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Sustainable Concrete and 
Structures with Natural Fibre 
Reinforcements

Abstract
Concrete is the most widely used construction material in the world and steel reinforcement is always required to meet tensile 

strength and ductility demands of concrete structures. The production of concrete and reinforced concrete structures creates lots 
of environmental issues associated with the significant release of CO2 and other greenhouse gases. In addition, 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 
infrastructure due to steel corrosion has been estimated as several trillion dollars. Thus, it is urgent to promote sustainable concrete 
and structures to reduce their negative impact on the environment. The development of new environmentally friendly materials to 
replace steel rebar as reinforcement for concrete structure is a significant step to achieve sustainable concrete and structures. In this 
chapter, two types of sustainable concrete structures considering the use of natural fibres as reinforcement of concrete and concrete 
structures were introduced, i.e. Coir Fibre Reinforced Concrete (CFRC) mortar-free structures and Flax Fibre Reinforced Polymer tube 
encased Coir Fibre Reinforced Concrete (FFRP-CFRC) composite structures. The static and dynamic properties of these structures 
were studied. It was found that natural fibres in different configurations can be used to replace conventional steel rebar as reinforcement 
of concrete structures. In addition, both sustainable concrete structures show good potential to be used in earthquake-prone zones. 
The application of these sustainable concrete structures is beneficial for consuming less energy, releasing less greenhouse gases into the 
atmosphere, and costing less to build and to maintain over time.

General
Construction and building industries are the two major and most active sectors in the world. In Europe, they represent 28.1% and 

7.5% of employment in industry and in the European economy, respectively [1]. In the worldwide, construction and building industries 
keeps on growing at a fast face. It is estimated in China alone; nearly 40billion cubic meters of combined residential and commercial 
floor space will be constructed in the next decade, which is equivalent to build one New York every two years or the area of Switzerland 
[2]. Concrete, as an essential material for construction and building industries, is the most consumed man-made material in the world 
[3]. In 2002, approximately 2.7billion cubic meters of concrete were consumed with production spread unevenly among more than 
150 countries. This equals more than 0.4 cubic meter of concrete consumed per person annually [4]. The Portland cement, an essential 
constituent of concrete, leads to the release of a significant amount of CO2 and other greenhouse gases. The world cement production 
in 2012 is illustrated in Figure 1 [5]. Around 3.6billion tons of cement was produced in 2012 and more than 50% was made in China. 
The CO2 release per kg of cement produced by selected regions is illustrated in Figure 2 [6]. It can be seen that manufacturing 1ton of 
Portland cement produces about 1ton of CO2. When calcium carbonates, such as limestone, are heated in a kiln, CO2 is produced as 
part of the reaction, accounting for approximately half of the total amount. The other half comes from the fuel needed for production 
[7]. The environmental issues associated with CO2 call for the sustainable development of concrete and structure industries urgently 
[8].

Figure 1: World cement production 2012 [5].
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Figure 2: CO2 release per kg of cement produced, selected regions [6].
 

Why Sustainable Concrete and Structures?
According to the World Commission on Environment and Development of the United Nations, sustainability means “meeting 

the needs of the present without compromising the ability of the future generations to meet their own needs” [9]. It incorporates the 
environmental, economic and social considerations often referred to as “the three pillars” of sustainability (Figure 3). The sustainability 
of the concrete industry is imperative to the well-being of our planet and to human development. The concrete industry is committed 
to delivering higher quality buildings for human beings and businesses alike, which will enhance quality of life and working conditions 
and reduce their impact on the environment. The concrete industry is also responding to current concerns about climate change and 
energy efficiency [10]. The enforcement of sustainable concrete and structures will further reduce short-term and long-term costs and be 
beneficial for our planet and environment.

Figure 3: The triple bottom line of sustainability.
 

Principles of Sustainable Concrete and Structures
In 1994, the International Council of Building (CIB) defined the concept of sustainable construction as the on “responsible for 

creating and maintaining” a healthy built environment based on the efficient use of resources and in the project based on ecological 
principles [11]. Seven principles for sustainable construction have also been proposed by the CIB: (1) reduce resource consumption, (2) 
reuse resources, (3) use of recycle resources, (4) protection of nature, (5) elimination of toxics, (6) application of life cycle costing, and 
(7) focus on quality [12]. Using by products or renewable materials offer great advantages of creating new opportunities for these by-
products while preserving natural resources and without changing the conventional construction methods [13]. Another magnificent 
step to achieve a sustainable construction industry is the development of buildings with alternative materials, technologies and methods 
for construction. In this case, resources and energy consumption can be reduced remarkably and good energy efficiency without causing 
health and damaging eco-systems can be provided [14]. On the basis of this, 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 chemical building blocks be created from renewable and 
plant-based sources in 2020, increasing to 50% by 2050 [15].
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From the literature above, it is clear that the key words of development of sustainable construction are “resources”, “reuse”, “recycle”, 
“nature”, “economics” and “quality”. Indeed, all these key words are pointing to the concept of development of sustainable concrete and 
structures. Therefore, the achievement of sustainable construction is highly dependent on the development of sustainable concrete and 
structures since a construction industry without concrete and concrete structures is almost inconceivable. Therefore, the principles of 
sustainable construction are also appropriate for sustainable concrete and structures.

How to Achieve Sustainable Concrete and Structures?
Concrete is made from cement, coarse aggregate (gravel or crushed stone), fine aggregate (sand), water and/or admixtures. To 

develop sustainable concrete, the primary materials can be replaced by aggregates made from recycled concrete. Waste materials from 
other industries can be used to produce additions such as fly ash, slag, silica fumes, rice husk ash, sewage sludge ash, waste ceramics, 
tungsten mine wastes and recycled glass, etc [16]. There are advantages to replace some Portland cement in a mix with pozzolans - 
such as fly ash and slag cement - which would otherwise end up in a landfill. It is reported that 15% to 40% replacements of Portland 
cement with fly ash and slag cement can produce concrete with higher strength and lower permeability, and in turn increasing the 
durability of the concrete structures [17]. Pozzolans can be of natural origin or artificial like calcined clays or industrial by-products, 
as explained by Pacheco-Torgal and Jalali [18]. Natural pozzolans came from silicon rich magma that solidified very rapidly remaining 
in an amorphous state. As for artificial pozzolans, clays in a calcination process below the dehydroxylation temperature [19] became 
structurally instable because of the hydroxyl groups that left out due to the calcination process [20]. The pozzolanic activity of calcined 
clays is highly dependent on the loss of structural water which favours the creation of an amorphous structure [21]. In addition, using less 
water in concrete improves strength and durability. The use of admixtures makes all of this possible, increasing concrete sustainability 
by improving its qualities. Without admixtures, such as super plasticizers, it is more difficult to produce highly sustainable concrete [17]. 
The recycling and reusing of coarse aggregates from construction and demolition waste, ceramic wastes (tiles, sanitary, bricks) and other 
wastes [22,23] is also a significant step to achieve sustainable concrete and structures.

