure, 

i.e. the increase in tube/concrete interfacial bond through the mechanical interlocking. 

6.4 Theoretical analysis of FFRP-PC and FFRP-CFRC beams  

In this section, the cracking moment and neutral axis depth of FFRP-PC and FFRP-CFRC 

beams were evaluated. In addition, a simplified analytical method was developed to 

predict the resisting moment capacities of the FFRP-PC and FFRP-CFRC beams. 

6.4.1 Cracking moment of FFRP-PC and FFRP-CFRC beams 

The cracking moment, also known as Mcr, is the moment that when exceeded causes 

concrete to begin cracking. The cracking moment capacity of FFRP-PC and FFRP-CFRC 

beams can be determined by using the elastic theory based on the gross section properties 

(Mohamed and Masmoudi, 2010), which can be determined as below: 

                                                         
t

gr

cr
y

If
M                                                            (6.1)                                                                                                         

where rf is the modulus of rupture of concrete (cracking strength), gI is moment of inertia 

of gross section and ty is distance from the centre of the gravity of the beam to the 

extreme fibre of the tension side.  

For the gross moment of inertia, it is calculated using the following equation (Fam, 2000): 

                                                      tubetubeconcreteg InII                                               (6.2)                                                
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Where ntube is the modular ratio, concretetubetube EEn  , where Young’s modulus of concrete 

can be determined using '5000 coconcrete fE  (MPa) (CAN-A23.3-94, 1994) and the 

Young’s modulus of FFRP tube ( tubeE ) is given in Table 5.1. D is inner diameter (120 

mm) and t is the thickness of the tube (6.5 mm). 

The ACI building code 318-08 (2008) for reinforced concrete structures with steel and the 

Canadian code for Design and Construction of Building Components with FRP CSA 

S806-02 (2002) use Eq. (6.4) (with k = 0.62) to predict the cracking strength of concrete. 

In addition, Canadian Highway Bridge Design Code CSA CAN/CSA S6-06 Bridge code 

(2006) use the same equation (but k = 0.40) to predict the cracking strength of concrete. 

                                 
'

cor fkf       = 1.0 for normal-weight concrete                  (6.4)                                     

According to the study by Fam (2000) on flexural behaviour of CFFT beams, it shows 

that with k = 1.0 Eq. (6.4) predicted well the experimental values of the CFFT beams. The 

predicted cracking moments Mcr are compared to the experimental values of FFRP-PC 

and FFRP-CFRC and are given in Table 6.4.    

Table 6.4: Experimental and predicted cracking moments of 4-layer FFRP-PC and FFRP-

CFRC 

Models FFRP-PC FFRP-CFRC 

 
Cracking moment 

(kN mm) 
R* 

Cracking moment 

(kN mm) 
R* 

Test results 794.3 - 876.2 - 

ACI 318-08 (2008) & 

CSA S806-02 (2002) 

711.5 

 

1.12 

 

707.6 

 

1.24 

 

CAN/CSA S6-06 (2006) 444.7 1.79 442.2 1.98 

Fam (2000) 1111.6 0.72 1105.6 0.79 

pr

cr

ex

cr MMR *  

 

From Table 6.4, it can be seen that the experimental cracking moment capacities of both 

FFRP-PC and FFRP-CFRC beams are larger than the predicted cracking moment 
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capacities for FFRP-PC and FFRP-CFRC beams using the equations by ACI 318 (2008), 

CSA-S806-02 (2002) and CAN/CSA S06-06 (2006), where k of 0.62 and 0.4 are used for 

the calculation. This indicates that FFRP-PC and FFRP-CFRC composite beams have a 

higher cracking strength compared to that of the conventional steel reinforced concrete 

beams. The increase of the cracking strength can be interpreted by the enhancement in the 

flexural tensile strength of the composite beams as a result of the confinement of the 

concrete core and the contribution of the FFRP tube to the flexural capacity. In addition, 

the concrete in the tube eliminates the initial cracks after the expansion of concrete during 

curing, which might have induced a state of chemical pre-stressing of the concrete. 

Considering k of 1.0 used in Fam (2000), the ratio of experimental cracking moment to 

the predicted cracking moment for FFRP-PC and FFRP-CFRC specimens are 0.72 and 

0.79, respectively. This data indicates that the cracking strength of FFRP-PC or FFRP-

CFRC is lower than that of the conventional FRP tube confined concrete (made from 

glass fibres) considered in Fam (2000). This may be attributed to the difference in the 

material properties of the FRP composites used for the tubes. In the study by Fam (2000), 

the tensile modulus of the GFRP composites for tube ranges from 14.3 to 37.3 GPa, 

which is larger than that of the FFRP composites for the tube given in Table 5.1. Tubes 

with high stiffness lead to a larger cracking moment of the tube confined concrete 

specimens. In this case, the value of k can be determined based on the stiffness of the FRP 

tube in the hoop and axial directions. It should be mentioned here that the measured 

cracking moment of FFRP-CFRC is larger than that of the FFRP-PC specimen, indicating 

a larger cracking strength of FFRP-CFRC. 

6.4.2 Neutral axis depth 

The measured longitudinal strains at the extreme compression and tension fibres of the 

beams (measured by strain gauges A1 and A3, respectively) are considered to plot strain 

distribution along the depth of the beams. The axial strains at six levels of the ultimate 

load are considered, i.e., 0, 20, 40, 60, 80 and 100%. Based on the strain distribution 

along the depth of the beams, the neutral axis at mid-span section of the FFRP- PC and 

FFRP-CFRC beams were determined. Figure 6.9 indicates that 4-layer FFRP-CFRC has a 

larger tensile strains but a slight smaller compressive strain compared to the 4-layer 

FFRP-PC. The neutral axis depths of 4-layer FFRP-PC (0.33 D) and FFRP-CFRC (0.32 

D) beams range from 0.30 to 0.35 D, respectively. The values are located in the range 

between 0.25 and 0.4 D given by Fam (2000) for GFRP tube confined concrete. 
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Figure 6.9: Strain profile at mid-span section of FFRP-PC (a) and FFRP-CFRC (b) beams 

 

6.4.3 Theoretical analysis of ultimate moment capacities of FFRP-PC and FFRP-

CFRC beams  

Previous studies (Fam, 2000; Yu and Teng, 2011) on G/CFRP tube confined concrete 

indicated that the confinement of FRP to concrete is less effective under pure bending 

than in the sections under uniaxial compression due to the existence of a strain gradient 

over the section in the former (Yu and Teng, 2011). The effectiveness of FRP 

confinement to concrete in sections under combined bending and compression (i.e., 

eccentric compression) lies among the two extremes. Fam et al. (2003) suggested that the 

stress-strain curve of FRP-confined concrete in sections under eccentric compression 
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should be dependent on the eccentricity of the axial load. In addition, the stress-strain 

curve should have a shape that lies between that for FRP-confined concrete under 

concentric compression and the unconfined concrete stress-strain curve, which was 

recommended by Fam et al. (2003) for FRP-confined concrete in sections under bending 

(Yu and Teng, 2011). The Fam et al. (2003) approach takes into account the effect of 

strain gradient on the effectiveness of confinement and reflects the effect of FRP 

confinement on concrete in sections under pure bending by adopting an ultimate strain. 

The strain is larger than that of unconfined confined concrete (Yu and Teng, 2011). 

However, their direct use of an unconfined concrete model (except for an increased 

ultimate strain) may lead to underestimation of the load-carrying capacity of FRP tube 

confined concrete under bending (Yu et al., 2006). In this research a simplified analytical 

method is considered to predict the ultimate bending moments based on the failure modes 

of the tested FFRP-PC and FFRP-CFRC beams. For analysis purposes, linear elastic 

analysis and assumption of Bernoulli’s theory (plane section remains plane) were adopted 

to derive the equations. The sections of the FFRP tube above and below the neutral axis 

are considered effective in resisting compression and tension forces, respectively. In the 

tension section, both PC and CFRC are assumed not to contribute to the internal forces 

after cracking.  
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Figure 6.10: Strain and stress distribution of FFRP tube confined concrete 
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The strain and stress distribution of the circular FFRP-PC and FFRP-CFRC beams are 

given in Figure 6.10. The internal tensile forces in the FFRP tube, TFFRP, can be expressed 

as follows: 

                                             FFRPttubeFFRP txDET )(
2

1
0                                           (6.5)                                           

Where, D0 = D + tFFRP. The internal compression forces in the FFRP tube can be 

expressed as follows: 

    
FFRPctubeFFRP txEC 

2

1
                                                    (6.6)                                                      

The internal compression force of the concrete at the compression section can be 

determined based on the equivalent stress distribution assuming a rectangular stress block 

with a depth equal to some fraction of the neutral axis depth, where a = x, and a 

magnitude equal to some fraction of the concrete compressive strength, cu

e

cu ff 

(CAN/CSA-A23.3-04, 2004).is the ratio of the assumed uniform stress in the 

rectangular compression block ( e

cuf ) to the uniform maximum partially confined concrete 

compressive strength ( cuf ), given by 6.00015.085.0 '  cof , is the ratio of the 

depth of the rectangular compression block (a) to the depth of the neutral axis (x), given 

by 6.00015.097.0 '  cof (Mohamed and Masmoudi, 2010).  

