
Step 9: construction materials properties 

PCC elastic modulus.  If no value is known, the PCC elastic modulus (Ec) can be estimated from relationships 

such as the following: 

 

Fc= 35 Mpa or 5076 psi then  

Ec=57000√5076 = 4,106,856 psi 

PCC S’c = 650 psi (4.5 MPa) 

Step 10: minimum thickness 

 

 

Inputs: 

Reliability: 0.85 and 90 

Overall standard deviation: ZR = 0.35 

Cumulative Equivalent Single Axle Load, Total ESAL: 21,388,416   

Effective Roadbed Soil Resilient Modulus and Resilient Moduli of Pavement Layers: modulus of subgrade 

reaction = k = 600 psi 

Serviceability Loss (p0= 4.5 and pt=2.5 then ∆PSI=4.5-2.5=2) 

Drainage Coefficient = Cd = 0.6 

Construction Materials Properties (Ec=4,061,024 psi, S’c = 650 psi) 

J = 2.3 

Output:  

Depth of pavement = 8 inches  

MATLAB Code for solving the depth of pavement 

clc; clear; close all; 

W18= 2.1*10^7; 

Zr= 0.35; 

So= 0.32; 

PSI= 2; 

Pt= 2.5; 

Sc= 650; 

Cd = 0.6; 

J= 2.3; 

Ec= 4.1* 10^6;  



k= 600; 

lhs=log10(W18); 

disp("lhs is "); disp(lhs); 

  

for D=4:0.1:10 

        rhs = (Zr * So) + (7.35 * log10(D+1)) - (0.06) + (log10(PSI/(4.5-1.5)) / (1.0 + (1.624*10^7 /(D+1)^8.46))) 

+ ((4.22-0.32*Pt)* log10((Sc * Cd*(D^0.75 - 1.132))/(215.63*J*(D^0.75 - (18.42 / (Ec/k)^0.25))))) ; 

    disp("D= "); disp(D); 

    disp("rhs= "); disp(rhs); 

    if (rhs-lhs < 0.1) 

        disp("Depth of pavement is "); 

        disp(D) 

        rhs 

   end 

end 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

a) Excavated Site laid with wire mesh 

 

dc  

 

b) Installed Piezo patches before concrete pour 

 

 
 

c) Installed strain gauges, thermocouples and 

temperature sensors 

 

 

 
 

d) Installation of the entire sensing module 

 

 
 

e) Joints for three bus pads 

 

 

 
 

f) Concrete pour from truck directly mixed with 

fibers 

 

 
 

g) On-site testing of concrete 

 

 
 

h) Final shape of three bus pads 

 

 

Bus pad 1 

Bus pad 2 

Bus pad 3 

A series of Piezo patches 

Strain gauges in Rosette 



i) Entire FIMIM group participated in the construction of Smart sensing carbon fiber reinforced bus pad

Fig. 5-2 Construction of Smart sensing carbon fiber reinforced bus pad at UViC Bus Loop 
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1.0 Introduction 

The construction activity of 20th century is driven by the use of a combination of materials such as 

cement, aggregates and steel known as Reinforced concrete [1,2]. The majority of infrastructure 

including buildings, bridges, power plants, dams etc. across the globe have been successfully 

developed using reinforced concrete. As a result, the demand for more efficient and improved 

performance of reinforced concrete is essential to cope with the future demands of construction. The 

hidden goal behind the demand is further to reduce the cost during, as well as post construction of 

the infrastructure.  

 Despite being the most popular and commonly used construction material, concrete has numerous 

undesirable characteristics such as brittleness, presence of micro cracks, large drying shrinkage, low 

bonding strength in repair applications, low chemical resistance, inability to bear tensile stresses 

etc.[3–5]. These shortcomings lower the long-term performance of concrete and sometimes result in 

severe failures of poorly designed structures. In order to exploit high compressive strength and parry 

the frailty of concrete, strong and ductile materials such as steel bars are usually integrated in design. 

These materials are placed in the apprehended zones of tensile stress and preventing concrete to fail 

in tension. 

Under load, micro cracks begin to develop in the interfacial transition zone (ITZ) between aggregates 

and cement paste throughout the paste. This process continues until these micro cracks meet other 

micro cracks and coalesce into macro-cracks[6]. A fully developed macro crack will considerably 

reduce the load carrying capacity of concrete. In the absence of steel reinforcement, a sudden failure 

of concrete is expected. However, even the presence of tensile reinforcements such as conventional 

steel rebars, the crack arrest mechanism is not effective. Alongside the use of steel reinforcements, 

the tensile characteristics of concrete can be improved by randomly dispersing discrete fibers to the 

mixture. [5]This type of concrete developed with discontinuous randomly distributed fibers is knows 

as ‘Fiber reinforced concrete’(FRC). FRC is a potential material as it effectively overcomes the 

brittleness of concrete and makes it more versatile.  Conventionally, a modest increase in concrete 

strength could be achieved, the principal focus of addition of fibers is to control the cracking of 

concrete.  It further extends to post cracking as fibers are expected reduce the rate of increasing crack 

width by bridging across the cracks. This is also known as post-cracking ductility to FRC [7].  In some 

cases, fibers can be utilized for carrying load in non-structural applications. Fig. 1 shows different 



                                                                                                             
phases of multiscale crack growth in fiber reinforced concrete [8]. In the absence of proper 

reinforcements for taking the tensile loads, this kind of multiscale crack propagation can take place in 

any matrix. This can be prevented by using fibers of different sizes dispersed throughout the concrete. 

Fibers can be considered as the pro-active crack fighters that significantly enhances the overall 

performance of concrete. 

 

 

Fig. 1 crack development stages in FRC and the relation to the stress strain response[8] 

Fibers have been used to impart tensile strength in relatively weaker materials since ancient times. 

For example 57 m high hill of Aqar Quf (near Baghdad) was built with straw reinforced sunbaked 

bricks[9]. The earliest patent on fiber-reinforced concrete was by A. Beard, USA, 1874 and followed 

by numerous others by G. Martin-1974, Zitkevic-1939, G. constantinesco etc. In the words of krenchel 

(1974)[10],  “ If, as in the case of the fiber-reinforced mortar, it one day proves possible to achieve an 

apparent elongation at rupture for ordinary concrete that is ten or more times the value normally 

achieved, it will be found that, for example, many of the structures for which pre-stressed concrete is 

now used can be produced more simply and economically in ordinary, reinforced concrete with a 

certain percentage of fibers added as secondary reinforcement for crack distribution. Moreover, the 

risks of corrosion of the principal reinforcement will be so reduced that it should be possible to use 

considerably less concrete cover than is normal to-day. Particularly in the case of reinforced concrete 

water tanks, sea-bed structures and similar, this should be of great economic importance” 

The fiber reinforced composites are developed in such a way the discontinuous phase(fibers) remain 

embedded in continuous phase(matrix). Fibers are generally discontinuous with more suitable (uni-

directional, bi-directional or random) orientation. As matrix depend upon the materials used, it can 

be brittle or ductile. The matrix type defines weather the inclusion of fibers will modify the strength 

or toughness. Conventionally, the short fibers are used to influence strength in a ductile matrix and 



                                                                                                             
long fibers are used in brittle matrix to influence its toughness. Following are the primary factors that 

influence the overall performance of the composite: a) Physical properties of fibers and matrix; b) 

Quality of bond between the fibers and the matrix; c) Amount of fibers and their distribution  

1.1 Fibre-Cement-Mortar-Concrete Composites 

Unpredictable and sudden fracture of construction materials is undesirable. This is usually the case in 

brittle materials concrete. That is the prime reason of the inclusion of steel reinforcements in concrete 

to develop a ductile composite thereby preventing sudden failure. To impart the ability of carrying 

and transferring tensile loads without rupture, has led to the use of fibers in concrete already 

reinforced with steel. This is generally accomplished by bridging the tensile cracks within concrete 

with the help of randomly distributed fibers. Numerous types of fibers have been tested for 

developing different type of concretes. For example, ACI 318 allows the inclusion of steel fibers for 

shear reinforcement, as a replacement to stirrups.  