It is well known that concrete is high in compressive strength but low in tensile strength showing brittle characteristics. Hence, steel 
reinforcement is normally required to meet tensile strength and ductility demands of concrete structures. However, nowadays steel 
reinforcement is still very expensive and comes from a non-renewable resource with high energy consumption. An approximate 200kg 
of steel reinforcement will be required for each cubic meter of concrete structure [1]. The corrosion of steel in concrete structures is one 
of the major challenges for civil engineers. In the 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. In the US, the upgrading of civil 
engineering infrastructure was estimated as $20 trillion [24]. Therefore, the development of new environmentally friendly materials to 
replace steel reinforcement for concrete structure applications is a good step to achieve sustainable concrete and structures.

In the last few years, because of the increasing environmental concern, the utilization of fibres from natural resources (i.e. vegetable 
fibres) to replace synthetic carbon/glass fibres for fibre reinforced polymer (FRP) composite application has gained popularity [25,26]. 
Natural fibres, e.g. flax, hemp, jute, coir and sisal, are cost effective, have high specific strength and specific stiffness and are readily 
available [27]. The estimated global production volume averages of different natural fibres are listed in Table 1. Yan et al. [28] stated 
that among various natural fibres, flax fibres with tensile properties are comparable to those of glass fibres. Flax offers the best potential 
combination of low cost, light weight, and high strength and stiffness for structural applications. Other authors also concluded that 
polymer composites reinforced with natural fibres are showing a good potential to substitute glass FRP composites for infrastructure 
applications (e.g. Dittenber and GangaRao [29]). Assarar et al. [30] reported that the tensile strength of flax/epoxy composite was up 
to 300MPa, which was close to glass/epoxy composites. Therefore, it is possible to use the more economical bio-composites to replace 
synthetic FRP composites for infrastructure applications [25]. For instance, synthetic glass or carbon FRP composite tubes have been 
used in a new structural system (i.e. FRP tube confined concrete) to enhance concrete strength and ductility because of the confinement 
effect provided by the outer FRP tubes.

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
1The real production of flax was underestimated because the production of flax in Canada is not considered for calculation.
2China has announced plan to substantially increase the hemp production for textiles in the coming years to 1.5million tonnes of fibre per year.

Table 1: Estimated global production volume averages of different natural fibres (in million metric tons per year).

 Studies on fibre reinforced concrete indicated that short natural fibres can modify tensile and flexural strength, toughness, impact 
resistance and fracture energy when used within cementitious [31]. Pacheco-Torgal and Jalali [1] concluded that vegetable fibres (e.g. 
sisal, hemp, coir, banana and sugar cane bagasse, etc) can be used as reinforcement for cementitious materials. Coir fibre, because of its 
highest toughness among natural fibres and the extremely low cost and availability, is good fibre reinforcement for concrete structures 
[32]. It is reported that coir fibre bridging effect increased the flexural toughness of cementitious composites by more than 10 times 
[33]. The effectiveness of coir fibre on the flexural properties (e.g. flexural toughness) of cementitious composites was even better than 
synthetic glass or carbon fibres [34]. Islam et al. [35] found that the addition of 0.5% 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. [36] suggested that 
coir fibres can be used as reinforcement for lightweight concrete structures.

Studies showed that natural fibre reinforced polymer composites can be used to replace conventional steel reinforcement of concrete 
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structures and natural fibres within cementitious can also be considered as reinforcement of concrete. The use of concrete and concrete 
structures with natural fibres will make the construction industry more sustainable.

Examples of Sustainable Concrete and Structures
Coir fibre reinforced concrete and mortar-free walls

Natural fibres as reinforcement in composites (such as cement paste, cement sand mortar and concrete) have been studied by many 
researchers, e.g. [37,38]. 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 [32]. Natural fibres can be used in low-cost concrete structures as 
reinforcement materials, especially in tropical earthquake regions.

Coir fibre and its mechanical properties: Coir fibre is one of the widely used natural fibres for concrete. Coir fibre is extracted from 
the outer shell of a coconut. In 2009, approximately 500,000tonnes of coir fibres were produced annually worldwide, mainly in India and 
Sri Lanka [39]. The general advantages of coir fibres include moth-proof, resistant to fungi and rot, provide excellent insulation against 
temperature and sound, flame-retardant, unaffected by moisture and dampness, tough and durable, resilient, spring back to shape even 
after constant use [32].

The physical and mechanical properties of various natural fibres are presented in Table 2. The tensile stress-strain curves of coir 
fibres by different authors are given in Figure 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 (21.5MPa) amongst all natural fibres, 
where toughness of a fibre is taken as the area under stress-strain curve [40].

Fibre type Diameter (µm) Relative density (g/
cm3)

Tensile strength
(MPa)

Elastic modulus
(GPa)

Specific modulus
(GPa×cm3/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

Table 2: Physical and tensile properties of natural fibres and glass fibres [28].

Figure 4: Tensile stress-strain curves of coir fibres [41].
 

Mix design of coir fibre reinforced concrete: Ali et al. [32] at the University of Auckland investigated the mechanical properties of 
coir fibre reinforced concrete (CFRC). In the study, three different fibre lengths (i.e. 2.5, 5 and 7.5cm) and four different fibre contents 
by mass of cement (i.e. 1, 2, 3 and 5%) were considered. Plain concrete was considered as a reference for evaluation. Therefore, a total of 
13 batches of concrete were constructed. The considered mechanical properties include static modulus of elasticity, compressive strength 
and toughness, splitting tensile strength, modulus of rupture, flexural toughness and density.