Based on the geometry relationship given in Figure 6.10, area of compression concrete 

segment in the shadow zone is equal to 0.25D
2
(-sincos where cosis equal to (1-

2a/D). The location of the centroid of the compression segment b can be determined 

using the following equations: 

                                                          
)cossin(

sin

3

1 3








D
b                                           (6.7)                                                                

                                                               bDa  05.0                                                   (6.8)                                                             

Where a is the location of centroid of compression segment from the top layer. Therefore, 

the internal compression force in the concrete block can be expressed as follows:    
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)cossin(25.0 2   DfC cuconcrete                                    (6.9)                                      

It is assumed that the ratio of the partially confined concrete compressive strength ( cuf ), 

to the confined concrete compressive strength ( '

ccf ) is equal to  (0< <1) or can be 

expressed as follows: 

                                              '

cccu ff                                                                        (6.10)                                                                     

Substituting Eq. (6.10) into Eq. (6.9) leads to  

                                   )cossin(25.0 2'   DfC ccconcrete                              (6.11)                                 

Therefore, the nominal moment strength of the beams can be determined by taking the 

moment of tensile and compression stress resultants of tube about the compression stress 

resultant in concrete. 

                                  )
3
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D
xDTM FFRPFFRPT                           (6.12)                            

Based on the force equilibrium, therefore FFRPFFRPconcrete TCC 
 

0)(
2

1

2

1
)cossin(25.0 2'  txDEtxEDf ottubeFFRPctubecc         (6.13)

         
 

In the Eq. (6.12) and (6.13), strains and ξ are the only two unknowns. With respect to the 

determination of ξ, Yu and Teng (2011) considered that for FRP tube confined concrete 

sections under bending, the slope of the second linear portion of the confined concrete 

stress-strain curve is zero. FFRP tube confined concrete, as one type of FRP tube 

confined concretes, the determination of ξ adopts the suggestions by Yu and Teng (2011). 

Thus, the values of ξ are 0.5 and 0.526 for FFRP-PC and FFRP-CFRC specimens. This 

means that in flexure, the concrete compressive strength at ultimate for FFRP-PC and 

FFRP-CFRC are 50% and 52.6% of the confined concrete compressive strength obtained 

from axial compression test.  

For FFRP-PC and FFRP-CFRC, the beams failed in tension due to mainly the rupture of 

the FFRP tube and no compression crushing was observed at the top surface of the 
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concrete. Regarding to a FRP tube confined concrete beam with this failure mode, Tu and 

Teng (2011) suggested that the design ultimate compressive strains of the concrete in 

section subjected to bending can be conservatively assumed to be equal to the design 

ultimate axial strain found from axial compression test, which deliver a lower value than 

that of the same section subjected to bending. Thus, the compressive strains for concrete 

can be obtained. 

The strain values of FFRP tube at any level can be determined based on the assumption of 

a linear strain distribution along the depth of the beam between the extreme compression 

fibres and the tensile FFRP tube, as given in Figure 6.9. Thus, the moment capacities can 

be determined for FFRP-PC and FFRP-CFRC beams with the ranges of neutral axis depth 

are between 0.30 to 0.35 D. The theoretical moment capacities of FFRP-PC and FFRP-

CFRC composite beams versus the neutral axis depth ratios from 0.25 to 0.4 are plotted in 

Figure 6.11. The experimental ultimate moment and the theoretical moment capacities of 

FFRP-PC and FFRP-CFRC composite beams are given in Table 6.5.  

Table 6.5: Experimental and theoretical ultimate moment capacities of FFRP-PC and 

FFRP-CFRC 

Neutral 

axis depth 

ratio 

(x/D) 

FFRP-PC FFRP-CFRC 

Experiment

al Mu 

(kN mm) 

Theoretica

l Mu 

(kN mm) 

Mu(exp)/Mu(theo

) 

Experiment

al Mu 

(kN mm) 

Theoretical 

Mu 

(kN mm) 

Mu(exp)/Mu(th

eo) 

0.25 3206.87 4247.52 0.755 3521.88 4562.18 0.772 

0.30 3206.87 3760.40 0.853 3521.88 3995.36 0.882 

0.31 3206.87 3632.86 0.883 3521.88 3713.32 0.948 

0.32 3206.87 3336.74 0.961 3521.88 3584.63 0.982 

0.33 3206.87 3214.79 0.998 3521.88 3456.61 1.019 

0.34 3206.87 3107.43 1.032 3521.88 3285.33 1.072 

0.35 3206.87 2977.03 1.077 3521.88 3197.09 1.102 

0.40 3206.87 2418.523 1.326 3521.88 2598.20 1.355 
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Figure 6.11: Ratio of experimental to theoretical ultimate moment vs. neutral axis depth 

ratio 
 

From Figure 6.11 and Table 6.5 it can be seen that when x/D is in the range of 0.30 to 

0.35, the corresponding Mu(exp)/Mu(theo) ranges between 0.853 and 1.077 for FFRP-PC 

and 0.882 to 1.102 for FFRP-CFRC beams, respectively. Figure 6.9 shows that the neutral 

axis depth of FFRP-PC and FFRP-CFRC beam are approximately 0.33 D and 0.32 D, 

respectively. Therefore, the theoretical predictions have a good agreement with the 

experimental ultimate moment capacities of FFRP-PC and FFRP-CFRC beams 

considered.  

6.5 Summary 

This study experimentally investigated the flexural behaviour of FFRP-PC and FFRP-

CFRC composite beams under four-point bending. The cracking moments and neutral 

axis depth of FFRP-PC and FFRP-CFRC composite beams were analysed. In addition, 

based on the linear elastic analysis and an assumption of Bernoulli’s theory, a simplified 

analytical method was developed to predict the ultimate bending moment of the FFRP-PC 

and FFRP-CFRC specimens. It was found that in flexure, FFRP tube confinement 

increases the ultimate lateral load bearing capacities and mid-span deflection of the PC 

and CFRC members remarkably. However, FFRP-PC beams exhibit a brittle failure while 

FFRP-CFRC beams are a ductile due to coir fibre bridging effect. These results confirmed 

that coir fibre increases the ductility and FFRP contributes significantly to the increase in 

the peak load of the composite structure. Slippage between FFRP tube and concrete core 
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is observed in most of the cases. Coir fibre inclusion has no effect on the prevention of 

slippage. In flexure, the existing code (i.e. ACI 318-08, 2008; CSA S806-02, 2002; 

CAN/CSA S6-06, 2006) equations underestimate the cracking strength of FFRP-PC and 

FFRP-CFRC composite beams because an improvement in the flexural tensile strength of 

the beams is achieved as a result of the confinement from the FFRP tube. The predictions 

based on the simplified analytical method have good agreement with the experimental 

ultimate moment capacities for both FFRP-PC and FFRP-CFRC specimens investigated.  
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Chapter 7  

Investigation of Bond between Flax 

FRP and Coir Fibre Reinforced 

Concrete  

Related journal papers: 

Yan, L.B., Duchez, A., Chouw, N., 2013. Effect of bond on compressive behaviour of 

flax fibre reinforced polymer tube-confined coir fibre reinforced concrete. Journal of 

Reinforced Plastics and Composites, 32(4): 273-285.  

Yan, L.B., Chouw, N., Jayaraman, K., 2014. Effect of column parameters on flax FRP 

confined coir fibre reinforced concrete. Construction and Building Materials, 55: 299-

213. 

 

7.1 Introduction 

In the previous chapter, the flexural behavior of FFRP-PC and FFRP-CFRC composite 

columns was evaluated. The results clearly show the potential of FFRP-CFRC composite 

used as flexural structural members. For both PC and CFRC, the FFRP tube confinement 

increased the lateral load carrying capacity and energy absorption capacity remarkably. 

The increase in lateral load was directly proportional to an increase in the thickness of the 

tube. Coir fibre inclusion slightly increased the lateral load. However, the coir fibre 

inclusion reduced the concrete cracks and modifies the failure mode of the concrete to be 

ductile because of the fibre bridging effect. In addition, slippage between FFRP tube and 

the concrete core was widely observed for all the FFRP-PC and FFRP-CFRC after failure. 

The slippage may compromise the structural performance of the composite, which calls 

for the improvement in bond behaviour between FFRP tube and the CFRC in order to 

have a better composite action. In this chapter, a novel FFRP and CFRC interfacial bond 

profile was developed. The idea was to create an interlocking between the FFRP tube and 

the CFRC core punching holes in the inner layers of the flax fabrics and thus the inner 
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layers of the FFRP tubes, see Figure 7.1. The effect of presence of interlocking (inner 

grids) on the bond behavior between the FFRP tube and the CFRC core was evaluated by 

push-out test. The effect of interlocking on the axial and flexural behavior of FFRP-

CFRC was also evaluated by the uni-axial compression test and four-point bending test, 

respectively. In addition, the effect of the interlocking on the bond behavior between 

FFRP panel and CFRC block was experimentally investigated. The experimental results 

are expected to be used in FFRP panel and CFRC overlay composite as a bridge deck in 

the future study.  

 

 

 

 

 

 

Figure 7.1: A schematic view of an improved FFRP and CFRC interfacial bond 

 

7.2 Experiments  

7.2.1 Materials and specimen preparation for FFRP tube confined concrete 

FFRP tubes were fabricated using a hand lay-up process. More details about the flax 

fabric and epoxy materials, fabrication process of the normal tubes and the 

physical/mechanical of FFRP composites can be found in section 4.2.1. The considered 

concrete was CFRC, with designated 28-day compressive strength of 20 MPa. The 

concrete mix design ratio by mass was 1: 0.60: 3.70: 2.46 for cement: water: gravel: sand, 

respectively. The cement used was CEM I 42.5 normal Portland cement. The coarse 

aggregate was gravel with a density of 1850 kg/m
3
. The gravel had a maxium size of 15 

mm. The natural sand was used as the fine aggregate with a fineness modulus of 2.75. 

