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Tensile Strength of Natural Fiber Reinforced 

Nanocomposites: Direct Numerical Simulation and 

Analytical models 

Abstract— Natural fibers are abundantly available in the world. It has unique properties when compared to synthetic fibers. The 

mechanical properties of the natural fiber reinforced epoxy composites have been enhanced by the addition of nanoparticle TiO2 as a 

filler material. The present work evaluate the tensile strength of the composites for various volumes (30%, 40%, and 50%) of natural 

fiber luffa and nanoparticle (1%, 3%, and 5%) by ANSYS and then compared with some of the existing models proposed for predicting 

the tensile strength of the natural fiber reinforced nanocomposites. For that purpose, representative elementary volume is chosen as an 

indicator element and analyzed by various model such as Halpin-Tsai model, Einstein and Guth model, Rule of mixture and Hirsch’s 

model. The comparison study reveals that the tensile strength of the composites predicted by ansys has good relation with rule of 

mixture model and have a little bit of difference with other models. Also the results showed that the tensile strength of the composites 

was significantly improved (38%) by the addition of nanoparticle. Numerical results can be used for design purposes with great degree 

of freedom and is easy to use and computationally simple.  
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I.  INTRODUCTION  

Natural fiber reinforced nanocomposites is widely used in light weight structures for different applications. Since these 
nanocomposites are environmental friendly materials and replacing synthetic composites like glass or carbon fibers, they gain the 
interest among scientists and engineers in recent years. They are abundantly available, fully biodegradable, renewable and cheap. 
They possess excellent properties like high specific strength, non-toxic, non-abrasive. They have ability to re-place competitive 
materials on the basis of lower density and equivalent strength, low thermal conductivity, high corrosion and wear resistance. . 
They are often having low densities, resulting in high stiffness to weight and high strength to weight ratios when compared to 
traditional engineering materials.Composite tensile properties are determined by the physical and mechanical properties of the 
individual materials. Some analytical and numerical techniques have been used for prediction and characterization of composite 
behavior. Analytical methods such as Hirsch, Einstein-Guth, rull of mixture,and Halpin-Tsai.  provide reasonable prediction for 
relatively simple configurations of the phases[1]. experimental and numerical investigation on parametric study of vibration and 
buckling characteristics of industry driven woven fiber Glass-Carbon/epoxy hybrid composite panels is conducted to find the 
effects of lamination sequence on the natural frequencies of vibration and buckling strength of the hybrid panels. Tensile 
properties of Palmyra fiber Reinforced Epoxy Composite was obtained on the basis of some assumptions (i.e., Rule of Mixture). 
This work includes the Analysis of Palmyra Fiber Reinforced Epoxy Composites using FEA with various fiber volume fractions 
and these results were validated with the experimental result[2]. Representative volume model has been considered and a finite 
element model incorporating the necessary boundary conditions is developed using available FEA package ANSYS to predict the 
elastic property of the composite. For verification, the numerical results of elastic properties are compared with the analytical 
solution and it is found that there is a good agreement between these results[3]. Nano indentation testing and the corresponding 
finite element modeling are discussed, followed by analytical modeling stiffness of nanocomposites. The mechanism of 
nanocomposite mechanical property enhancement and the ways to improve stiffness and fracture toughness for nanocomposites 
are discussed[4]. 
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 Complicated geometries, loading conditions and material properties often do not yield analytical solutions, due to complexity 
and the number of equations. Numerical methods are used for approximate solutions, but they still make some simplifying 
assumptions about the inherent microstructures of heterogeneous multiphase materials. ANSYS is used to get the simulation 
results of tensile test. ANSYS is a complete FEA software package used by engineers worldwide in virtually all fields of 
engineering.[6] 

Nomenclature: 

             TC  - Tensile strength of composite  Vf  - volume of fiber   

                           EC - young’s modulus of composite  Vm  - volume of matrix 

              Ef - young’s modulus of fiber  Tm  - Tensile strength of matrix 

             Em - young’s modulus of matrix   σm - Tensile stress of matrix 

                           σf  - Tensile stress of fiber 

              A  - Aspect ratio 

              x  -  Empirical parameter ( varied from 0-1) 
 

 

II. MATERIALS AND METHODOLOGY 

 

A. Materials 

 The semi flexible transparent resin DGEBA CY 205 (Diglycidyl ether of bisphenol-A) as matrices and most 

widely used amine curing agent TETA (Tri ethylene tetra amine) have been used as hardener. Cylindrical shape luffa fibres were 

extracted from fibrous strands. The collected dried Luffa fibres were kept under the sunlight over a period of a week. The luffa 

mat fibres were cut as short fibres  to the  required sizes( 3-5mm) [7]. The physical and mechanical properties of epoxy and luffa 

fibre and TiO2 are shown in Table 1. 

