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ABSTRACT: This article discusses a simplified approach to analyze mechanical
properties of randomly distributed short fiber composites. Mechanical properties
of three different randomly oriented short fiber composites, cotton, nylon, and
aluminium with vinylester resins, were experimentally investigated. The analytical
results were compared with experimental results and a very good correlation was
found. Further, the experimental results and the predictions showed that the strength
of the composites is less than the strength of the matrix material, for all three
composites tested.
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INTRODUCTION

T
HE SHORT FIBER reinforced composite (SFRC) consists of short fibers dispersed into
matrix material. The low cost, ease of fabricating complex parts, and isotropic nature

are enough to make the short fiber composites the material of choice for large-scale
production. Consequently, the SFRCs have successfully established it’s place in lightly
loaded component manufacturing. Three types of short fiber composites are depicted in
Figure 1. Aligned SFRC which normally produced by injection molding and extrusion
processes have comparatively excellent in-plane mechanical properties, whereas randomly
oriented SFRC composite shows quasi-isotropic nature in macroscopic scale. The most
widely used SFRC is randomly oriented SFRC composite due to comparatively easy
production process [1].
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Unlike continuous fiber composites, the external loads are not directly applied to the

fibers in SFRC materials. The load applied to matrix materials is transferred to the fibers

via fiber ends and the surfaces of fibers. As a consequence, the properties of SFRC greatly

depend on fiber length and the diameter (i.e., fiber aspect ratio¼ length/diameter of fiber)

of the fibers. Further, several factors such as fiber orientation, volume fraction, fiber

spacing, fiber packing arrangement, and curing parameters also significantly influence

the properties of SFRC materials [2]. There has been a significant development in property

prediction models of aligned SFRC based on micro and macro mechanics of composite

[3�6]. Most widely used analytical methods, which predict considerably accurate results

for aligned short fiber composites, are based on shear lag-analysis, which was originally

proposed by Cox [7], Halpin and Kardos [8], Agarwal et al. [4], and Tucker and Liang [5].

It has been shown that the predictions of these models are analogous to the predictions by

micromechanical analyses. Direct application of these models in random short fiber prop-

erty prediction is limited. However, a few empirical relationships are available to be used

in conjunction with these analytical models of aligned short fiber composites, for the

determination of approximate properties of random short fiber composites [4,9]. These

two basic models were developed and modified by various researchers during the past few

decades. Following are some of the noticeable models, which have been used for the

randomly oriented short fiber composites:
Model proposed by Christensen [10] is:
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The modified Halpin�Tsai [8] equation is:
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Figure 1. Different types of discontinuous fiber reinforcement.
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Model proposed by Puck and Schuermann [11] is:
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While significant progress in modeling of mechanical properties of the aligned SFRC has
been achieved, it is found that much of those modeling are not precisely applicable to
random SFRC [2]. As such, there is an urgent need for a proper analytical method for
randomly oriented short fiber composite materials. This article details an investigation
undertaken for the prediction of properties of three random short fiber composites, cotton
fiber/vinylester, nylon fiber/vinylester, and a aluminium fiber/vinylester, based on a sim-
plified approach. The results from the proposed algorithm and the results from the exper-
imental properties will be compared. The significance of this work is the use of a natural
cotton fiber as reinforcer for the first time, and use of metallic fiber aluminium and syn-
thetic nylon fibers for SFRC.

MODEL FORMULATION

From shear lag model the stiffness can be predicted for aligned fibers as:

EC ¼ vfEf 1�
tanhðnsÞ
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where s is the aspect ratio (l/d), l is average fiber length, d is diameter of fiber and

n ¼
2Em
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When s approaches 1 Equation (4) becomes rule of mixture

EC ¼ vfEf þ ð1� vf ÞEm ð6Þ

Further inspection of Equations (4) and (5) shows that the governing parameter of
modulus in shear lag model is proportional to s

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Em=Ef

p� �
[5].