The characteristics and the performance of fiber-based composite primarily depends upon the micro-

macro structure of the composite. A fiber base cementitious composite will have three main 

components a) A cementitious matrix (either a combination of cement-sand-water or cement-sand-

coarse aggregates-water); b) Randomly distributed fibers (e.g. steel, carbon, glass etc.); c) Interfacial 

transition zone (ITZ) of fiber-matrix (bond between the fiber and matrix) 

a) Cementitious Matrix: It is further divided into cement mortar and cement concrete. The 

cement mortar consists of cement, water and sand. Fiber cement mortars are generally used 

for cladding purposes or sometimes for grouting (for patch repairs). Fibers volume in cement 

mortars generally vary between 5-15 percent. On the other hand, cement concrete consists 

of cement, sand, water and coarse aggregates. For developing fiber reinforced concrete, a 

volume of fibers less than 2 % are generally added. It is to be noted that fibers in mortar act 

as primary reinforcement and the in concrete as secondary reinforcements.  

b) Fibers: Fibers used for developing FRC can be evaluated in two categories; 1) Shape of fibers; 

2) Their orientation in matrix. Single fibers can be monofilament based e.g. Steel fibers or fiber 

assemblies (bundles of fibers, with a diameter less than 10 µm) e.g. Synthetic fibers like carbon 

fibers etc. It is to be note that monofilament fibers used in FRC composites are usually 

cylindrical in nature and in most cases, they are bent or deformed. On the other hand, the 

bundled fibers are expected to keep the bundle intact inside the matrix. Further, the 

orientation of fibers depend upon the two different type of fiber reinforcing arrays :1) 

Continuous reinforcement, wherein the fibers are mixed in the matrix with the help of 



                                                                                                             
filament winding or lay up of layer of fiber mats; 2) Discrete short fibers, where in the fibers 

are simply added by spraying or mixing.  

2) Interfacial Transition zone between fiber and matrix: In FRC, ITZ’s depend upon the type of 

fiber and the production technology. ITZ’s in FRC basically define the overall quality of bond 

between the fiber and the matrix. 544.8R-16: Report on Indirect Method to Obtain Stress-

Strain Response of Fiber-Reinforced Concrete (FRC) he microstructure of composite consists 

of hydration products such as CSH and crystals of CH. In case of fresh mix, the fibers are usually 

surrounded by entrapped water with unpacked cement particles. This results in the porous 

ITZ between fiber and the matrix, as hydration proceeds. It should be noted that the entire 

surface area of monofilament fibers are in contact with the surrounding material which is not 

the case for bundled fibers as only exterior most fibers develop bond with the surrounding 

matrix.  

Another important underlying characteristic that dominates the overall FRC composite the interaction 

involving the transfer of tensile forces between the fibers and the surrounding matrix[11]. This 

interaction can be termed as a ‘bond’ between the fibre and the matrix. Hence, a better bond will 

result in a ductile matrix and a poor bond will create voids, resulting in a brittle failure.  The 

interactivity between the fibre and the surrounding matrix primarily depend upon three basic factors: 

1) Adhesion (physical & chemical); 2) friction; 3) Mechanical anchorage 

Adhesion and frictional bonding between the fibre and the matrix is driven by the ITZ’s as well as the 

fibre properties. It is usually weak and of significance only when the surface area is large (e.g. Synthetic 

fibers). Furthermore, highly refined and low porosity mixes can easily induce better adhesion or 

frictional bonding between the fibers and the matrix. During loading, this type of bond activates first 

and decides the pull resistance. For straight fibers with no deformation, this bond is of highest 

significance.  On the other hand, mixes where water cement ratio is higher or the diameter of fibers 

are greater than 0.1 mm, adhesion or frictional forces become insignificant to provide a reinforcing 

action for load transfer between the fibre and the matrix. In such a case, mechanical interlocked 

created by deforming the geometry of the fibre is utilized along with the transverse tensile strength 

of concrete. Various factors such as fibre geometry, fibre embedded length, fibre orientations, matrix 

strength etc. significantly influence the fibre matrix bond behavior.  

In case of steel fibers only, mechanically deformed geometries are available and the pre-deformation 

of fibers is done to induce the mechanical anchorage characteristics[12,13]. Different types of 

deformation such as hooks, paddles, button on the both ends of fibre or along the length of fibers as 



                                                                                                             
indented, crimped, & polygon twisted fibers etc. Straight steel fibers primarily depend upon the 

physiochemical bond unlike the deformed fibers dependent on mechanical anchorage.  

2.0 Types of Fibers 

Fibers are used in numerous structural applications such as elevated slab, concrete overlays, beam-

column joints, pavements etc. A twofold mechanism enables the fibers protect the structural integrity 

:1) by stitching action, keeping cracks/joints intact; 2) by load transfer from one side to the other. A 

diverse range of fibers with different, physical & chemical characteristics, cross-sectional shape, 

geometry, effective diameter and aspect ratio are available. Depending upon the fibers used, the 

behavior of the cracked and uncracked concrete can be modified.   

From cement composite point of view, fibers can be classified into two major categories: 1) structural 

or macro fibers; 2) non-structural or microfibers. Macro fibers are stiff that can help in load transfer 

as well as providing the crack arrest property to the mix. In a cement matrix, their length is greater 

than the maximum size of aggregate (at least 2 times) and their cross section dia is greater than that 

of cement grains (less than 50 µm). Generally, the length of macro fibers goes up to 38 mm. Invariably, 

macro-fibers are effective in post cracking stage (point C in Fig.1). Because of longer lengths, they can 

provide load-transfer mechanism between larger cracks and preventing from further widening. It is to 

be noted that macro fibers do not participate in the early stage of crack development (Fig. 3).  

On the other hand, the microfibers are less stiff and only participate providing the post-crack ductility. 

Microfibers have same diameter as that of cement grains and their length is lesser than the maximum 

aggregate size. By virtue of their size, microfibers can easily bridge the tensile stress across the ITZ’s, 

thereby preventing the micro cracks from taking place (Fig. 3).  This micro-scale reinforcement action 

of microfibers makes them most effective for influencing the matrix behavior before even the micro 

cracks take place (point A of Fig.1).  

 

Fig. 3 Simplified tensile reinforcement contribution of micro and macro fibers at different 
stages of crack propagation[14] 



                                                                                                             
 

As per ASTM C1116, Standard Specification for Fiber reinforced concrete, fibers are categorized in 4 

major categories based on their parent material as: 

1) Metallic 

2) Glass 

3) Synthetic 

4) Natural 

As per ACI 544, 1996[15], some definitions, parameters, and features are used to characterize 

different type of fibers: 

 Aspect ratio, which is the ratio of length to diameter of a fiber; 

 Bundled fibers, which usually are strands consisting of several hundreds or thousands of 

filaments of microfibers 

 Chopped strand, which contains fibers chopped to various lengths 

 Collated, which refers to fibers bundled together either by cross-linking or by chemical means 

 Fibrillated, referring to continuous networks of fiber, in which the individual fibers have 

branching fibrils,  

 Filament, which is a continuous fiber, i.e., one with aspect ratio approaching infinity; 

 Monofilament, a large diameter continuous fiber, generally with a diameter greater than 100 

µm  

 Multifilament, a yarn consisting of many continuous filaments or strands 

All the above stated are independent of the type of parent material of fibers, i.e., polymeric, metallic, 

glass etc. and depend on the geometry. The details are given in Table 1 

Table 1:Characteristics of fibers used for reinforcing cement matrix[11] 

Type of fibre Diameter [µm] Specific gravity 
[g/cm3] 

Tensile 
strength [MPa] 

Elastic 
modulus 
[GPa] 

Ultimate 
elongation [%] 

Metallic      

Steel 5-1000 7.85 200-2600 195-210 0.5-5 

Glass      

E glass 8.0-15.0 2.54 2000-4000 72 3.0-4.8 

AR glass 8.0-20.0 2.7 1500-3700 80 2.5-3.6 

Synthetic      

Acrylic (PAN) 5.0-17.0 1.18 200-1000 14.6-19.6 7.5-50 

Aramid (e.g., Kevlar) 10.0-12.0 1.4-1.5 2000-3500 62-130 2.0-4.6 



                                                                                                             
Carbon (low 
modulus) 

7.0-18.0 1.6-1.7 800-1100 38-43 2.1-2.5 

Carbon (high 
modulus) 

