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Abstract 

A comparison between experimental results and the prediction from theories of mechanical properties 

(tensile strength, elongation at break, and Young’s modulus) of banana fibre reinforced Polyvinyl Alcohol 

(PVA) composites has been presented. The models used were Hirsch’s model, Cox model, and modified 

Bowyer and Bader’s model. All models were applied in both tensile strength and Young modulus. 

Randomly spread Polyvinyl Alcohol (PVA) reinforced banana composite were made by injection moulding. 

Experimental mechanical properties of PVA/BF composite at different BF loading were investigated. The 

results were compared with existing theories of reinforcement. The macroscopic behaviour of starch-filled 

composites is affected by starch loading. A comparison is made between experimental data and different 

theoretical models, namely Hirsch’s model, Cox model, and modified Bowyer and Bader’s model. 

Theoretical modelling showed that tensile strength increased with increase in volume fraction of BF for all 

models. In all cases, tensile strength increased with increase in the volume fraction of BF. The best 

correlation between theoretical and experimental tensile strength is predicted using the Cox model, 

followed by the Hirsch equation, modified Bowyer and Bader’s model. Notwithstanding, all models can 

predict either wholly or marginally up to 0.135 volume fraction or 15% weight of BF. Irrespective of the 

volume fraction up to 0.135 (15 % weight of BF), Cox and Hirsch models agreed between 98.04 and 

100 % with the experimental values. For Bowyer and Bader’s model, the percentage agreement with 

experimental values is between 97.83 and 99.94 %.  
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1. Introduction 

Natural fibres are gaining attention in research, 

the reason being that they are renewable, 

environmentally tolerable, decomposable and are 

materials for industrial applications. These 

applications are found in technical textiles, pulp and 

paper, as well as in civil and building engineering. 

More research into composites from natural fibres is 

due to the acceptable mechanical properties at low 

density. Composites from nature offer a wide range 

of advantages among which are; lower density, 

availability, harmless, renewable, biodegradable, 

less abrasive to the processing equipment and low 

cost (Facca et al., 2006). The mechanical properties 

can be comparable to those of inorganic fibres 

(Bledzki and Gassan, 1999; Plackett et al., 2003; 

Ratajska and Boryniec, 1999). Notwithstanding, the 

main disadvantage of natural fibres/polymer 

composites is the poor compatibility between the 

hydrophilic fibres and hydrophobic polymer-matrix. 

This will lead to the formation of a weak interface 

between matrix and fibre. Weak interface will 

reduce stress transfer between the two different 

phases resulting to poor mechanical properties. The 

high hemicellulose and lignin content as well as the 

presence of waxy and pectin substances will hinder 

the adhesion at the fibre/matrix phase boundary. A 

strong bond at the interfaces is needed for an active 

transmission of stress and load distribution 

throughout the interface. 

Biodegradable polymers are classified as either 

natural or synthetic. Examples of natural polymers 

are proteins and polysaccharides, while polyvinyl 

alcohol (PVA) is an example of synthetic polymer. 

PVA is a biodegradable and non-toxic thermoplastic 

polymer (Chaabouni et al., 2017; Ching et al., 

2015). Application of PVA is found in the food 

industries (Pereira et al., 2015), medical (Hirai et 

al., 1994) and paper industries (Kamel et al., 2004) 

among others. Two steps are involved in the 

production of PVA; these are synthesis of vinyl 

esters and the hydrolysis of vinyl ester to PVA with 
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required functional group. Being hydrophilic in 

nature, PVA has high interfacial adhesion (Ibrahim 

et al., 2010; Kashyap et al., 2016) a property that 

help in fabrication of blends that are mechanically 

stronger (Li et al., 2015) and tougher. 

Numerous studies have focused on PVA blended 

films; for instance, Bolduc et al. (2018) prepared 

Banana fibre/low-density polyethylene composite. 

A trend of increasing strength with fibre content 

was observed by using longer fibres. Tian et al. 

