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ABSTRACT 

This study was conducted to determine the elastic properties of unidirectional sisal epoxy composite. The 

composites were made using hand lay-up method and cured at room temperature. The experimental results obtained 

were compared with the predicted results of Krenchel volume fraction equation (KROM) and its empirically mass 

fraction equivalent equation (MROM). Although, it was observed that at low volume fractions the MROM predicted the 

tensile strength and elastic modulus of the unidirectional sisal fiber epoxy composite slightly more accurately than 

KROM, a statistical t-test for independent samples at 5% significance level showed that the difference in the predicted 

values of the models is not significant. In conclusion therefore, mass fraction models can be effectively used in the 

prediction of the tensile properties of a unidirectional fiber reinforced polymer composite. Its adoption would serve the 

practical purposes of structural material design much better than volume fraction models, avoiding difficulties in the 

conversion of mass fraction to volume fraction during prediction processes. 
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INTRODUCTION 

In order to fully describe any composite materials effectively, a quantitative description of the proportions 

of its constituents must be done. This proportion can be expressed in terms of the mass fraction or the volume 

fraction of the constituents. There are two relationships between the mass fraction and volume fraction of a 

composite; the first is based on their empirical relationship and the second is derivable from the fundamental 

relationship between mass and volume of the constituents. In manufacturing of composites, composite constituents 

are measured in terms of weight (mass) and lamination in weight per unit area may be a design specification  [Hyer 

1998]. Similarly constituent supplies are measured in weight (mass). In other words composite experimental 

measurements are based on the mass of the constituents because it is easier while theoretical calculations and 

predictions of the tensile properties are based on volume fraction Mallick (2007]. 

Recently, research and industrial use of natural fiber reinforced composites is on the increase; 

Pongsathorn (2011), Singh (2012), Jyoti (2013), Bledzki et al (2002), Beg (2007). Gareth (2007) Boss et-al 

(2002),Samrat et-al (2008), Muttana et-al (2006), Sawpan(2009b) and Islam(2008), Our argument is that the 

standard process of determining the volume fraction of synthetic fibers cannot be applicable to natural fibers. These 
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methods which involves using matrix digestion method [ASTM D3171] where liquid medium such as nitric acid is used to 

dissolve the matrix and/or the ignition loss method [ASTM D2584] where the cure resin is burnt off in a muffler furnace at 

a high temperature 500OC- 600OC. In both methods, the fiber weight fraction is determined by comparing the weights of 

the test sample before and after the removal of the matrix. This cannot be applied to natural fibers as both the acid and the 

heat will attack and eat up the fibers even before the dissolution of the polymer matrix. Even in these test methods, it is still 

the weight of the constituents that are taken and converted to volume fraction for theoretical calculations. We argue further 

that since volume fraction and mass fraction are all ratios, expressed in percent, they should be seen as equivalents. 

Again because there exits void content in every fiber mat especially for natural fibers produced by hand lay-up 

method, its void volume fraction is non zero against such assumptions in the rule of mixture equations but certainly the 

mass of the void content is zero. It should be understood that both mass fraction and volume fraction are ratios with units in 

percents (%) and the summation of their individual components are equal to unity in the same composite. Therefore 

although they are not equal in value they are equivalent to each other and can give equivalent results 

It is therefore the very interest of this research to investigate the effect of using mass fraction versus volume 

fraction in calculation of the tensile strength and modulus of a unidirectional fiber reinforced polymer composite. In this 

work a mass fraction model was formulated based on empirical relationship with volume fraction and the result obtained 

was compared with volume fraction rule of mixture equation with efficiency factor by Krenchel as reported by Garkhail 

(2000). 

The study used a statistical t-test for independent samples courtesy of Vassarstats.net (2015) to prove or otherwise 

that although there is a narrow difference between the predicted values of the two models, the difference is not significant. 