The considered fibre mass content was 1% of the mass of the cement. The length of the 

fibres was 50 mm. The mechanical properties of the coir fibres can be found in section 

5.2.1. 
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Regarding the FFRP tube-confined specimens with inner grids for axial compression test, 

the grids were generated by creating eight holes on the inner three flax fabric layers with 

the help of a punch. The use of holes in the flax fabric aims to provide a mechanical 

interlocking between the FFRP tube and the CFRC core and increase their interfacial 

bond, which in turn increases the composite action of the FFRP tube and concrete core 

and eliminates the slip between the tube and the concrete core under flexure. The 

fabrication process of tubes with grids was similar to that of the normal tubes. The eight 

holes were divided into two rows and uniformly distributed along the circumference of 

the tube. The diameter of the hole was 32 mm and the distance from the centre of the 

holes to the mid span of the tube was 50 mm. Figure 7.2 shows a photograph of flax 

fabrics with holes and Figure 7.3 gives a photograph of a FFRP tube with grids for axial 

compression test.  

 

Figure 7.2: Flax fabric with holes generated with the help of a punch for a FFRP panel 

 

 

Figure 7.3: FFRP tube with grids for axial compression test 
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For tube-confined specimens with inner grids for four-point bending test, the grids were 

generated by creating 16 holes on the inner three flax fabric layers. The 16 holes were 

divided into four rows and were uniformly distributed along the circumference of the tube. 

The diameter of the hole was also 32 mm. The distance from left tube end to the centres 

of the four-row holes was 75, 225, 375 and 525 mm, respectively.  

7.2.2 Test matrix and instrumentation for FFRP tube confined CFRC 

The test matrix is given in Table 7.1. In the following text, the normal tube confined 

concrete is termed as normal bonded specimens (NB-T) and the tube confined concrete 

with interlocking (inner grids) is termed mechanically bonded specimens (MB-T). For 

axial compression test, the setup can be found in section 5.2.2 and the four point bending 

test setup can be found in section 6.2.2. For the push-out testing on short cylindrical 

specimens, a circular steel block with an outer diameter of 98 mm (slightly less than the 

diameter of concrete of 100 mm) and a height of 20 mm was put on a CFRC core, without 

contact with tube cell wall. An empty circular steel tube with an inner diameter of 102 

mm and wall thickness of 10 mm was placed at the bottom of the FFRP tube-confined 

specimen. This fixture offered a clear space for the CFRC core to be pushed out of the 

tube without interference. The test conducted on a compression machine with a constant 

rate of 0.20 MPa/s. Figure 7.4 shows the set-up of push-out testing. 

Table 7.1: Test matrix of the specimens for axial compression, push-out and four-point 

bending 

Specimen 

types 

No. of 

specimens 

FFRP 

layers 

 

Dimension of the 

concrete core 

CFRC  3 - 100 mm in diameter 

and 200 mm in length 6L-NB-T 6 6 

6L-MB-T 6 6 

CFRC   100 mm in diameter 

and 600 mm in length 6L-NB-T 3 6 

6L-MB-T  3 6 

For MB specimen, the inner 3 layers of the flax fabric were punched 
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Figure 7.4: (a) Steel tube and block used and (b) Push-out test setup 
 

7.2.3 Specimen preparation for FFRP panel and CFRC blocks 

The new FFRP and CFRC interlocking profile has the potential to increase the bond 

between FFRP panels and CFRC block, which can be used as a FFRP panel-CFRC 

overlay bridge deck in the future study. Thus, a total of 27 FFRP panel-and-CFRC blocks 

were constructed and tested in this study, they were tested under push-out load on 

concrete to investigate the bond strength between the CRFC block and the FFRP panels. 

Different parameters of the interlocking have been considered to investigate the bond 

strength: the size of the holes, the depth of the holes and the number of the holes. The 

total thickness of the FFRP panels was 10 layers and the depth of the holes was 2, 4 and 6 

layers. Figure 7.5 shows a schematic view of a FFRP panel-and-CFRC block. The width 

is different for each type of specimen (depending on the diameter of the hole), the aim is 

to make a comparable results of the specimens, the ratio of area of holes to that of 

panels is to be the same. Table 7.2 gives the specimens with different parameters. The 

fabrication of FFRP panels was also used a hand lay-up process. Figures 7.6-7.8 gives 

some details of the fabrication.  
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Figure 7.5: A schematic view of an interlocked FFRP panel-and-CFRC block 

Table 7.2: FFRP panel-and-CFRC block specimens with different parameters 

Number of 

specimen 

Diameter of 

holes 

(mm) 

Number of 

holes 

Number of 

layers with 

holes 

FFRP panel 

length 

(mm) 

FFRP panel 

width 

(mm) 

3 38 4 2 200 145 

3 38 4 4 200 145 

3 38 4 6 200 145 

3 32 6 2 200 154 

3 32 6 4 200 154 

3 32 6 6 200 154 

3 25 8 2 200 125 

3 25 8 4 200 125 

3 25 8 6 200 125 

 

 

Figure 7.6: Flax fabrics with holes of ∅25 mm 
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Figure 7.7: FFRP panels with holes of ∅38 mm during curing 

 

 

Figure 7.8: Formation of FFRP panels to be moulded for concrete 

 

7.2.4 Test matrix and instrumentation for FFRP panel-and-CFRC blocks 

Push-out test for FFRP panel-and-CFRC blocks was conducted on an Avery-Denison 

machine using stress control with a constant rate of 0.20 MPa/s based on ASTM C39. 

During the testing, the two FFRP panels are fixed at a slotted steel block (Figure 7.9), in 

this case the concrete can only move in the axial direction. The applied push load is only 

acted on the concrete block. Two LVDTs were mounted to the FFRP panels to record the 

displacement of the concrete block. Each sample was axially compressed to failure (until 



 

129 

 

to slip between the concrete block and the panels). Readings of the load and LVDTs were 

taken using a data logging system and were stored in a computer.  

 

Figure 7.9: A schematic view of push-out test for FFRP panel-and-CFRC blocks 

 

 

Figure 7.10: Specimen FFRP-CFRC with 6 holes and hole thickness of 6-layers on the 

testing machine 

 

7.3 Experimental results 

7.3.1 Effect of bond on axial compression of FFRP tube confined CFRC 



 

130 

 

Axial compressive stress-strain curves of 6L-NB-T and 6L-MB-T specimens with are 

illustrated in Figure 7.11. It shows that both the mechanically and the naturally bonded 

specimens behave bi-linear response. However, the slope of the second ascending stage 

for naturally bonded specimen is slightly larger than the mechanically bonded specimen. 

As listed in Table 7.3, the mechanically bonded specimens had ultimate compressive 

stress and axial strain which are lower than those of the naturally bonded specimens. The 

average peak strength and ultimate axial strain of 6L-NB-T are 62.3 MPa and 1.94%, 

which are 9.0% and 12.4% larger that the mechanically bonded specimens, with peak 

strength and ultimate strain of 56.7 MPa and 1.70%, respectively. The absorbed energy of 

6L-NB-T (1301.4 Nm) is 11.3% larger than that of 6L-MB-T (1154.2 Nm). The data here 

indicates that the FFRP tube and concrete interfacial bond has a noticeable effect on the 

level of confinement.  

 

Figure 7.11: Axial compressive stress-strain curves of naturally bonded and mechanically 

bonded FFRP tube-confined CFRC  

 

Table 7.3: Average test results of specimens under compression 

Specimens 
 

'

cof  or 
'

ccf  

(MPa) 

co or cc
 

(%) 

Energy 

absorption 

(Nm)
 

Ductility 

index  
hrup

  
(%)

 
lf  

(MPa)
 

cc

co





 

'

'

co

cc

f

f  

CFRC 21.5 0.34 60.8 1 -  - - 

6L-NB-T 62.3 1.94 1301.4 21.4 1.60 18.1 5.71 2.90 

6L-MB-T  56.7 1.70 1154.2 19.0 1.47 16.5 5.0 2.64 

 

To further understand the bond effect on confinement performance, the interfacial bond 

stress vs. axial strain responses of naturally and mechanically bonded specimens are 
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plotted in Figure 7.12. The interfacial bond stress in vertical axis was obtained by 

dividing the axial load by the inner surface area of the tube. The average bond strength 

for naturally and mechanically bonded specimens is 0.52 MPa and 1.22 MPa, respectively. 

Hence, the presence of grids on the inner surface (interlocking) of FFRP tube increased 

the bond strength remarkably and in turn led to a better interfacial shear-resisting 

mechanism.   

