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This study describes an experimental investigation into the relationships among 

strength, voids and permeability of concrete resulting from the addition of different 

fibers. The fiber volume fractions considered in this study were 0.5% for polypropylene 

fibers, 0.75% for polyvinyl alcohol fibers, 0.1% for cellulose fibers, and 0.89% for 

hooked steel fibers, commonly used in Florida industry. Tests on the mechanical 

properties included compressive strength, elastic modulus, and splitting tensile strength. 

The durability tests included volume of voids and water permeability. 

The fresh fibrous mixes were characterized by their slump, inverted slump-cone 

time, Vebe time, air content, and unit weight. The addition of PP, PVA, and hooked steel 

fibers greatly decreased the fresh mix workability. 

High permeable voids resulting from the incorporation of PP, PVA, and cellulose 

fibers resulted in a lower splitting tensile strength than plain concrete mixes. Hooked 
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steel fibers showed the highest splitting tensile strength among all concrete mixes, 

regardless of volume of voids. 

The incorporation of PP, PVA, and steel fibers slightly increased the compressive 

strength and modulus of elasticity. This increased strength affected the resistance to water 

penetration rather than the effect of the amount of porosity. The Class II concrete having 

a lower compressive strength than the Class V concrete showed lower resistance to water 

penetration. Among all the fiber types, the hooked steel fibers having high modulus, 

elongation, and tensile strength showed the highest resistance to water penetration.  
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

Since ancient times, fiber reinforcement has been used to reinforce brittle materials. 

Straw was used to reinforce sun-baked bricks, and horsehair was used to reinforce 

masonry mortar and plaster. A pueblo house built around 1540, believed to be the oldest 

house in the United States, is constructed of sun-baked adobe reinforced with straw (ACI, 

1996). 

Currently, a wide range of engineering materials (including ceramics, cement, 

plastics, and gypsum products) incorporate fibers to enhance composite properties. The 

enhanced properties include tensile strength, elastic modulus, crack resistance, crack 

control, durability, fatigue life, resistance to impact, plastic shrinkage and settlement, 

expansion, thermal characteristics, and fire resistance (ACI, 1996). Considerable 

research, development, and application of FRC are taking place throughout the world. 

Industry interest and potential business opportunities are evidenced by continued new 

developments in fiber reinforced construction materials. These new developments are 

reported in numerous research papers, international symposia, and state-of-the-art reports 

issued by professional societies. Steel and synthetic fibers have been the most prevalent 

in highway applications. They have been used in pavements, bridges, median barriers, 

retaining walls, pipe, and shotcrete. Specifiers continuously state they are looking for 

improved performance and life cycle costs (AASHTO-AGC-ARTBA Joint Committee, 

2001).  

1 
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1.2 Objectives 

The following were the primary objectives of the study presented in this thesis: 

• Evaluate the influence of fiber addition for a variety of fiber types, on the 
properties of fresh and hardened concrete. 

• Determine correlations among strength, void content and permeability results from 
laboratory experiments for the various fiber types. 

1.3 Scope 

         This study focuses on the experimental investigation of the behavior of fiber- 

reinforced concrete. The properties investigated include workability, air content, 

compressive strength, splitting tensile strength, volume of voids, and permeability. 

1.4 Research Plan 

The following items constitute the research plan for this study: 

• A literature review covering past research into the durability of fiber reinforced 
concrete. 

• Four fiber types were selected for study: Dramix ZP 305 hooked-collated steel fiber 
from Bekaert, STRUX 90/40 monofilament polypropylene / polyethylene blend 
fiber from Grace Construction Products, RF 4000x30 monofilament polyvinyl 
alcohol fiber from Kuraray, and Buckeye UltraFiber 500TM pressed-squared virgin 
cellulose fiber from Durafiber. These fiber types are commonly used in Florida 
industry and are purported to affect the mechanical and durability properties. 

• Ten mixtures were designed to evaluate the plastic and hardened properties of fiber 
reinforced concrete, divided into two concrete classes as per Florida Department of 
Transportation (FDOT) specification. The classes investigated were Class II (w/c-
0.44) and Class V (w/c-0.37). Two kinds of control samples were cast to evaluate 
the affection of fibers. First, plain concrete mixes were performed for each Class. 
Then, additional concrete samples before adding fibers were taken out and cast 
when the fiber mixes. 

• The following laboratory tests were used to ascertain plastic properties of FRC. The 
slump test has been found to be an inappropriate method to measure workability of 
FRC so other methods were chosen. The Vebe Test (ASTM C 1170) and Inverted 
Slump Cone (ASTM C 995) were used to quantify FRC workability. The Air 
Content Test (ASTM C 1170) was performed to ensure that the introduction of 
fibers did not result in the entrapment of unwanted air voids within the concrete 
that could result in crack initiation or increased permeability. 
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• The following laboratory tests were used to ascertain the mechanical properties of 
FRC: compressive strength, modulus of elasticity, and splitting tensile strength.  

• The following laboratory test was used to ascertain durability performance: volume 
of voids and water permeability test. 

• The data was analyzed and the relationships between strength, voids and 
permeability were made.

 



CHAPTER 2 
LITERATURE REVIEW 

Primarily organized into steel and synthetic fibers, this literature review was 

undertaken in order to understand the mechanical and durability properties of FRC that 

affect strength, energy absorption and water permeability. The characteristics of various 

fibers and the behavior of concrete reinforced with each of these fibers are discussed 

herein. It was also important to review previous studies concerning the performance of 

fiber-reinforced concrete based on steel, polypropylene, polyvinyl alcohol, and cellulose 

reinforcements. 

2.1 Principles of Fiber Reinforced Concrete 

2.1.1 Fiber Reinforced Concrete 

Fiber reinforced concrete is a concrete mixture containing short discrete fibers that 

are uniformly distributed and randomly oriented in three dimensions. Fiber material can 

be steel, cellulose, carbon, polypropylene, glass, nylon, polyester, etc.  A fiber contributes 

to the load-carrying capacity of a body which consists of a fiber embedded in a 

surrounding matrix. The load is transferred through the matrix to the fiber by shear 

deformation at the fiber matrix interface. This load transfer generally arises as a result of 

the different physical properties of the fiber and the matrix (e.g., the different modulus of 

elasticity values of the fiber and the matrix). Expressions for the variation of in shear 

stress along the fiber matrix interface and the tensile stress in the fiber can be obtained by 

considering the equilibrium of forces acting on an element of the fiber. Variations in the 

mechanical properties and geometry of both the fiber and the matrix result in different 

4 
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failure mechanisms for the composite (e.g., pull-out of fibers from the matrix) (Beaudoin, 

1990). 

2.1.2. Role of Fibers in Cement Composite 

The incorporation of fibers into a brittle hydrated cement matrix serves to increase 

the fracture toughness of the composite by the resultant crack arresting processes and 

normally increases the tensile and flexural strengths. A high fiber tensile strength is 

essential for a substantial reinforcing action. A high ratio of fiber modulus of elasticity to 

matrix modulus of elasticity promotes stress transfer from the matrix to the fiber. Fibers 

having large values of failure strain give high extensibility in composites. Problems 

associated with fiber debonding at the fiber-matrix interface are prevented by fibers 

possessing a lower Poisson’s ratio. In practice most fibers have surface flaws due to 

handling, processing, manufacturing, and ageing, etc. Defects on the surface of fibers can 

the strength properties of the composite. The strength reduction due to the presence of 

flaws varies with fiber length and diameter (Beaudoin, 1990). 

