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Chapter II 
 

STATE OF THE ART 
 

 

An extensive literature review has been taken-up and presented in 

the following format. 

 

i) Studies on longitudinal and transverse moduli  
 

ii) Chemical treatments and surface modifications of 

natural fibers  

ii) Review on synthetic and natural fiber composites  

iii)  Studies on synthetic FRP and natural FRP composites   

 

 

2.1   Studies on longitudinal and transverse moduli  

 

Though a lot of work has been reported on determining the elastic 

properties of various composites and their constituents, majority of 

them are confined to synthetic fiber reinforced composites. Studies 

on the elastic properties of natural fibers would be complete and 

useful if their elastic properties are determined thoroughly. While 

the longitudinal elastic modulus of any fiber can be determined by 

rule of mixtures, the transverse elastic modulus still remains mostly 

undetermined for obvious reasons. This review focuses on the 

present status of research with respect to elastic properties of fibers 

and related issues.  

 

Isaac M. Daniel and Ori Ishai, Robert M. Jones, Autar k.Kaw have 

extensively dealt with mechanics of composite material in their text 

books [1, 2, 3]. Donald F. Adams, Leif A. Carlsson, R. Byron Pipes 
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have presented number of issues related to preparation and testing 

of fiber reinforced plastics in their book, Experimental 

Characterization of Advanced Composite Materials [4]. J. N. Reddy 

book on mechanics of composites is helpful for analytical approach 

[5]. Kim L. Pickering edited works of many authors on Properties 

and Performance of Natural-fiber Composites that presents a lot of 

data which is very much useful [6]. Caroline Baillie, Edited and 

compiled text on Green Composites that presents extensive data on 

natural fiber reinforced composites [7]. Mohana Rao K. has 

presented much useful information in “Work Shop on Introduction 

to Fiber-Reinforced Composites” that is of great help to researchers 

[8]. The longitudinal modulus of a composite can be determined 

accurately by knowing the individual elastic moduli of the 

constituents and their volume fractions by the rule of mixtures. 

However the rule assumes that Poisson’s ratios of the two 

constituents are equal.  More sophisticated models have been 

developed which allow for such effects, the most familiar being that 

of Hill which shows that the true stiffness of a unidirectional 

composite beam would be greater than the prediction through the 

rule of mixtures [9]. 

 

Jacquet E. et al. proposed simple models such as horizontal and 

vertical to determine the transverse elastic modulus and compared 

their accuracy with numerical results [10]. The relationships for the 

calculation of shear modulus are also presented in a simpler 

manner. Muhannad Z. Khelifa et a. studied the longitudinal and 

transverse moduli of E-glass/polyester composites and observed 

that the best fit of experimental results is at volume fraction of 0.37 

[11]. They also have observed that Halpin-Tsai model predicts 

largest transverse modulus while the strength of materials models 

predicts the least. 
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An elastic contact model is developed by Hui-Zu Shan and Tsu-Wei 

Chou to predict the transverse Young’s modulus, Poisson’s ratio and 

shear modulus of unidirectional fiber composites with interfacial de-

bonding [12]. The elastic deformation formulas of the fiber under 

contact pressure are derived by use of theory of elasticity. It is 

observed that in case of perfect adhesion, the composite exhibits 

identical Young’s moduli and Poisson’s ratios in both tension and 

compression while the de-bonded composite exhibits a bi-modular 

behavior. The transverse elastic moduli of unidirectional composites 

with identical multilayered hallow cored fibers are evaluated by 

Stagni L. using a multiphase generalized self consistent model [13]. 

It is observed that the effective Poisson’s ratio becomes negative 

beyond certain porosity levels and that the parity of the number of 

fiber layers become a significant parameter. 

 

The effects of fiber placement (staggering) and of weak fiber and 

strong-matrix composites on the effective moduli, both of which are 

not effectively treated by classical and analytical methods are 

investigated by Pericles S. Theocaris et al through numerical 

homogenization approach [14]. It is observed that the shape of 

fiber has considerable influence on the overall elasticity moduli. A.B. 