The Theory 

The Statistical Hypothesis: There is no significant difference in the value of tensile properties predicted using 

volume fraction model as against mass fraction model for a low density fiber reinforced polymer composite at low 

fractions of the constituents.. 

In mechanics of materials approach of composite micromechanics, the prediction of the tensile properties of a 

composite material depends largely on the mechanical behavior of its constituents. The limit of its elastic properties can be 

predicted using rule of mixture equation with fiber orientation factor given by Garkhail et-al (2000) who reported that 

Cox’s model (1952) was extended by Krenchel model (1964) such that 

mmffoc VV Ε+Ε=Ε η                 Equation 1 

 Similarly the strength of the composite is given by 

mmffoc VV σσησ +=               Equation 2 

 In line with equations 1 and 2, a mass fraction models were formulated based on empirical relationships in line 

with the works of Jamal et-al (2007) and Islam et-al (2011) such that the tensile modulus and tensile strength is given by 

equations 3 and equation 4 respectively. 

mmffoc MM Ε+Ε=Ε η                 Equation 3 
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mmffoc MM σσησ +=               Equation 4 

Where ηo = fiber orientation factor ∑
=

=
n

i
na

1

4cos θ              Equation 5 

 In which an = proportion of ply orientation in a sandwich or laminate panel 

 θ = fiber orientation 

Mf, m = Mass fraction of the fiber and matrix respectively 

Vf ,m = Volume fractions of the fiber and matrix respectively  

The Void Content 

The void content which is always assumed zero in volume fraction models does really exist and can be estimated 

by (Mallick 1993) 

( )
t

etVv
ρ
ρρ −

=
               Equation 5 

 Where ρt is the theoretical density and ρc is the density of the composite. It is only in mass fraction models that the 

contribution of void (the mass of void) equal to zero is true. Therefore  

1=++ vmf VVV                Equation 6 

10 =+=++ mfmf MMMM               Equation 7 

Therefore omission of void content in rule of mixture equation for prediction of the elastic properties of a 

unidirectional composite will only be very appropriate if a mass fraction models is used instead of volume fraction model. 

Volume to Mass Fraction Conversion 

 The conversion of volume fraction to its mass fraction equivalent is given below (Bailey 2010) 

Where;   
( )

( ) ( ) ffmf

mf

f MM

M
V

ρρ
ρ
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          Equation 8 
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f VVf
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ρρ
ρ

−+
=
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*

            Equation 9 

EXPERIMENTAL PROCEDURE 

Materials 

An epoxy laminating resin (LY-556-DGEBA) resin and its hardener (HY951) as well as epoxy silane coupling 

agent (G6720) were used as purchased from JuNENG Nigeria Limited. NaOH, Acetic acid, Acetone and other solvents 

were purchased from Altran chemicals Ltd, Nsukka. The sisal fibers were sourced locally and surface treated.  
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Plate 1:Extracted Sisal Fiber 

Methods 

Preparation of the Composites 

Prior to molding, the fibers were treated with NaOH solution for 1hour and thereafter in an epoxy silane coupling 

agent (G6720) for 45 minutes. They were spread on a mat and dried under sun for 24 hours and later in an oven at 400c for 

1 hour to remove all trace of moisture. They were carefully separated from their bundles with hand and comb and were 

thereafter matted in a unidirectional pattern with polyvinyl acetate soft binder as shown in plate 2.2a 

a    b 

Plate 2: (a) Unidirectional Matted Sisal Fiber Mats (b) Sisal Fiber Reinforced Epoxy Laminas 

Characterization and Testing of Sisal Fiber 

The sisal fiber was characterized for properties such as single fiber tensile strength and its density using 

Archimedes principle according to ASTM D3800 - 99(2010), such that 

2flfa

fab
f WW

Wl

−
=ρ

 

            Equation10 

Where b is the density of Kerosene (0.81715 g/cm), faW  is the weight of fiber in air 

flW  is the weight of fiber in liquid (Kerosene). 