2.1.3 Fiber Mechanism 

Fibers work with concrete to utilize two mechanisms: the spacing mechanism and 

the crack bridging mechanism. The spacing mechanism requires a large number of fibers 

well distributed within the concrete matrix to arrest any existing micro-crack that could 

potentially expand and create a sound crack. For typical volume fractions of fibers, 

utilizing small diameter fibers to micro fibers can ensure the required number of fibers 

for micro crack arresting. The second mechanism, crack bridging, requires larger straight 

fibers with an adequate bond to concrete. Steel fibers are considered a prime example of 

this fiber type and are commonly referred to as large diameter fibers or macro fibers. 

 



 6

Benefits of using large steel fibers include impact resistance, flexural and tensile 

strengths, ductility, and fracture toughness (Bayasi et al., 1989). 

2.1.4 Fracture Toughness 

A major role of fibers in fiber-reinforced cement composite is to provide toughness, 

i.e. increasing the energy consumed by for the fracture processes. In general, fibers 

serving as crack arrestors or barriers increase the tortuosity of an advancing crack. Two 

processes that increase the value of the fracture energy are fiber pull-out and fiber 

debonding, which are considered to be energy dissipating processes applicable to brittle 

materials (Kelly, 1970). Pull-out work is defined as the work done against sliding friction 

in extracting fibers from a broken matrix, and debonding as the work done in destroying 

the bond between fiber and matrix. 

2.1.5 Fiber-Cement Paste Interface  

The nature of the fiber-cement interface is particularly complicated, since there 

may be a chemical reaction between the cement and some types of fibers. Generally, an 

increase in bond strength results in increased crack resistance. In common practice, the 

better bond strength is achieved by using a reinforcement having a rough surface, which 

needs more frictional energy during pull-out. 

2.1.6 Stress-Strain Behavior 

Idealized stress-strain curves for cement matrices reinforced with discontinuous 

fibers have been presented by several authors. The curves generally contain three distinct 

regions as shown in Figure 2.1 (Beaudoin, 1990).  

• Region 1: In the first region, the load is carried by both the fibers and the matrix. 
Stress is transferred to the fibers when cracking in the matrix occurs. Stress is 
transferred back from the fibers into the matrix in regions away from the crack.  
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• Region 2: In cement composites, multiple fractures of the matrix usually occur in 
the second region as the fiber failure strain generally exceeds that of the matrix. 
Significant strain, cracking and energy absorption takes place in this region. Stress 
transfer alternates between the matrix and the fibers resulting in formation of fine 
cracks.  
 

• Region 3: In the third region, the matrix no longer contributes significantly to the 
load carrying capacity of the composite as stress ceases to be transferred from the 
fibers back into the matrix. Additional stress is carried by the bridging fibers. 
Interfacial bond strength and fiber properties control composite failure.  

 

Region 2 
                       Plain Concrete  

St
re

ss
 

                       Steel Fiber 
                       Synthetic Fiber    Region 1 

Region 3 

Strain  
 
Figure 2-1 Typical Types of Stress and Strain Curve in Compression 

2.2 Mechanical Behavior of Fiber Reinforced Concrete 

Concrete made with Portland cement has certain characteristics: it is relatively 

strong in compression but weak in tension and thus tends to be brittle. The weakness in 

tension can be overcome by the use of conventional rod reinforcement and to some extent 

by the inclusion of a sufficient volume of certain fibers. The use of fibers also alters the 
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behavior of the fiber-matrix composite after it has cracked, thereby improving its 

toughness. 

2.1.1 Compressive Strength 

ACI Committee 544 (1989) reported that the presence of fibers alters the mode of 

failure of cylinders by making the concrete less brittle. Significant post-peak strength is 

retained with increasing deformation beyond the maximum load. Fibers usually have only 

a minor effect on compressive strength, slightly increasing or decreasing the test result. 

Since smaller cylinders give higher strengths for conventional concrete and promote 

preferential fiber alignment in FRC, small cylinders with long fibers may give 

unrealistically high strengths. 

The compressive properties of fiber-reinforced concrete (FRC) are relatively less 

affected by the presence of fibers as compared to the properties under tension and 

bending. The influence of fibers in improving the compressive strength of the matrix 

depends on the use of mortar or concrete having coarse aggregates and on the magnitude 

of compressive strength. Studies prior to 1998 including those of Williamson (1974) and 

Naaman et al. (1974) showed that with the addition of fibers there is an almost negligible 

increase in strength for mortar mixes; however for concrete mixes, strength increases by 

as much as 23%. 

2.1.1.1 Steel fiber reinforced concrete 

Fanella and Naaman (1985) conducted that the effect of a comprehensive 

evaluation of the stress-strain properties of steel fiber reinforced mortar (concrete) in 

compression. Three volume contents (1, 2, and 3%) and three aspect ratios (47, 83, and 

100) were evaluated in combination with three mortar matrices of increasing compressive 
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strength. The steel fibers were smooth and brass-coated. The results showed a slight 

improvement in compressive strength ranging from 0 to 15% at best.  

Naaman et al. (1993) reported that the effect of adding 1% by volume of 1.2 in. (30 

mm) hooked steel fibers with an aspect ratio of 60 slightly increased the compressive 

strength in comparison with the control mix (17%), resulting in a much larger area under 

the stress-strain curve and thus indicating a substantial increases in ductility and energy 

absorption to failure. On the other hand, the addition of 2% by volume of 1.2 in (30 mm) 

hooked steel fibers with an aspect ratio of 60 caused significant increases in the 

compressive strength. In comparison with the control mix, there was an average increase 

of 30% in compressive strength. The coarse aggregate was crushed limestone with a 

maximum size of 0.5 to 0.75 in and the w/c ratio was 0.34. Poon et al. (2004) reported 

that the use of steel fibers at the level of 1% resulted in a small increase of about 3% in 

the compressive strength.  The steel fibers used were hooked fibers with a length of 25 

mm and an aspect ratio of 60. 

However, Ding and Kusterle (2000) reported different results from the previous 

study. The steel fiber contents for compressive strength tests were 20, 40 and 60 kg/m3; 

fiber length of 30 mm, diameter of 0.5 mm. The hooked end fiber had an aspect ratio of 

60. The results showed that adding 20 kg/m3 by volume slightly increased the 

compressive strength (1.8%). On the other hand, other fiber volume fractions slightly 

decreased the compressive strength (i.e., 9% for 40 kg/m3 and 3% for 60 kg/m3 by 

volume). In addition, the improvement in strength does not always increases with a larger 

dosage of fibers material. 
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2.1.1.2 Synthetic fiber reinforced concrete 

Malhotra et al. (1995) studied the mechanical properties of polypropylene fiber 

reinforced concrete. Fibrillated polypropylene fiber, 1.55-in in length, was used. The 

fiber contents were 4 kg/m3 (0.44%) and 5 kg/m3 (0.54%) of the mixed concrete by 

volume. The incorporation of the fibers in the concrete had, in general, no significant 

effect on the compressive strength, although there were a few exceptions. Yao et al. 