The addition of coir fibres can affect the mechanical properties of the concrete remarkably, which is highly dependent on the fibre 
length and volume fraction and the orientation of the fibres in concrete. Thus, a proper concrete mix design should be considered for 
CFRC. In the study, the mix design ratio considered for plain concrete (PC) was 1: 2: 2 for cement: sand: aggregate, respectively. The water 
to cement ratio was 0.48 for PC. For CFRC, the mix ratio of cement, sand and aggregate was the same as that of PC, but more water was 
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added in order to make the mix workable. For CFRC, coir fibre inclusion may cause less workability of the fresh concrete and possibly 
resulting in the growth of porosity, a proper mixing procedure also should be considered to achieve a homogeneous distribution of the 
fibres in concrete. For preparing CFRC, a layer of coconut fibres was spread in the pan, followed by spreading of aggregates, sand and 
cement. The first layer of fibres was hidden under the dry concrete materials with the help of a spade. Then, another layer of coconut fibres 
followed by layers of aggregates, sand and cement was spread. Then, the procedure was repeated several times until all the constituents 
were placed in the mixer. After that, approximately three quarters of the water was added in the mixer for mixing 2 minutes. Then, the 
remaining water was placed into the mixer for rotating another 2 minutes. Slump tests were performed for the 13 concrete batches (12 
CFRC and one PC). The influence of fibre content and lengths on the slumps is illustrated in Figure 5. It can be seen 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 
5cm had better slump than other CFRC batches with other fibre lengths. Overall, the slumps for different CFRCs were 10-40mm 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 [42].

 
Figure 5: Influence of fibre (a) content and (b) length on slump [32].

Compressive properties of coir fibre reinforced concrete: The compressive properties (static modulus of elasticity, compressive 
strength, corresponding strain, compressive toughness) of CFRC were determined by testing these cylinders on a compression testing 
machine. The compression test follows the ASTM C39 (Standard test method for compressive strength of cylindrical concrete specimens). 
The static modulus of elasticity was determined by the slope in the compressive stress-strain curve at the elastic response stage. Figure 6 
gives the compressive stress-strain curves of PC and CFRC (with 5% fibre content and 50mm fibre length). The effects of fibre content 
and fibre length on static modulus of elasticity are displayed in Figure 7. It was found that with an increase in fibre content and fibre 
length, the static modulus of elasticity of the various CFRCs reduced. For CFRC with fibre length of 25mm, the values of static modulus 
of elasticity were larger than that of PC. 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.

Figure 6: Compressive stress-strain curves of PC and CFRC [32].

 
Figure 7: Static modulus of elasticity of CFRCs with different fibre content and length [32].
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Compressive strength is a key parameter of concrete material. The compressive strength of fibre reinforced concrete is highly 
dependent on the fibre content and fibre length used. The influence of fibre content and length on the compressive strength of CFRCs 
is illustrated in Figure 8. The strength decreased with an increase in fibre content. But, the magnitude of compressive strength increased 
initially and then dropped for long fibres. Compared with the compressive strength of PC, it was found that in the majority of cases of 
CFRCs, the values of compressive strength were larger than that of PC. Only the batches of CFRC with fibre length of 75mm and 2% and 
3% fibre content had compressive strength less than that of PC. This can be attributed to the formation of air voids because of long fibres 
and high fibre content [32].

Figure 8: The compressive strength of CFRCs with different fibre content and length [32].

The influence of fibre content and length on the compressive toughness is shown in Figure 9. The compressive toughness is 
determined as the area under the compressive stress-strain curve. The figure shows that the values of compressive toughness increased 
with an increase in fibre content. The CFRC batch with 5% fibre content and 50mm fibre length had the largest toughness of 0.32MPa.

 
Figure 9: The compressive toughness of CFRCs with different fibre content and length [32].

Tensile properties of coir fibre reinforced concrete: The tensile strength of CFRCs was determined by splitting testing following 
ASTM C496 (Standard test method for splitting tensile strength of cylindrical concrete specimens). The relationship between fibre 
content and length and tensile strength of CFRCs is shown in Figure 10. It was found that the tensile strength of CFRC reduced with an 
increase in fibre content, however, the values increased firstly and then slightly reduced with an increase in fibre length. In the case of 
CFRC with 1% fibre content, the tensile strength increased with an increase in fibre length. Interestingly, it should be mentioned here 
that all PC specimens were broken two halves after testing while the CFRC specimens were held together by the coir fibres at the crack 
adjacent surfaces, indicating the fibre bridging effect.

Figure 10: The splitting tensile strength of CFRCs with different fibre content and length [32].



O
M

IC
S

 G
ro

up
 e

B
oo

ks

009

Flexural properties of coir fibre reinforced concrete: Four-point bending tests were conducted to evaluate the flexural behaviour 
of the CFRCs [32] following ASTM C78 (Standard test method for flexural strength of concrete). The load-displacement curves and 
failure modes of PC and CFRC are displayed in Figure 11. It can be seen that the PC was broken into two halves. On the other hand, the 
CFRC had a major crack at the middle span of the beam. The coir fibres were bridged the adjacent surface of the crack. The fractured 
surface showed the fibre crack bridging which changed the failure mode of the CFRC beam, as displayed in Figure 12. Coir fibre bridging 
improved the resistance to crack propagation and crack opening during the failure of the CFRC beam [43]. Some coir fibres pull out 
(indicated by circle) and some delamination (indicated by oval mark) and fibres breakage (indicated by square) are clearly observed in the 
fractured CFRC surface, as displayed in Figure 13. Thus, failure of CFRC was dominated by the breakage of fibre along the load direction, 
fibre pull-out and fibre delamination from the cementitious matrix [43]. The SEM micrographs of coir fibre and CFRC after fracture are 
displayed in Figure 14 [44]. Figure 14(a) shows that coir fibre surface are rough and covered with protrusions which indicated by circle. 
The protrusions offered extra anchoring points such that the fibre can withstand stresses from the cementitious matrix better (mechanical 
bonding). The rough surface resulted in the improvement in aspect ratio and the mechanical interlocking, thereby in the matrix, the fibre 
had a relatively strong bond with the matrix. Figure 14(b) shows 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 also can be observed.

Figure 11: Flexural test: (a) load-displacement curve, (b) failure mode of PC and (c) failure 
mode of CFRC [32].

 
Figure 12: Coir fibre bridging [43].

 
Figure 13: Fibres pull out (indicated by circle), delamination (indicated by oval mark), debond and 
breakage (indicated by square).
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Figure 14: SEM images of coir fibre surface and coir fibre reinforced cementitious after fracture: fibre 
pull-out is indicated by square, fibre breakage is indicated by circle and fibre delamination is indicated by 
oval shape (reproduced with permission from [44]).