(2017) fabricated PVA-starch blend films using 

melt processing method. Increase in starch content 

leads to decrease in tensile strength, elongation at 

break and Young’s modulus.  Zaman et al. (2016) 

fabricated banana fibre-reinforced low-density 

polyethylene. The mechanical properties were found 

to be enhanced based on the better interaction 

between the reinforcement and the matrix. 

Modelling of mechanical properties of fibre-filled 

polymeric composites starts with the rule of mixture 

concept. Different alterations are introduced 

according to the fibre length, fibre diameter, fibre 

orientation as well as adhesion to the matrix 

(Raharjo et al., 2018; Shinde et al., 2017; Facca et 

al., 2007; Facca et al., 2006; Fornes and Paul 2003; 

Kalaprasad et al., 1997; Thomason et al., 1996). 

Most models are developed to adjust the artificial 

fibres performance in the reinforced polymeric 

matrices. On application of these models on natural 

fibre reinforced composites, it is observed that these 

models overestimate the modulus and strength 

values of composite especially at higher volume 

fraction of fibre (Raharjo et al., 2018; Shinde et al., 

2017; Facca et al., 2007; Facca et al., 2006; Fornes 

and Paul, 2003). One major reason for the 

overestimation is the difference in nature between 

synthetic fibres and lignocellulosic natural fibres. 

Synthetic fibres are long with uniform diameter 

which can aid stress transfer. Natural fibres are 

short and in most cases don’t have uniform 

diameter. 

Agricultural fibrous crops plants like banana are 

available in abundance here in Nigeria. At present 

banana fibres is a waste agricultural product 

therefore without any additional cost input, it can be 

obtained for industrial use. Banana fibre is found to 

be good reinforcement. The properties of the 

composites can be improved when reinforced with 

PVA. The main objective of this study is to 

investigate the effect of banana fibre on the 

mechanical properties of its composite. Using PVA 

as the matrix, three model equations will be used to 

predict the tensile strength and elastic modulus of 

the composite. 

 

2. Review of some modelling equations 

There is wide-ranging literature dedicated to the 

modelling of mechanical properties of polymers 

reinforced natural or synthetic fibres. The modelling 

is exceedingly significant and sheds light on the 

relationship between the composite structure and the 

properties of the composite. The mechanical 

properties (tensile and elastic) of polymer reinforced 

composites can be experimentally determined from 

a variety of mathematical models. Properties such as 

Poisson's ratio, elastic modulus, shear modulus, 

tensile strength, and relative volume fractions of 

both matrix and fibre are the important input 

properties needed to predict the mechanical 

properties of the composite. In some models, aspect 

ratio and orientation of fibre play a significant rule. 

A number of theoretical models have been reported 

to model the tensile strength and Young's modulus 

of composites. These include Rule of mixture 

(Parallel or Series) model, Tai-Pagano model, 

Halpin-Tsai equation, modified Halpin-Tsai 

equation, Hirsch’s model, Einstein and Guth 

equations, Cox Model and Guth’s Equation and 

Nicolais-Narkistheory, and modified Bowyer and 

Bader’s model. This research is limited to Hirsch’s 

model, Cox Model, modified Bowyer and Bader’s 

model. 

2.1 Hirsch’s model 

Hirsch’s model is a combination of series and 

parallel models of rule of mixture. It is applicable 

for particulate and fibrous reinforcements. The 

Young’s modulus and tensile strength can be 

calculated using the following equations (Raharjo et 

al., 2018; Kalaprasad et al., 1997; Shinde et al., 

2017). 