(2000) also observed that there was no significant improvement in the compressive 

strength with using smooth and straight polypropylene fiber when the fiber content was 

0.5% and the length was 15 mm.  

In 2003, Choi et al. published the results of compressive strength of polypropylene 

fiber reinforced concrete (PFRC). A monofilament fiber 0.90 mm in diameter and 50 mm 

in length was used. The fiber contents were 1.0% and 1.5% of the mixed concrete by 

volume. This polypropylene fiber has a “wavelength” shape and is collated in small 

bundles for rapid introduction into concrete mixtures. Plain concrete samples failed 

explosively at their peak load while PFRC samples broke with vertical cracks on the 

surface of the sample at about 70-85% of the peak load. The average compressive 

strength showed that the polypropylene fiber did not contribute to the increase of the 

compressive strength. However, the strains according to peak load increased 

significantly, as did the toughness. 

Naaman et al. (1993) reported that mixes containing 1% or 2% by volume of 

polypropylene fibers showed deterioration in the compressive stress-strain response when 

compared with the control mix using 0.75 in length. Unlike the steel fiber mix at 1% and 

2% volume fraction, the polypropylene mix at 1% and 2% volume fraction showed a 

significantly lower ductility. They concluded that this lower ductility may be attributed to 
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the low elastic modulus of the polypropylene fibers and their poor bonding properties in 

comparison with steel fibers. Leung et al. (2005) investigated that the addition of 0.5% 

polypropylene fiber measuring 15 mm in length and 0.5% polyvinyl alcohol fiber 

measuring 12 mm in length decreased the compressive strength about 10% for PP and 15 

% for PVA fibers in comparison with plain concrete.  They explained that the 

incorporation of small diameter fibers into the mix makes compaction more difficult, and 

hence, more entrapped air remains in the final specimen.  

However, Song et al. (2005) found that the addition of PP fibers having a 19 mm 

length and a concentration of 0.6 kg/m3 slightly improved the compressive strength by 

5.8% in comparison with plain concrete.  

2.1.2 Splitting Tensile Strength 

ACI committee 544 reported that results from the splitting cylinder tensile strength 

test (ASTM C 496) for FRC specimens are difficult to interpret after the first matrix 

cracking and should not be used beyond the first crack because of unknown stress 

distributions after the first crack. The precise identification of the first crack in the split 

cylinder test can be difficult without strain gauge or other sophisticated means of crack 

detection, such as acoustic emission or laser holography. The relationship between 

splitting tensile strength and direct tensile strength or modulus of rupture has not been 

determined. 

2.1.2.1 Steel fiber reinforced concrete 

Yao et al. (2003) investigated the mechanical properties of concrete containing 

steel fiber at 0.5% fiber volume fraction. The steel fibers were hooked end and 30 mm in 

length. The authors found that the addition of steel fiber increased strength about 9% in 

comparison with average plain concrete values. Shaaban and Gesund (1993) carried out 
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splitting tensile tests with 6x12 in specimens containing 1 in corrugated steel fibers with a 

tensile strength of 180 ksi (1240 MPa.). The fiber contents used were 0, 79, 157, 235, and 

313 lbs/yd3 of concrete. The test results showed that steel fiber can significantly enhance 

the tensile strength of concrete. The load at first crack was used in the splitting tensile test 

for determining the tensile strength of SFRC. 

2.1.2.2 Synthetic fiber reinforced concrete 

Al-Tayyib et al. (1998) also reported that little improvement has been achieved in 

the tensile strength of PFRC. The tensile strength of PFRC mixes is 2-8% higher than that 

of PC mixes due to the inclusion of polypropylene fibers with 0.8 in fibrillated bundles 

when 0.2% by volume of concrete was used in the PFRC mixes. 

Choi et al. (2005) found that the average splitting tensile strength of PFRC 

increased by approximately 20-50%, which is 9% to 13% of its compressive strength. 

This result is due to the reinforcing fiber’s role to resist cracking and spalling across the 

failure plains. Moreover, the addition of polypropylene fibers largely increased the 

ductility of the concrete, which is described as the amount of strain until the failure point. 

It was noticed that the stress-strain curves of PFRC are linear up to the first crack, known 

as the proportional limit, which directly corresponded with the first macro-crack that 

happened. Following this, the stress sharply dropped and then, the strain continued to 

increase, the stress increased again to a second peak. This process was repeated several 

times, until the final failure. These results were due to the fiber’s additional roles in 

tensile and ductility within the FRC. A monofilament fiber 0.90 mm in diameter and 50 

mm in length was used. The fiber contents were 1.0% and 1.5% of the mixed concrete by 

volume. 
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On the other hand, Yao et al. (2003) studied the mechanical properties of 

polypropylene fiber at 0.5% fiber volume fraction. The PP fibers were smooth and 

straight with a 15 mm length. They found that the addition of polypropylene fiber 

decreased splitting tensile strength by 5% in comparison with plain concrete. 

2.3 Water Permeability 

2.3.1 Introduction 

The permeability of concrete plays a very important role in influencing the 

durability of a concrete structure. First, it controls the rate of water flow, which can cause 

disruption to the concrete upon freezing. Secondly, it controls the rate of the flow of 

chemicals, such as chloride ions, which reduce the pH of the concrete and increase the 

rate of corrosion of the steel reinforcement in concrete structures. Therefore, the 

permeability of concrete to water is a property of interest to nearly all designers of 

concrete structures (Tyler et al. 1961).  

2.3.2 Permeability of Concrete 

Permeability is the ease with which liquids or gases can travel through the concrete. 

This is an important property affecting the water tightness of liquid-retaining structures, 

resistance to chemical attack, development of hydrostatic pressure in the interior of the 

concrete mass, and ingress of moisture into the concrete wall which affects its thermal 

insulation properties (Neville et al. 1987, 1971). 

Neville et al. (1971) points out that movement of water through a concrete of 

certain thickness can be caused not only by a head of water but also by a humidity 

differential between the two sides of the concrete or by osmotic effects. We should 

distinguish between permeability and absorption. Absorption is normally measured by 

drying a specimen to a constant weight, immersing it in water and measuring the increase 
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in weight as a percentage of dry weight, so that absorption represents the maximum 

holding capacity of water in relation to a prescribed condition of dryness. Permeability, 

on the other hand, is concerned with flow through the concrete. 

The flow of water through concrete is essentially a flow through a porous body, but 

the problem is far from simple. Both the cement paste and the aggregate contain pores, 

and, in addition, the concrete as a whole may contain voids due to incomplete compaction 

or to bleeding. These voids may occupy a fraction of 1% to 10% of the volume of the 

concrete. Since aggregate particles are enveloped by the cement paste in fully compacted 

concrete, it is the permeability of the paste that has the greatest effect on the permeability 

of concrete. The pores in the cement paste are gel pores and capillary pores. The gel 

pores constitute about 28% of the paste volume, and the capillary pores between 0% and 

40%, depending on the water/cement-ratio (w/c-ratio) and the degree of hydration 

(Neville 1971, 1981). 