De Morais presented a closed form micromechanical equation for 

predicting transverse modulus of continuous fiber reinforced 

polymer composites and compared with Aboudi’s method of cells 

equation [15]. Amir H. Rezaifard et al. studied the bulk properties 

of commercially available high performance epoxy resins used for 

manufacturing continuous fiber reinforced composites and 

measured fracture toughness as well as stress/strain properties in 

tension and compression [16, 17].  

 

Representative unit cell models with different volume fractions are 

modeled in ANSYS for coefficient of thermal expansion of fiber 
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reinforced composites and the results are compared with various 

analytical methods by Z. Haktan Karadeniz and Dilek Kumlutas 

[19]. It is observed that the finite element analysis results are in 

good agreement with experimental data for longitudinal coefficient 

of thermal expansion. In the review on tensile properties of NFRP 

composites, H. Ku et al., observed that natural fibers are being 

exploited more and more due to their low cost, fairly good 

mechanical properties, high specific strength, non-abrasive, eco-

friendly and bio-degradability characteristics [20]. Tensile strength 

and Young’s modulus of bleached hemp fiber composites increased 

incredibly with increasing fiber loading. 

 

D. Nabi Saheb and J.P. Jog in their review of natural fiber polymer 

composites observed that the incompatibility of fibers with matrix 

and poor resistance to moisture often reduce their replacement 

potential [22]. Special references are made regarding types of 

fibers, polymer matrices, treatment of fibers and fiber-matrix 

interface. Yan Li et al. presented a review on sisal fiber and its 

composites citing the low cost, easy availability and renewability 

[23]. The authors have also touched the fiber-matrix interface 

aspects and hybrid composites as well. It is suggested in the paper 

that sisal fibers can be woven into textile pre-forms and 

impregnated with resins by film infusion to make superior and 

economical composites.  

 

S.V. Joshi et al. reviewed and compared SFRP composites with NFRP 

composites from environmental superiority point of view [24]. It is 

observed that NFRP composites have lower environmental impacts, 

have higher fiber content for equivalent performance and thus 

reducing polluting polymer matrix content. End of life incineration of 

natural fibers results in recovered energy and carbon credits. J.A.M. 

Ferreira et al. presented the test results on composites prepared 

23 
 



with randomly distributed short hemp fibers and pine saw dust [25]. 

Composites with low pine saw dust content are found to be not 

losing their ultimate strength even after 20 days of immersion in 

water. 

 

D. Saravana Bavan and G.C. Mohan Kumar focused on the potential 

use of natural fibers in composites, their availability, processing 

features, mechanical and physical properties and some of their 

applications from India’s perspective [26]. The authors have 

observed that there is a huge potential for production and 

application of NFC in industries in India. Ulrich Riedel and Jorg 

Nickel presented in their study about the recent developments in 

processing and manufacturing techniques of NFRP composites and 

their ability to be tailored for light weight applications in automotive 

sector, railways and aero-planes [27].  Michael Karus et al. made a 

survey of German and Austrian auto industry to assess the share of 

natural fiber reinforced composites in automotive sector [29]. It is 

observed that there is a steady increase in the usage of NFRP 

composites between 1996 and 2002 indicating the increasing trend 

in the acceptance levels of these composites for various industrial 

applications. 

 

 

2.2  Chemical treatments and surface modifications of 

natural fibers 

 

Surface modification of sisal fibers involving de-waxing, alkali 

treatment, bleaching cyanoethylation and vinyl grafting for 

enhancing the mechanical properties like tensile, flexural and 

impact strength of sisal-polyester bio-composites are presented by 

S. Mishra et al [30]. They found that the mechanical properties are 

optimum at a fiber weight fraction of 37%. Kristina Oksman et al. 
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studied the morphology of sisal-epoxy composites with horse shoe 

shaped technical fibers randomly distributed in the matrix [31]. The 

effective technical fiber strength in the composites is estimated to 

be around 400 MPa in comparison with a measured technical fiber 

tensile strength of 550MPa. 