Ec = χ(EfVf + EmVm)

+ (1 − 𝜒)Vf

EmEf

EmVf + EfVm
           (1) 

Tc = χ(TfVf + VmTm)

+ (1 − 𝜒)Vf

TmTf

TmVf + TfVm
           (2) 

where χ is the stress transfer parameter. For 

randomly oriented fibres composite, χ is reported to 

be 0.1 (Kalaprasad et al., 1997) while 0.4 

(Kalaprasad et al., 1997) and 0.43 (Vilaseca et al., 

2010) for tensile strength.  

where Vm, Vf,  Em, Ef , Tm  and Tf  represents volume 

fractions of matrix and fibre, modulus of matrix and 

fibre, Tensile strength of matrix and fibre 

respectively. 

2.2 Cox’s model 

Cox’s Model is one of the first analytical models 

used to describe the reinforcing effect of short fibres 
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on the strength and modulus of the fibre. The model 

uses modified rule of mixture. The modulus of 

composites reinforced with short fibres is given by 

Equation (3) (Mina et al., 2020; Vilaseca et al., 

2010; Raharjo et al., 2018; El-Sabbagh et al., 2009). 

Ec = 𝜂𝑙𝜂𝑜(EfVf) + EmVm                                          (3) 

where  𝜂𝑙and 𝜂𝑜 are the fibre length distribution and 

orientation factors, respectively. Here the existence 

of void has been ignored.  The fibre orientation 

factor is expressed as shown in Equation (4). 

𝜂𝑜 =  𝑐𝑜𝑠4(𝛼𝑜)                                                            (4) 

𝛼𝑜  is the limiting angle of fibre orientation. For 

randomly oriented fibre in a plane 𝜂𝑜 is 0.375 and 

0.2 for 3-d distribution (El-Sabbagh et al., 2009; 

Thomason and Vlug, 1996; Vilaseca et al., 2010).   

𝜂𝑙 is given by Equation (5). 

𝜂𝑙 = 1 −  
tanh (

𝛽𝑙

2
)

(
𝛽𝑙

2
)

                                                    (5) 

where 

𝛽 =
2

𝑑 √

𝐸𝑚

𝐸𝑓(1 − 
𝑚)ln (√

𝜋

4𝑣𝑓
)

                                 (6) 


𝑚

 is the poisson’s ratio of the matrix, l is the fibre 

length of fibre, d diameter of fibre, Vf,  Em 𝑎𝑛𝑑 Ef as 

define in Section 2.1.    𝛽  is a parameter that 

determines the stress transfer between the fibre and 

matrix. It is mainly influenced by the fibres 

orientation and the stress concentration effects at the 

end of the fibres (Li et al., 2000). The tensile 

strength of composite is given in Equation (7) 

Tc = 𝜂𝑙𝜂𝑜(TfVf) + TmVm                                           (7) 
 

2.3 Modified Bowyer and Bader’s model 

The Bowyer and Bader model centred on the 

assumption that the tensile strength of short fibre 

reinforced thermoplastic composites is the sum of 

the contributions from its subcritical and 

supercritical fibre and matrix (Raharjo et al., 2018; 

Kalaprasad et al., 1997). The tensile modulus of the 

composite is given in Equation (8) while the tensile 

strength is given in Equation (9). 

Ec = 𝐾1𝐾2EfVf + EmVm                                            (8) 

 

Tc = 𝐾1𝐾2TfVf + TmVm                                             (9) 

where 𝐾1  and 𝐾2  are the orientation and length 

factor of the fibre, respectively. For fibre with 𝑙  𝑙𝐶 

 𝐾2 = 1 −
𝑙𝐶

2𝑙
                                                              (10) 

For fibre with 𝑙  𝑙𝐶 

𝐾2 = 1 −
𝑙𝐶

2𝑙
                                                               (11) 

where l is the length of the fibre and 𝑙𝐶 is the critical 

length of the fibre. 𝐾1 has been reported to be 1 for 

short aligned fibres (Curtis et al., 1978).  