The modified Halpin�Tsai equation for continuous fiber composites are a set of empir-
ical relationships that enable the property of a composite material to be expressed in terms
of the properties of the matrix and reinforcing phases together with their proportions and
geometry [8]. Halpin and Kardos [8] showed that the property of a composite Pc could be
expressed in terms of the corresponding property of the matrix Pm and the reinforcing
phase (or fiber) Pf using the following relationships:

Pc ¼ Pm
1þ ��vf
1� �vf

� �
ð7Þ
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The factor n is used to describe the influence of geometry of the reinforcing phase on
a particular property. This factor is good for different properties in the same
composite. Halpin and Kardos [8] suggested that � ¼ 2ðl=d Þ gives good predictions from
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the proposed relationship. Tucker and Liang [5] suggested that the governing parameter of

properties is closely proportional to vf ðEm=Ef Þ
� �2

(for fiber volume fraction). Also when n
approaches 1, Equation (4) becomes rule of mixture.

Properties of random short fiber composites can be treated as quasi-isotropic. As a

consequence, rule of mixture with a considerable treatment would be appropriate in prop-

erty prediction as the influence of aspect ratio on randomly oriented short fiber matrix

properties are limited or negligible. As such, the following relationship for randomly

oriented composite is postulated:
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Following the above analysis composite strength rc can be formulated as::
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However, the empirical model presented in Equation (9) has not included the influences

of the stress transfer micromechanisms, which will govern by the geometry and orientation

of fibers.
The strength of the composite depends on the stress transfer mechanism between matrix

and the fibers [3,4]. Consequently, the analytical methods to predict composite strength become

complex due to random nature of fiber orientation in a random SFRC material. To over-

come the complexity of an analysis, it is logical to assume that the effective volume fraction,

which contains the load carrying fibers i.e., aligned fiber with the loading direction, as the

parameter for strength prediction. Therefore Equation (9) is more accurate in the form of:
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where f(vf) is distribution function of volume factor of the matrix which carries fibers

aligned with the loading direction.
The distribution of strength of composites can be assumed as Weibull type distribution

[3,12,13]. Consequently, the distribution of aligned fibers in load carrying direction can be

assumed as a Weibull type distribution as the aligned fibers are directly proportional to the

strength of the composite. It is therefore postulated that the volume fraction of the aligned

fiber of random fiber composite, in any particular loading direction as single parameter

Weibull distribution whose probability density function (PDF) is:

f ðvf Þ ¼ � 1� vf
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where � (>0) is the shape parameter. As such the empirical relationship for strength rc,

Equation (10) becomes:
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It should be noted that the shape parameter � is a constant for a particular fiber type i.e.,

the material and the average fiber geometry.
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EXPERIMENTATION

The composite samples were casted in a mold. The mold consisted of a bottom plate
attached to detachable pieces to form a rectangular cavity. The arrangement was done in
such a way that eight specimens could be prepared at a time at uniform pressure. The top
plate of the mold was fixed with individual punches to form punch plate assembly. The
entire mold was prepared from wooden material glued with 1mm thick Formica sheet at
contact surfaces to provide smooth surface.

The weighed fibers were uniformly placed in the mold cavity and then a measured
volume of vinylester resin was poured into the mold. The fibers have approximate
length of 3�7mm and were distributed randomly in the matrix of vinylester resin. Other
parameters were kept constant during the curing of specimens at room temperature; all
specimens were allowed to cure in the mold for 24 h. The specimens were manufactured to
ASTM Standard D3039 tensile test specimen. For obtaining the same volume fraction, the
same weighted short fibers were poured with constant quantity of resin. The same proce-
dure was done for different weighing short fibers for obtaining different volume fraction
specimen. Five sets of different volume fraction from each fiber materials were prepared.
The static tests were carried out on 2T Mikrotech Tensiometer. The properties of the
constituent elements are shown in Table 1.

RESULTS AND DISCUSSION

Figure 2 shows the material of broken samples. The broken samples show the damage
plane is nearly 45� to the loading direction, indicating a shear failure. The failure mode can
be a fiber-dominated failure due to random fiber orientation or the matrix-dominated failure.
Figures 3�8 inclusive show the experimental and predicted values for modulus and strength

Table 1. Properties of the constituent elements of the composites.