Tensile Testing of the Composite 

Tensile testing of the composite was carried out according to the ASTM D3039 standard test method for tensile 

properties of reinforced plastics. Samples were tested using a manual griping universal testing machine model TUE-C100 

with serial No 2010132 made by Fine Spavy Associates & Engineers Pvt Ltd WIRAJ 416410 India using an approximate 

cross head speed of 5mm/min. Five sample was loaded to failure and the average value obtained. 
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RESULTS AND DISCUSSIONS 

Single Fiber Tensile Strength and Fiber Density 

The single fiber tensile strength test (SFTS) result for treated sisal fiber and other material property data such as 

the density of sisal fiber and epoxy were as presented in table 1, while the experimental result of the tensile test was 

presented in table 2 below. 

Table 1: Material Properties of Sisal Fiber and Epoxy Resin 

 
Diamete
r (µm) 

Fiber 
Critical 
length 
(mm) 

Tensile 
strength,σ 

(MPa) 

Density 
(g/cm3) 

Shear 
Strength, τ 

(MPa) 

Tensile 
modulus, Ε 

(MPa) 

Major 
Poisson’s 

ratio 

Elongati
on at 
break 
(mm) 

Sisal 250 66.49 174.80 1.52 - 3559.56 - 6.07 
Epoxy - - 27.02 1.30 26.40 696.36 0.36 13.69 

 
Table 2: Experimental Results of the Tensile Properties of the Unidirectional Sisal-Epoxy Composites 

Sample Mass 
fraction 

Volume 
fraction 

Load at 
peak(P) 

KN 

Tensile 
strength 
(σUTS) 

(N/mm2) 

Tensile 
modulus 

(E) 
(N/mm2) 

Elongation 
at 

break 
(∆L) (mm) 

Shear 
modulus 
(N/mm2) 

Major 
Poission’

s ratio 
ν12 

OO 0.00 0.00 2.898 27.02 696.36 13.690 256.02 0.36 
UD-1 0.15 0.13 3.895 48.96 1204.72 1.920 476.69 0.32 
UD-2 0.20 0.18 4.450 58.85 1357.31 5.260 492.09 0.35 

 
Comparison of Various Prediction Models and Experimental Data on the Tensile Propperties of the Composite 

The material properties presented in table 1 was used in the prediction of the tensile strength and tensile modulus 

of the unidirectional sisal epoxy composite. This was done using modified volume fraction rule of mixture equation by 

Krenchel called KROM (Equation 1 & 2) and empirically formulated mass fraction model called MROM (Equation 3 & 4). 

The results of the tensile strength were presented in figure 1a, &1b, for a fiber mass fraction/volume fraction of 0.15/0.13 

and 0.20/0.18 respectively. Similarly the results of the elastic modulus of the 0.15/0.13 and 0.20/0.18 fiber mass 

fractions/volume fraction are respectively presented in Figures 2a and 2b in comparison with experimental data. 

    

Figure 1: Variation of KROM and MROM Prediction Mod els and Experimental Data on the  
Tensile Strength (a) 0.15 Fiber Mass Fraction (b) 0.20 Mass Fiber Mass Fraction 
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Figure 2: Variation of KROM and MROM Prediction Mod els and Experimental Data on the  

Elastic Modulus (a) 0.15 Fiber Mass Fraction (b) 0.20 Mass Fiber Mass Fraction 

It was observed from Figure 1a, 1b, 2a and 2b that there are narrow differences between the values obtained with 

volume fraction rule of mixture equation KROM and mass fraction rule of mixture equation MROM. For instance in 

Figure 1a we obtained the value of the tensile strength with MROM to be 49.19 MPa and that of KROM to be 46.23MPa as 

against the experimental value of 48.96MPa. A similar trend was noticed with the tensile modulus where for instance in 

Figure 2b the prediction with MROM and KROM are respectively 1269MPa and 1211.74MPa as against an experimental 

value of 1357.31MPa. 