3. Materials and methods 

3.1 Film formation process 

Banana fibres were extracted from fully grown 

trunk. The fibres were dried under the sun for one 

week and then soaked in water for about two weeks 

to separate the fibres from unused cell. After 

separating the fibres from unused cells, the fibre 

were dried in the sun for a week and then oven dried 

at 50°C overnight. After banana fibres were fully 

dried, they were cut to get average length of fibre 

between 10 and 25 mm. Chopped fibres were kept 

in a stainless steel vessel, 10% solution of NaOH 

was added into the vessel and stirred well. The 

stirring continued for 2 hours, thoroughly washed 

with water to remove excess NaOH sticking to the 

fibres. Final washing was done with distilled water 

containing little acid. The fibres were then air dried. 

To prepare 5 wt.% of PVA aqueous solution 5 g of 

PVA  was added into 100 ml of distilled water at 80 

°C and was continuously stirred for 70 min using a 

magnetic stirrer at a very high speed to avoid 

suspension of PVA particles and hindering the 

movement of the stirrer. Banana-PVA specimens of 

dimensions 120 mm x 10 mm x 3 mm were 

prepared by injection moulding of the blends at 120 

± 5°C using a hand operated ram type injection 

moulding machine. Table 1 represents the 

nomenclature of various blended films fabricated. 

Table 1: Nomenclature of PVA/BF blended films 

Abbreviation Full name 

PVA Neat PVA film 

PBF3 PVA blend (3 wt.%  banana fibre) 

PBF6 PVA blend (6 wt.%   banana fibre) 

PBF9 PVA blend (9 wt.%   banana fibre) 

PBF12 PVA blend (12 wt.% banana fibre) 

PBF15 PVA blend (15 wt.% banana fibre) 

 

3.2 Mechanical analysis 

Mechanical properties were appraised using 

Instron Universal Testing Machine (Instron 1121), 

fitted with a 20KN load Cell. The tensile test was 

performed at a crosshead speed of 5 mm/min. Films 

were conditioned in desiccators under 50% RH, at 

25 °C, for 48 h before being characterized for 

moisture content, mechanical properties, and water 

vapour permeability. A micrometre screw gauge 

was used to measure the thickness. Measurements 

were taken from three different positions and an 

average value was used. Between 3 and 5 specimens 

were tested for each % weight. The mechanical 
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properties were measured according to ASTM 

D882-02 (2002).  

4. Results and discussion  

4.1 Mechanical properties 
Figure 1 is the stress-strain curves of banana 

fibre, polyvinyl alcohol and PVA/BF composites. 

From the figure, PVA curve shows an early stage 

stress proportional to strain. As strain increases, a 

proportional limit, where necking takes place is 

reached. Further increase in strain results in a 

nonlinear curve. Ni et al. (2006) and Tiana et al. 

(2017) reported a similar curve. The composites 

films follow the same pattern but with a gradual 

decrease of the necking area as banana fibre 

increases. From Figure 1, the stress-strain curve of a 

typical banana fibre of gauge length 50mm and 

diameter approximately 400m tested in tension is 

shown. The curve is characterized by a proportional 

straight line portion where the slope which is the 

modulus is taken, followed by a very small 

curvature indicating uneven increase in strain with 

stress until the banana fibre breaks. The tensile 

stress of banana fibre (BF) is 616.48±47.56 MPa 

while the strain at break is 6.15±1.36. These values 

are consistent with reported values in the literature 

(Biagiotti et al., 2004, Joseph et al., 2002; Mohan 

and Kanny, 2015). The difference could be 

attributed to the gauge length, diameter of fibre, and 

the speed of deformation. Mohan and Kanny (2015) 

reported tensile strength of 602 MPa, modulus of 17 

GPa and elongation at break of 4.3% for untreated 

banana fibre. These values increased to 713 MPa, 

22 GPa, and 3.5% respectively when treated with 

NaOH. On addition of treated clay fibre the tensile 

strength rose to 913 MPa while the tensile modulus 

was 43 GPa at elongation of 3.1%. The increase 

may be attributed to the removal of amorphous and 

low strength segments such as hemicellulose, lignin, 

and wax.   