The influence of coir fibre content and length on the modulus of rupture of CFRCs is illustrated in Figure 15. It was found that the 
modulus of rupture increased with an increase in fibre content and fibre length. Compared to the PC beam, the modulus of rupture of 
CFRC beam (with 5% fibre content and 50mm fibre length) increased slightly.

 
Figure 15: Modulus of rupture of CFRCs [29].

Summarised the discussions above, the CFRC batch with fibre length of 50mm and fibre content of 5% by mass of cement had an 
increased compressive strength, modulus of rupture, compared to the PC.

Compressive properties of coir fibre reinforced concrete interlocking blocks: Ali et al. [45] developed innovative CFRC interlocking 
blocks, named as standard, bottom, top and half blocks, respectively, for sustainable CFRC concrete structure applications. The shapes 
of the blocks are displayed in Figure 16. The blocks were constructed with special interconnecting profiles so that they can interlock with 
the upper, lower and adjacent to create a wall as a mortar-free construction, as shown in Figure 17. The width of the mortar-free wall is 
1.2 m and the height of the wall is 2.9 m. The thickness of the wall is 0.2 m. The bottom and top layers of the wall were constructed with 
bottom and top blocks (Figure 16(b) and (c)), respectively. The dimension of the standard block is given in Figure 16(a). The developed 
blocks were able to move relatively to neighbouring blocks during an earthquake because of the mortar-free construction. The relative 
movement impeded the transfer of part of the earthquake energy and thus led to energy dissipation. Because of inclined keys, the blocks 
could come back to their original position, i.e. the wall had self-centring ability. The maximum uplift should be restricted to the key 
height, which was ensured by the presence of the rope that vertically runs through the two hoes provided in the block. The rope was made 
of coir fibres as the vertical reinforcement of the wall ensure limitation of the block movement up to the key height [45].
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Figure 16: CFRC interlocking blocks: (a) standard, (b) bottom, (c) top and (d) half block [45].

 
Figure 17: Proposed CFRC interlocking block wall [45].

Ali et al. [45] investigated the compressive and shear properties of the CFRC interlocking blocks. The different shapes of CFRC 
blocks were tested under compression, as shown in Figure 18. In-plane and out-of-plane shear tests were performed to evaluate the shear 
capacity of blocks to be constructed in the wall structure. The mix design considered was 1:4:2 for cement: sand: aggregate, with the water 
to cement ratio of 0.64. The considered coir fibre mass content was 1% of concrete and the fibre length was 50mm. Compression test 
setup of a standard block is displayed in Figure 19. Four portal gauges were mounted at the corners of the blocks to measure the vertical 
deformation and two portal gauges were mounted at the front and rear to measure the lateral strain. Three blocks linked together were 
considered to evaluate the compressive load carrying capacity of the blocks.

 
Figure 18: CFRC interlocking blocks with different shapes for compression test [45].
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Figure 19: Compressive test setup of CFRC standard blocks [45].

The compressive properties of the CFRC interlocking blocks with different profiles are listed in Table 3. The recorded maximum 
load of a single standard, bottom, top and half block was 396kN, 731kN, 244kN and 104kN, respectively. For the three standard stacked 
blocks and the top, standard and bottom multiple blocks, their ultimate loads were 379kN and 697kN, respectively. The corresponding 
compressive strength of the single standard, bottom, top and half block was 16.5MPa, 17.0MPa, 7.7MPa and 8.7MPa, respectively. The 
corresponding strength of stacked blocks and the top, standard and bottom multiple blocks was 15.8MPa and 9.3MPa, respectively.

Properties Standard block Bottom block Top block Half block Stacked blocks Top, standard and bottom 
blocks

Maximum load (kN) 396 731 244 104 379 697
Compressive strength (MPa) 16.5 17.0 7.7 8.7 15.8 9.3
Modulus of elasticity (MPa) 2.34 1.05 0.21 0.53 1.44 0.39
Compressive toughness (MPa) 0.56 1.08 0.32 0.37 0.56 0.48
Poisson’s ratio 0.015 0.005 0.007 0.013 - -

Table 3: Compressive properties of different CFRC blocks [45].

The compressive stress-strain curves of single and multiple standard blocks are illustrated in Figure 20. It is clear that the peak 
compressive stress of a single CFRC standard block was larger than that of the multiple blocks. However, the axial strain at peak stress 
of the single standard block (around 1%) was lower than that of the multiple standard blocks, which is 1.5%. The larger strain at peak 
stress in multiple standard blocks can be attributed to the small gap between the two blocks. In comparison with the single block, the 
lower stress of the multiple blocks was attributed to the higher slenderness ratio, which is defined as the ratio of the height to the least 
horizontal dimension [45].

 
Figure 20: Compressive stress-strain curves of single and multiple standard blocks [45].
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Shear capacity of coir fibre reinforced concrete interlocking blocks: The shear capacity of the CFRC interlocking blocks represents 
the ability of the wall in bearing a vertical static load and forces at the interface of the interlocking blocks induced by the horizontal 
earthquake loadings [45]. The test setup for shear capacity of in-plane and out-of-plane of CFRC interlocking blocks is given in Figure 
21. The typical load-displacement curves for in-plane and out-of-plane shear tests are shown in Figure 22. The maximum load and the 
deflection of in-plane shear are 165.2kN and 12.9mm, respectively, which are larger the corresponding load (145kN) and deflection 
(7.8mm) in the case of out-of-plane shear, respectively.

 
Figure 21: Test setup for shear capacity: (a) in-plane and out-of-plane [45].

 
Figure 22: Load-displacement curves for shear tests [45].
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Dynamic response of coir fibre reinforced concrete mortar-free wall: Ali et al. [46] investigated the dynamic response of CFRC 
mortar-free structures. Four different structures were tested, namely, two interlocking columns (with and without coir ropes) and two 
interlocking walls (with and without coir ropes), as displayed in Figure 23. The columns included 12 single CFRC standard interlocking 
blocks and one bottom block. A mass of 150kg was considered at the column top to simulate the mass of roof. The walls included 
standard, bottom and half interlocking blocks with a height of 2.07m. Coir ropes were considered as vertical reinforcement of the column 
and wall, a 200N post-tension force was applied for the ropes. The diameter of the coir ropes was around 36 mm and the tensile strength 
of these ropes was 15.3MPa [47]. The in-plane behaviour of these mortar-free structures was studied under different loadings, i.e. snap-
back and earthquake loadings.