 

The work by Sachin Waigaonkar et al. aims to predict the gel time 

and peak exothermic temperature generated during curing of 

unsaturated polyester resins [32]. Process optimization is made to 

achieve a desired combination of gelling time and curing 

temperature. Confirmatory experiments are performed for 

verification of these predictions. D.G.Hepworth and J.P. Smith 

investigated the case of tendon fibers and animal glue composites 

for their mechanical properties [33]. Tensile and impact tests are 

performed and the composite is found to absorb 18 MJ/m3 of energy 

that is comparable with carbon fiber composites, spring steel and 

butyl rubber. Mercerization of sisal fibers has been found to improve 

the fracture stress and stiffness by 12.2% and 36.2% respectively 

as investigated by Jun Tae Kim and Anil Netravali [34]. It has been 

observed in the scanning electron micro photographs that shorter 

protruding fibers in the mercerized fibers resulted in better fiber-

matrix adhesion. 

 

The effect of alkali treatment on wetting ability of sisal fiber is 

studied by E.T.N. Bisanda [35]. Sisal fiber treated in sodium 

hydroxide solution resulted in more rigid composite with lower 

porosity and higher density resulting better water resistance. 

Removal of intra-crystalline and inter-crystalline lignin and other 

waxy substance by alkali treatment substantially increased 

mechanical interlocking and chemical bonding. Dhakal H.N. et al. 

studied the affect of water absorption on mechanical properties of 

hemp fiber reinforced polyester composites by varying the 
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immersion timings and temperatures [36]. They observed that the 

moisture uptake had increased with increase in fiber volume 

fraction but the moisture induced degradation of composite is 

significant at elevated temperature.  

 

Singh B. et al. have studied sisal fiber treated by organotitanate, 

zirconate, silane and N-substituted methacrylamide and 

investigated the effect of these treatments on the sisal-polyester 

composites [38]. The strength retention of surface treated 

composites is found to be high compared with untreated ones. 

Under humid conditions a decrease of 30-44% in tensile strength 

and 50-70% in flexural strength has been observed. Xue Li, Lope 

and Satyanarayana Panigrahi made review of the chemical 

treatments of natural fibers for use in composites [39]. Alkali, 

silane, acetylation, benzoylation, acrylation, maleated coupling 

agents, isocynates and permanganate treatments are discussed. It 

is observed that most of the chemical treatments not only modified 

the fiber surface but also improved strength and reduced water 

absorption. The effect of fiber surface treatment on the mechanical 

properties of bagasse reinforced polymer composites is studied by 

Samir Kumar Acharya et al. [40]. Improved interaction between 

constituents and mechanical properties has been observed like in 

any other natural fiber composites. 

 

The work of S. Mistou et al. highlights the accuracy of results 

obtained with dynamic characterization method developed for non-

destructive evaluation of composites by ultrasonic waves in 

comparison to a static characterization by tensile tests [44]. The 

elastic constants obtained by both the methods show good 

agreement. Kin-tak Lau et al. reviewed 14 research papers on 

natural fiber composites ranging from plant based fibers to animal 

based fibers. Several issues such as moisture absorbability and 
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change in microstructure of these fibers subjected to loading have 

been discussed. Hybrid composites with glass fiber incorporated in 

sisal-polypropylene showed significant improvement in mechanical 

properties. Addition of glass improved thermal properties and water 

resistance of the composite. Animal fibers like chicken feathers are 

used along with poly-lactic acid to produce bio-degradable 

composites. 

 

Bhaskar Pal and M.R. Haseebuddin made an attempt to estimate 

elastic properties of FRP composites using finite element analysis 

[47]. A representative volume element has been considered 

incorporating the necessary boundary conditions. The numerical 

results thus obtained are compared with analytical solutions and a 

good agreement between the two is observed. A. Agarwal et al. 

studied the behavior of glass FRP composites subjected to various 

environmental conditions like exposing them to brine, acidic and 

basic solutions [48]. They also exposed the composites to river 

Ganga water, kerosene and freezing temperatures. The tensile 

strength of the composite varied with the environment it is exposed 

to and also with the time of exposure.  