 

 

 
Fig. 1: Stress-strain curves (a) polyvinyl alcohol and reinforced banana fibre (b) banana fibre. 

Figure 2 is the mechanical properties of PVA 

reinforced BF composites. PVA tensile strength is 

32.86 MPa, the strain at break is 28.84% and the 

modulus is 592.15%. There is a gradual decrease in 

strain to 12.22% at 15 % wt. of BF. The maximum 

strain decrease is 57.63%. The decrease in 

elongation at break is an indication that the 

synthetic polymer blends with a ductile matrix are 

extremely sensitive to the state of the interface 

between the matrix and the immiscible filler (St-

Pierre et al., 1997). Addition of BF increases the 

tensile strength to 42.22 MPa at same % wt. of BF. 

The final percentage of increment is 28.48%. The 

increase in tensile strength with increase in filler 

contents may be attributed to the likely 

homogeneous dispersion of BF within the PVA 

matrix and the resulting compatibility. Within 3 

and 15% wt. loading, there is a homogeneous 

dispersion of BF within the PVA matrix. 

Homogenous dispersion leads to less structural 

defects within the composite resulting in higher 

mechanical performance (Prachayawarakorn, et al., 

2013). The elastic modulus for PVA increases from 

0.59GPa to 1.44 GPa at 15% filler wt. 
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Fig. 2:  Mechanical properties of banana fibre reinforced PVA 

4.2 Critical fibre length 

The critical fibre length is the minimum length 

required to efficiently strengthen and stiffen the 

composite material. The length of the fibre 

determines the interfacial bonding between the fibre 

and the matrix. The smaller the fibre the better the 

dispersion within the matrix, but cutting them too 

short can be unfavourable to the properties of the 

composite materials. Knowing the critical fibre 

length (𝑙𝑐) will provide a guideline for fabrication of 

BF/PVA composites. The critical length is one of 

the parameters modified. Bowyer and Bader’s 

model take into consideration in modelling the 

properties of the composite materials. The critical 

length can be calculated using Equation (12) 

(Bolduc et al., 2018). 

𝑙𝐶 =
𝐷 ×   𝜎𝑓

2 ×  0.577 ×  𝜎𝑦
                                           (12) 

where D is the diameter of fibre,  𝜎𝑓  is the fibre 

tensile strength,  𝜎𝑦  is the matrix tensile strength. 

Using an optical microscope the diameter of 103 

banana fibres were measured and then averaged. 

Their diameters ranged from 54 𝜇𝑚 to 457 𝜇m with 

average diameter of 243 𝜇𝑚. This value is within 

the range found in literature (Mamun et al., 2015; 

Kulkarni et al., 1983) but smaller than Bolduc et al. 

(2018) report. The tensile strength of banana fibre 

as reported in literature varies from 400 MPa to 980 

MPa (Biagiotti et al., 2004; Joseph et al., 2002; 

Mamun et al., 2015; Kulkarni et al., 1983). The 

disparity is attributed to gauge length, diameter of 

fibre, and the speed of deformation. In this research 

the obtained value of 616.48 MPa will be used. 

Using a matrix tensile stress of 32.86 MPa the 

critical fibre length is 3.95 mm. The value obtained 

here is smaller than what is reported in literature 

(Bolduc et al., 2018; Mohan and Kanny, 2015) but 

close to Joseph et al. (1993) value of 6 mm. The 

critical length depends on the diameter of fibre, the 

gauge length, the yield strength and matrix use, and 

the chemical treatment of fibre. The critical length 

of untreated and NaOH treated banana fibre have 

been reported to be 45 and 40 mm respectively 

(Mohan and Kanny, 2015). 

4.3 Modelling of Mechanical properties 

Tables 2 and 3 are the properties of PVA and 

banana fibre needed for the modelling of the 

mechanical properties of PVA/BF reinforced 

composite. Figure 3 shows a comparison of 

differences in theoretical and experimental tensile 

strengths of banana fibre composites. Theoretical 

values were calculated using Hirsch, Cox and 

Bowyer and Bader’s models, as shown in the figure. 