Snap-back tests (manually give a small displacement at the top of the columns and walls, and then release the force and let the 
columns and walls vibrate freely) were performed to estimate the damping ratios and fundamental frequencies of these mortar-free 
columns and walls. The damping ratios of the columns without and with ropes obtained from logarithmic decrement method were 4.6% 
and 3.6%, respectively, and the values of walls without and with ropes were 9.6% and 5.5%, respectively. The fundamental frequencies 
obtained from recorded acceleration-time histories were 2.06Hz and 2.3Hz for columns without and with ropes, were 3.89Hz and 4.62Hz 
for walls without and with ropes, respectively [46]. Thus, the damping ratio of the column and wall without coir ropes was larger than that 
of the corresponding column and wall with ropes. It was believed that in the column and wall without ropes, a larger relative movement 
of the blocks were activated and thus dissipated more energy in these structures [46].

 
Figure 23: Mortar-free structures: (a) column without ropes, (b) column with ropes, (c) wall 
without ropes and (d) wall with ropes [46].

Test setup for the CFRC mortar-free column with ropes on a shaker is shown in Figure 24. The earthquake loadings, i.e. Tabas 
1978, Llolleo 1985, EI Centro 1940 and Kobe 1995, were applied with a PGA from 0.05 to 0.20g, with an increment of 0.05g [46]. The 
time-histories of the considered earthquake loadings with PGA of 0.2g and the corresponding response spectrum of the columns is 
shown in Figure 25 [46]. As displayed in Figure 26, both columns had uplifts during the vibration. The uplifts are measured by the portal 
strain gauges and the locations of the portal gauges are displayed in Figure 24. However, as anticipated more uplifts were observed in 
the column without ropes. Kobe earthquake loading generated the largest uplift, followed by EI Centro, Liolleo and Tabas earthquake 
loadings. The appearance of uplifts along the columns implies that the impact of earthquake loadings on the structures can be reduced. 
As concluded by Ali et al. [46], the shake table testing confirmed that the interlocking mortar-free CFRC columns and walls have the 
potential for earthquake prone regions.

 
Figure 24: Mortar-free column with rope reinforcement [46].
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Figure 25: Applied earthquake loadings (a) and corresponding 
response spectrum of columns without and with rope (b) [46].

 
Figure 26: Maximum uplifts between blocks 1 and 2 due to considered earthquake loadings for the (a) column 
without ropes and (b) column with ropes (reproduced with permission from [46]).

Application of coir fibre reinforced concrete: Previous work on CFRC reveals that coir fibres have potential for sustainable 
concrete and CFRC has potential for sustainable concrete structure applications, e.g. roofing materials, wall panels/boards and columns. 
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. [48] 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. 
[49] suggested CFRC boards for application as such as titles, bricks, plywood and hollow blocks. These boards were used for internal and 
exterior walls, partitions and ceiling, as displayed in Figure 27. As suggested by Ali et al. [46], 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. 
With regard to the structural performance, the innovative interlocking blocks were invented for mortar-free construction, as these blocks 
can facilitate energy dissipation (because of uplifts) during ground excitations.
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Figure 27: Coir fibre reinforced cementitious board as construction materials [49].

Flax fibre reinforced polymer tube encased coir fibre reinforced concrete columns
Flax fibre and its mechanical properties: Flax (Linum usitatissimum) is one of the most widely used bio-fibres as reinforcement 

materials for fibre reinforced polymer composites. The main constituents of a flax fibre include cellulose, hemicellulose, wax, lignin and 
pectin. Cellulose is the stiffest and the strongest organic constituent in the fibre which determine the mechanical properties of the fibre 
[28]. The typical tensile stress-strain curve of an elementary flax fibre is given in Figure 28.

 
Figure 28: Tensile stress-strain curve of an elementary flax fibre (reproduced with permission 
from [50]).

 From previous Table 1, it can be seen that the specific elastic modulus of flax was the second largest one, followed by Ramie. The 
specific modulus of flax was even larger than that of E-glass. The tensile strength of flax fibre was almost the largest among various 
natural fibres. Dittenber and GangaRao [29] compared the natural fibres and glass fibre in specific elastic modulus, cost per weight and 
cost per unit length to resist 100kN load. It was found that flax possessed the best potential combination of low cost, light weight, and 
high strength and stiffness for structural application. For structural application with bio-composites, the production yield of the fibre 
reinforcement should be sufficient [28]. Table 1 lists the estimated production volumes of several common used natural fibres for bio-
composite applications. It is clear that the cotton fibres had the highest annual yield, followed by jute and then flax. However, the specific 
modulus and per unit cost of cotton is not desirable compared to those of flax, as stated by Dittenber and GangaRao [29]. Therefore, 
flax is a promising candidate to replace glass fibres for composites when taking cost, mechanical performance and production yield into 
account [28].

Mechanical properties of flax fibre reinforced polymer composite: In fibre reinforced polymer composite, polymer matrix holds 
the fibres together to provide a shape and transfers the load to the fibres. Matrix also provides rigidity and shape to structural member, 
protects fibres from chemical and corrosion, influence the performance behaviours such as impact and ductility [28]. The primary 
thermoset resins used nowadays are polyester, vinyl ester and epoxy. Epoxy is the most common one because it offers high tensile 
strength and modulus and compressive strength and modulus, as well as resistance to environmental degradation. In addition, epoxy 
resin allows for more flexibility in structural fibre configurations and can often be processed at room temperature or at temperatures 
comfortably within the safe range for natural fibres [28]. Therefore, epoxy resin was considered by the authors to develop flax fibre 
reinforced polymer composites.

Yan et al. [27] studied the mechanical properties of flax fabric reinforced epoxy composites fabricated using a vacuum bagging 
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technique. SEM study indicated that the failure of fibre yarns along the load direction, debonding, fibre pull-out and brittle fracture of 
the matrix are the dominated failure mechanisms (Figure 29). The tensile strength, modulus and strain at break for flax/epoxy composites 
were 120MPa, 8.7GPa and 3.2%, respectively. The flexural strength and strain at break of flax fibre reinforced epoxy composites were 
124MPa and 4.3%, respectively [27].

 
Figure 29: SEM micrograph of typical failure modes of untreated flax fabric reinforced 
composite in tension. A-failure of fibre; B-fibre pull-out; C-brittle fracture of epoxy matrix and 
D-fibre debonding [27].