 

 
2.3 Reviews on research in synthetic and natural fiber 

composites 
 
  
Kalaprasad G., Joseph K. and Thomas S. made a comparison 

between experimental data and various theoretical models. The 

tensile properties of short sisal fiber reinforced LDPE composites 

using Hirsch, Cox, Halpin-Tsai, modified Halpin-Tsai and modified 

Bower-Bader models have been tried to fit the experimental data. It 

is observed that the macroscopic behavior of the composite is 

affected by fiber length, fiber orientation, fiber volume fraction and 
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the adhesion between the fiber and resin. R. Wirawan et al. 

reviewed the mechanical properties of natural fiber reinforced PVC 

composites keeping building materials in view [50]. Some natural 

fibers are found to be useful as reinforcing agents while other fibers 

are useful only as fillers and on the whole the positive outcome is 

found to be the decreasing density of the composite.   

 
Venkateswara Rao et al. et al. studied the micromechanical 

behavior of a square unit cell of a fiber reinforced composite lamina 

and predicted Young’s moduli and Poisson’s ratio for various volume 

fractions [52]. Stresses at fiber-matrix interface are determined and 

variations in stresses with respect to angular location are discussed. 

Behavior of bio-degradable composites reinforced with bagasse fiber 

before and after alkali treatment is investigated by Y. Cao et al. 

[54]. 13% improvement in tensile strength, 14% improvement in 

flexural strength and 30% improvement in impact strength is 

observed in composites with fibers treated in alkali solution. 

 

G.S. Rao, Subramanyam T. and Balakrishna Murthy V. made studies 

on the effect of fiber-matrix de-bond on the elastic properties of 

T300-epoxy composite [57]. It is observed that de-bonding has no 

influence on longitudinal modulus but the composite loses it’s utility 

in transverse direction if the de-bonding is beyond 50%. Mechanical 

properties from E1-E3, ν12- ν32 are predicted by developing three 

dimensional finite element models in ANSYS by G.S. Rao et al. [58]. 

The method is successfully extended to various degrees of 

circumferential de-bonding to complete de-bonding. It is observed 

that the fiber direction modulus is unaffected by percentage of de-

bonding while the transverse moduli decrease with increasing de-

bonding. Major Poisson’s ratios are observed to be decreasing with 

increasing volume fraction at low percentage de-bonding.  

 

28 
 



 

 

 

 

2.4 Studies on SFRP and NFRP composites   

 

Sami Ben Brahim and Ridha Ben Cheikh studied the influence of 

fiber orientation and volume fraction on the tensile properties of 

unidirectional Alfa-polyester composites [59]. The fibers were 

extracted from Alfa plants by soda process and it is observed that 

the specific properties of these composites are close to some of 

manmade fiber composites. It is observed that it is possible to 

fabricate stiffer and stronger composites useful for structural 

applications like sports articles and automotive parts. Nele Defoirdt 

et al. assessed the tensile properties of coir, bamboo and jute 

through single fiber testing [60]. Mean strength and standard 

deviation is calculated following the normal and Weibull distribution.  

Further they developed a correction method to assess the real fiber 

elongation from the measured clamp displacement. The role of 

fiber-matrix interactions in chemically modified hybrid composites 

are investigated by Sudhir Kumar Saw and Chandan Datta using 

Differential Scanning Calorimeter, Differential Thermo Gravimetry 

and Universal Testing Machine [61]. SEM analysis confirmed better 

compatibility at the chemically modified surfaces of fibers.  

 

Robert C. Wetherhold  and Jianzhong Wang made an excellent 

study about the difficulties in predicting transverse thermal 

conductivity of continuous fiber reinforced composites [62]. Several 

pathological conditions that can occur for composites with relatively 

large fiber conductivity compared to that of matrix’s are studied. 

The great sensitivity of measured conductivity to that of fiber 

volume fraction is highlighted.  Carlos Gonzalez and Javier LLorca 
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studied the mechanical behavior of unidirectional fiber-reinforced 

polymer composites under transverse compression and observed 

that the composite properties were mainly controlled by interface 

strength and matrix yield strength [63]. It is observed that 

composite properties under transverse compression are mainly 

controlled by interface strength and matrix yield strength in uniaxial 

compression. 