The permeability of concrete is not a simple function of its porosity but depends 

also on the size, distribution, and continuity of the pores. Thus, although the cement gel 

has a porosity of 28%, its permeability is only about 2.75 x 10-14 in/sec. This is due to the 

extremely fine texture of hardened cement paste. The pores and the solid particles are 

very small and numerous, while in rocks the pores are fewer in number but are much 

larger and lead to a higher permeability. The water can flow more easily through the 

capillary pores than through the much smaller gel pores. The cement paste as a whole is 

20 to 100 times more permeable than gel itself. It follows that the permeability of cement 

paste is controlled by its capillary porosity. Since the capillary porosity of cement paste 

decreases with age, permeability also decreases (Neville 1971, 1981). 
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2.3.2 Factors Affecting the Permeability of Concrete 

2.3.2.1 W/C-ratio 

The permeability of concrete is dependent mainly on the capillary pores in the 

cement paste. Concretes with lower w/c ratio result in a lower volume of the capillary 

system than those with higher w/c (Neville 1981). Therefore, w/c is one of the major 

factors affecting the permeability of concrete. Powers et al (1954) studied the 

permeability of Portland cement paste and found that the higher the water to cement ratio, 

the higher the permeability. The permeability coefficient of hardened paste ranges from 

0.1 x 10-12 to about 120 x 10-12 cm/sec for water/cement-ratios ranging from 0.3 to 0.7.  

2.3.2.2 Cement type 

The type of cement used affects the permeability insofar as it influences the rate of 

hydration: the more rapid-hardening the cement, the earlier the age at which the 

permeability is reduced to some desirable value (Neville 1971). The permeability of 

concrete is affected also by the properties of the cement used. For the same water to 

cement ratio, coarser cement leads to a higher porosity than finer cement. However, the 

long-term porosity and permeability are unaffected by the type of cement used (Powers et 

al. 1954, Neville 1971). This is because the degree of hydration would be approximately 

equal.  

2.3.2.3 Aggregate type 

The aggregate used in concrete has a substantial impact on the permeability of 

concrete. Neville (1981) stated that the difference between the permeability of cement 

paste and of concrete containing a paste of the same w/c ratio is appreciable as the 

permeability of the aggregate itself affects the behavior of the concrete. If the aggregate 

has a very low permeability, its presence reduces the effective area over which flow can 
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take place. Furthermore, since the flow path has to circumvent the aggregate particles, the 

effective path becomes considerably longer so that the effect of aggregate in reducing the 

permeability may be considerable. Generally, however, the influence of the aggregate 

content in the mix is small and since the aggregate particles are enveloped by the cement 

paste, in fully compacted concrete, it is the permeability of the paste that has the greatest 

effect on the permeability of the concrete. 

Nymae (1985) concluded that the aggregate in concrete can have two opposing 

effects on permeability. The aggregate particles can obstruct the flow path resulting in 

reduced permeability, while a cracked interface between hydrated cement and aggregate 

and also the porosity of the aggregates can increase the permeability of the concrete. 

2.3.3.4 Maximum aggregate size 

The maximum aggregate size also influences the permeability of concrete. The 

larger the maximum aggregate size for a given water to cement ratio, the higher the 

permeability of concrete, probably because of the relatively large water voids developed 

on the underside of the coarser aggregate particles (Troxell 1968). Murata (1965) also 

found that the diffusion coefficient of mass concrete with coarse aggregate exhibiting a 

maximum size of 4 inches was on the average about 7 times and 16 times those of 

concrete with maximum aggregate sizes of 1.6 inches and 1 inch, respectively. The 

Gradation of the aggregate also influences the permeability of concrete. A well-graded 

aggregate is more important from the standpoint of water-tightness than it is from the 

standpoint of strength, since a well-graded aggregate will produce a denser concrete 

(Troxell 1968). 
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2.3.3.5 Curing condition 

The permeability of concrete is decreased when the proportion of cement hydrated 

is increased. Continued hydration of the cement results in gel development which reduces 

the size of voids. Therefore, a continued moist curing will decrease the permeability of 

concrete (Troxell 1968). 

Powers et al (1954) found that the chemical reaction between the constituents of 

Portland cement and water progressively replaces the original cement minerals with 

hydration products, principally cement gel. The volume of the cement gel produced by 

hydrating the cement is approximately 2.3 times the volume of the cement. The gel not 

only replaces the original cement minerals but also tend to fill the original water-filled 

space. Within a week the coefficient of permeability of cement paste (w/c = 0.7) dropped 

to about one one-hundred-thousandth of its initial value. By the twenty-fourth day, it had 

dropped to less than a millionth of its initial value. They also found that the specimens 

which had been allowed to dry after removal from moist-curing condition and the 

resaturation of dry specimens will result in increased permeability as compared with 

those which are not subjected to drying and resaturating before being tested. This is 

because the stresses arising from differential shrinkage caused small cracks on the surface 

of the specimens. 

2.3.3.6 Fiber type 

As mentioned above, Leung et al. (2005) investigated the water permeability test 

with Steel, PP, and PVA fibers by adding a 0.5% volume fraction of fibers. The results 

indicate high variability of the permeability coefficient among the same types of 

specimens. Based on the results on compressive strength tests, they pointed out that the 

porosity in the PP and PVA fiber-reinforced specimens except steel fibers may be higher 
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than in the plain specimens, which would mean that the permeability for the plain 

concrete should be the lowest. However, this is not the case in general. The lower 

permeability for some fiber reinforced specimens may be due to the presence of fibers 

that reduce internal microcracking (e.g., due to shrinkage) in the cementitious matrix and 

hence improve resistance to water penetration. They also observed that the permeability 

coefficient for steel fibers having the highest strength represented the highest value.

 



CHAPTER 3 
DESCRIPTION OF EXPERIMENT PROGRAM 

This chapter is divided into four sections, specifically the characterization of 

constituent materials, mixture proportions, mixing and curing procedures, and fresh 

properties. 

3.1 Characterization of Constituent Materials 

3.1.1 Cement 

AASHTO cement type II was used to achieve a high rate of strength development 

and to resist an aggressive medium (i.e., seawater, wet and dry conditions, etc.). The 

compounds contained are described in Table 3-1. 

                       Table 3-1 Chemical and Mineralogical Composition 
Chemical Composition

SiO2

Al2O3

Fe2O3

CaO
MgO
SO3

Na2O
K2O

Mineralogical Composition
C3S
C2S
C3A

C4AF

Value (%)
20.47
5.19
4.49

63.49
1.1

2.55

Value (%)
54.35

0.053
0.28

17.977
6.157
13.66  

3.1.2 Coarse Aggregates 

The coarse aggregate used in this research was crushed limestone with a maximum 

size of 0.375 in (9.5 mm). The reason for choosing a relatively small-size aggregate was 

19 
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to improve the efficiency of fiber reinforcement. In SFRC application, it is generally 

recommended that the length of the fiber be at least twice the maximum size of the 

aggregate. In this study, 1.2 in steel fibers were used. The bulk specific gravity of the 

coarse aggregate was 2.28, the bulk specific gravity at the SSD was 2.40, and the 

apparent specific gravity was 2.59. The absorption of the coarse aggregate was 5.18%. 

The gradation results for the coarse aggregates, as obtained from tests performed at the 

FDOT laboratories according to ASTM C33, are given in Table 3-2. 