In all cases, tensile strength increases with increase 

in the volume fraction of BF. The best correlation 

between theoretical and experimental tensile 

strength is predicted using the Cox model, followed 

by the Hirsch equation and modified Bowyer and 

Bader’s model. Notwithstanding, all models can 

predict either wholly or marginally up to 0.135 

volume fraction or 15% weight of BF. The stress 

transfer mechanism for continuous fibre reinforced 

composites is different from that of the short or 

particulate composite. For a short fibre composite 

the stress transfer depends on the stress 

concentration at the ends of the fibre, type and 

amount of plasticizer, critical length of fibre, 

method of preparation of films, modification of 

fibre and orientation of fibre, among others. From 

Figure 3 irrespective of the volume fraction up to 

0.135 (15 % weight of BF), Cox and Hirsch models 

agree between 98.04 and 100 % with the 
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experimental values. For Bowyer and Bader’s 

model, the percentage agreement with experimental 

values is between 97.83 and 99.94 %. Hirsch model 

agreement with experimental values is an indication 

that uniform strain or stress has been achieved in the 

composite.  

Table 2: Physical and mechanical properties of polyvinyl alcohol (PVA 

Density (g/cm3) TSB (MPa) EB (%) YM (MPa) PR 

1.19 32.86±3.73 28.84±4.41 592.15±16.49 0.5* 

TSB=Tensile strength, EB=Elongation at break, YM=Young Modulus, PR = Poisson’s Ratio 

* Obtained from Chen et al. (2013) and Afghan 2016) 

Table 3: Mechanical properties of banana fibre 

Density (g/cm3) TSB (MPa) EB (%) YM (MPa) 

1.35 616.48±47.56 6.15±1.36 14357.21±362.44 

 

Hirsch model is an equation that combined 

Series and Parallel models, with the inclusion of a 

parameter χ. Hirsch model is compatible with 

particulate and fibrous reinforcements. From this 

research, the theoretical and experimental values 

can only have 99% agreement of volume fraction 

up to 0.135 when the value of χ in equation (2) is 

0.08. Bearing in mind the assumption made for 

Series and Parallel models which are applicable 

here, it will be right to conclude that at χ= 0.08 

uniform stress and strain have been achieved, that 

is, χ is a parameter which defines the level of stress 

transfer between matrix and fibre. χ parameter 

reported here is different from Kalaprasad et al. 

(1997) value. Kalaprasad et al. reported a value of 

0.4 for longitudinally oriented composite and 0.1 

for randomly oriented fibres. For a short fibre, the 

governing indices for the value of χ are fibre 

orientation, fibre length and stress concentration at 

the ends of fibre (Kalaprasad et al., 1997). Stress 

concentrations at the end of the fibre are influenced 

by chemical modification before composite 

formation. Therefore, 0.08 for randomly oriented 

fibre obtained here is comparable with Kalaprasad 

et al. (1997) value of 0.1. 

Modified Bowyer and Bader model is given in 

Equation (8). The model deals with two factors, 

namely fibre orientation factor𝐾1, and fibre length 

factor 𝐾2. 𝐾2 can be calculated from equations (10) 

and (11) depending on the relationship between 

fibre length and critical length. Both equations 

gives the same value when l =𝑙𝐶.  A value of 1 for 

aligned short fibre-reinforced composites have 

been reported by Curtis et al. (1978) for 𝐾1. The 

values of 𝐾1 and 𝐾2were found to be 1 and 0.421 in 

good agreement with experimental values up to 

12% wt or 0.1073 volume fraction.  This value is 

close to reported value of 0.5 by Kalaprasad et al. 