Flax fibre reinforced polymer tube encased coir fibre reinforced concrete structures: To develop sustainable concrete and 
structures, Yan and Chouw [13] proposed a new composite structure, namely, natural Flax Fibre Reinforced Polymer Tube (FFRP) 
encased Coir Fibre Reinforced Concrete (CFRC), which was termed as FFRP-CFRC. This new composite structure is composed of 
an outer FFRP tube and a CFRC core, as shown in Figure 30. In a FFRP-CFRC composite, the FFRP tube was manufactured using a 
hand lay-up progress. This pre-fabricated FFRP tubes made of flax fabric reinforced epoxy composites act as permanent formworks for 
fresh concrete and also provide confinement to concrete. The advantages of FFRP tubes are their high strength-to-weight and stiffness-
to-weight ratios. In addition, the non-corrosive FFRP shell replaces the functions of steel rebar in conventional reinforced concrete 
(RC) members, namely, tension carrying capacity and shear resistance, as well as confinement of concrete core [51]. Coir fibre is the 
reinforcement of the concrete core to reduce the crack width and in turn modifies the failure mode of composite structure to be ductile 
as a result of fibre bridging effect [52].

 

 
 

CFRC FFRP tube 

  

Figure 30: Flax fibre reinforced polymer tube encased coir fibre reinforced concrete.
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Commercial bidirectional woven flax fabric (550 g/m2) was used to fabricate the flax FRP tubes. SP High Modulus Prime 20LV 
epoxy resin and hardener were used as resin system. The fabric has a plain woven structure with count of 7.4threads/cm in warp and 
7.4threads/cm in the weft direction. FFRP tubes were fabricated using a hand lay-up process. The details for fabrication of FFRP tubes 
were: (1) Flax fabric was cut to a designated size based on the diameter and length required, (2) Surface preparation: Hollow aluminium 
tube mould was wrapped with a thin release film for easy demoulding of the tube, (3) Epoxy mixture: The resin and slow hardener were 
mixed with a ratio of 100:28 by mass, (4) Fabric pieces were impregnated into the epoxy resin for 30min, (5) Primer application: A coat 
of epoxy primer was applied to the release film surface to cure for 30min at the room temperature, (6) First fabric application: The first 
epoxy-impregnated fabric was then applied. The prepregnated fabric was carefully rolled around the mould to ensure good adhesion, (7) 
Second fabric application: The second layer was applied. This step was repeated for the targeted layers, (8) After curing for 24h at room 
temperature, the FFRP tube with the mould was cured in an oven at 65°C for 7h, (9) After curing, the tube was removed from the mould 
with the help of a press. Fabric fibre orientation was at 90° from the axial direction of the tube. The tensile stress-strain response of flax 
FRP composites obtained from flat coupon tensile test is displayed in Figure 31. Table 4 lists the mechanical properties of the composites. 

Figure 31: Typical tensile stress-strain curves of flax FRP composites [13].

No. of flax layers FRP thickness 
(mm)

Tensile strength 
(MPa)

Tensile Modulus 
(GPa)

Tensile Strain (%) Flexural strength 
(MPa)

Flexural Modulus 
(GPa)

Flexural Strain 
(%)

2 3.25 106 8.7 3.7 109 6.0 4.7
4 6.50 134 9.5 4.3 144 8.7 5.2

Table 4: Physical and mechanical properties of flax FRP composites [13].

Compressive behaviour of flax fibre reinforced polymer tube encased coir fibre reinforced concrete: Yan and Chouw [13] 
investigated the effect of FFRP tube thickness (2-layer and 4-layer flax FRP laminate) and coir fibre inclusion on the axial compressive 
stress-strain responses, confinement performance, and ductility and failure modes. The axial compressive stress-strain curves of FFRP-
PC (FFRP tube encased plain concrete) and FFRP-CFRC specimens at 28-days are displayed in Figures 32 and 33. It is clear that the 
general responses of these two composite structures are consistent. These curves are comprised of two linear stages (OA and BC curves) 
and a connecting nonlinear transition region (AB). In the first purely linear region (OA curve), the stress-strain behaviour of either 
FFRP-PC or FFRP-CFRC is similar to the corresponding unconfined PC or CFRC. In this region, lateral expansion of the confined PC or 
CFRC is inconsiderable and confinement of FFRP tube is not activated because the applied stress is lower [13]. When the applied stress 
approaches the peak strength of unconfined PC or CFRC, the curve enters the nonlinear transition region (AB curve) where the tube 
starts to confine the concrete core. In the third approximately linear region (BC curve), the tube is fully activated to confine the core, 
leading to a considerable enhance in compressive strength and ductility of concrete [52].

PC 

Figure 32: stress-strain behaviour of FFRP confined PC [13].
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CFRC 

Figure 33: Axial stress-strain behaviour of FFRP tube confined CFRC.

The confinement action of FFRP to CFRC core is of a passive type, which is created through the restraint of lateral expansion of the 
concrete under uniaxial compressive load [53]. As the axial stress of concrete increases, the corresponding lateral strain increases and 
the confining FFRP jacket develops a tensile hoop stress balanced by a uniform radial pressure which reacts against the concrete lateral 
expansion. Figure 34 shows stress equilibrium in a FFRP confined CFRC cross section. The radial confining pressure can be calculated 
using the following equations:

2 FRP
l

f tf
D

=     (1)

FRP FRP hf E ε= ⋅    (2)

Where lf  is the lateral confining pressure between FFRP and concrete core, FRPf  and t are the hoop tensile strength and the thickness 
of the FFRP, respectively. D is the diameter of the concrete core, FRPE   is the tensile modulus of FFRP and hε is the corresponding tensile 
hoop strain.

Figure 34: Stress equilibrium in a FRP confined concrete cross section.

Table 5 lists the average compressive properties of the specimens. '
cof  is the peak compressive strength of the unconfined concrete,     

'
ccf is the peak compressive strength of the confined concrete, ' '/cc cof f  is the confinement effectiveness of FFRP tube. lf  is the lateral 

pressure between FFRP tube and concrete. coε  and ccε  is the axial strain for unconfined concrete and confined concrete at the 
corresponding peak compressive strength '

cof  and '
ccf , respectively. /cc coε ε  is the confinement ratio of FFRP tube encased concrete 

[13]. 