Effect of Mass fraction/Volume fraction Variation on the Tensile Properties of the Composite 

    

Figure 3: Effect of Mass Fraction/Volume Fraction Variation on the  
                (a) Tensile Strength (b) Young’s Modulus of the Composite 

The variation of fiber mass fraction (0.1 to 0.6) and/or fiber volume fraction (0.1 to 0.6) with the tensile strength 

and tensile modulus in the sisal epoxy composite with KROM and MROM models were presented in Figure 3a and Figure 

3b respectively. It was observed from the figure that there exists close predictions and in some cases an overlap in the 

points. Again the shape of the curves defining mass fraction variation using MROM and that of volume fraction using 

KROM are alike in every respect. Obviously, both models had their curves at the lower bound of the experimental curve. 

This again denoted that although there is difference between the values obtained using the KROM and the MROM models 

in predicting the tensile properties of a unidirectional sisal epoxy composite, it is not significant. Observation indicated that 

mass fraction model (MROM) predicted the tensile strength and tensile modulus even more closely than the volume 

fraction model (KROM). 
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Table 3: Predicted Tensile Strength and Young’s Modulus Values of MROM and KROM 

M f/V f   0.00 0.10 0.15 0.20 0.30 0.40 0.50 0.60 
Tensile 

Strength 
(MPa) 

MROM 27.02 41.80 49.19 56.58 71.35 86.13 100.91 115.69 

KROM 27.02 40.32 46.23 53.62 65.44 80.22 95.00 109.78 

Young’s 
Modulus 
(MPa) 

MROM 696.36 982,60 1125.84 1269.00 1555.32 1841.64 2127.96 2414.28 

KROM 696.36 954.05 1068.57 1211.74 1440.79 1727.11 2013.43 2299.75 

 
Table 4: Calculated t- Test Result for the Tensile Strength and  

        Young’s Modulus Values of MROM and KROM 

 
Mean 

Difference 
X1-X2 

t-value 
 

df 
 

F 
 

P 
Critical 
t-value 

Tensile 
Strength 

3.88 0.26 14 1.15 0.399324 1.76 

Young’s 
Modulus 

3.88 0.26 14 1.15 0.398329 1.76 

 
Table 3 denoted the predicted tensile strength and Young’s modulus values of the KROM and MROM models, 

while Table 4 presents the calculated statistical t-test results for the independent samples of KROM and MROM 

predictions. Since the calculated t-value of 0.26 is less than the critical table value of 1.76 at 0.05 level of significance at 14 

degrees of fredom then the difference between the predicted values of MROM and KROM are non significant. This maens 

that either of the models can effectively predict the tensile properties of the unidirectional sisal-epoxy composite. 

CONCLUSIONS 

In this study mass fraction models were formulated based on empirical relationship between volume fraction and 

mass fraction in a unidirectional fiber composite material. The result of these models was compared with one another and it 

was observed that: 

• The closeness of predicted values of the tensile properties to experimental values is not the issue of whether mass 

fraction or volume fraction was used but the issue of the model chosen and its sensitivity to various factors that 

affect composite materials.  

• an independent t-test at 0.05% significance and 14 degree of freedom resulted to 0.26  which is less than the 

critical value of 1.76, this indicates that there is no significant  difference in the value of tensile properties 

predicted using either volume fraction model or mass fraction model for a low density (natural) fiber reinforced 

polymer composite. 

Therefore mass fraction although not equal in value to volume fraction in a composite, they are equivalent to each 

other and either of the two can be used to correctly predict the tensile properties of low density fiber reinforced composite.  

However, for convenience of research and practical purposes, mass fraction based models are better alternatives to 

their volume fraction counterparts particularly for low-density fibers such as natural fiber reinforced composites. This is 

because it is easier and accurate to measure the mass of a fiber mat than its volume. 
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