7.0-18.0 1.7-1.9 1500-4000 200-800 1.3-1.8 

Nylon (polyamide) 20-25 1.16 965 5.17 20 

Polyester (e.g., PET) 10.0-8.0 1.34-1.39 280-1200 10.0-18.0 10.0-50.0 

Polyethylene (PE) 25-1000 0.96 80-600 5 12-100 

Polyethylene (HPPE)  0.97 4100-3000 80-150 2.9-4.1 

Polypropylene (PP) 10-200 0.90-0.91 310-760 3.5-4.9 6.0-15.0 

Polyvinyl acetate 
(PVA) 

3.0-8.0 1.2-2.5 800-3600 20-80 4.0-12.0 

Natural - organic      

Cellulose (wood) 15-125 1.5 300-2000 10.0-50.0 20 

Coconut 100-400 1.12-1.15 120-200 19.0-25.0 10.0-25.0 

Bamboo 50-400 1.5 350-50 33.0-40.0  

Jute 100-200 1.02-1.04 250-350 25.0-32.0 1.5-1.9 

Natural - inorganic      

Asbestos 0.02-25 2.55 200-1800 164 2.0-3.0 

Wollaston 25-40 2.87-3.09 2700-4100 303-530  

 

2.1Metallic Fibers Steel fibers are most commonly used in concrete[3,16–21] for building regular civil 

and industrial structures, airports, highways, impact resistant structures etc.[22]. The prime reason 

behind that its inclusion in the matrix has multi-fold benefits in terms of increased toughness & 

ductility, flexural, & tensile strength of concrete and nonetheless crack controlling properties by 

increasing the critical cracking resistance[12,23–25]. Other than the physical characteristics of steel 

fiber, quantitative parameters such as fiber volume, fraction, dimensions & matrix properties overall 

influence the performance[7,26].  

Generally steel fibers are produced from carbon steel, however, in case of corrosive environments, 

steels fibers can also be produced from stainless steel[11].  As per [11], five different methods of steel 

manufacturing are given as below: 

 Type I: Cold -drawn wire 

 Type II: Cut sheet  

 Type III: Melt Extracted 

 Type IV: Mill-cut 

 Type V: Modified cold-drawn wire 



                                                                                                             
The different categories of steel fibers are shown in Fig. 4 

 

 

 Fig. 4 Various type of steel fibers[11]  

 

According to [11], the minimum yielding strength of 345 MPa for use in concrete is required and the 

ability to be bent around a 0.125 -inch diameter pin  to an angles of 90 degrees at a temperature not 

greater than 15 degrees. This is primarily to make sure that fibers don’t break during handling. Table 

1 gives the range of mechanical properties as given by the Portland cement association (PCA). 

Fig.5 gives the commonly used and available steel fibers[11]. The tensile strength of steel fiber 

reinforced concrete depends upon the interfacial bond between the fiber and cement matrix. Weaker 

bond will result in the forced pull-out of the fiber and as a result, fiber will not be able arrest the 

propagating cracks. On the other hand, if the bond is too strong, the fiber will break before it could 

aid in providing post crack ductility. In-between the fiber  and the matrix, two types bond can exist: 1) 

a physiochemical bond(by adhesion & frictional ITZ)); 2) Mechanical bond (by anchor effect of 

interlocked fibers)[11]. The first type of bond is prevalent in undeformed fibers. However, the 

preformed fibers develop a mechanical interlock and significantly improves the tensile strength of 

concrete[27]. Hence, the property of being able to be molded into different shapes (malleability) 

without affecting the material characteristics such as stiffness, makes steel most suitable for concrete. 



                                                                                                             
Fig. 5 gives the details of various geometries of steel fibers that are used for making Steel fiber 

reinforced concrete 

 

 
Fig.5 Different type of steel fibers categorized according to their geometric shape[28] 

 
 
Numerous factors such as 1) Fiber geometry; 2) Fiber embedded length; 3) matrix strength affect the 

bond behavior of steel fiber reinforced concrete. Despite all the exceptional characteristics, its 

susceptibility to corrode and a consequent loss of cross-section and strength, steel fibers may not be 

as promising for aggressive environments such as marine conditions. The post-crack strength of steel 

fiber reinforced concrete gets significantly affected as a result of long-term corrosion exposure[29]. 

Interestingly, when the steel fiber reinforced concrete samples were exposed to corrosive 

environment for short periods, an increase in the post peak residual strength was reported[29]. This 

is primarily because of improved fiber-matrix bond as a result of increased volume of steel fibers inside 

concrete. This phenomenon was also confirmed by [30] where in concrete reinforced with hooked 

steel fibers, was exposed to short corrosion exposure. As a result of short-term corrosion, roughening 

of steel fibers and increased pull-out strength was reported. In another study[31], a discordance in 

literature with regards to the loss of residual strength in steel fiber reinforced concrete and corrosion 

exposure in lab & field conditions primarily, has been accentuated. Both chloride-induced as well as 

carbonation-induced corrosion exposure are discussed. The literature suggests that crack width of the 

order of 0.5 mm or above could significantly lower the performance of steel fiber reinforced concrete. 



                                                                                                             
However, the crack widths below 0.2 mm is rendered safe and is further expounded that such concrete 

will not undergo any loss in residual strength. The vulnerability of carbon steel fibers to corrosion 

exposure has led to the manufacturing of stainless steel and brass made fibers. Few studies reported 

that stainless steel fiber reinforced concrete exhibited negligible loss of residual strength and no sign 

of corrosion was seen even after 2000 cycles of salt exposure[32]. Another study reported the use of 

chopped, steel fibers, brass coated steel fibers and stainless-steel fibers subjected to corrosion 

exposure. Brass coated fibers were found to significantly enhance the flexural strength and indirect 

tensile strength[33]. The stainless-steel fibers and brass coated fibers can be expensive and hence are 

not very popular. Steel fibers coated with a compound of zinc phosphate mixed in concrete, were also 

tested for corrosion exposure. A mere 4% loss in flexural strength of concrete was reported when 

compared to 26 % loss for non-coated fibers. Another disadvantage of steel fiber is their higher specific 

gravity that significantly increases the unit weight of concrete. This further prevents steel fibers for 

light weight construction applications. The higher specific gravity further results in the increases 

weight of the steel fibers to be used for a mix in comparison to other fibers, resulting in higher costs.  

2.2 Synthetic Fibers 

Synthetic fibers are developed from various organic polymers found in petroleum and textile products. 

In the draft European Standard prEN 14889-2:2004[34], the following definition is provided for 

polymer fibers: “Polymer fibers are straight or deformed pieces of extruded orientated and cut 

material which are suitable to be homogeneously mixed into concrete or mortar”. Polymer is defined 

as: “basic fiber material based on polyolefin (e.g. polypropylene or polyethylene), polyester, nylon, PVA, 

acrylic and aramids etc. and blends of them”. In the same text, polymer fibers are classified as: 

￭ Class I; intended primarily to improve the short-term plastic properties of mortar and/or concrete 

by controlling plastic shrinkage, settlement cracks, and reducing bleeding, but not adversely affecting 

the long-term properties.  

￭ Class II; intended primarily to improve the durability of mortar and/or concrete by improving 

abrasion and impact resistance and by reducing damage caused by cycles of freezing and thawing.  

￭ Class III; fibres which primarily increase the residual strength of mortar and/or concrete.  

￭ Class IV; fibres which are primarily used to improve the fire resistance of mortar and/or concrete.  