Material Cotton Nylon Aluminium Polyester resin

Modulus of elasticity (N/m2) 7.9� l09 3.9�109 67.5�109 2.285�109

Poisson’s ratio (m) 0.30 0.39 0.34 0.37
Density (kg/m3) 1540 1140 2700 1250
Diameter (mm) 200 100 300 �
Ultimate tensile stress (N/m2) 3.535�108 0.64� 108 5.75�108 0.206�108

Diameter of fiber (mm) 200 100 400 �
Length of fiber (mm) 3�7 3�7 3�7 �

(a) (b) (c)

Figure 2. Tested samples: (a) cotton, (b) nylon, (c) aluminium.
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of the cotton/vinylester, nylon/vinylester, and aluminium/vinylester. Table 2 shows the

Weibull parameter � used for proposed model.
Figure 3 shows that the cotton/vinylester modulus predictions from the proposed model

correlate well with the experimental results. The predictions by Christensen, Halpin and

Kardos, and Puck are considerably higher than experimental results. The error levels of

predictions are <10% for the proposed model while the error levels for the other models

are above 13%. Figure 4 shows the experimental and predicted values for cotton/vinylester

strength. The proposed model correlates with experimental results by <2% error levels

while the error levels for other models are greater than 13%. The other important obser-

vation made here is the strength of the composite is comparatively less than the matrix

strength. The predictions in Figure 4 show only a comparatively small increase in strength

with the increase of volume fraction.
Figure 5 shows experimental and predicted modulus for nylon/vinylester composite.

It shows a good correlation of the proposed model with the experimental results. The

error levels are as low as 6% for the proposed models while error level for the other models

1.50

1.70

1.90

2.10

2.30

2.50

2.70

3.10

2.90

0.06

Volume fraction (vf)

Variation of modulus of cotton/vinylester composites

M
od

ul
us

 (
G

P
a)

Experimental Proposed model Christensen Halpin–Tsai Puck

0.07 0.08 0.09 0.1 0.11 0.12

Figure 3. Modulus of cotton/vinylester composites.

12

13

14

15

16

17

Volume fraction (vf)

S
tr

en
gt

h 
(M

P
a)

Experimental Proposed model Christensen Halpin–Tsai Puck

0.06 0.07 0.08 0.09 0.1 0.11 0.12

Variation of strength of cotton/vinylester composites

Figure 4. Strength of cotton/vinylester composites.

6 J. EPAARACHCHI ET AL.



Variation of modulus of nylon/vinylester composites 
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Figure 5. Modulus of nylon/vinyester composites.
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are high as 36%. Figure 6 shows strength of nylon/vinylester composite obtained exper-
imentally and calculated from the models. The proposed model shows a good correlation
with the experimental results with error levels of <9%. The predictions from other models
are comparatively higher with error levels as high as 36%. The strength of the composite is
less than the strength of matrix material. The strength predictions for higher volume
fractions (Figure 6) show an increase in strength; however, it stays under matrix strength.

Figure 7 shows experimental and predicted modulus for aluminium/vinylester compo-
site. It shows a good correlation of the proposed model with experimental results. The
error levels are <10% for the proposed models while error level for the other models are as
high as 75%. Figure 8 shows strength of aluminium/vinylester composite. The proposed
model shows a good correlation with the experimental results with error levels of <5%.
The predictions from other models are comparatively higher with error levels extremely as
high as 78%. The strength of the composite is less than the strength of matrix material.
The strength predictions for higher volume fractions (Figure 9) show an increase in
strength; however, it starts decreasing after volume fraction around 0.3. Figure 10
shows that closely flat trend of the modulus of aluminium/vinylester composite with the
increase of the fiber volume fraction.

Table 2 shows parameter � that is used for this analysis for three different materials. The
cotton and nylon, which are nonmetallic materials, share reasonably closed � value
whereas � value for aluminium is 2.

The module for cotton/vinylester and aluminium/vinylester composites are reasonably
closer to their matrix module. The module for nylon/vinylester is less than the matrix
module. Further, the predicted strength of three composites is always less than the
matrix strength showing the matrix is weakened in the presence of fibers. This may be
caused by the creation of brittle matrix�fiber interface [14,15].