 

Table I.Physical And Mechanical Properties Of Epoxy, Luffa, Tio2  

Constituent 
Density 

(g/cm3) 

Tensile 

strength 

(Mpa) 

Young’s 

Modulus 

(GPa) 

Flexural 

strength 

(Mpa) 

Compressive 

strength (Mpa) 

Impact 

strength 

(KJ/m2) 

Ref 

Epoxy 1.1 - 1.4 40 4 62 83   6.4 [39] (5) 

      Luffa 0.820  11.1 1.3 
diameter 25 -

60 mm 
- - (8) 

        TiO2 4.197 350 230 - - - (5) 

 

B. METHODOLOGY 

 

 B1. Analytical Formulation  

 

 Several theoretical models are available to predict the tensile strength of the composites such as Rule of mixture, Halpin- 

Tsai, Hirsch’s model, Einstein Guth model, 

 

Role of Mixture  
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By the rule of mixtures, the modulus of a composite is defined as the combination of the modulus of the fiber and the 

modulus of the matrix that are related to the volume fractions of the constituent materials. If subscript f and m denotes fiber and 

matrix, then the rule of mixture equation will be given by equation  

 

 

Longitudinal Young’s Modulus:  

 

                                   
Tensile strength: 

 

    
 

 Halphin-Tsai Model 

 

 Halpin-Tsai equation for a two phase system assumes an isotropic particulate reinforcement and also takes into 

consideration the shape of particle as well as its orientation. The model generally includes parameters such as the aspect ratio, 

volume fraction and the orientation of the reinforcement. It is based on the different shape of the fiber reinforcement. Hence the 

term aspect has been considered in the equation. If the aspect ratio (l/d) is smaller than critical aspect ratio (lC/d) of fibre, then the 

composites show lesser properties. The critical length(lC) of the fiber in composites is one of the  parameter which determines the 

amount of stress transferred from matrix to the fiber. 

 

Longitudinal Young’s Modulus:  

 

     
   

Tensile strength: 

    
    

Hirsch’s model 

 

 The Hirsch model is a combination of parallel and series models; these models are used to describe the strength of 

continuous fiber reinforced polymeric composites. This model characterizes the stress transfer between the fiber and matrix, 

which depends on fiber orientation, fiber length and fiber distribution. 

 

For Modulus Of  Elasticity :  

 

                                         
For Tensile Strength  : 

 

                
  

 

 

Einstein and Guth Model 

 

 Here the modulus and tensile strength of a composite  are depends on  the modulus  and tensile strength of the 

constituents presents in the composite  and volume fraction of  fiber and matrix.  

 

For Modulus Of  Elasticity :  
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For Tensile Strength  :  

 

               
 

III. EVALUATION OF TENSILE STRENGTH 

 
 

Table II. Young’s Modulus Of Nanocomposites 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
Table III. Tensile Strength Of Nanocomposites 

 

Volume Of 

luffa 

Volume of 

Tio2 

Rule Of 

Mixture 

Halpin T-

Sai 

Hirsch’s Einstein & 

Guth   

0.3 0.01 34.83 83.64 44.65 125.2 

0.3 0.03 41.83 86.70 48.06 134.4 

0.3 0.05 48.83 89.80 51.48 144.0 

0.4 0.01 31.94 99.31 46.95 175.8 

0.4 0.03 38.94 102.5 50.35 187.2 

0.4 0.05 45.94 105.8 53.74 199.2 

0.5 0.01 29.05 115.8 50.46 237.6 

0.5 0.03 36.05 119.2 53.82 251.4 

0.5 0.05 43.05 122.7 57.18 265.6 

 

 

 
 

Volume Of 

luffa 

Volume of 

Tio2 

Rule Of 

Mixture 

Halpin -

TSai 

Hirsch’s Einstein 

& Guth   

0.3 0.01 5.49 21.6 7.8 12.5 

0.3 0.03 10.09 23.2 10.1 13.4 

0.3 0.05 14.69 24.8 5.64 14.4 

0.4 0.01 5.22 30.1 8.20 17.5 

0.4 0.03 9.82 32.1 10.5 18.7 

0.4 0.05 14.42 34.2 5.96 19.9 

0.5 0.01 4.95 41.0 8.70 23.7 

0.5 0.03 9.55 43.6 11.0 25.1 

0.5 0.05 14.15 46.3 4.92 26.5 
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Fig. 1.Tensile Strength Of A Composites For Addition Of Nano Paritcle Based On Rule Of Mixture Model 