 Table 2 enlists the properties of the most used synthetic fibers as per PCA. Synthetic fibers are 

basically lab manufactured and totally different from steel or glass. Owing to their diversified physical, 

chemical and dimensional properties, different type of synthetic fibers have been tested for fiber 



                                                                                                             
reinforced concrete such as polypropylene (PP)[4,6,35–49] , Polyvinyl  Alcohol (PVA)[50–58], 

polyolefin(PO)[59–64], Carbon[5,65–71], Polythene (PE)[72,73], Polyester[74–80], Acrylic[81–84], 

Nylon[85–97] and Aramid[98–106] etc.[13,107–118]. These can be mono-filament, micro-filament or 

fibrillated (Fig. 6). Table 1 gives the durability characteristics of different fibers 

             

 

Fig. 5 Synthetic fibers (monofilament, fibrillated & macro fibers)[119] 
 
 

Table 2:  Durability of synthetic fibers [107,110,120] 
 

 Environmental Durability Thermal resistance 

Fibre type 
Alkali 
resistance 

Water 
resistance 

Behavior at high 
temperature 

Temp. at 
which all st. is 
lost © 

Aramid Good Good 

Progressive loss in 
tensile st. at 200C 
or higher. 400-500 

Nylon Good Good 

Progressive loss in 
tensile st. at 100C 
or higher. 180-200 

Polyethylene Good Good 

Progressive loss in 
tensile st. at 100C 
or higher. 100-130 

Polypropylene Good Good to fair 

Progressive loss in 
tensile st. at 100C 
or higher. 120-150 



                                                                                                             

Poly (vinyl 
alcohol) Good Good 

Progressive loss in 
tensile st. at 100C 
or higher. 200-240 

Pitch-based 
carbon Good Good 

Gradual dec. in 
tensile st. at 300-
350C. 500-600 

PAN-based 
carbon Good Good 

Gradual dec. in 
tensile st. at 300-
350C. 500-600 

 

2.2.1 Polypropylene Fibers 

These fibers are most used in fiber reinforced concrete (Fig. 7). These fibers are readily available, 

cheap, hydrophobic and chemically stable. These fibers undergo very less strain at ultimate loads and 

have high strength (Table 1). The influence of short and discontinuous PP fibers on different 

characteristics of concrete has been extensively reported[35,40,43]. Although the tensile strength and 

modulus of elasticity of PP fibers is much less than those of steel fibers yet they induce significant 

ductility and toughness into the concrete matrix.  

   

Fig. 7 Different type of polypropylene fibres[121] 

In concrete, fibrillated PP fibers and monofilament PP fibers are commonly used. Fibrillated fibers are 

basically microfibers (low diameter, high aspect ratio). This makes them most suitable for restricting 

plastic shrinkage cracking in fresh concrete[48]. At the same time, monofilament fibers are macro 

fibers whose shape can also be modified for better bond characteristics. Different shapes of 

monofilament PP fibers such as straight, crimped, hooked, button end, twisted, sinusoidal etc. have 

been tested extensively in concrete[49]. Both the crimped and sinusoidal fibers outperformed in terms 

of increase in mechanical properties. Monofilament fibers develop both adhesion with the matrix and 

mechanically lock itself owing to its random geometry. This aids in the better bonding of fiber-matrix.  

One of the major issues of using PP fibers in concrete is its hydrophobic nature with very high contact 

angles. Therefore, when large volumes of concrete are to be prepared with higher fiber concentration, 



                                                                                                             
achieving the desired workability could be an issue. Some researchers have reported a loss of slump 

at volumes greater 1%, depending upon fiber dimensions and mix design[122]. Further, the 

hydrophobic nature of PP fibers results in poor fiber-matrix bond significantly affecting the mechanical 

properties of FRC. In a new development, by using specific chemical compounds on the surface of PP 

fibers before extrusion, the chemical bond of a macro PP fibers has been significantly improved as 

given in Table 3. 

Table 3: Performance improvement of chemical bond macro fiber relative to a reference fiber 

Polypropylene 

fiber 

ASTM 

C1399/C1399MM 

Average residual 

strength psi 

(Mpa) 

ASTM C1609/C1609M 

equivalent flexural 

strength ratio, % 

ASTM C1550energy 

absorption, in-lb(J) 

Pull-out 

Load, Ibf 

(N) 

Dosage, lb./yd2 

(kg/m2) 

5(3) 5(3) 9(5.3) Single fiber 

Reference 176(1.2) 27 3248(367) 14.4(64) 

Chemical Bond 240(1.7) 36 4283(464) 20(93) 

Performance 

Improvement, % 

37 33 32 45 

2.2.2 Nylon Fibers  

Nylon fiber is a standard name for a family of polymers, used for various applications. According to 

PCA2015, these fibers are developed from a nylon polymer and are converted into oriented, crystalline 

fiber structure by stretching, extrusion and heating[reference]. In concrete, nylon fibers have been 

used as secondary  reinforcements for preventing temperature related shrinkage in concrete[123]. 

Although, the nylon fibers don’t form any chemical bond with the matrix yet they are able to impart 

ductility to concrete as that of PP fibers owing the scarring of fibers and the consequent development 

of friction during pull-out[97]. In a more recent published work, it was reported all nylon fibers failed 

by pull-out in compression where in flexure, only 70% of fibers failed by pull-out[90]. As nylon fibers 

are available and used both in micro as well as macro size, their ability to modify the characteristics of 

concrete is similar to inherent properties of FRC. In one the reported work, both micro-macro 

monofilament nylon fibers were used for developing FRC. It was reported that micro-fibers 

significantly affected the pre crack stage characteristics of concrete such as plastic shrinkage etc. On 

the other hand, the macro fibers impacted the post crack  stage by increasing the post crack strength 

of concrete[85].  



                                                                                                             
Few studies have been reported wherein the use of recycled nylon fibers made from waste nylon 

products such as fishing nets etc.[95,124]. One of the characteristics of nylon fibers is that they are 

hydrophilic in nature and they tend to absorb water. This is one of the issues in using high 

concentration of nylon fibers in concrete as this tends to interfere with the workability of concrete 

mix. This further limit their scope of being utilized at very low concentrations especially for the short 

fibers. As already stated, the nylon fibers exhibit similar structural characteristics as that of PP fibers, 

therefore the choice of fibers bottle down to the cost. PP fibers are much cheaper than nylon fibers 

making them less desirable in practical purposes. 

2.2.3 Polyvinyl Alcohol Fibers 

The ban on the use of asbestos fibers in concrete in 80’s led to the research in the use high strength 

PVA fibers for FRC[51]. These fibers contain flexible hydroxyl; groups with an ability to form hydrogen 

bonds with between different molecules and within the single molecule itself. This makes PVA fibers 

highly suitable for FRC as it results in improved aggregate-matrix & fiber-matrix bond strength. 

Furthermore, the present ether oxygen functional groups act as weak base which can interact with 

electropositive materials such as C-S-H or magnesium. This makes PVA fibers more compatible in 

cement matrix environment and resulting in improved chemical bonding between the PVA fibers and 

the matrix[2,55,125]. PVA fibers are hydrophilic and yet they do not absorb much water. The 

compatibility of PVA fibers and cement matrix by virtue of its inherent characteristics and chemical 

composition negates the necessity pre-deforming the fibers for improving the bond. As a result, the 

PVA fibers are produced in monofilament form only for both micro & macro fibers. Owing to their 

strong fibre-matrix bond, the PVA fibers tend to fail by rupture and not by pull-out[126]. PVA fibers 

significantly increase the post crack toughness and provide great post crack ductility to the matrix but 

their addition mildly increase the flexural or tensile strengths[57]. This may be because of their low 

modulus of elasticity. 

2.2.4 Polyester Fibers 

These fibers belong to the thermoplastic group of polymers and fall in two categories, 1) Polyethylene 

Terephthalate (PET) and Poly-1, 4—cyclohexylene-Dimethylene Terephthalate (PCDT). PET is more 

ductile and silent, has more strength & stiffness than PCDT. PET is a common plastic used for making 

bottles. These are hydrophobic and temperature sensitive fibers. They are non-biodegradable and are 

the by-product of the textile industry. In concrete, they are added in very low volumes with sole 

purpose of reducing drying and plastic shrinkage cracking of fresh concrete[127]. Their very low 

modulus of elasticity prevents them from participating in mechanical characteristics of concrete. Their 



                                                                                                             
bond with concrete is only mechanical through adhesion. They do significantly improve the abrasion 

resistance of concrete and is therefore more popular in pavement constructions.  