                    Table 3-2 Aggregate Gradation, Coarse Aggregates  

Sieve Size
Actual 

Weight 
Retained (g)

Cumulative 
Percentage 

Retained

Cumulative 
Percentage 

Passing

1/2 in. 0.00 0 100
3/8 in. 31.00 2 98
No.4 730.20 53 47
No.8 1231.60 90 10
No.16 1314.20 96 4
No.50 1330.20 97 3  

3.1.3 Fine Aggregates 

The fineness modulus for the fine aggregate was 2.39 and the specific gravity was 

2.648 BSGOD, 2.650 BSGSSD, and 2.658 ASG. The Absorption of the fine aggregate was 

0.18%.Gradation results for the sand, as obtained from tests undertaken in the FDOT 

laboratories according to ASTM C 33, are given in Table 3-3. 

3.1.4 Chemical Admixtures 

Two water reducing admixtures were used in this study. The first was WRDA® 60, 

which produces typically 8-10% water reduction and set retardation. The addition rate of 

WRDA® 60 was 195 to 390 ml/100kg (3 to 6 fl oz/100lbs). The second water reducer 

was ADDA® 140 superplasticizer, which is a high range water-reducing admixture. 
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                    Table 3-3 Aggregate Gradation, Fine Aggregates  

Sieve Size
Actual 

Weight 
Retained (g)

Cumulative 
Percentage 

Retained

Cumulative 
Percentage 

Passing

No.4 1.10 0 100
No.8 9.80 3 97
No.16 58.70 15 85
No.30 165.80 44 56
No.50 300.50 79 21
No.100 369.50 98 2  

Addition rates of ADVA® 140 superplasticizer can vary with type of application, 

but will normally range from 390 to 1300 ml/l00kg (6 to 20 fl oz/100 lbs) of cement. 

3.1.5 Fibers 

Polypropylene, polyvinyl alcohol, cellulose and steel fibers were used in this study. 

The pictures and properties of these fibers are summarized in Figure 3-1 and Table 3-4. 

The fibers were selected from the four different manufactures i.e., BEKAERT, 

DURAFIBER, GRACE, and KURARAY.  

 A)             B) 

 C)               D) 

Figure 3-1 Different Fibers Used. A) PP, B) PVA, C) Cellulose, D) Hooked Steel 
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Table 3-4 Properties of Fibers Used 

Manufacture BEKAERT GRACE DURAFIBER KURARAY

Product Name Dramix         
ZP 305

STRUX            
90/40

Buckeye   
UltraFiber 500TM RF 4000x30

Fiber Type Hooked-collated Monofilament Square-pressed Monofilament

 Length        
(in) 1.2 1.55 0.083 1.19

Diameter       
(in) 0.022 0.017 · 0.026

Modulus (GPa) 200 9.5 · 29

Tensile Strength 
ksi(MPa) 160(1104) 90(620) · 116(800)

Aspect Ratio    
(l/D) 55 90 · 45

Specific Gravity 7.85 0.92 0.8 1.3

Absorption None None · ·

Dosage     
(lb/yd3)

120 7.75 0.5 16.43

Polyvinyl AlcoholFiber Material Steel      Polypropylene/ 
Polyethylene Blend

Virgin       
Cellulose

 

3.2 Mix Proportions for the Matrix 

 Synthetic fiber mix dosages above 4 lbs/yd3 (2.4 kg/m3) require a reduction in the 

coarse aggregate and an increase in the mortar fraction to accommodate the additional 

surface area of the synthetic fiber added.  The synthetic fiber mix dosages used in this 

study were 7.75 lbs/yd3 for polypropylene, 16.43 lbs/yd3 for polyvinyl alcohol, and 1.5 

lbs/yd3 for cellulose. Thus, the volume of the coarse aggregate was reduced by adjusting 

for each of the above synthetic fiber volumes. Steel fiber-reinforced concrete within the 

dosage range of 20-40 lbs/yd3 (12-24 kg/m3) will seldom create a need to adjust the mix 
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design. The mix should be reviewed from 40- 65 lbs/yd3 (24-39 kg/m3). At and above 65 

lbs/yd3 (39 kg/m3), some adjustment to the mix design is required. The steel fiber mix 

dosages in this study were 120 lbs/yd3. The volume of the coarse aggregate was 

consequently reduced to adjust for the steel fiber volume (AASHTO-AGC-ARTBA Joint 

Committee, 2001).  

 The materials used in the study were: (1) AASHTO Type II Portland cement 

which meets ASTM 150 specifications, (2) 3/8 in (9.5 mm) maximum size of coarse 

aggregate crushed limestone, (3) natural sand with a specific gravity of 2.648 at SSD and 

fineness modulus of 2.39, (4) polypropylene fiber with a specific gravity of 0.92, (5) 

polyvinyl alcohol fiberwith a specific gravity of 1.3, (6) cellulose fiber with a specific 

gravity of 0.8, (7) steel fiber with a specific gravity of 7.85, (8) admixtures WRDA ®60, 

and ADVA® 140 provided by Grace Construction Products. 

The mix proportions used in this study were applicable to concrete that has a 

normal weight and a moderate compressive strength of 31 MPa (Class II), and 45 MPa 

(Class V) at 28 days. A series of ten concrete mixes were prepared with and without 

fibers. The fiber addition rates were 7.75 lbs/yd3 for polypropylene fibers, 16.43 lbs/yd3 

for polyvinyl alcohol fibers, 1.50 lbs/yd3 for cellulose fibers, and 120 lbs/yd3 for steel 

fibers corresponding to fiber contents of 0.5%, 0.75%, 0.1%, and 1% by volume 

respectively. Table 3-5 summarizes the mix designs for FRC. 

3.3 Mixing and Curing Procedures 

3.3.1 Mixing Procedure 

Each batch was mixed in a pan mixer with a maximum capacity of 16 ft3 at the 

FDOT concrete mixing laboratory. The limestone aggregate was batched at a saturated, 

surface-wet condition. Saturation was attained by soaking the aggregate in water for at 
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Table 3-5 Material and Mix Proportions (Class II/V) 

Mix Type PC PP PVA Cellulose Steel

W/C 0.44/0.37 0.44/0.37 0.44/0.37 0.44/0.37 0.44/0.37

Cement           
(lbs/yd3)

611/752 611/752 611/752 611/ 752 611/ 752

Water            
(lbs/yd3)

269/278 269/278 269/278 269/278 269/278

Coarse Aggregate 
(lbs/yd3)

1444/1430 1424/1410 1414/1400 1439/1425 1407/1393

Fine Aggregate    
(lbs/yd3)

1490/1362 1490/1362 1490/1362 1490/1362 1490/1362

Fiber Content      
(lbs/yd3)

None 7.75 16.43 1.5 120

Air Target        
(%) 3 3 3 3 3

Water Reducer     
(oz) 33.8 33.8 33.8 33.8 33.8

High Range WR   
(oz) 120.3 120.3 120.3 120.3 120.3

 

least 5 days. Standard 4 x 8 in plastic cylinder molds were prepared for compression, 

splitting tension, permeability, absorption, and volume of voids testing for control mixes. 

However, when the plastic fiber was mixed, the 23 x 13 x 8 in wooden molds were used 

in place of the 4 x 8 in plastic cylinder molds to ensure proper distribution of the fibers 

throughout the blocks. These blocks were cored after 14 days during of moist curing. 