 

Different chemically modified sisal fiber-glass fiber reinforced hybrid 

composites are studied for their mechanical performance by S. 

Mishra et al. [64]. It has been observed that water uptakes of 

hybrid composites are less than that of un-hybridized composites 

along with improved mechanical properties. Ratna Prasad A.V. et al. 

observed that the mechanical properties of banana empty fruit 

bunch fiber reinforced polyester composites exhibited 68% greater 

tensile modulus over plain polyester resin [65].  Erden S. et al. 

aimed at enhancing the mechanical and vibrational properties of 

glass/polyester composites by matrix modification technique [66]. It 

is observed that after incorporating 3% oligomeric siloxane into 

polyester matrix, the tensile, flexural and interlaminar shear 

strength increased by 16, 15 and 75% respectively. 

 

Quazi T.H. Shubhra et al. made a thorough study by characterizing 

plant and animal based fiber reinforced composites [67]. 

Polypropylene based composites with jute and B.mori silk fibers as 

reinforcement with 20% weight fraction  are fabricated and 

properties like bending strength, bending modulus, tensile strength, 

Young’s modulus and impact strength are found. Comparative 

studies indicated that silk fiber reinforced composites have greater 

mechanical properties than jute fiber reinforced composites. The 

mechanical behavior of HDPE reinforced with continuous henequen 

fibers is studied by Herrera Franco and Valadez Gonzalez [70, 71]. 
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Silane is used as a coupling agent to promote chemical interaction 

and improving adhesion. Nearly 43% improvement in longitudinal 

tensile properties and more than 50% improvement in transverse 

direction properties are observed between treated and untreated 

fiber cases. 

 

Joseph P.V. et al. used a polynomial equation to model the fiber-

length distribution during melt mixing using optical microscopy 

[72]. Sisal fiber reinforced composite are prepared and properties 

are experimentally found. Theoretically Predicted values are 

compared with experimental results. Self consistent micromechanics 

method developed by Hill, based on Halpin-Tsai equations reduced 

Herman’s solution to a simpler analytical form and extended its 

application for a variety of filament geometries [74]. The equations 

demonstrate the significant effect of reinforcement geometry alone 

on the stiffness properties of unidirectionally oriented fiber 

composites. Jesson D.A. et al. suggested that a low cost composite 

with reasonable mechanical properties could be produced based on 

oil palm fibers [75]. Low density of natural fibers, qualify them as 

excellent candidates for use as fillers. The ability to absorb large 

amounts of energy due to natural fibers’ large strain- failure ratio 

suggests further investigation in this direction.  A review of 

composites reinforced with cellulose fibers is presented in an 

extensive manner by A.K. Bledzki and J. Gassan [78]. Review 

covered various aspects starting from fiber classifications to surface 

modifications to processing to mechanical behavior to applications. 

Cichoki F.R. and Thomason J.L. employed dynamic thermo-

mechanical techniques to measure elastic and thermal expansion 

characteristics of jute fibers [79]. It is observed that jute fibers 

exhibited considerable elastic and thermal expansion anisotropy. 

The jute fibers investigated in this study have their longitudinal 
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Young’s modulus exceeding the transverse modulus by as much as 

5 to 10 times. 

 

Paul Wambua et al. prepared composites with natural fibers like 

sisal, kenaf, hemp, jute and coir using compression molding 

technique and investigated their suitability to replace glass fiber in 

FRP composites [80]. In most cases the specific properties of 

natural fiber composites were found to be comparable favorably 

with those of GFRP composites. While Kenaf fiber composite 

exhibited highest tensile modulus, impact strength and ultimate 

tensile stress, Coir fiber composite displayed the lowest tensile 

property with high impact strength. The study indicates that natural 

fibers can replace glass fiber for applications where high load 

bearing is not required. Sisal fiber reinforced composites are 

prepared using melt-mixing and solution-mixing methods by Joseph 

P.V. et al. [83] Optimum results are obtained at a mixing time of 10 

minutes, rotor speed of 50 rpm at a temperature of 1700C. Melt-

mixing method is found to produce better results than solution-

mixing method regarding tensile properties of the composites 

though both the methods resulted in enhancing the overall 

mechanical properties.  