2.2.5 Carbon Fibers 

Thomas Edison was one of early researchers who used carbon fibers as filaments in the electric bulb, 

which was soon replaced by tungsten. As carbon fibers gained popularity for their ability withstand 

vibration and their consequent use in US war ships, the prospects of their use for various structural 

applications broadened significantly. Fibers containing more than 92 % of carbon are termed as carbon 

fibers. These fibers are heat treated with temperature ranging from 1000-1500 0C. resulting in 2-

dimensional polycrystalline structure and in non-graphitic stage. As carbon fibers are developed from 

the pyrolysis of synthetic fibers (precursor fibers), a diverse range of mechanical, physical & chemical 

properties of carbon fibers can easily be achieved. The three most used precursor of carbon fibers are 

polyacrylonitrile (PAN), pitch and rayon. PAN fibers are also called high modulus or high strength 

fibers. The modulus is almost double to that of steel. Pitch fibers are developed from coal and 

petroleum products and are categorized as 1) general purpose fibers; 2) high performance fibers. It is 

to be noted that fibre characteristics depend upon the pitch at which they are produced. General 

purpose fibers are low modulus and low strength fibers owing their non-oriented fibre structure.  On 

the other hand, the oriented structure obtained from mesophase pitch material [39], high 

performance fibers have high tensile strength and high modulus of elasticity. Both pitch and PAN 

based carbon fibers have varying properties primarily because of different precursor matter, varying 

degrees of heat treatment, stretching and oxidation[11]. The table 4 below gives the properties of 

carbon fibers 

Table 4 : Properties of Carbon Fibers[120] 

Property PAN Type1 PAN Type2 Pitch 

Diameter (micro-m) 7.0-9.7 7.6-8.6 18 

Density(kg/m^3) 1950 1750 1600 

Mod. of elasticity 
(GPa) 

390 250 30-32 

Tensile st. (MPa) 2200 2700 600-750 

Elongation of break 
(%) 

0.5 1 2.0-2.4 

Coefficient of thermal 
expansion (*10^-6 /C) 

(-0.5) to (-1.2) [parallel] 
and 7 to 12 radial 

(-0.1) to (-0.5) [parallel] 
and 7 to 12 radial 

NA 

 

Carbon fibers are chemically inert, and they do not form any chemical bond with the surrounding 

matrix. The resulting bond between the carbon fibre and the surrounding matrix is purely mechanical 



                                                                                                             
due to friction developed at the interface. This further defines the failure pattern of carbon fibers. 

High modulus fibers, therefore, will fail in pull-out and low modulus fibers will fail by rupture. 

However, fibre failure also depends upon the strength of the surrounding matrix. In contrast to this, 

pitch-based carbon fibers were found to fail by pull-out mechanism than rupture in cement mortar 

specimen. However, the failure shifted from pull-out to rupture when the pitch based fibers were 

modified with latex[71].  

2.2.6 Polyethylene Fibers (PE) 

These fibers are produced from the commonly used plastic for packaging.  The characteristics of PE 

fibers are somewhat similar to those of the PP fibers being low in strength and low in 

modulus[113,128,128]. This trend has been changed with the development of ultra-high-density 

polyethylene with greater stiffness and strength. High strength and higher stiffness are proportional 

to the fibre density, its molecular weight and the degree of molecular alignment. This possibility of 

variation in the inherent characteristic of fibers during manufacturing along with their chemical 

stability, makes them most suitable for numerous applications such a different fabric, ropes, & yarns.  

Even though plenty of research has been reported wherein the use of PE fibers have used to 

reinforcement cement concrete composites, yet there is lacuna in the current state of the art about 

low performance FRC made with PE fibers. Furthermore, these fibers aren’t very popular despite being 

readily available and of low cost. This has been overcome with high strength PE (HSPE) fibers. 

2.2.7 Aramid Fibre 

 “Aromatic Polyamide” known as aramid fibers, high strength, and high modulus fibers, making them 

most suitable for structural applications. The chemical structure of aramid fibers consists of rigid 

molecular chains along the fibre axis. This enables the use of covalent bonds along the polymer chains 

making them high strength fibers so much so that their modulus is even greater than that of steel 

wires[129,130].. These are generally used for making high strength ropes and yarns, bullet proof vests 

etc. For various matrix-reinforcing applications, Kevlar and technora fibers are most commonly used. 

Kevlar fibers are produced by dry and wet spinning of aromatic polyamide where spinning is absent in 

the production of technora fibers. Different production methodologies make fibers differentiate 

themselves particularly, their chemical characteristics despite being made from the same parent 

material. The earliest work [131] on the use of aramid fibers reported impressive results of Kevlar-

cement composites in terms of mechanical properties, durability & fire resistance characteristics. In 

other work[132], it was reported that aramids are excellent for concrete. With fibers in concrete up 

to a volume of 2 %, an improvement of the order of 40-90% in tensile strengths was observed. It was 

also reported that the residual strength  and fracture toughness significantly increased for low crack 



                                                                                                             
openings[97,133]. In another study[134], different types, geometries, volumetric concentrations, 

diameters and different length of aramid fibers were tested in cement mortar. It was found that 

workability was inversely proportional, to fibre length and concentration. No significant changes in 

compressive strength found with short aramid fibers but longer fibers exhibited modest variations. 

The study suggested that aramid fibers significantly contribute in the pre crack strength development. 

In contrast to above study, aramid fibers in concrete mix with variations of 0.5, 1 and 1.5 % was used 

and the variation in compressive strength was studied[102]. It was found that low volumes at 0.5 % 

slightly increases the compressive strength whereas at 1 % & 1.5%, the compressive strength exhibited 

declivity.  

2.2.8 Acrylic Fibers 

These fibers are named after a polymer containing at least 85 % of acrylonitrile [11] and, the actual 

name is Polyacrylonitrile(PAN). The development of acrylic fibers also took place during 80’s in search 

of alternatives for banned asbestos fibers. These fibers are basically a product of the textile industry 

with tensile strength ranging between 24 to 340 MPa. Furthermore, their poor resistance to alkali and 

acids prevented their wide usage in cement concrete composites. Later, higher tensile strength acrylic 

fibers (ranging up to 600 MPa) were also developed but they were hydrophilic. These fibers have the 

capacity to absorb 2.5 % of water by weight that could be problematic in fresh concrete[11].  

High strength acrylic fibers with their lengths varying from 6-24 mm, diameter varying from 18-1054 

mm and elastic modulus up to 19.5 GPA were used in concrete[135]. It was found that acrylic fibers 

develop a superior bond with the fibre matrix owing to their irregular cross-sectional shape. A positive 

impact on reduced drying shrinkage at higher volumes was reported. Although the compressive 

strength decreases slightly, but the flexural tough significantly improved. Another study[136] explored 

the feasibility of using acrylic fibers as a reinforcing material in cement paste, mortars and concrete. 

The study employed two different type of acrylic fibers SEKRIL900 & SEKRIL130. The properties of 

these are given in Table 5. It was reported that SEKRIL 900 exhibited better bond between the fibre-

matrix than SEKRIL130. Further, the fracture & deformation behavior also followed the same sense. 

This could primarily be attributed to the longer length of the fibers.  

The summary of manufacturing of fibers is given in Table 6.  

 

 

 

 

 



                                                                                                             
Table 5: Description of raw material in the manufacturing process of fibers 

Property 28 days Aged 

Density 1900-2500 kg/m3 1900-2500 kg/m3 

Impact strength 935-25.4 
Nmm/mm2 

3.5-5.0 Nmm/mm2 

Compressive strength 48-83 MPa 70-83 Mpa 

First crack 6.0-10.0 MPa 7-11 Mpa 

Ultimate strength 17.0-28.0 MPa 9-14 Mpa 

Modulus of elasticity 10.0-20.0 GPa 17-24 GPa 

First crack 4.8-7.0 MPa 4.8-8 Mpa 

Tensile   

Ultimate strength 7.0-11.0 MPa 5-8 Mpa 

Modulus of elasticity 0.6-1.2 % 0.03-0.06 % 

Interlaminar 2.8-5.5 MPa 2.8-5.5 Mpa 

In plane 7.0-11.0 MPa 5-7.6 Mpa 

Coefficient of thermal 
expansion 

11-16 x 10-6℃^-1 11-16 x 10-6℃^-1 

 
Table 6: Description of raw material in the manufacturing process of fibers 

Fibre type                                                                                           Remarks 

Mineral Asbestos, basalt and brucite are considered the most popular group of mineral 
fibers. They come from deep in the Earth’s crust and can be found in cracks in 
solid rock. The most used raw materials are silicates [35], which can be 
manufactured by electro thermal methods [36,37]. 