 

Figure 7.12: Interfacial bond stress vs. axial strain curves of naturally bonded and 

mechanically bonded FFRP tube-confined CFRC specimens obtained from push-

out test 

 

In both naturally and mechanically bonded cases, the bond strength was provided by the 

chemical bond and the frictional force. For the chemical bond, it came from the bond 

between the cement hydrates and the epoxy. In both bonded cases, the portion of 

interfacial bond from the chemical bond should be close because the contact area between 

the tube and the concrete core were almost equal. For the frictional force, it was 

determined by coefficient of friction and the lateral pressure, factors determining these 

two parameters affect the interfacial frictional resistance. It is quite understandable that 

the coefficient of friction in the mechanically bonded case should be larger than that in 

the naturally bonded case due to the presence of these holes. Thus, the portion of 

interfacial bond from the frictional force in the mechanically bonded case should be 

larger than that in the naturally bonded case, which eventually led to the higher bond 

strength in the mechanically bonded specimens. 
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Figure 7.13 shows the specimens after push-out test. Compared with the naturally bonded 

specimen (left one), the CFRC core in the mechanically bonded specimen (right one) had 

visible frictional tracks (indicated by the circles). In addition, bulging and fracture of 

FFRP tube was observed (indicated by the rectangles) in the mechanically bonded CFRC 

core. These observations proved a better shear-resisting capacity in the mechanically 

bonded specimen. Previous study by the authors on flexural behaviour of FFRP tube-

confined CFRC showed that slippage between the FFRP tube and the concrete core was 

commonly observed after failure. Slippage is expected to be eliminated in this 

mechanically bonded case since a better interfacial shear-resistance was achieved.  

 

Figure 7.13: Naturally bonded and mechanically bonded specimens after push-out test 
 

7.3.2 Effect of bond on flexural behavior of FFRP tube confined CFRC 

The effect of interfacial bond on flexural behaviour of FFRP-confined CFRC was 

presented in the following sections. The average test results obtained from three identical 

specimens are summarised in Table 7.4. The influence of bond on the load-deflection 

behaviour, energy absorption, failure mode, load-slip behaviour and load-strain responses 

were discussed.  

Table 7.4 Average test results of long cylindrical specimens under flexure 

Specimen 

type 

Peak 

Load 

(kN) 

Increase 

due to tube 

(%) 

Deflection at 

peak load 

(mm) 

Energy 

absorption 

(Nm) 

Increase due 

to tube (%) 
Slip 

(mm) 

CFRC 7.8 - 1.4 11.3 - -- 

6L-NB-T 78.6 907.7 17.8 807.8 7048.7 1.6 

6L-MB-T 76.2 876.9 15.6 714.5 6223.0 0.3 
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7.3.2.1 Load-deflection behaviour  

The lateral load vs. mid span deflection curves of the naturally and mechanically bonded 

FFRP tube-confined beams are shown in Figure 7.14. It shows that the naturally and 

mechanically bonded specimens had similar initial flexural stiffness, indicating that the 

presence of grids with 16 holes had an insignificant effect on the flexural stiffness. In 

general, these curves can be divided into two stages, an initial nonlinear stage from zero 

to the peak load and a post-peak softening stage. The initial non-linear response was 

attributed to the relatively nonlinear tensile stress-strain responses of FFRP composites 

and the nonlinear structural behaviour of the CFRC core. The post-peak response was due 

to coir fibre bridging effect. The coir fibres bridged the macro-cracks of the concrete core 

and provided an effective secondary reinforcement for crack control. The fibres also 

bridged the adjacent surfaces of existing micro-crack, impeded crack development and 

limited crack propagation by reducing the crack tip opening displacement. It should be 

pointed out here that normally the load vs. deflection curves of conventional G/CFRP 

tube-confined concrete exhibited a sudden and pure brittle failure when reached the peak 

load; all the beams were elastic up to failure without yielding characteristic, e.g. as 

observed in Fam and Rizkalla (2001). From the viewpoint of safety, this kind of pure 

brittle failure of FRP tube-confined concrete is not desired for structural applications. 

Compared with the G/CFRP tube-confined concrete, it is clear that the fibre inclusion 

modified the failure of FFRP tube-confined concrete, somehow, to be ductile.  

 

Figure 7.14: Load-deflection curves of naturally and mechanically bonded FFRP tube 

confined CFRC beams 
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7.3.2.2 Ultimate lateral load, deflection and energy absorption capacity 

From Table 7.4, it can be seen that in both mechanically and naturally bonded specimens, 

the FFRP tube confinement increased the ultimate load remarkably. Compared with the 

peak load of the unconfined CFRC beam, the increases in load for the mechanically and 

naturally bonded specimens are 907.7% and 876.9%, respectively. The data also implies 

that the presence of inner grid with 16 holes had a negligible influence on the load 

carrying capacity of the composite beam in flexure, since the load reduction due to inner 

grid effect was 3.2%. However, the inner grid reduced the deflection of the composite 

beam at peak load, from 17.8 mm to 15.6 mm. With respect to the absorbed energy 

(measured by the area under the load-displacement curve), the values of naturally and 

mechanically bonded FFRP tube-confined CFRC beams are 7048.7% and 6223.0% larger 

than that of the unconfined CFRC beam, respectively. In flexure, the FFRP tube served as 

the reinforcement of the CFRC core and the concrete core offered internal resistance 

force in the compression zone and enhanced the stiffness of the composite beam.  

7.3.2.3 Load-slip behaviour  

The relative movement (slip) between FFRP tube and CFRC core during lateral loading is 

an important indictor to show global composite action of this structure. To assess the 

effect of bond, the slip at the ends of the specimens between the tube and the concrete 

core was measured. The lateral load vs. slip curves of mechanically bonded and naturally 

bonded specimens are plotted in Figure 7.15. For both composite beams, the load-slip 

curves behaved approximately linear at the earlier stage of loading. For naturally bonded 

specimen, the movement of slip occurred rapidly around 50 kN load, the slip value was 

approximate 1.6 mm at the peak load. This sudden increase in slip was believed 

attributable to the partial loss of the composite action between the tube and the concrete 

core. For mechanically bonded specimen, the slip at the peak load was 0.3 mm, as listed 

in Table 7.4. Thus, the presence of grids on the inner surface of FFRP tube improved the 

interfacial bond resistance at the two interfaces which in turn prevented the slip through 

the mechanical interlocking created. However, it should be highlighted here that the 

reduction in ultimate load due to the presence of grids is negligible, as discussed above.  
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Figure 7.15: Lateral load-relative slip curves for naturally and mechanically bonded FFRP 

tube confined CFRC composite beams 

 

7.3.2.4 Failure modes in flexure 

Failure modes of naturally and mechanically bonded specimens are displayed in Figure 

7.16. Failure of all these composite beams was initiated by the tensile rupture of the FFRP 

tube in the constant bending moment zone. Only one single crack was observed in each 

tube. The crack started at the low section of the tube and progressed towards the upper 

compression zone resulting in the formation of the major crack. In the case of naturally 

bonded specimen, the major crack was almost perpendicular to the axis of the tube. But in 

the mechanically bonded beam, a diagonal crack was observed. The difference in the 

failure mode was attributed to a coupled effect of interfacial bond and fibre orientation. 

For naturally bonded beam, the longitudinal fibre was parallel to the axial of the tube, 

thus, the major crack was perpendicular to the axis of the tube. For mechanically bonded 

beam, because of the presence of the holes, stress concentration was raised within tube, 

the crack was tend to go through the hole, as can be observed in Figure 7.16. The figure 

also shows that the cementitious partially filled the holes, implying the existence of tube 

and concrete interlocking which in turn prevented the slip under the lateral load. Thus, a 

better interfacial shear-resisting mechanism was achieved in the mechanically bonded 

composite beam. Figure 7.17 gives a photograph of the fractured cross section of the 

concrete core, it is clear that lots of coir fibres were broken and pull-out along the axial of 

the tube, showing fibre bridging effect. In flexure, the failure of CFRC core was 

dominated by the breakage of fibre along the load direction, fibre pull-out and fibre 

delamination from the cementitious matrix.  
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Figure 7.16: Failure modes of mechanically bonded and naturally bonded composite 

beams in flexure 
 

 

Figure 7.17: Failure of coir fibres in concrete 
 

7.3.2.5 Load vs. axial strain response 

The lateral load-axial strain curves of mechanically and naturally bonded beams are 

displayed in Figure 7.18. The axial strain gauges A1 and A3 were located at the top and 

the bottom surfaces of the beam. The gauge A2 was located at the mid-height of the beam. 

The locations of these strain gauges were also indicated in Figure 6.3. The negative strain 

denoted compressive strain and the positive strain indicated tensile strain. It can be seen 

that the naturally bonded and mechanically bonded beams failed in tension by the rupture 

of the FFRP tubes at axial strains of 0.0113 and 0.0104, respectively. These values 
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presented 36% and 34% of the ultimate tensile strains of the FFRP composites obtained 

from flat coupon testing. The maximum axial compressive strain at the compression side 

of naturally bonded and mechanically bonded beams are 0.003 and 0.0024, respectively. 

These values were lower than the maximum crushing strains for CFRC (0.0034) given in 

Table 7.3, indicating no obvious flexural compressive failure had occurred, as evident 

from Figure 7.10. From Figure 7.18, it also can be seen that the tensile strains of A2 and 

A3 in the naturally bonded beam increased rapidly at the approximate 55 kN load, this 

might imply the slip between the tube and concrete, as the movement of slip in naturally 

bonded beam occurred rapidly around load of 55 kN, as displayed in Figure 7.5. 