Variation of strength of aluminium/vinylester composites 
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Figure 8. Strength of aluminium/vinylester composites.

Table 2. Parameters used for fibers.

Fiber Weibull parameter b

Cotton 1.5
Nylon 1.4
Aluminium 2.0
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Since the Weibull parameter � was defined as a function of aspect ratio and the material
property of the fibers, parameter � is not valid for a wide range of fibers. Next logical step
is to include fiber geometry and other properties in Weibull model independent of param-
eter � make the model suitable for a variety of fibers.

CONCLUSION

Two simplified empirical models were presented for mechanical property calculations
of random short fiber composites. The properties of three different random short fiber
composites were experimentally determined and compared with the predictions.
The model predictions have a very good agreement with the experimental values.
The Weibull parameter � has a considerable influence on the strength predictions depend-
ing on fiber type as anticipated. Unfortunately, nothing can be concluded about parameter
� due to the limited scope of this project.

The surface conditions of the three fiber selected are different, which will highly affect the
ultimate interfacial bonding properties of the composites. However, in this study only the

Strength predictions - proposed model
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moduli of cotton/vinylester composites was compared with themselves using the model
developed in this study and those of others as depicted in Figure 3. Similarly, the same
was done for nylon/vinylester and aluminium/vinylester composites as depicted in Figures 5
and 7, respectively. The same argument applies to the strength of the three types of compo-
sites as depicted in Figures 4, 6, and 8. In Figures 9 and 10, the trends and not the absolute
values of the three types of composites were compared. Therefore, the difference in surface
conditions of the composites will not affect the results and trends of this study.

The predictions by Christensen, modified Halpin�Tsai, and Puck models are compar-
atively higher than experimental values. This over prediction has been reported in the
literature regularly. The proposed model predicted that the strength of the composites
will not increase above the matrix strength with the increase of volume fraction. Further,
the model perditions indicated that cotton and nylon fiber composites have a trend of
increase in modulus with the increase of fiber volume. The aluminium fiber composite
shows a reasonably constant modulus with the increase of fiber volume.
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6. Fu, S.Y., Lauke, B., Mäder, E., Yue, C.Y. and Hu, X. (2000). Tensile Properties of Short-
Glass-Fiber- and Short-Carbon-Fiber-Reinforced Polypropylene Composites, Composites Part
A, 31: 1117�1125.

7. Cox, H.L. (1952). The Elasticity and Strength of Paper and other Fibrous Materials, British
Journal of Applied Physics, 13: 72�79.

8. Halpin, J.C. and Kardos, J.L. (1976). Halpin-Tsai Equations: A Review, Polymer Engineering
and Science, 16(5): 344�352.

9. Kardos, J.L. (1985). Critical Issues in Achieving Desirable Mechanical Properties for Short
Fiber Composites, Pure and Applied Chemistry, 57(11): 1651�1657.

10. Christensen, R.M. (1976). Asymptotic Modulus Results for Composites Containing Randomly
Oriented Fibres, International Journal of Solids Structures, 12: 537�544.

11. Puck, A. and Schuermann, H. (1998). Failure Analysis of FRP Laminates by Means of
Physically Based Phenomenological Models, Composites Science and Technology, 58(7):
1045�1067.

12. Tsai, S.W. and Hahn, H.T. (1980). Role of Interface in the Strength of Composite Materials,
Polymer Science and Technology, 12B: 463�472.

13. Mallick, P.K. (1997). Composite Engineering Handbook, Marcel Dekker Inc, NY.

14. Mallick, P.K. (1993). Fibre Reinforced Composites � Materials, Manufacturing and Design,
2nd edn, Marcel Dekker Inc, NY.

15. Fu, S.Y., Xu, G. and Mai, Y.W. (2002). On the Elastic Modulus of Hybrid Particle/Short
Fibre/Polymer Composite, Composite � Part B, 33: 291�299.

10 J. EPAARACHCHI ET AL.