The following mixing sequence was used for all mixes. First, gravel and sand were 

mixed for approximately 1 minute. Then 50 % of water was added and the mixture was 

mixed for 1 minute to allow absorption by the fine aggregate. Next, then cement was 

added and the remaining water containing the set retarder and high-range water reducing 

admixture Mixing continued for another 2 minutes. All component materials (except 
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fibers) were added, to ensure proper and uniform mixing. Finally, fibers were added to 

the mix. Altogether, the mixing time took approximately 3-4 minutes to guarantee 

homogenous fiber distribution and to minimize segregation and balling. After completion 

of the batch, the mix was poured into the appropriate molds, which were then placed on a 

vibrating table. The vibrating process was continued for approximately 1-2 minutes. 

3.3.2 Curing Procedure 

Curing of all FRC specimens was carried out as follows: after placement, the 

specimens were kept in their plastic or wood molds for 24 hours and covered with a 

plastic sheet; the specimens were then removed from their molds and moved to the 

moisture curing room, which was maintained at 100 percent relative humidity and 72 °F 

(23 °C) until the time of testing. However, the coring blocks were moved to UF concrete 

laboratory and allowed to cure immersed in fresh water for another 2 weeks after coring. 

The specimens consisted of 28 cylinders for plain concrete and 40 cylinders for 

plastic fiber concrete, including an additional 10 control cylinders cast before adding 

plastic fibers using a vibrating table.  

3.2 Fresh Concrete Properties 

3.2.1 General 

Immediately after mixing, the concrete was tested for slump (ASTM C 143), air 

content (ASTM C 231), inverted slump cone time (ASTM C 995), Vebe time (ASTM C 

1170), and unit weight (ASTM C 231). Measuring the plastic properties of FRC requires 

a different approach than with more typical concrete because the slump loss does not 

necessarily mean that there is a corresponding loss of workability, especially when 

vibration is used during placement. The Vebe and inverted slump cone tests have been 

developed specifically to evaluate the workability of FRC. 
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3.2.2 Workability 

One shortcoming of using fibers in concrete is a reduction in workability. The 

workability of FRC is affected by fiber aspect ratio and volume fraction as well the 

workability of plain concrete. As the fiber content or aspect ratio of the fiber increases, 

the slump decreases. Most researchers limit Vf to 2.0% and l/D to 100 to avoid 

unworkable mixes. In addition, some researchers have limited the fiber reinforcement 

index [Vf*(l/D)] to 1.5 for the same reason. To overcome the workability problems 

associated with FRC, modification of concrete mix design is recommended.  

3.2.2.1 Slump test (ASTM C 143) 

The slump test is a common, convenient, and inexpensive test, but it may not be a 

good indicator of workability for FRC. However, the slump test was measured with and 

without fiber during the mixing procedure. A sample of freshly mixed concrete was 

placed and compacted by rodding in a mold shaped as the frustum of a cone. The mold 

was raised, and the concrete allowed to subside. The vertical distance between the 

original and displaced position of the center of the top surface of the concrete is measured 

and reported as the slump of the concrete. 

3.2.2.2 Inverted slump cone test (ASTM C 995) 

This test has been developed specifically to measure the workability of FRC. It 

effectively measures the mobility or fluidity of the concrete under internal vibration. The 

test is not suitable for flowable mixtures of FRC because the concrete tends to run 

through the cone without vibration. This test method provides a measure of the 

consistency and workability of fiber-reinforced concrete. Figure 3-1 shows the inverted 

slump-cone time test setup. 
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Figure 3-2 Inverted Slump-Cone time Test Setup 

Except for the standards related to internal vibration, the procedure was carried out 

according to ASTM C 995 as follows: The bucket was dampened and was placed on a 

level, rigid, horizontal surface free of vibration and other disturbances. The cone was 

dampened and was placed in the positioning device, where it was level. From the sample 

obtained, the cone was filled in three layers, each approximately one third of the volume 

of the cone. Each layer was lightly leveled with a scoop or trowel to minimize the 

entrapment of large voids and the surface of the top layer was stroked off by means of a 

screeding and rolling motion of the tamping rod. Protruding fibers which inhibit 

screeding were removed by hand. One third of the volume of the cone corresponded to a 

depth of 5.875 in. (149 mm); two thirds of the volume corresponded to a depth of 9.375 

in. (237 mm). Then, an external vibrator and a stopwatch were started simultaneously. 

The stopwatch was stopped when the cone became empty, which occurred when an 

opening became visible at the bottom of the cone. When the cone became plugged during 
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the test, or failed to empty because of an excess of material that has fallen through during 

filling, the result was disregarded and a new test was done on another portion of the 

sample. The time needed for the mix to flow out of the cone was recorded. 

3.2.2.3 Vebe test (ASTM C 1170) 

This test method is intended to be used for determining the consistency and density 

of stiff to extremely dry concrete mixtures. The following procedure was used for all 

mixes: When the consistometer was installed on an unbending, horizontal and smooth 

surface, the cylinder mold was put on the vibrating table and secured using the special 

screws. The conical mold was dampened, and put into the cylinder mold, and the funnel 

was positioned over the cylinder mold. The screw of the rotating arm was tightened so 

that the tunnel avoided the mold lifting. After the concrete was prepared, the conical 

mold was filled in three steps with 25 strokes of a tamping rod distributed uniformly over  

 

Figure 3-3 Vebe Time Test Setup 
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the whole surface. The conical mold was lifted vertically, avoiding sideways or torsional 

movements. The rotating arm was moved so that the transparent disk was above the 

concrete surface, and the disk was lowered until it touched the concrete. The transparent 

disk was left free and the fixing screw on the holding bar was unscrewed so that it moved 

freely inside the cylinder and touched the concrete, which was then compacted. Then, the 

vibrating table was operated and the timer was pressed. As soon as the transparent 

surface was completely covered by the fresh concrete, the timer and the vibrating table 

were stopped. This time is the vebe time and represents the workability of concrete. 

3.2.3 Air Content (ASTM C 1170) 

This test was done to confirm that the addition of fibers did not result in the 

entrapment of unwanted air voids within the concrete that could result in crack initiation 

or increased permeability. Both effects would lead to decreases in durability 

performance. 

3.2.4 Temperature and Unit Weight  

The initial temperature and unit weight of the fresh fiber reinforced concrete mixes 

were also measured. The unit weight was measured according to ASTM C 29/C 29M 

standard procedures, using the 0.25 ft 3 base portion of the pressure meter. The unit 

weight was taken after the sample was properly vibrated. The initial temperature was 

taken using a thermometer marked from 0 to 100°F. 
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CHAPTER 4 
MECHANICAL TESTS 

This chapter describes the mechanical and durability tests that were designed to 

evaluate the different mechanical properties of FRC. 

4.1 Objectives 

The objectives for this experiment were to verify properties of hardened FRC 

containing fiber types used in the industry. The fiber contents studied in this experiment 

were 0.5% for polypropylene, 0.75 % for polyvinyl alcohol, 0.1% for cellulose, and 1% 

for steel fiber by volume. Generally, a relatively low fiber content of less than 1% seems 

to have a small positive influence on the concrete, and a fiber content of more than 2% 

may create difficulty in mixing and achieving uniform distribution of the fibers. 

However, the fiber contents used in this study were arrived at through discussion with 

industry representatives and are reasonable fiber contents for practical applications. 