 

Numerical modeling of solid wood under transverse loading is done 

for all possible grain patterns by Nairn J.A. [84]. Four common 

assumptions for numerical modeling such as, transversely isotropic 

material, rectilinear orthotropic material, homogenized cylindrical 

orthotropy and heterogeneous cylindrical orthotropy are discussed. 

It is observed that the effective modulus is strongly influenced by 

the loading direction. Ning Pan suggested a simple and new method 

to predict elastic material constants of a random fiber composite 

[86]. The author differentiated random fiber composite from a 

unidirectional one using the system volume fraction and area 
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fraction for any given direction. The new model is compared with 

existing models and the results are found to be reasonably 

satisfactory. J.B.Zhong et al. used alkali treated sisal fibers as novel 

reinforcement to obtain composites with self-synthesized urea-

formaldehyde resin as matrix [87]. Composites are prepared by 

means of compression molding and the specimen with 30% fiber 

weight fraction gave excellent flexural strength and wear resistance 

showing that it has superior bonding and adhesion. Venkateshwaran 

N. and Ilayaperumal A. compared the experimentally observed 

tensile properties of banana/epoxy composite with those obtained 

using various theories of reinforcement [88]. Out of the models 

used, like Hirsch, Halpin-Tsai, Neilson, Bowyer and Bader and 

modified Rule of Mixtures (MROM), it is found that MROM predicts 

tensile properties closer to the experimental results and then comes 

Bowyer and Bader’s. Islam M.A. and Begum K. proposed a new 

model by name mass fraction based simple model (MFS) to predict 

the elastic modulus of fiber reinforced polymer composites [89]. 

They observed that ROM, IROM and Halpin-Tsai models fail to 

predict the Young’s modulus within acceptable deviation factor 

where as modified Halpin-Tsai and Bowyer-Bader models 

successfully predicted due to one adjustable parameter in their 

equation. The proposed MFS model with one adjustable parameter 

and expressed in terms of mass fraction successfully predicted 

Young’s modulus closer than the other existing models. 

 

It has been observed by Terence Tumolva et al. that adding abaca 

to bagasse FRP produced a hybrid green composite with a better 

mechanical performance at higher fiber volume fraction and at 

cross-ply orientations [90]. Higher fiber loading helped higher 

consumption of natural fibers for long term carbon fixation. 

Poisson’s ratios of isotropic, transversely isotropic and orthotropic 

are expressed as functions of normal elastic stiffnesses  in the work 
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of Kohlhauser C. and Hellmich C. [91]. The relevance of the method 

is shown by comparing Poisson’s ratios given in the literature to 

experimentally given results for a range of materials including 

aluminum, aluminum-matrix fiber composite and stainless steel 

weld metal as cases of isotropic, transversely isotropic and 

orthotropic materials respectively and finally applied to wood which 

is orthotropic. The results obtained are found to be in good 

agreement with the results from literature. Hiroaki Miyagawa et al. 

measured the transverse elastic modulus of carbon fibers by 

experiments, calculated from theoretical equations and analyzed by 

finite element method (FEM) [92]. The transverse modulus is 

determined by fitting the experimental result from Raman 

spectroscopy to FEM [93] model and compared with theoretically 

calculated results from Mori-Tanaka, Halpin-Tsai, Uemura 

equations.  

 

2.5   Limitations observed 

 

Majority of the research work focused on determining the 

mechanical properties of composites, both SFRP and NFRP. The 

studies on the elastic properties of fibers mostly concentrated on 

finding synthetic fiber properties and methods followed are 

complex. Very limited studies are observed focusing on elastic 

properties of natural fibers limiting to longitudinal modulus only. 

Transverse modulus of natural fibers is seldom discussed and many 

of these fibers are still unexplored due to the complexities 

associated with testing procedures and machines. Hence complete 

data on natural fibers’ elastic properties is unavailable for the 

researchers to exploit their applications and designers to exploit 

their capabilities to the fullest extent. 

   
--oo0oo-- 
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