Polyester Polyester fibers, manufactured from the polymerization of ethylene, are one of 
the most widely used synthetic fibers in the textile sector [38]. Polyester is a 
thermoplastic polymer which can be remelted and remolded. Therefore, it is 
considered an easily recyclable material. Its structure is a combination of 
crystalline and nanocrystalline regions [39] 

Polyacrylonitrile 
(PAN) 

Polyacrylonitrile fibers or PAN fibers as they are commonly known, are the result 
of the acrylonitrile polymerization process in the presence of a catalyst peroxide 
[40,41]. Its use is linked to composite structures for military and commercial 
aircraft [42] 

Carbon PAN fibers are considered the first precursor of the carbon fibers [43]. Carbon 
fibers exhibit higher specific strength, fatigue resistance and stiffness than any 
other type of reinforcement fibers. However, they have other interesting 
properties such as good electrical and thermal conductivity [44–46] 

Glass Glass fibre, also called fiberglass, is considered a mineral fibre as its 
manufacturing process involves limestone, kaolin clay, fluorspar, dolomite and 
other minerals [47] 



                                                                                                             
Steel Steel fibers are short discontinuous strips of manufactured steel. Their 

manufacturing process includes different types of arrangements including the use 
of materials such as carbon and phosphorous [48] 

Aramid Aramid fibers are considered man-made high-performance fibers. Aramid fiber’s 
first commercial applications appeared in the early 1960s and its main application 
is reinforcement of composites. Continuous fibre reinforcement polymers (CFRP) 
or aramid fibre reinforcement polymers (ARFP) are used in sports goods, aircraft, 
ballistic protection or structural applications, among others [49,50] 

Coconut This 100% natural product is obtained from the outer shell of the coconut fruit. 
Their walls are composed by lignin, a complex woody chemical [51] 

2.3 Glass Based Fibers 

Glass fibers are developed by a process where in the molten glass (derived from naturally occurring 

minerals or glass) comes out as filaments out of the heated platinum tank[11]. As soon as the filaments 

come out of the heating tanks, they are impregnated with “sizing” imparting a surface texture and 

reducing the contact angle. This is done to protect the filament from abrasion and modify the 

interfacial characteristics of the glass fibers. Normally 204 filaments can be drawn out at 

concomitantly followed by their solidification. Thereafter, the fibers can be given any shape such as 

short fibers, long fibers, a spool of fibers or could shaped into a mat (Fig.7).  

 

Fig. 7 Woven mat & continuous roving form of glass fibers[11] 

The typical structure of glass is shown in Fig. 8 and Table 1 gives the physical characteristics of the 

glass. The most used glass for reinforcing concrete is silica glass and basalt glass. Both these fibers 

have similar characteristics owing to same parent material. There is however, a slightly different in 



                                                                                                             
their chemical constituents resulting from different production processes. The constituents of basalt 

glass include iron, potassium, magnesium and sodium oxides. On the other hand, the silica glass 

contains silica majorly and some levels of boron dioxide[137,138].   

 

 

 

 

Fig. 8 Schematic structure of glass[139] 

In glass fibre (silica & basalt) cement composites, three different type of deteriorating 

mechanisms[140] play major roles:  

1) Chemical attack: One of the problems with glass fibers (E-type) is poor alkali resistivity of 

fibers. The pH of a fresh concrete is around 13 i.e., highly alkaline. It has been reported that 

E-glass fibers degrade much faster in the alkaline environment of concrete[11,141–144]. This 

is primarily because of the breaking Si-O-Si bonds in glass network by readily available OH- I 

ions. The degradation of glass results in the loss of weight and strength, followed by the 

reduction in the loss of cross-section. This was observed for e-glass in a cement matrix [145]. 

A study reported the durability of both silica glass and basalt glass exposed to acid alkali and 

salt solutions[146]. It was found that degradation was so severe that fibers lost their strength 

after exposure to acid and alkali solutions. However, fibers exhibited better performance as 

no loss of strength was reported.  

2) Mechanical attack: As per the study[147], the growth of hydration products in the paste 

surrounding glass fibers results in the embrittlement in the early curing stage of composite. 

This occurs even faster than the chemical attack resulting in the loss of filament length. 



                                                                                                             
3) Delayed Fracture: It has been theorized[148–150] that even before the chemical attack, 

fracture can begin as a result of pre-exiting flaws. In general, stress concentration take place 

around the flaws in glass. These are production flaws as they take place at the time of 

manufacturing. With the development of hydration products, the glass may come under load. 

As a result, the pre-existing flaws begin to grow and propagate, ultimately evolving into a 

failure. This type of failure is referred to as static fatigue failure. 

The problem of low alkali resistivity prevented the use of e-glass in GRC and was overcome by using 

glass in cement matrix with low alkalinity but it led to the development of AR-glass fibers[143,151–

153]. AR fibers are coated with specific alkali resistant glass polymer resins as done for GFRP 

bars[67,154–156]. Tables 7 & 8 enlists the characteristics of glass fibers. The AR glass is most 

commonly used for thin sheet panels used for exetererior façade purposes[11], where heavy load 

carrying members are required. Hence, their use in reinforcing concrete mix is very uncommon. It has 

been reported that the use of AR fibres result in the uneven distribution in the mix and often result in 

fibre damage during mixing[11]. Table 9 gives the specification of AR glass fibres for their use in 

concrete mixing.  

Table 7: Properties of single filaments of glass[157] 

Characteristic E glass AR 
glass 

Density (kg/m3) 2540 2780 

Tensile strength 
(MPa) 

3500 2500 

Modulus of elasticity 
(GPa) 

72.5 70 

Elongation at break 
(%) 

4.8 3.6 

  

Table 8: Chemical constituents of glass 

Column1 E glass AR glass 

SiO2 52.40% 71% 

K20 + 
Na2O 

0.5 11 

B2O3 10.4  

Al2O3 14.4 18 

Mg0 5.2  

CaO 16.6  

ZrO2  16 

Li2O  1 

 

 



                                                                                                             
Table 9: Property requirements of AR glass fibre as per ASTM C1666[11] 

Property Specification Value Method of Test 

   

Zirconia content 
(ZrO2) 

16% min X-ray fluorescence 

Density 2.68_+ 0.3 g/cm [167.0_+19 Ib/ft] ASTM D3800 

Tensile Strength 1.0-1.7 GPa ASTM D2256 

 [145*10-246*10psi] ISO 3341, JISR 3420 

Range of Filament 
Diameters 

8-30pm ASTM D578 

 [31*10-118*10in.] ISO1888, JISR 3420 

Roving tox _+10%of ASTM D1577 

 manufacturer's nominal ISO 1889, JISR 3420 

Strand length 
 

_+3mm[_+0.118in.] of 
manufacturer's nominal 

 

Caliper-Average of 20 
measurements 
Physical count 

End count _+20% of manufacture's nominal  

Loss on ignition 
 

<3% 
 

ASTM D4963, ISO 1887 
JISR 3420 

Strength retention 
 
 
 
 

Minimum value after 96_+1h in 
water at 80 

_+ 1C [176_+2F] 
_>250 Mpa [36 250 psi] 

for water dispensable strands 
_>350MPa [50 750 psi] 

EN 14649 
 
 
 
 

 

On the similar lines because of poor alkali resistivity and related degradations, AR basalt fibers were 

developed. These fibers were exposed to acid, alkali and salt solutions as a measure to evaluate their 

durability, it was found that strength reductions were found related to acid exposure only[158]. 

Several attempts have been made in surface modification of the basalt fibre to make them suitable 

for concrete applications[159] 

2.4 Natural Fibers 

In a push towards sustainable construction, the scope of natural fibers as reinforcements in concrete 

have been explored significantly in the last four decades. The company that started developing 

asbestos fibers in 1917 (James Hardie Industries) started exploring cellulose as an alternative as early 

as 1940. In Europe, cape industries started developing boards with 5 % of cellulose fibers along with 

high concentration of minerals, for fire resisting use[160,161]. As the health concerns with the use of 



                                                                                                             
asbestos fibers increased, resulting in the banning of asbestos cement production, companies started 

to look for alternatives (Table 10). The result was the development of ‘cellcern” containing a mixture 

of cellulose and other fibers. 