(1997). At 𝐾2 = 0.5  the critical and the fibre 

lengths are the same. The value of 0.421 obtained 

here is a confirmation that both critical and fibre 

lengths are not the same as reported in section 4.2 

above. Cox’s model assumes that the fibre and 

matrix remain elastic in their mechanical response, 

the fibre-matrix interface is perfect and no axial 

load is transmitted through the fibre ends 

(Kalaprasad et al., 1997). Cox’s model shows a 

perfect agreement in tensile strength values at 

volume fraction of 0.1073 or 12% wt. of fibre with 

the experimental values. 
 

 
Fig. 3: Tensile strength of PVA-BF composite modelled by Hirsch, Cox and Bowyer and Bader’s model 
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Figure 4 shows a comparison of the difference 

in theoretical and experimental elastic modulus of 

banana fibre composites. From the figure, all three 

model equations could give an almost perfect 

agreement with experimental values up to 12% wt. 

or 0.1073 volume fraction. For Hirsch model 

Young’s modulus value was calculated using 

equation (1) which is a mixture of the Parallel and 

Series models of Rule of Mixture. Agreement 

between experimental and theoretical values was 

found only when the value of χ in equation (1) is 

0.4 for randomly oriented composites. The value of 

0.1 for randomly oriented fibres as reported by 

Kalaprasad et al. (1997) could not predict the 

Young’s Modulus. The Young’s modulus values 

for modified Bowyer and Bader model were 

calculated using equation (8). The value of 𝐾1in the 

equation is the same for both tensile and elastic 

modulus which is 1.The value of 𝐾2  for good 

agreement between theoretical and experimental 

values was found to be 0.45. The constraint of the 

models used here mainly depends on different 

factors among which are micro-voids between fibre 

and matrix during composites formation; this factor 

is not taken care of in the cause of the model 

formulation. 

 

 
Fig. 4: Elastic modulus of PVA-BF composite modelled by Hirsch, Cox and Bowyer and Bader’s model 

 

5. Conclusions  

A comparison between experimental results and 

the prediction from theories of mechanical 

properties (tensile strength, elongation at break, 

and Young’s modulus) of banana fibre reinforced 

Polyvinyl Alcohol (PVA) composites has been 

presented. The models used were Hirsch’s model, 

Cox model, and modified Bowyer and Bader’s 

model. Properties of randomly oriented composites 

were presented as a function of volume fraction of 

the banana fibre. All models were applied in both 

tensile strength and Young modulus. PVA tensile 

strength is 32.86 MPa, while the strain at break is 

28.84% and the modulus is 592.15 MPa. The 

tensile strength increased to 42.22±6.54 MPa at 15 

% wt., of BF. The addition of BF decreased 

elongation to 12.22% while the modulus increased 

to 1710.83±236.85 MPa at 15 wt. % of BF.  

Tensile strength prediction showed that the 

theoretical and experimental values can only have 

99 % agreement of volume fraction up to 0.135 

when the value of χ in Hirsch model is 0.08. The 

values of 𝐾1 and 𝐾2were found to be 1 and 0.421 in 

good agreement with experimental values up to 

12% wt. or 0.1073 volume fraction for modified 

Bowyer and Bader model. Cox’s model showed a 

perfect agreement in tensile strength values at 

volume fraction of 0.1073 or 12% wt. of fibre with 

the experimental values. Elastic modulus prediction 

showed that all three models could give an almost 

perfect agreement with experimental values up to 

12% wt. or 0.1073 volume fraction. For Hirsch 

model agreement between experimental and 

theoretical values was found only when the value 

of χ was 0.4. For modified Bowyer and Bader 

model, the value of 𝐾2 for good agreement between 

theoretical and experimental values was found to 

be 0.45.Critical fibre length is the minimum length 

required to effectively reinforce and stiffen the 

composite material. The length of the fibre 

determines the interfacial bonding between the 

fibre and the matrix. A critical fibre length of 3.95 

mm was obtained. The results of modelling points 

to the fact that model equations that can predict the 
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tensile strength may not necessarily predict the 

tensile modulus of the composite. 
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