Specimen type '
cof (MPa) coε (%)  

'
ccf (MPa) ccf (%)

'

'
cc

co

f
f

'

'
cc

co

f
f

PC 25.8 0.20 -- -- -- --
CFRC 28.2 0.54 -- -- -- --
2L- FFRP-PC 25.8 0.20 37.0 1.72 1.43 8.60
4L- FFRP-PC 25.8 0.20 53.7 2.25 2.08 11.25
2L- FFRP-CFRC 28.2 0.54 38.8 1.89 1.38 3.50
4L- FFRP-CFRC 28.2 0.54 56.2 2.70 2.00 5.00
“2L” and “4L” indicates the thickness of the tubes include 2-layer and 4-layer flax FRP laminate, respectively
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Table 5: Average test results of short cylindrical specimens under axial compression.

The data in Table 5 shows that FRP tube confinement increased the axial compressive strength remarkably for both PC and CFRC 
specimens. For FFRP-PC and FFRP-CFRC with the same tube cell wall thickness, the effect of coir inclusion on the confinement 
effectiveness is insignificant [13]. Table 5 shows that the peak strength of the unconfined PC and CFRC is 25.8 and 28.2MPa, respectively. 
The peak strength of 2-layer FFRP-PC and FFRP-CFRC is 37 and 38.8MPa, and that of 4-layer FFRP-PC and FFRP-CFRC are 53.7 and 
56.2MPa, respectively. Thus, the FFRP tube confinement increases the compressive strength of both PC and CFRC remarkably. The 
increase is compressive strength is increase with an increase in tube thickness. The data here indicates the confinement effect of the 
FFRP tube. Under axial compression, the outer FFRP tube starts to confine the concrete core and lead to a considerable enhancement 
in the compressive strength because the concrete core is in a tri-axial stress status. However, the addition of coir fibre enhanced the 
peak strength. Ductility of FFRP-PC and FFRP-CFRC was evaluated as the axial strain ratio of the confined specimen to the unconfined 
concrete. The axial strain ratios of 2-layer and 4-layer FFRP-PC are 8.60 and 11.25. The ratios are 3.5 and 5.0 for 2-layer and 4-layer FFRP-
CFRC, respectively. It is clear that the ductility of composite structure increased with an increase in tube cell wall thickness, for both PC 
and CFRC cases [13].

The failure of FFRP-PC and FFRP-CFRC started from the middle of the tube and progressed towards the tube ends, as it can be seen 
in Figure 35. Failure modes of the concrete were examined. After removed the outer tube, it was found that PC was crushed to pieces but 
CFRC core was damaged but still held together by the fibres (Figure 36). Thus, like that in unconfined concrete, coir fibre restricted the 
generation of concrete cracks in tube confined concrete [13].

 
Figure 35: (a) Typical failure of FFRP-PC and (b) FFRP-CFRC.

 
Figure 36: Failure modes of PC and CFRC cores after removed FFRP tubes.

Flexural behaviour of flax fibre reinforced polymer tube encased coir fibre reinforced concrete: The effect of FFRP tube and coir 
inclusion on peak load, maximum deflection, failure modes and bond behaviour of the composite columns were also investigated by the 
authors [13]. The average results for FFRP-PC and FFRP-CFRC specimens at 28-days under flexure are listed in Table 6.

Specimen type Peak Load (kN) Increase due to 
tube (%)

Increase due to 
coir (%)

Max. deflection 
(mm)

Increase due to 
tube (%)

Increase due to 
coir (%)

PC 7.4 - - 0.5 - -
2L-FFRP-PC 27.2 268* - 8.4 1580* -
4L-FFRP-PC 78.9 1066* - 14.3 2760* -
CFRC 10.1 - 36.5** 1.2 - 140**
2L-FFRP-CFRC 29.7 267* 9.2** 9.4 683* 11.9**
4L-FFRP-CFRC 84.7 946* 7.4** 16.8 1300* 17.5**
*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.

Table 6: Average test results of specimens under flexure.

The load-deflection curves for PC, 2-layer and 4-layer FFRP-PC specimens and that of CFRC, 2-layer and 4-layer FFRP-CFRC 
specimens are displayed in Figures 37 and 38, respectively. Compared with the unconfined PC, the increase in peak load of 2-layer and 



O
M

IC
S

 G
ro

up
 e

B
oo

ks

0021

4-layer FFRP-PC were 268% and 1066% and 2760%, respectively. The increase in of 2-layer and 4-layer FFRP-CFRC are 267% and are 
946%, respectively. In flexure, the tube served as reinforcement of the concrete beam and internal resistance for the tube at the concrete 
compression zone since in flexure, the concrete below the neutral axis is in tension and beyond that is in compression [13]. Figure 37 
shows a brittle failure of the FFRP-PC columns because both PC and FFRP are brittle materials. In contract with brittle behaviour in 
Figure 37, the CFRC showed a ductile post-peak curve due to fibre bridging (Figure 38). 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 [13].

Figure 37: Load-deflection behaviour of PC and FFRP-PCs.

Figure 38: Load-deflection behaviour of CFRC and FFRP-CFRCs.

Failure modes of these specimens are illustrated in Figure 39. The FFRP-PC beam was broken into two halves (Figure 39a). In 
contrast, the crack terminated at the compression zone of the beam in FFRP-CFRC beam (Figure 39b). After removed the outer tube, 
large amounts of vertical cracks and diagonal cracks were observed in the PC core. For CFRC, the core had a major crack with some small 
cracks in the zone between the two concentrated loads (Figure 39c) [13]. The close-up in Figure 39(e) showed the coir fibres bridged the 
adjacent surfaces of the crack.

 
Figure 39: Typical failure modes: (a) 4-layer FFRP-PC, (b) 4-layer FFRP-
CFRC, (c) CFRC core, (d) PC core and (e) coir fibre bridging.