4.2 Compression Tests 

4.2.1 Experimental Program 

 The compression tests were subdivided into two groups: (1) Class II concrete, 

consisting of 0.44 w/c ratio FRC mixes containing four types of fibers with different fiber 

volume fractions (0.5% for polypropylene, 0.75% for polyvinyl alcohol, 0.1% for 

cellulose, and 1% for steel); (2) Class V concrete, consisting of 0.37 w/c ratio FRC mixes 

with the same fiber volume fractions and types as the class II concretes.  
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Standard cylindrical specimens were prepared for control mixes on the 28th day. 

For each plastic fiber mix, two 8 in x14 in x23 in. blocks were prepared to ensure proper 

distribution of the fiber evenly throughout the blocks. Each block was cored to produce a 

series of 4 in x8 in. cylinders on the 14th day. Additionally, three 4 in x8 in. control 

cylinders were cast before adding fibers to the mix, and the compression tests were 

performed with and without fibers for each fiber mixture design. Six specimens were 

tested for each parameter. Table 4-1 shows the number and size of specimens tested for 

each mix and the type of test performed. 

Table 4-1 Number of Specimens Tested 

Fiber
PC II/V Control 0 · 3

PP II/V Polypropylene 0.5 3 3

PVA II/V Polyvinyl Alcohol 0.75 3 3

CELL II/V Cellulose 0.1 3 3

STEEL II/V Hooked Steel 0.89 3 3

Fiber Volume 
Fraction Vf (%)

Number of Specimens Tested
4 x 8 in

Compression Test
Control

3

3

3

3

3

MOE
Mix Types Concrete 

Classes Fiber Types

 

4.2.2 Test Apparatus and Procedure 

For each test, two types of methods were used: (1) a nondestructive method to 

measure the static modulus of elasticity (Ec) and (2) a destructive method to produce the 

stress-strain curve. Figures 4.1 and 4.2 display the setups used for stress-strain curve tests 

and the elastic modulus, specifically. The load was measured by a load cell, while the 

deformation was measured using linear voltage differential transducers (LVDT) for the 

elastic modulus test. The stress-strain curve in compression was obtained for all 

cylinders, tested at a controlled a displacement rate of 0.025in/min in the UF laboratory. 

The curve provided information on strength and ductility. The three curves obtained from 
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the three identical cylinders of each concrete class were combined to acquire the average 

stress-strain curves for the concrete classes. Average curves for each concrete class were 

compared to clarify the influence of time, fiber content, fiber type, and specimen 

conditions. 

  A)  B) 

Figure 4-1 Test Set-up Used to Measure the Stress-Strain Response in Compression. A) 
Test Machine, B) Sample Condition. 

The elastic modulus test was performed on 4 in x8 in specimens. The fixture used 

for this type of test (Fig. 4.2) consisted of two aluminum rings separated by temporary 

bracing that held the top and bottom rings apart at a gauge length of exactly 5.5-in. To 

allow for free movement of the rings, the bracing was removed after the two rings were 

fixed to the concrete cylinder. When the specimen was placed on the lower platen or 

bearing block of the testing machine with the strain-measuring equipment attached, the 

axis of the specimen was carefully aligned with the center of thrust of the spherically-

seated upper bearing block. As the spherically-seated block was brought slowly to bear 

upon the specimen, the movable portion of the block was rotated gently by hand so that 

uniform seating was obtained. The movement between the two rings was measured by 

LVDT. A 500 kip capacity Test Mark Industries testing machine equipped with a swivel 

head platen was used for all tests. Each specimen was loaded by the load-controlled 
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method at a rate of 400-500 lbs/sec, and the load was increased up to 40% of the 

anticipated strength, which was assumed to be equal to the strength of the control 

specimen. When the target load was reached, it was immediately reduced to zero at the 

same rate at which it was applied. This loading cycle was completed three times for each 

specimen. Once the elastic modulus test was completed, the rings were removed and the 

cylinder was tested up to failure. The collected data were averaged, and various plots 

were obtained for each specimen and for an average of each series.  

  A)  B) 

Figure 4-2 Test Set-up for Measurement of Elastic Modulus. A) Test Machine, B) 
Sample Condition.

4.3 Splitting Tensile Tests 

4.3.1 Experimental Program 

The splitting tensile tests were subdivided into two groups: (1) Class II concrete, 

consisting of 0.44 w/c FRC mixes containing four types of fibers with different fiber 

volume fractions (0.5% for polypropylene, 0.75% for polyvinyl alcohol, 0.1% for 

cellulose, and 1% for steel); (2) Class V concrete, consisting of 0.37 w/c FRC mixes 

containing the same fiber volume fractions and types such as the Class II concretes.  

Standard cylindrical specimens were prepared for control mixes on the 28th day. 

For each plastic fiber mix, two 8 in x14 in x23 in blocks were prepared to ensure efficient 
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distribution of the fiber evenly throughout the blocks. Each block was cored to produce a 

series of a 4 in x 8 in cores after 14 days of moist-curing. Additionally, three 4 in x 8 in 

cylinders were cast before adding fibers during the mixing and splitting tensile tests were 

performed with and without fibers for each fiber mixing. Six specimens were tested for 

each parameter. Table 4-2 shows the number and size of specimens tested for each mix 

and the type of test performed. 

Table 4-2 Number of Specimens Tested 

PC II/V Control 0

PP II/V Polypropylene 0.5

PVA II/V Polyvinyl Alcohol 0.75

CELL II/V Cellulose 0.1

STEEL II/V Hooked Steel 0.89

3

3

3

3

3

3

Control

3

Splitting Tensile Test

Fiber

·

Mix Types Concrete 
Classes Fiber Types

Fiber Volume 
Fraction Vf (%)

Number of Specimens Tested

4 x 8 in

3

3

 

4.3.2 Test Apparatus and Procedure 

Three standard cylindrical 4 in x 8 in test specimens were prepared to determine the 

splitting strengths after 28 days. This was obtained directly from the load recorded by 

using a 600 kip capacity FORNEY testing machine. The setup for the splitting tensile 

tests is shown in Figure 4.3. Before testing, the diameter and length of the each test 

specimen were determined to nearest 0.01 in. (0.25 mm) by averaging three diameters 

measured near the ends and the middle of the specimen and two lengths of the specimen 

on the two ends.  
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  A)   B) 

Figure 4-3 Test Set-up for Splitting Tensile Test. A) Test Machine, B) Sample Condition. 

In accordance with the ASTM C496-01 procedure for splitting tensile strength 

determination, diametral lines were drawn on each end of the specimen using a suitable 

device to ensure that they were in the same axial plane, and then two pieces of hard wood 

measuring 0.25 in x 0.75 in x 8 in were placed 180° apart along the longitudinal axis of 

each cylinder, as shown in Fig. 4.3. This was done to avoid any stress concentrations that 

might result along the line of application of the load. The load was applied continuously 

and without shock, at a constant rate within a range 100 to 200 lbs/sec until failure of the 

specimen. The maximum applied load indicated by the testing machine at failure was 

recorded. The splitting tensile strength was computed as follows: 

ld
Pf st π

2
=   

Where: 

 fst = splitting tensile strength, in psi 

P = maximum applied load, in lbf 

          l = length of cylinder, in inches 

d = diameter of cylinder, in inches. 
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4.4 Permeability Test 

4.4.1 Experimental Program 

Water permeability tests were subdivided into two groups: (1) Class II concrete, 

consisting of 0.44 w/c FRC mixes containing four types of fibers with different fiber 

volume fractions (0.5% for polypropylene, 0.75% for polyvinyl alcohol, 0.1% for 

cellulose, and 1% for steel); (2) Class V concrete, consisting of 0.37 w/c FRC mixes 

having same fiber volume fractions and types such as Class II concretes. 