 

Figure 7.18: Load-axial strain curves of naturally bonded and mechanically bonded FFRP 

tube-confined CFRC beams 
 

7.3.2.6 Load- hoop strain response 

Figure 7.19 shows the lateral load-hoop strain curves of these composite beams. The hoop 

strains H1 and H3 were located at the top and the bottom surfaces of the beam. The hoop 

strain H2 was located at the mid-height of the beam. The locations of the hoop strain 

gauges were also shown in Figure 6.3. It is clear that the hoop compressive strain 

(measured by H2 and H3) was generated on the tension side of the beam, which can be 

attributed to the tensile strain of the beams in the axial direction which eventually 

developed compression strain in the hoop direction due to the Poisson ratio effect of the 

tube. The maximum hoop compressive strains are lower than 0.001, which are 

significantly lower compared to the hoop strain of the FFRP from flat coupon test. Thus, 
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in flexure, the confinement of the FFRP tube to concrete at the middle section of the 

composite beam is negligible. The hoop tensile strain (measured by H1) initiated on the 

compression side of the composite beams. As the lateral load increased, the hoop tensile 

strain increased rapidly. The ultimate tensile hoop strains for naturally bonded and 

mechanically bonded beams are 0.0027 and 0.0036, respectively.  

 

Figure 7.19: Load-hoop strain curves of naturally bonded and mechanically bonded FFRP 

tube-confined CFRC beams 

 

Compared with the confinement of FFRP tube to the CFRC core in axial compression, the 

confinement of tube to the concrete in the compression zone in the flexural member is 

insignificant, indicating that the confinement of FFRP to concrete is less effective in 

sections under bending than in section under axial compression. The difference between 

axial compression and flexural members in confinement effect might be interpreted by the 

existence of a strain gradient over the beam section which reduces the confinement effect. 

Previous studies by other researchers on G/CFRP tube-confined concrete showed that the 

effect of confinement on concrete was less significant for beams than for columns, e.g. 

Fam and Rizkalla (2001) and Yu et al. (2006). 

7.3.3 Effect of bond on push-out test of FFRP panel-CFRC blocks 

The typical bond stress versus displacement curves of FFRP panel-and-CFRC blocks with 

4 holes but different depth of holes are displayed in Figure 7.20. In Figure 7.20, n, m and 

x in nHmLxS stand for the number of holes, layers of the hole depth and the number of 

the tested specimen. It is observed that all these curves behave similar and can be divided 
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into two regions. In the first linear region, the applied axial compressive stress increased 

with the displacement until the peak stress, followed by a sharp drop in the stress.  

 

Figure 7.20: Bond stress-displacement curves for specimens with 4 holes 

 

The maximum bond stresses of all the specimens are listed in Figure 7.21. It can be seen 

that the specimen 4H6L with 4 holes and hole depth of 6 layers has the largest bond stress, 

which is 0.8 MPa. For specimens with 4 and 6 holes, the bond stress increases with an 

increase in depth of the hole. However, for specimens with 8 holes, the bond stress of 

specimen with hole depth of 4 layers is large than that with hole depth of 6 layers. The 

data here indicates that the panel with 4 hole and hole thickness of 6 layer fabrics has an 

optimized bond stress for the FFRP panel and the CFRC core. The preliminary study here 

will be used to develop FFRP panel and CFRC overlay bridge deck in the future study.  

 

Figure 7.21: Maximum bond stress of all the specimens 
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7.4 Summary 

Based on the results and discussion above, the following conclusions can be drawn: 

(1) Push-out test show that the interlocked FFRP-CFRC cylinder has a larger axial push 

load and thus the interfacial bond stress between FFRP tube and the CFRC core.  

(2) Axial compression test show that the interlocked FFRP-CFRC cylinder has a smaller 

ultimate compressive stress and axial strain compared with the normally bonded 

FFRP-CFRC cylinders. 

(3) In flexure, slip between FFRP tube and the concrete was eliminated in the 

mechanically bonded beams, without compromising the peak load, compared to the 

naturally bonded beams.  
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Chapter 8  

Dynamic properties of flax FRP tube 

encased coir fibre reinforced concrete  

Related journal papers: 

Yan, L.B., Chouw, N., 2013. Dynamic and static properties of flax fibre reinforced 

polymer tube confined coir fibre reinforced concrete. Journal of Composite Materials, 

48(13): 1595-1610.  

 

8.1 Introduction 

Research on fibre reinforced cementitiou materials has shown that there was an increase 

in damping ratio of short steel fibre reinforced concrete (fibre lengths of 21, 25 and 31 

mm) due to the frictional energy loss caused by sliding at the steel fibre/matrix interface 

(Luo et al., 2000; Yan et al., 1999). Similar energy dissipation mechanism may also be 

assumed for FFRP-CFRC due to sliding at the coir fibre and cementitious matrix interface, 

and causes higher damping of FFRP-CFRC structure. If the dynamic properties of FFRP 

confined concrete can be optimised by inclusion of coir fibre, the responses to dynamic 

actions on FFRP-CFRC structure can be reduced.  

In practice, G/CFRP tube confined concrete provides an excellent alternative to RC in 

corrosive environments, e.g. highway bridge piers and girders, marine fender piles, poles 

and overhead sign structures (Mohamed, 2010). These structures are periodically 

subjected to various dynamic actions from heavy vechiles, wind, ocean waves and 

earthquakes. The periodic response of a bridge component to, e.g. wind loading, may lead 

to material fatigue and thus raise safety concerns. Therefore, an understanding the 

dynamic properties of FRP confined concrete structures, like damping and natural 

frequencies has industrial significance. 

The dynamic properties of FRP confined concrete structural members are dynamic 

modulus of elasticity, natural frequency and material damping. Especially, the natural 
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frequency will define how strong the structure will respond to a dynamic loading, while 

the available damping will determine how fast the response of the structure will decay 

with the time.  

This study investigated the effect of coir fibre inclusion and FFRP tube thickness on the 

dynamic properties (with respect to natural frequency, damping ratio, dynamic modulus 

of elasticity and Poisson’s ratio) of FFRP-CFRC compsoite columns. In addition, the 

dynamic modulus of elasticity and dynamic Poisson’s ratio was compared with the 

corresponding values obtained from static axial compression test. 

8.2 Experiments 

8.2.1 Material and fabrication of FFRP tubes 

Commercial bidirectional woven flax fabric (550 g/m
2
) was used for this study. The 

fabric has a plain woven structure with a count of 7.4 threads/cm in warp and 7.4 

threads/cm in the weft direction. The Epoxy used was SP High Modulus Prime 20 resin 

and hardener. FFRP tubes were fabricated using a hand lay-up process. The weft direction 

of the fabric was aligned parallel to the axis of the tube. More details of the materials and 

details of fabrication of FFRP tubes can be found in section 4.2.1.  

8.2.2 Material and concrete specimen preparation 

The coir fibres had been pre-treated and cut to a length of 50 mm. The coir fibre mass 

content was 1% of the cement. Two batches of concrete were prepared. Both batches 

were designed as PC with a 28-day compressive strength of 25 MPa. For the second batch, 

coir fibre was added during mixing. The concrete mix design followed the ACI Standard 

211.1. The mix ratio by mass was 1: 0.58: 3.72: 2.37 for cement: water: gravel: sand, 

respectively. The matrix of the specimens prepared for this study consists of 36 short 

concrete cylinders and 36 long cylindrical beams, the test matrix of the specimens in 

given in Table 8.1. Two different layer arrangements of FFRP tube were used: two layers 

and four layers. The short cylinders were used for static properties measurement and the 

long cylinders were used for dynamic properties measurement. For all the short cylinders, 

both sides were treated with high quality plaster to have a uniform bearing surface, then a 

blade was used to cut the upper and lower edges of FFRP tubes to avoid them directly 

from bearing the axial compression. 
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Table 8.1: Test matrix: specimens with height of 200 mm for compressive test and with 

height of 500 mm for dynamic test 

Specimens No. of 

specimens 

No. of 

FRP 

layers 

Core 

diameter 

(mm) 

Height   

(mm) 

Tube 

thickness 

(mm) 

Average 

mass
 

(kg) 

Measured  

density 

(kg/m
3
) 

PC 3 -- 100 200 -- 3.78 2406 

CFRC 3 -- 100 200 -- 3.71 2361 

2-layer FFRP-PC 3 2 100 200 3.25 3.98 2234 

4-layer FFRP-PC 3 4 100 200 6.50 4.32 2153 

2-layer FFRP-CFRC 3 2 100 200 3.25 3.92 2200 

4-layer FFRP-CFRC 3 4 100 200 6.50 4.25 2118 

PC 3 -- 100 500 -- 9.47 2411 

CFRC 3 -- 100 500 -- 9.24 2352 

2-layer FFRP-PC 3 2 100 500 3.25 10.05 2256 

4-layer FFRP-PC 3 4 100 500 6.50 10.98 2189 

2-layer FFRP-CFRC 3 2 100 500 3.25 9.76 2191 

4-layer FFRP-CFRC 3 4 100 500 6.50 10.58 2109 

PC for plain concrete, CFRC for coir fibre reinforced concrete, FFRP-PC for flax FRP confined plain 

concrete, FFRP-CFRC for flax FRP confined coir fibre reinforced concrete 

 

8.2.3 Static tests 

For the short specimens, three cylinders from each concrete group were tested under axial 

compression to evaluate static modulus of elasticity and Poisson’s ratio according to 

ASTM C469. For each specimen, two strain gauges were mounted at the mid-height of a 

cylinder aligned along the hoop direction to measure circumferential strain and two linear 

LVDTs were 180
o
 apart and spaced 130 mm centred at the mid-height to measure axial 

strain, as shown in previous Figure 5.3. The compression test was conducted on an 

Avery-Denison machine using stress control with a constant rate of 0.20 MPa/s according 

to ASTM C39. For each considered static property, the average result was tested on three 

identical specimens.  