 

 
Fig. 2. Tensile strength based on Halpin-Tsai model 

 

 

 

 
Fig. 3. Tensile strength based on Hirsch’s model 
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Fig. 4. Tensile strength based on Einstein and Guth model 

 

 Table II provide the information about the variation of  young’s modulus on the variation in volume fraction of the fiber 

and nanopartcle. Table III shows variation of volume fraction of luffa fiber and TiO2 nanoparticle on tensile strength by using 

four different models. From the results it is found that, while increasing the volume fraction of fiber and nanoparticle, the tensile 

strength will be increased. Figure 1,2,3,4  indicate the four different models namely, Rule of mixture, Halpin-Tsai, Hirsch’s, 

Einstein and Guth  model which represents the comparison of different volume fraction of fiber and nanoparticle on   tensile 

strength. 

 

IV. FINITE ELEMENT ANALYSIS (ANSYS) 

With the advancement of computers, finite element analysis has become one of the most important tools available to an 

engineer for design analysis. The finite element method is one of the most general procedures for solving complex analysis 

problems. For performing finite element analysis the material was considered to be isotropic in nature and the boundary condition 

and load conditions applied were similar to the analytical condition. The element type used for ANSYS  the values of young 

modulus and poison ratio were taken from analytical results. The force and tensile strength plots were plotted using ANSYS data 

and the comparisons were made with analytical results. 

 

 
 

Fig. 5. Tensile Strength of The Composite For Added 1% Of tio2 And 30% Of Luffa 
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Fig. 6. Tensile Strength of The Composite For Added 3% Of TiO2 And 30% Of Luffa 

 

 
 

Fig. 6. Tensile Strength of The Composite For Added 3% Of TiO2 And 30% Of Luffa 

V. RESULTS COMPARISON 

 
TABLE IV. COMPARISON OF TENSILE STRENGTH OF ANALYTICAL AND NUMERICAL RESULTS 
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Fig. 4. Comparison of analytical and numerical tensile strength based on volume fraction of fiber and nanoparticle 

 

From the above the graph, it is clearly seen that, the tensile strength calculated by rule of mixture model is nearer to the 

numerical results. Small amount of variations are incurred in Halpin-Tsai models due to geometric considerations(aspect ratio) of 

nanoparticle when compared to numerical values. Since the intervention of some empirical parameters some what deviation is 

occurred in Hirisch’s model when compared to numerical values. In Einstein and Guth model only the volume of fiber and 

young’s modulus. It did not considered the volume of matrix. So a strong variation is occurred in Einstein and Guth model. 

 

Volume Of 

luffa 

Volume of 

Tio2 

Ansis 

Result 

Rule Of 

Mixture 
Halpin T-Sai Hirsch’s 

Einstein & 

Guth 

0.3 0.01 34.9 34.83 83.64 44.65 125.2 

0.3 0.03 41.9 41.83 86.70 48.06 134.4 

0.3 0.05 48.9 48.83 89.80 51.48 144.0 

0.4 0.01 32.1 31.94 99.31 46.95 175.8 

0.4 0.03 39.9 38.94 102.5 50.35 187.2 

0.4 0.05 44.9 45.94 105.8 53.74 199.2 

0.5 0.01 29.2 29.05 115.8 50.46 237.6 

0.5 0.03 37.2 36.05 119.2 53.82 251.4 

0.5 0.05 43.8 43.05 122.7 57.18 265.6 
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VI. CONCLUSION 

 The comparison study reveals that the tensile strength of the composites predicted by ansys has good relation with rule of 

mixture model and have a little bit of difference with other models. Also the results showed that the tensile strength of the 

composites was significantly improved (38%) by the addition of nanoparticle. Since the TiO2 nanoparticles increased the stress 

transfer between the matrix and fibre by improving the interference. Comparison of tensile strength from ansys model converged 

with rule of mixture. The Halpin-Tsai model gave higher tensile strength than that obtained from ansys model. This may be 

attributed to the influence of incuding the aspect ratio in the analysis. The results from other models showed the considerable 

deviation. Hence it is concluded that the rule of mixture and halpin-Tsai model give better approximation for determining the 

tensile strength. 

 

SCOPE FOR FUTURE WORK 

Natural luffa fiber reinforced TiO2 nanoparticle composite is to be fabricated and the  tensile strength of the composite is to be 

experimentally evaluated. If we compare this experimental result with the analytical models namely, Rule of mixture, Halpin-

Tsai, Hirsch’s and Einstein and Guth model, we can predict which model is more suitable to calculate the tensile strength of the 

composites analytically.   
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