Table 10: Comparison of the properties of fibers for possible asbestos alternatives[162] 

Fibre Alkali 

resistivity 

Temperature 

Resistivity 

Process 

ability 

 

Strength 

Toughness Price 

Wood pulp 

(Chem) 

High High High High High Low 

Wood pulp 

(mech) 

Medium Medium Medium Medium Low Low 

polypropylene High Low Low Low Low Medium 

PVA High Low Low High High Medium 

Kevlar High Medium Medium High High High 

Steel High High Low Low Low Medium 

Glass Low High Low Low Low Medium 

Mineral fibre Low High Low Low Low Low 

Carbon High High Low High High High 

 
For reinforcement purposes, natural fibers can be generalized as cellulosic fibers, produced within the 

organic tissue of plants. Only those fibers that can exhibit significant strength and dimensional 

characteristics are concerned for reinforcing applications As per[163], natural fibers can be divided 

into 4 major categories(Table 11):  

1) Stem or blast fibers are obtained by clearing the stalks of plants of unwanted materials using 

a combined action of moisture and bacteria(retting). This is followed by drying and then the 

textile fibers can be spun into a yarn. They are commonly used as full length bundled or 

strands of fibers. Jute and flax fibers are fall in this category. 

2) Leafy fibers are obtained by crushing and scrapping of leaves to extract fibers out. This 

followed by drying. The cellular tissues and gummy substance are separated during leaf 

processing. This makes them harder, stiffer and coarser in nature. Sisal, henequen & abaca 

fall in this category of fibers. Sisal, however, is the commonly used fibers. 

3) Surface fibers are the single cell fibers obtained from the surface of stems, fruits and seeds of 

plants. Cotton and coconut fibers fall in this category. Coir fibers are commonly used for 

reinforcing in cement composites[161,163]. Coconut fibers are obtained from the husk 



                                                                                                             
surrounding the nut by soaking them in water, beating with spikes in order to separate long, 

coarse fibers.  

4) Wood (cellulose) fibers are most suitable for long term performance in cement matrix as they 

are short and strong. The parent wood (bamboo or sugarcane) is processed and by using 

mechanical treatment, good quality cellulose fibers can be extracted from the pulp.  

 

Table 11 gives the properties of these fibers[161–163] 

Plant 
fibre 

Tensil
e 

streng
th 

(MPa) 

Young
’s 

modul
us 

(GPa) 

Specifi
c 

modul
us 

(GPa) 

Failu
re 

strai
n (%) 

Lengt
h of 

ultima
te l 

(mm) 

Diame
ter of 
ultima

te 
(mm) 

Aspe
ct 

ratio
, l/d 

Microfil
m, θ 

(degree
) 

Densi
ty 

(kg/m
3) 

Moist
ure 

conten
t (eq.) 

(%) 

Cotton 300-
700 

6.0-10 4-6.5 6.0-8 20-64 11.5-
17 

### 20-30 ### 8.5 

Kapok 93 4 13 1 8.0-32 15-35 724 _ 311-
384 

10.9 

Bambo
o 

575 27 18 _ 2.7 10.0-
40 

### _ ### _ 

Flax 500-
900 

50-70 34-48 1.3-
3.3 

27-36 17.8-
21.6 

### 5 1400-
1500 

12 

Hemp 310-
750 

30-60 20-41 2.0-4 8.3-14 17-23 549 6.2 1400-
1500 

12 

Jute 200-
450 

20-55 14-39 2.0-3 1.9-
3.2 

15.9-
20.7 

157 8.1 1300-
1500 

12 

Kenaf 295-
1191 

22-60 _ _ 2.0-61 17.7-
21.9 

119 _ 1220-
1400 

17 

Ramie 915 23 15 4 60-
250 

28.1-
35 

### _ ### 8.5 

Abaca 12 41 _ 3 4.6-
5.2 

17-
21.4 

257 _ ### 14 

Banana 529-
914 

27-32 20-24 1.0-3 2-3.8 _ _ 11.0-12 1300-
1350 

_ 

Pineap
ple 

413-
1627 

60-82 42-57 0-1.6 _ 20-80 _ 6.0-14 1440-
1560 

_ 

Sisal 80-
840 

9.0-22 6.0-15 2.0-
14 

1.8-
3.1 

18.3-
23.7 

115 10.0-22 1300-
1500 

11 

Coir 106-
175 

6 5.2 15-
40 

0.9-
1.2 

16.2-
19.5 

64 39-49 1150-
1250 

13 

 
In general, natural fibers such as hardwood, softwood, jute, hemp, sisal banana, palm, coconut, kenaf, 

ramie, pineapple, maguey, lechuguilla, caruua, flax, wheat, barley, sugar cane etc. are some of the 

fibers that have been used for reinforcing cementitious composites[11]. Table 11 gives the detail of 



                                                                                                             
some selected fibers. Since natural fibers come from different species of plants, a great variation in 

their characteristics can be seen. Table 12 gives the compositions of most common natural fibers. 

Table 12 : Constituents of natural fibers[11] 

Name of the 
fibers 

Cellulos
e(wt.%)  

Lignin 
(wt.%) 

Hemicellu
los-lose 
(wt.%) 

Pectin 
(wt.%) 

Wax 
(wt.%) 

Microfibri
llar/spiral 
angle 
(degree) 

Moisture 
content 
(wt.%) 

Bast fibers        

Jute  61-71.5 12.0-
13.0 

13.6-20.4 0.2 0.5 8.0 12.6 

Flax 71 2.2 18.6-20.6 2.3 1.7 10.0 10.0 

Hemp 70.2-
74.4 

3.7-5.7 17.9-22.4 0.9 0.8 6.2 10.8 

Ramie 68.6-
76.2 

0.6-0.7 13.1-16.7 1.9 0.3 7.5 8.0 

Leaf fibres        

Sisal 67-78 8.0-11.0 10.0-14.2 10.0 2.0 20.0 11.0 

Pineapple 
leaf fibre 

70-82 5.0-12 _ _ _ 14.0 11.8 

Seed fibers        

Cotton 82.7 0.7-1.6 5.70 _ 0.6 _ 33-34 

 

The most pertinent issues about using natural fibers is their susceptibility to degrade in alkali rich 

environment resulting in the mineralization of fibers[164,165]. The water absorption capacity of 

natural fibers is high that can easily result in volumetric instability in the matrix[166]. 

3.0 Closing Remarks 

The use of fibers as a local reinforcement in cement-concrete mix can significantly enhance its 

mechanical characteristics and overall long-term performance. The pre-deformed metallic fibers 

significantly induce ductility and increases the strength of the composite by virtue of mechanical 

bonding (deformed geometry) and by adhesion through interfacial friction. However, their 

vulnerability to corrode and conversely, the use of coated fibers being costly, makes them unsuitable 

in the marine/aggressive condition. Low cost, chemical stability and other recent advancements have 

brought synthetic fibers on the top of the list for reinforcing cement composites. Although their 

stiffness is not comparable with that of steel but their capacity to control the mechanisms of like 

plastic shrinkage or thermal cracking etc., is impeccable. Glass fibers have high modulus and high 

strength are most suitable to be used on the outer portion as reinforcement such as GFRP wraps or 

thin glass sheets. Their susceptibility to degrade under highly alkaline environment makes them not a 

very good choice to be used as short fibers inside concrete matrix. Natural fibers seem promising and 
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Appendix 8 

Fig. 1 Lay-out of the bus pad and details of sensor location 
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Fig. 2 Different type of sensors embedded inside concrete 
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Fig. 3 Visual assessment of bus pads at 28th day 
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Fig.4 28th Day Schmidt Hammer testing data 
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Fig.5 28th Day Electrical Resistivity testing data 
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Fig.6 28th Day Ultrasonic Pulse Velocity testing data 
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a) 

 
b) 

Figure 7 a: Relative Voltage Attenuation Coefficient (RVAC) for signals recorded in concrete bus 

pad by piezoelectric sensors (P1, P2, P4, P5, and P6) when piezoelectric actuator (P3) was excited. 