8.2.4 Dynamic tests 

Long cylindrical beams were tested to determine the fundamental frequencies of the 

transversal, longitudinal and torsional vibrations for calculating the dynamic modulus of 

elasticity and Poisson’s ratio followed ASTM C215 (2008) and for determining the 

damping ratio. Impact resonance method was considered in this study using a calibrated 



 

144 

 

hammer. The locations of impact and accelerometer for the three different vibration 

modes are pointed out in Figure 8.1.  
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D/6
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Figure 8.1: Test setup for (a) Transversal, (b) longitudinal and (c) torsional vibration 

based on ASTM C215 
 

The data were recorded using a data acquisition system with a computer. From the peak 

Fourier spectrum values, the natural frequencies of the tested specimens can be 

determined. Once the fundamental frequencies were obtained the dynamic modulus of 

elasticity can be calculated from Eq. (8.4). The damping ratio can be determined from Eq. 

(8.5) using the time histories of the recorded data. In each vibration mode, three long 
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beams from each concrete type were considered and three times of impact were applied 

on each beam. For the three different vibration modes, a total of 162 impact tests were 

performed to the 18 long beams. For each considered dynamic property, the average 

results are reported. 

8.2.4.1. Density 

Densities of the specimens were measured before testing. The measured mass and density 

of each concrete group is listed in Table 8.1. It shows that the density of CFRC decreased 

because coir fibre inclusion caused less workability of the fresh concrete and possibly 

resulting in the growth of porosity. Compared with the unconfined PC and CFRC 

specimens, the densities of the confined PC and CFRC specimens were decreased due to 

the low specific gravity of the FFRP tube. With an increase in tube thickness, the 

densities of FFRP tube confined PC and CFRC further decreased. For the long beams, the 

average density decreased from 2411 kg/m
3
 of PC to 2352 kg/m

3 
of CFRC (reduction of 

2.5%), 2256 kg/m
3 

of 2-layer FFRP confined PC (reduction of 6.4%) and 2191 kg/m
3 

of 

2-layer FFRP confined CFRC (reduction of 9.1%), and 2189 kg/m
3 

of 4-layer FFRP 

confined PC (reduction of 9.2%) and 2109 kg/m
3 

of 4-layer FFRP confined CFRC 

(reduction of 12.5%), respectively. Consequently, in comparison with a PC cylinder of 

the same dimension, an increase of the fundamental frequencies of CFRC cylinders can 

be anticipated because the frequencies increase with smaller mass m (refer to e.g. Eq. (8.1) 

for the fundamental frequency of flexural vibration). However, this is valid only if both 

PC and CFRC cylinders have the same flexural stiffness which is often not the case. 

 

8.2.4.2 Natural frequency 

Natural frequency is a characteristic of a structure associated with the mass and stiffness 

distribution along the structure under the considered boundary condition. The mass and 

stiffness are defined by the material applied. For a simply supported concrete beam 

subject to a flexural vibration, the natural frequencies can be predicted from the physical 

properties of the beam with the following equation (Shabana, 1991):
 

                                               

2
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n

n EI
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mL


                                                                (8.1)                                                               
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where nf (Hz) is the frequency of the n
th

 mode, n is the number of the considered mode. 

For the fundamental frequency, 1n  . E is the dynamic modulus of elasticity, I is the 

area moment of inertia, L  is the length of the simply supported beam, and m is the mass 

of the beam per unit length. The natural frequency fn gives the number of vibrations 

within one unit time, normally in second. For example, a beam with a fundamental 

frequency of 10 Hz will vibrate 10 times in the fundamental mode within one second. 

8.2.4.3  Dynamic modulus of elasticity 

Dynamic modulus of elasticity is a characteristic of the material. Based on the 

fundamental frequency f1 of the simply supported concrete beam obtained from Eq. (8.1), 

the dynamic modulus of elasticity of the concrete dE
 
could be determined from the 

following equation: 

                                                          
2

42

14

I

Lmf
Ed                                                 (8.2)

                                                     
                                                                           

Another method to determine the dynamic modulus of elasticity of concrete is Ultrasonic 

Pulse Velocity Test Method (UPM). The UPM uses the measurement of the travel time of 

ultrasonic pulses in the transverse and longitudinal axes. The wave propagation velocity V 

in the concrete has the following relationship with dE
 
and Poisson’s ratio  : 

                                                   )21)(1(

1

vv

vE
V d







                                        (8.3)                                                      

where V (m/s) is the pulse velocity and  is the density of the material. 

The dynamic modulus of elasticity of concrete system also can be measured by non-

destructive method using resonance tests as prescribed in ASTM C215-08. This method is 

used in this study to determine the dynamic modulus of PC, CFRC, and FFRP confined 

PC and CFRC specimens. The tests are based on measuring the frequencies trf (Hz) of 

the transversal vibration of the concrete specimens.  

                                                            

2
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where M (kg) is the total mass of a specimen, C (m
-1

) is a parameter related to the shape, 

size and Poisson’s ratio of the specimen, which can be determined follows (ASTM C215, 

2008).
 

8.2.4.4 Damping ratio 

Damping of a system can be defined as the vibration decay of the system. It is interpreted 

as a dissipation of the vibration energy. Damping plays an important role in controlling 

the system from excessive vibrations due to dynamic loadings, e.g. wind, vehicle impact, 

ocean waves or earthquakes, also in ensuring the comfort of people in a building from 

induced vibrations, e.g. due to subway or heavy high-speed trains in the vicinity.  

For a concrete beam in a free transversal vibration excited by an impact hammer, the 

damping ratio ( ) can be determined based on a logarithmic decrement tests (Yan et al., 

2000). The values of acceleration amplitude measured by using an accelerometer could be 

used to calculate the logarithmic decrement: 

                                                   )ln(
2

1

Ni

i

A

A

i 




                                                       (8.5)                                                               
             

 

where iA is the i
th

 amplitude, and NiA   is the N
th

 amplitude after the i
th

 cycle.  

8.3 Results and discussion 

8.3.1 Fundamental frequencies 

Fundamental frequencies of the long cylinders for each vibration mode are listed in Table 

8.2. For concrete without FFRP tube, coir fibre reduces the frequencies at all the three 

vibration modes. In all three vibration modes, PC has a higher frequency than CFRC and 

they tend to slightly reduce when the FFRP tube thickness increases. In the case of 

concrete confined by a FFRP tube, its confinement will not be effective during the 

vibration initiated by the very small impact load. The bending stiffness EI value of the 

FFRP confined concrete remains nearly constant and very similar to that of unconfined 

concrete. Therefore, from Eq. (8.1), it could be anticipated that the frequency decreases 

with an increase in tube thickness, since increasing tube thickness leads to an increase in 

m (the mass of the beam per unit length).  



 

148 

 

Table 8.2: Frequencies of long specimens for different vibration modes  

Case Transversal vibration 

 frequency (Hz) 

Longitudinal vibration 

frequency (Hz) 

Torsional vibration 

frequency (Hz) 

PC 194.7 202.3 205.1 

CFRC 188.9 196.4 199.7 

2-layer FFRP-PC 185.7 193.1 193.6 

4-layer FFRP-PC 184.3 191.4 187.1 

2-layer FFRP-CFRC 182.4 188.2 186.2 

4-layer FFRP-CFRC 181.0 182.5 178.9 

 

8.3.2 Modulus of elasticity and Poisson’s ratio from dynamic test   

Figure 8.2 displays the relationship between dynamic modulus of elasticity Ed and the 

tube thickness of all the concrete groups. It can be seen that coir fibre reduces the 

dynamic modulus of elasticity of CFRC. With respect to both FFRP confined PC and 

CFRC, these Ed 
values

 
decrease with an increase in tube thickness. However, the effect of 

tube thickness in reduction of dE
 
on PC is greater than that on CFRC. Table 8.3 lists the 

difference of dynamic modulus of elasticity of all the concrete groups. The decrease of 

dynamic modulus of the unconfined concrete by coir fibre inclusion is 7.0%. With respect 

to PC with FFRP tube, the decrease of Ed 
with 2-layer and 4-layer FFRP confinement is 

2.2% and 3.3%, respectively. In comparison with unconfined CFRC, the decrease of Ed 
of 

CFRC confined by 2-layer and 4-layer FFRP is 0.7% and 1.5%, respectively. 
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Figure 8.2: Effect of coir fibre and tube thickness on the (a) staic and (b) dynamic 

modulus of long specimens 
 

The decrease in dynamic modulus may be attributed to an increase in porosity of the 

concrete due to the tendency of coir fibres cling together during mixing, entrapping 

water-filled spaces, consequently turns into voids. Higher porosity in composite concrete 

leads to higher loss in dynamic modulus.  

Considering the dynamic Poisson’s ratio ( dv ), coir fibre reduces that of CFRC up to 7.7%, 

compared with unconfined PC (Table 8.3). For both FFRP tube confined PC and CFRC, 

the dynamic Poisson’s ratio increases with the growth in the FFRP tube thickness (from 2 

layers to 4 layers).  