Dynamic properties of flax fibre reinforced polymer tube encased coir fibre reinforced concrete: Yan and Chouw et al. [43] also 
investigated coir fibre inclusion and flax FRP (FFRP) thickness influence on dynamic properties of FFRP-CFRC. Unconfined PC and 
CFRC beams were considered as references. The properties investigated include natural frequencies, dynamic modulus of elasticity and 
damping ratio. Dynamic loading due to hammer impact on FFRP-PC and FFRP-CFRC beams was considered to excite three possible 
vibration modes, i.e., transversal, longitudinal and torsional vibration modes [43]. The impact dynamic test revealed that coir fibre and 
FFRP tube improved the damping of the FFRP-CFRC composite. For CFRC, the damping ratio, in the transversal, longitudinal and 
torsional vibration modes, increased by 362%, 301% and 280% respectively, compared with the unconfined plain concrete. For all the 
three vibration modes, with an increase in tube thickness, the increase in damping ratio of FFRP-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-PC and FFRP-CFRC is 97.5%, 95.7% and 59.3%, and 120%, 
167% and 109%, respectively. The damping ratio of 4-layer FFRP-PC and FFRP-CFRC increases up to 56.2%, 34.3% and 60.1%, and 
78.4%, 83.1% and 66.9%, respectively. The mechanism of increased damping is believed attributable to the coir/matrix and FFRP tube/
concrete interfacial friction, resulting in more energy dissipation during the vibration response. Thus, the FFRP tube and coir fibre have 
potential to reduce the impact of dynamic loading on the structural response [43].
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Comparison between FFRP-CFRC and conventional RC beams: As mentioned above, steel reinforcement is still very expensive and 
comes from a non-renewable resource with high energy consumption. To investigate, whether this cost-effective and environmentally 
friend FFRP-CFRC composite with comparable structural performance to the conventional reinforced concrete (RC) has the potential 
of future construction materials, Yan and Chouw [51] compared the flexural behaviour between FFRP-CFRC and RC beams. FFRP-
CFRC beams with the same dimension of that of RC beams were constructed (length of 600mm and diameter of the concrete core is 
100mm). These beams had the same concrete compressive strength. The considered FFRP tube thickness was 2-layer and 4-layer FFRP. 
The steel reinforcement ratio of the RC beams was 2.56%. These beams were tested under four-point bending with the same setup. The 
load-displacement response, peak load and energy absorption capacity were compared. The test results indicated that the FFRP-CFRC 
beams exhibited less deflection, higher ultimate load and energy absorption capacity compared to the RC beams, as listed in Table 7. The 
load and energy absorption of RC beams, with a high steel reinforcement ratio of 2.56%, are 32.0% (27.1 vs. 84.7kN) and 43.8% (347.5 vs. 
793.6kNmm) for 4-layer FFRP-CFRC beams. In addition, the FFRP-CFRC beams also failed in a ductile manner [51].

Beams Peak load (kN) Deflection (mm) Energy absorption (kN.mm)

RC 27.1 20.4 347.5
2-layer FFRP-CFRC 29.7 9.4 184.2
4-layer FFRP-CFRC 84.7 16.8 793.6

Table 7: A comparison between FFRP-CFRC and RC in flexural properties at 28-days.

Application of flax fibre reinforced polymer tube encased coir fibre reinforced concrete: Previous studies showed that FFRP-
CFRC can be used as axial and flexural structural members. FFRP-CFRC provided an excellent alternative to conventional RC beams in 
corrosive environments. The potential applications of FFRP-CFRC in infrastructures are highway bridge piers, marine fender piles and 
road barriers.

Durability of coir fibre reinforced concrete and flax fibre reinforced polymer 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 natural fibre reinforced concrete, the durability is related to the ability to resist both external and internal damages [18]. The 
external damages include e.g. temperature, humidity variations, sulphate or chloride attack. The internal damages are compatibility 
between fibres and cement matrix, volumetric changes, etc. 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 [54], who investigated the durability of coir and sisal fibre reinforced concrete in 
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 [54]. Similar durability investigation on sisal and coir fibres was also performed by Filho et al. [55]. 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. John et al. [56] 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. Siva raja et al. [57] 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 27.8MPa to 30.3MPa, splitting 
tensile strength enhanced from 3.28MPa to 3.58MPa and the modulus of rupture added from 4.79MPa to 4.85MPa 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. 
[44] 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°C for 24 
hours, followed by thawing the specimens at 24°C for 2 hours and baking them in a forced draft oven at 90°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 [58,59]. Mohr et al. [60] 
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 [61]. Natural fibres with coatings can be water-resistant and alkaline-free, and in turn improve 
the durability. Bilba and Arsene [62] recommended using silane coating to improve the durability of natural fibre reinforced concrete.

For flax fibre reinforced polymer 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 [28]. 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 recommended [63]. Improved 
understanding of interfacial properties is also essential to optimise the mechanical properties and durability of bio-composites materials. 
Le Duigou et al. [64] 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 [65]) and polymer matrix is also beneficial for the development of durable flax fibre reinforced composites. 
Arbelaiz et al. [66] 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. [67] 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. [68] considered 
triacetin as plasticizer to improve the adhesion between fibre and matrix to improve the durability. As summarized by La Mantia and 
Morreale [69], other types of treatment can also be considered to improve the durability of flax fibre reinforced polymer composites: 
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(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.

Conclusions
Sustainable concrete structures are expected to consume less energy and raw construction and building materials, release less 

greenhouse gases into the atmosphere and cost less to build and to maintain over time. Two examples of sustainable concrete structures, 
i.e. CFRC mortar-free structures (column and walls) and FFRP tube encased CFRC composite columns were introduced in this chapter. 
Studies on these two sustainable concrete structures showed that natural fibres have potential to be used as reinforcement of concrete 
and/or concrete structures with good eco-efficiency. Both CFRC mortar-free walls and FFRP-CFRC structures exhibit good potential for 
sustainable concrete structure applications. It was found that the addition of coir fibres in concrete can improve the flexural toughness 
of concrete in all the cases considerably and increases the damping ratio of concrete remarkably. The CFRC with 5cm long fibres leads to 
the optimised overall static and dynamic properties. The CFRC mortar-free columns and walls with the interlocking blocks can facilitate 
energy dissipation during ground excitations. For FFRP-CFRC, in compression, the FFRP tube confinement increases the ultimate 
compressive strength and ductility of the concrete remarkably compared with the unconfined PC. The increase in strength and energy 
absorption capacity is proportional to an increase in tube thickness. In flexure, FFRP tube confinement increases the ultimate lateral load 
remarkably for both PC and CFRC. However, the addition of coir fibre modifies the failure mode of concrete to be ductile due to the fibre 
bridging effect. Thus, the coir fibre inclusion increases the ductility and FFRP tube contributes to the significant increase in load carrying 
capacity of the composite structure. However, the long-term durability of coir fibre reinforced concrete and flax fibre reinforced polymer 
composites should be improved to promote the application of these sustainable concrete structures.
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