Figure 7 b: Relative Voltage Attenuation Coefficient (RVAC) for signals recorded in CFRC bus pad 

by piezoelectric sensors (P7, P8, P10, P11, and P12) when piezoelectric actuator (P9) was excited. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1 Data acquired from embedded temperature sensor in normal concrete bus pad and CFRC 

bus pad 

Temperature Data Bus Pad -2 CFRC Bus Pad 

Day of 

testing 

Date of 

Reading TH1 TH 2 TH 3 TH 4 TH 5 TH 6 TH 7 TH 8 

Ambient 

Reading 

1 09-29-20 No recording No recording 

No 

recording 

No 

recording 19.5 19.6 20 19.6 23.2 

2 09-30-20 No recording No recording 

No 

recording 

No 

recording 19.6 19.2 19.5 19.3 18.3 

3 10-01-20 No recording No recording 

No 

recording 

No 

recording 18.5 18.8 19 19.2 19.7 

4 10-02-20 No recording No recording 

No 

recording 

No 

recording 17.8 18 18.2 18.2 18.2 

5 10-05-20 No recording No recording 

No 

recording 

No 

recording 16.1 15.6 16.3 16.1 16.3 

6 10-06-20 No recording No recording 

No 

recording 

No 

recording 16.6 16.5 16.7 17 17.7 

7 10-08-20 No recording No recording 

No 

recording 

No 

recording 17 16.6 16.9 17.1 17 

8 10-09-20 No recording No recording 

No 

recording 

No 

recording 16.9 16.8 17.1 17.1 16 

9 10-13-20 No recording No recording 

No 

recording 

No 

recording 14.1 13.9 14.3 14.4 12.7 

10 10-15-20 No recording No recording 

No 

recording 

No 

recording 13.3 13 13.6 13.7 12.6 

11 10-16-20 No recording No recording 

No 

recording 

No 

recording 15.2 14.9 15.1 15.4 15 

12 10-19-20 No recording No recording 

No 

recording 

No 

recording 13.8 13.6 14 14 

No 

Reading 

13 10-20-20 No recording No recording 

No 

recording 

No 

recording 10.9 10.8 11.5 11.5 

No 

reading 

14 10-22-20 No recording No recording 

No 

recording 

No 

recording 11.1 10.5 11.2 11.2 

No 

reading 

15 10-23-20 No recording No recording 

No 

recording 

No 

recording 9.6 9.7 10.1 10.2 

No 

reading 

16 

10-26-20 No recording No recording 

No 

recording 

No 

recording 7.5 8.1 8.1 8.03 

No 

reading 

17 10-27-20 No recording No recording 

No 

recording 

No 

recording 10.9 10.9 10.9 11.3 

No 

reading 

 

 

 

 

 



 

 

Table 2 Data acquired from embedded humidity sensor in normal concrete bus pad and CFRC bus 

pad 

Humidity Data Bus Pad-2 CFRC Bus Pad 

Day of 

testing 

Date of 

Reading H1 H 2 H 3 H 4 H 5 H 6 H 7 H 8 

Ambient 

Reading 

1 09-29-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 61.8 

2 09-30-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 99.5 100 97.6 

3 10-01-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 97.8 

4 10-02-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 100 

5 10-05-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 99.9 

6 10-06-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 96.8 

7 10-08-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 97 

8 10-09-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 97 

9 10-13-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 98.8 

10 10-15-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 98.9 

11 10-16-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 98.8 

12 10-19-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 

No 

reading 

13 10-20-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 

No 

reading 

14 10-22-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 

No 

reading 

15 10-23-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 

No 

reading 

16 10-26-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 

No 

reading 

17 10-27-20 

No 

recording 

No 

recording 

No 

recording 

No 

recording 100 100 100 100 

No 

reading 

 

 

 

 



Table 3 Data acquire from embedded thermocouples in Bus Pad-2 and CFRC Bus Pad 

Thermocouple data Bus Pad-2 CFRC Bus Pad  

Day of 

testing 

Date of 

Reading 

Time of 

Reading TC 3 TC 10 TC 6 TC 9 Ambient Temperature 

1 09-29-20 10:50am 19.7 19.4 21.1 20.7   

  09-29-20 2:08pm         21.2 

2 09-30-20 11:30am 19.7 20.2 19.6 25.2 18.5 

3 10-02-20 11:15am 19.3 18 18.2 25.1 19.4 

4 10-05-20 11:20am 16.7 16.6 17.1 16.9 16.5 

5 10-16-20 2:10 PM 14.4 14.7 14.5 14 14.2 

6 10-19-20 2:20 PM 13.7 13.6 13.3 13 12.5 

7 10-26-20 10:00 AM 8.9 9.1 8.4 8.3 8 

8 11-1-20 11:20AM 8.6 9 7.8 7.7 8.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4 Average strain readings from embedded strain gauges in Bus Pad-2 and CFRC Bus Pad 

Strain Gauge Data Bus Pad-2 CFRC Bus Pad 

Day of 

testing 

Date of 

Reading SG 1 SG 2 SG 3 SG 4 SG 5 SG 6 SG 7 SG 8 SG 9 SG 10 SG 11 SG 12 

1 09-29-20 

0.69

3153 

0.69

3153 

0.69

3153 

0.69

3153 

0.69

3153 

0.69

3153 

0.69

3153 

0.6931

53 

0.6931

53 

0.6931

53 

0.6931

53  

0.69315

3 

2 09-30-20 

0.69

3153 

0.69

3153 

0.69

3153 

0.69

3153 

0.02

9460

667 

0.00

0437

056 

0.69

3153 

0.6931

53 

0.6931

53 

0.6931

53 

0.0578

14111 

0.69315

3 

3 10-02-20 

0.68

1696 

0.68

1696 

0.68

1696 

0.46

0088

333 

0.69

3153 

0.68

6466 

0.69

3153 

0.6931

53 

0.6931

53 

1.1222

2E-05 

0.6864

66 

-

0.03722

0389 

4 10-05-20 

0.69

3153 

0.69

3153 

0.00

0241

944 

0.00

0552

556 

-

0.00

0115

111 

0.00

0372

167 

0.69

3153 

0.0538

17889 

-

0.0013

24778 

-

0.0001

93667 

-

0.0001

195 

0.00002

3 

5 10-13-20 

0.00

2218

9 

0.02

2246

25                     

6 10-16-20 

0.00

0770

575 

0.00

2763

267 

0.04

5495

267 

0.68

6466 

0.00

1146

5 

0.68

6466 

0.69

3153 

0.6931

53 

-

6.5333

3E-06 

0.0004

158 

-

7.235E

-05 

0.04710

07 

7 10-19-20 

0.00

0064

5 

0.00

0448 

0.00

0033 

0.68

6466 

0.69

3153 

-

0.00

0200

4 

0.68

6466 

0.6864

66 

0.0000

0125 

0.6864

66 

0.0000

37 

0.06303

0775 

8 10-26-20 

9.07

333E

-05 

0.45

2380

35 

0.03

6359

36 

0.68

6466 

0.00

0147

8 

0.00

5983

659 

0.68

6466 

0.6864

66 

-

0.0000

2485 

-

0.0001

4765 

0.0231

26533 

-

0.00043

155 

9 11-1-20 

-

0.00

2748

1 

0.69

3153 

0.26

8822

1 

-

0.03

7892

133 

-

0.00

8587

4 

0.68

6240

62 

-

0.00

1659

071 

0.6931

53 

0.0917

55571 

0.0068

5595 

0.0007

865 

-

0.00161

8414 

 

 

 

 

 

 

 

 

 



Table 5 Details of testing of concrete samples cast on –site. 

Sample 

Nomenclature 

Sample Details ASTM 

standards  

Number of 

Samples  

Type of test Average values 

 

 

           

Control      CFRC 

C-1, C-2, C-3, 

CF-1, CF-2, CF-3 

Cylinders of size 4-inch(100 mm) 

diameter and 8-inch (200 mm) length 

ASTM 

C39 

6 Compressive 

strength test 

16.83 

MPa 

15.50 

MPa 

F-1, F-2, F-3, FCF-

1, FCF-2, FCF-3 

Medium size beams of size 400 X 

400 X 100 mm  

ASTM 

C78 

6 Flexural 

strength test 

4.18 MPa  5.3 MPa 

R-1, RCF-1 Round panels of size 800 mm 

diameter and 100 mm thickness 

ASTM 

C1550 

4 Round Panel 

Test 

20.7 KN 20.7 KN 

 