Table 8.3: Dynamic properties of the test matrix 

Case 
dE

 (GPa) dv  tran
(%) lon

(%) tor
(%) 

PC 39.18 0.26 0.79 0.93 0.86 

CFRC 36.44 0.24 3.65 3.73 3.27 

2-layer FFRP-PC 38.30 0.28 1.56 1.82 1.37 

4-layer FFRP-PC 37.87 0.30 1.94 2.48 1.80 

2-layer FFRP-CFRC 36.19 0.26 5.70 5.01  5.25 

4-layer  FFRP-CFRC 35.88 0.29 6.51 6.83      5.76 

tran , lon  and tor  indicates
 
the damping ratio obtained from transversal, longitudinal and 

torsional vibration mode, respectively. 

0

5

10

15

20

25

30

35

40

45

0 layer FFRP 2 layer FFRP 4 layer FFRP

D
y
n

a
m

ic
 m

o
d

u
lu

s 
(G

P
a

) 

Tube thickness 

PC CFRC(b) 



 

150 

 

The comparison between the dynamic and static elastic properties of the concrete 

cylinders is given in Table 8.4. In general, the values of dynamic modulus and dynamic 

Poisson’s ratio are larger than their static counterparts. It is clear that the effect of coir 

fibre on increase of modulus (from static to dynamic) is greater than that on increase the 

Poisson’s ratio of both unconfined and FFRP confined PC and CFRC. The changes in 

modulus range from 23.6% to 35.9% while the values in Poisson’s ratio are from 9.1% to 

20.8% for all the concrete groups.   

Table 8.4: Dynamic and static elastic properties of long specimens 

Case 
sE  

dE  Change  

(%) 
sv  

dv  Change  

(%)  

PC 28.84 39.18 35.9 0.23 0.26 13.0 

CFRC 27.16 36.44 34.2 0.22 0.24 9.1 

2-layer FFRP-PC 29.68 38.30 29.0 0.25  0.28 12.0 

4-layer FFRP-PC 29.92 37.87 26.6 0.26 0.30 15.4 

2-layer FFRP-CFRC 28.77 36.19 25.8 0.23 0.26 13.0 

4-layer FFRP-CFRC 29.03 35.88 23.6 0.24 0.29 20.8 

ssd EEE /%100)(  is the change of E and 
ssd vvv /%100)(  is the change of v  

 

 

8.3.3 Damping ratio 

Damping defines the energy dissipation capability of a material. The damping of concrete 

is believed attributed to the presence of water and air voids and microcracks. Damping 

ratios of all the cases are given in Table 8.3. With the addition of coir fibre to unconfined 

CFRC, the damping ratio, in the transversal, longitudinal and torsional vibration modes, 

increases by 362%, 301% and 280%, respectively, compared with the unconfined PC. 

This data indicates that coir fibre inclusion has a significant influence on improving the 

damping of the CFRC composite. Table 8.3 also shows a similar increase pattern of both 

FFRP tube confined PC and CFRC at all the three vibration modes. With the increase in 

tube thickness, the damping ratios of both confined PC and CFRC increase.  

Considering at all the three different vibration modes, with an increase in tube thickness, 

the increase in damping ratio of FFRP confined CFRC is more significantly than that of 

FFRP confined PC. In comparison with the damping ratio of the corresponding 

unconfined PC (0.79%, 0.93% and 0.86%) and CFRC (3.65%, 3.73% and 3.27%), the 

increase of damping ratio of 2-layer FFRP confined PC and CFRC is 97.5%, 95.7% and 

59.3%, and 120%, 167% and 109%, respectively. The damping ratio of 4-layer FFRP 



 

151 

 

confined PC and CFRC increases up to 56.2%, 34.3% and 60.1%, and 78.4%, 83.1% and 

66.9%, respectively.  

Comparing the damping ratios of unconfined PC with those of unconfined CFRC 

(considered as zero layer), 2-layer FFRP tube confined PC with confined CFRC, and 4-

layer FFRP tube confined PC with confined CFRC at all the three vibration modes, it is 

observed that the effect of coir fibre on enhancement of damping ratio is more 

significantly than the improvement of damping ratio due to FFRP tube.  

In CFRC, coir fibre inclusion produces more interfaces and stress transition zones in the 

cementitious matrix. During vibrations, more energy is dissipated due to the internal 

friction between the coir fibres and the matrix where more fibre/cementitious matrix 

interfaces are involved. In addition, concrete itself is a brittle material with extensive 

potential micro-cracks and these cracks may open and close during vibration, and the 

matrix interacts with the fibre surface, resulting in energy loss. For FFRP confined 

concrete, FFRP tube introduces new interfaces between the tube and the concrete core, 

which may also be responsible for dissipating energy by friction during the vibration, 

thereby increasing the damping ratio of FFRP confined concrete. Therefore, both coir 

fibre and FFRP tube improve the damping ratio of the FFRP tube confined CFRC, thus 

reducing the effect of dynamic loading on the structure. 

8.4 Summary 

In this study, the effect of coir fibre inclusion and flax fibre reinforced polymer (FFRP) 

tube thickness on the static and dynamic properties of FFRP confined coir fibre 

reinforced concrete (CFRC) were investigated. Axial compression test was conducted on 

36 short cylindrical speicmens to measure the static modulus of elasticity and Poisson’s 

ratio. A total of 162 impact tests were conducted on the 18 long cylindrical specimens to 

determine the dynamic properties (with respect to dynamic modulus of elasticity, 

dynamic Possion’s ratio, natural frequency and damping ratio) in longitudinal, transversa 

and torsional vibration modes. For each considered property, three specimens were tested 

to obtain an average result. The dynamic study reveals: 

1. Coir fibre inclusion reduces the fundamental frequency, dynamic modulus of 

elasticity and dynamic Poisson’s ratio but increases the damping ratio of CFRC 

remarkably, compared to the unconfined PC.  
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2. In the cases of confined PC and CFRC, FFRP tube confinement decreases the natural 

frequency and dynamic modulus of elasticity, but increases the dynamic Poisson’s 

ratio and damping ratio as compared with the unconfined PC and CFRC. 

3. The mechanism in enhancement of concrete damping by coir fibre inclusion and 

FFRP tube confinement is believed attributable to the coir/matrix and FFRP 

tube/concrete interfacial friction, resulting in more energy dissipation in the vibration. 

4. In comparison with FFRP-PC of the same tube thickness, coir fibre inclusion reduces 

the natural frequency, dynamic modulus of elasticity and Poisson’s ratio, but 

increases the damping ratio of FFRP-CFRC significantly.  

5. For all the considered specimens, the dynamic properties, in terms of modulus of 

elasticity and Poisson’s ratio, are larger than their static counterpart. 
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Chapter 9  

Conclusions and Recommendations for 

Future Research 

9.1 Introduction 

This study provides a comprehensive understanding of design and characterization of this 

steel-free FFRP-CFRC composite structure for infrastructure application. Initially, three 

different fibre fabric reinforced polymer composites (i.e. flax, bamboo and linen) were 

fabricated using a vacuum bagging technique and their mechanical properties (i.e. tensile, 

flexural, compressive, vibration and in-plane shear) were studied, which confirmed flax 

fabric as the reinforcement material for outer FRP tube. Then, FFRP tubes were fabricated 

using a hand lay-up process. The axial compressive, lateral crushing, flexural and vibration 

properties of flax FRP tubes were experimentally investigated. These studies showed that flax 

FRP tubes had good energy absorption capacity to be axial and flexural members. Axial 

compressive test on FFRP tube confined plain concrete (FFRP-PC) and FFRP-CFRC showed 

that FFRP tube confinement increased ultimate compressive stress and strain for both PC and 

CFRC remarkably. Coir fibre inclusion had an insignificant effect on ultimate compressive 

stress but modified failure mode of FFRP confined concrete to be ductile. In addition, 

experimental results were compared with the predictions with existing stress and strain 

models for glass/carbon FRP confined concrete and two strain models were developed for 

FFRP-PC and FFRP-CFRC. Four point bending test on FFRP-PC and FFRP-CFRC indicated 

that FFRP tube confinement increased lateral load carrying capacity and energy absorption 

capability significantly. However, coir fibre inclusion led to a ductile and safe failure mode of 

the confined concrete. Based on linear elastic theory and assumption of Bernoulli’s theory, a 

simplified analytical method was developed and predicted the ultimate resisting bending 

moment of FFRP-PC and FFRP-CFRC under flexure very accurately. Four-point bending test 

also confirmed that slippage between FFRP and concrete could be an issue which 

compromise the structural performance of the composite structures. Thus, a novel and easily 

interlocked FFRP and CFRC interfacial profile was developed to eliminate tube and concrete 

slippage, and increase the interfacial bond stress and composite action very effectively. The 
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effect of the new interfacial profile on the axial and flexural behaviour of FFRP-CFRC was 

experimentally investigated. The effect of different parameters of the new FFRP and CFRC 

interfacial profile on the bond behaviour of FFRP panel and CFRC block were 

experimentally and numerically studied. The results are expected to be used to develop a 

FFRP panel and CFRC overlay bridge deck in the future study. Hammer-induced vibration 

tests showed that the FFRP tube and coir fibre inclusion increased the damping ratio of the 

concrete significantly, thus reducing the effect of dynamic loading on the structural response. 

Shake table test on FFRP-CFRC columns indicated that the FFRP-CFRC column can lead to 

energy dissipation during strong ground motions. The FFRP-CFRC columns with 

interlocking profile exhibited better seismic performance with less damage. Finally, future 

works and recommendations were provided for designing this kind of composite structures as 

axial, flexural and earthquake-resistant structural members for future infrastructure 

application. 

 

9.2 Flax fibre and its composites and coir fibre reinforced concrete 

Among various natural fibres, flax fibre offers the best potential combination of low cost, 

light weight, and high strength and stiffness for structural application. Flax fibres are cost-

effective materials have specific mechanical properties which have potential to replace glass 

fibres as reinforcement in composite. Their main disadvantage is the variability in their 

properties. Environmental effects (e.g. high relative humidity) will degrade the tensile 

properties of flax fibres. The selection of suitable manufacturing process and 

physical/chemical modification can improve the mechanical properties of flax composites. 

Flax composites have the potential to be the next generation materials for structural 

application for infrastructure, automotive industry and consumer applications. Coir fibres are 

reported as the toughest fibre amongst various natural fibres and which have potential to be 

used in cementitious for increasing the mechanical properties.  

 

9.3  Properties of flax FRP laminates 

1. Alkali treatment with 5 wt. % NaOH solution has a negative effect on the tensile strength 

and modulus of single-strand flax, linen and bamboo yarns. The failure mechanism of 

natural single-strand fibres under tension is the combination of fibre breakage and 

slippage. 
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2. The alkali treatment significantly increases the tensile strength and modulus, flexural 

strength and modulus of all the fabric reinforced composites. However, the tensile strain 

and flexural strain of the composite increased marginally.  

3. In tension, the flax, linen and bamboo fabric reinforced composites exhibit the typical 

brittle fracture mode. The flax fabric reinforced composite features the largest ultimate 

tensile strength, and the linen fabric reinforced composites offers the largest tensile 

failure strain.  

4. In flexure, the bamboo fabric reinforced composites exhibit the brittle fracture mode 

while flax and linen composites possess a ductile behaviour before fracture. The flax 

fabric reinforced composite has the highest flexural strength at failure, and the linen 

fabric reinforced composites give the largest failure flexural strain. 

5. SEM study clearly reveals that the failure of natural fibre fabric reinforced composite is 

dominated by the failure of fibre yarns along the load direction, debonding and pull-out, 

brittle fracture of the matrix. 

6. Alkali treatment with 5 wt. % NaOH solution enhanced the compressive properties, in-

plane shear properties of the flax and linen composites. However, the damping ratio and 

impact strength of both flax and linen composites decreased due to the treatment.  

7. In vibration, the reduction in damping ratio by alkali treatment is believed attributable to 

the improved fibre/matrix adhesion resulting in less energy dissipation during the 

vibration, as analysed by SEM. 

8. In compression, the ultimate compressive strength of flax and linen composites is highly 

dependent on the strength of the epoxy. The stiffness of the fabric reinforced epoxy 

composite mainly depends on the fibre. The compressive failure of fabric reinforced 

epoxy composites exhibits a ductile fracture mode.  

9. In in-plane shear test, the stress-strain behaviour of the composites exhibits a non-linear 

manner.  

 

9.4  Properties of flax FRP tubes 

1. In axial compression, specimens with a large number of composite plies and short length 

exhibit a high resistance to crushing with a large value of peak load and CFE. 

2. In axial compression, for specimens with the same inner diameter and length, an increase 

in the number of plies increases the crushing energy absorption capability significantly.       
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3. In axial compression, the energy absorption capability of flax/epoxy composite tube is 

strongly dependent on the geometry of the tube. Specimens with a large length and 

number of composite plies have more energy absorption capacity.  

4. In axial compression, the optimal design of a flax/epoxy tube, in the specimens selected 

for this study, has a SAE of 41 J/g and a CFE of 0.78, which is superior to conventional 

metal energy absorbers and close to that of glass/carbon fibre reinforced polymer 

composites reported in literature.  

5. In axial compression, most of the specimens crushed in a brittle manner with a 

progressive crushing pattern. The major energy absorption mechanisms observed are 

fragmentation and splaying of the composite, bending of the lamina bundles and 

compression of the composites.  

6. In impact vibration, an increase in tube thickness led to a reduction in natural frequency 

and damping ratio of the tubes. FFRP tubes have size-dependent dynamic properties, i.e. 

an increase in size increased the natural frequency but reduced the damping ratio 

remarkably.  

7. In flexure, an increase in tube thickness led to an enhancement in the load carrying 

capacity. The 4L-FFRE tube shows a high load carrying capacity up to 32 kN, which is 

much larger than the solid plain concrete beam with a similar size, indicating that the 

hollow FFRP tube has the potential for pole application.  

 

9.5  Axial compressive behaviour of flax FRP tube confined CFRC 

1. The compressive strength of CFRC can increase or decrease by the addition of coir fibre 

with different fibre weight content, compared with unconfined PC. 

2. Coir fibre inclusion with length of 50 mm and fibre weight content of 1 % of cement 

increased the ultimate compressive strength and ultimate strains of FFRP tube confined 

CFRC specimens, compared with the FFRP tube confined PC specimens.  

3. FFRP tube confinement enhances the compressive strength and ductility of both PC and 

CFRC. The increase in tube thickness leads to an increase in compressive strength and 

ductility. 

4. The axial stress-strain behaviour of flax FRP tube confined PC and CFRC is 

approximately bilinear.  

5. For the test conditions considered in this study, the design-oriented models by Wu et al. 

(2006) and Lam & Teng (2002) and an analysis-oriented model by Harries and Kharel 
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(2002) can predict the ultimate axial compressive strength of FFRP tube confined PC and 

CFRC accurately. 

6. No considered strain models predict the ultimate axial strains of FFRP confined PC and 

FFRP confined CFRC accurately. Two proposed strain models, with an introduction of a 

stiffness reduction factor of the composite material; match the experimental strains of 

both FFRP tube confined PC and CFRC effectively. 

 

9.6  Flexural behaviour of flax FRP tube confined CFRC 

1. FFRP tube confinement increases the ultimate lateral load and mid-span deflection of the 

PC and CFRC members remarkably.  
2. However, FFRP-PC columns exhibit a brittle failure mode while FFRP-CFRC columns 

behave a ductile manner due to coir fibre bridging effect. Therefore, coir fibre increases 

the ductility and flax FRP contributes to the significant increase in the peak load of the 

composite structure.  
3. Slippage between FFRP tube and concrete core is commonly observed for the tested 

specimens. Coir fibre inclusion has no effect on the prevention of slippage.  
4. In flexure, the existing code equations underestimate the cracking strength of FFRP-PC 

and FFRP-CFRC composite beams because an improvement in the flexural tensile 

strength of the beams is achieved as a result of the confinement from the FFRP tube.  
5. The predictions based on the simplified analytical method have good agreement with the 

experimental ultimate moment capacities for both FFRP-PC and FFRP-CFRC specimens. 
 

9.7  Bond behavior of flax FRP tube confined CFRC 

1. Push-out test on FFRP-CFRC cylinder indicates that the interlocked FFRP-CFRC 

specimen has a larger axial push load and thus a better FFRP and CFRC interfacial bond 

stress, compared with the normal FFRP-CFRC cylinder. 

2. Axial compression test results show that the interlocked FFRP-CFRC cylinder has a 

smaller ultimate compressive stress and axial strain compared with the normal FFRP-

CFRC cylinder. 

3. Four-point bending test results show that the slippage between FFRP tube and the CFRC 

core was eliminated in the interlocked FFRP-CFRC beams without compromising the 

peak lateral load, compared with the normal FFRPP-CFRC beams. Thus, the creation of 
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holes in the inner surface of the FFRP tube is an effective method to impede the slip 

between the tube and the CFRC, which in turn increased the composite action. 

 

9.8 Dynamic properties of flax FRP tube confined CFRC 

1. Coir fibre inclusion reduces the fundamental frequency, dynamic modulus of elasticity 

and dynamic Poisson’s ratio but increases the damping ratio of CFRC remarkably, 

compared to the unconfined PC.  

2. In the cases of confined PC and CFRC, FFRP tube confinement decreases the natural 

frequency and dynamic modulus of elasticity, but increases the dynamic Poisson’s ratio 

and damping ratio as compared with the unconfined PC and CFRC. 

3. The mechanism in enhancement of concrete damping by coir fibre inclusion and FFRP 

tube confinement is believed attributable to the coir/matrix and FFRP tube/concrete 

interfacial friction, resulting in more energy dissipation in the vibration. 

4. In comparison with FFRP-PC of the same tube thickness, coir fibre inclusion reduces the 

natural frequency, dynamic modulus of elasticity and Poisson’s ratio, but increases the 

damping ratio of FFRP-CFRC significantly.  

5. For all the considered specimens, the dynamic properties, in terms of modulus of 

elasticity and Poisson’s ratio, are larger than their static counterpart. 

 

9.9 Future work for steel-free FFRP tube confined CFRC composite 

structure 

1. Shake table test of small-scale and large-scale FFRP-CFRC columns serving as bridge 

piers 

2. Consideration of relationship between eccentricity and confinement of FFRP-CFRC 

3. Cyclic test of small-scale and large-scale FFRP-CFRC columns and comparison with 

conventional RC columns with same dimension 

4. Numerical modelling will help in better understanding the behaviour of FFRP-CFRC 

composite structures 

5. Development of an stress-strain model for FFRP-CFRC under compression considering 

more experimental parameters 

6. Long-term durability of FFRP composites and CFRC in different aging conditions 
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