Standard cylindrical specimens were prepared for control mixes on the 28th day. 

The top inch of the cylinder was then sliced off and the next 2 inched was used in the 

permeability test. Table 4-3 shows the number and size of specimens tested for each mix 

and the type of test performed. 

4.4.2 Preparation of Test Specimens 

The test specimens were cylindrical samples measuring 4 inches in diameter and 2 

inches in height, and were made by cutting 4 in x 8 in cast cylinders at 1 and 3 inches 

from the top surface. The circumferences of the test specimens were roughed and wire-

brushed until all loose particles were removed. Care was taken to ensure that the surfaces 

of the test specimens were dry. A 1-inch thick layer of epoxy (Sikadur 32, Hi-Mod) was 

applied around the curved side of the test specimen by means of a casting mold. 

The casting mold was 6 inches in diameter by 2 ¼ inches in height and was bolted 

down to a steel plate. The inner surface of the casting mold and the top surface of the 

steel plate were coated with a very thin layer of a release agent. The side of the specimen 

was first coated with a thin layer of epoxy. The specimen was then placed in the center of 

the casting mold, and the remaining gap between the casting mold and the test specimen  
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Table 4-3 Number of Specimens Tested 

PC II/V Control 0

PP II/V Polypropylene 0.5

PVA II/V Polyviny Alcohol 0.75

CELL II/V Cellulose 0.1

STEEL II/V Hooked Steel 0.89

Mix Types Concrete 
Classes Fiber Types

Fiber Volume 
Fraction Vf (%)

3

3

3

3

3

Permeability

Number of Specimens Tested

4 x 2 in

 

was filled with epoxy. A vibrator was used to eliminate air bubbles from the epoxy. 

When the epoxy had hardened, the test specimen was removed from the casting mold. 

Any amount of epoxy which may have adhered to the top and bottom surfaces of the test 

specimen was removed. Figure 4.4 shows a picture of a prepared concrete specimen 

coated with epoxy on the side.  

 A)     B) 

Figure 4-4 Water Permeability Test. A) Test Set up, B) Test Apparatus 

4.4.3 Testing Procedure 

The prepared test specimen was placed into the permeability apparatus by 

following these steps: 

1. The test specimen was placed on the center of the base plate. 
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2. A neoprene gasket was placed on the specimen. 
3. The acrylic tube was placed on the neoprene gasket. 
4. Another neoprene gasket was placed on the acrylic tube. 
5. The top plate was placed on the neoprene gasket and bolted to the base place with 

four 3/8-inch diameter rods. 
6. A torque of approximately 10 to 12 foot-pounds was applied to all bolts, and this 

needed to be checked periodically in order to ensure the same torque during the 
entire period of testing 

 
The permeability apparatus was then connected to the manometer tube using the 

following procedure: 

7. The valve for the manometer tube was turned off. 
8. The manometer tube was attached to the connection at the center of the top plate of 

the permeability apparatus. 
9. Pressure was applied to the main pressure line and maintained at 40 psi by the 

regulating valve, which controlled the pressure from the air compressor. 
10. The water reservoir was connected to the pressure regulator through one of the two 

quick connections of the water reservoir, and a pressure of 42 psi was maintained. 
11. The other quick connection of the water reservoir was connected to the quick 

connection at the top plate of the permeability apparatus, and water was injected 
into the permeability apparatus and manometer tube by opening the manometer 
valve slowly until the water in the manometer tube reached the top level. The valve 
was then turned off, and the permeability apparatus was disconnected from the 
water reservoir. 

12. The air bubbles trapped inside the permeability apparatus were released through the 
quick connection at the top plate. 

 
At this stage, the permeability test could be started by simply opening the 

manometer valve to connect the 40 psi air pressure line to the manometer. The water 

levels in the manometer tube and the time at the start of the test were recorded. Possible 

leakage of water between the epoxy and the side of the test specimen was checked. The 

test was continued if no leakage was found. When the water level in the manometer tube 

reached a low level, additional water was added to the manometer tube from the water 

reservoir. The process of refilling the manometer tube was the same as the process of 

initial filling as described earlier. 
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4.4.4 Method of Measuring Rate of Flow 

The amount of water flowing into a test specimen was measured by reading the 

water level of the 0.1-inch manometer tube at least once per day. A plot of the cumulative 

amount of water flowing into the test specimen vs time was drawn for each test specimen, 

in order to determine when a steady state flow condition was reached. A steady state flow 

condition was reached when the flow rate did not change with time. The steady state 

condition was usually reached within a time frame of about 10 to 21 days, but the specific 

time was dependent upon many factors such as the w/c and curing conditions. The test 

was continued for about 7 to 10 days beyond the steady flow condition. The average rate 

of inflow in the last 7 to 10 days was used as the rate of flow for the test specimen. 

4.4.5 Determination of Coefficient of Permeability 

A specimen flow fixture that produces one dimensional water flow from one 

cylindrical face to the other, previously developed by Soongswang et al. (1988), was used 

to secure each specimen for testing (see Figures 4.5-4.6). The Plexiglas ring above the 

sample is essentially a chamber filled with pressurized water. The opposite side of the 

sample is exposed to ambient pressure conditions. Therefore, a pressure gradient is 

formed across the sample and water is forced to flow through it. 

The coefficient of permeability of a test specimen is computed from the net rate of 

inflow by using the following equation, which is based on Darcy’s Law: 

PA
HQ

K vρ=  

Where H is the height (thickness) of mortar specimen (in), A is the cross-sectional 

area of the specimen (in2), P is water pressure in psi, ρ is density of water in lb/in3, Qv is 

the volumetric flow rate (in3/sec): 
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t
Ah

Q tube
v ∆

∆
=

)(
 

Where  is the change of permeant liquid level in the metering tube (in),  is 

the inner cross-sectional area of the metering tube (in

h∆ tubeA

2), and t∆  is the duration of time—

under steady state conditions—over which the change of liquid height  occurred.  h∆

25.4 mm
(1.0 in)

19.1 mm
(0.75 in)

Water 
inflow

Water 
outflow

Steel bolts

Epoxy coating
(to seal side of sample)

Rubber gasket 
rings

Plexiglas plate

Epoxy
collar

Epoxy
collar

Cylindrical 
mortar 

specimen

19.1 mm
(0.75 in)

Cylindrical plexiglas ring

Plexiglas plate

102 mm (4 in.)
diameter specimen

25mm mm 
(1 in.) wide

epoxy collar

25mm mm 
(1 in.) wide
epoxy collar

 

Figure 4-5 Schematic Diagram of Water Permeability Flow Fixture 

4.5 Density, Absorption, and Voids in Hardened Concrete 

4.5.1 Experimental Program 

 Density, absorption and void ratio tests were subdivided into two groups: (1) Class 

II concrete, consisting of 0.44 w/c FRC mixes containing four types of fibers with 

different fiber volume fractions (0.5% for polypropylene, 0.75% for polyvinyl alcohol, 

0.1% for cellulose, and 1% for steel); (2) Class V concrete, consisting of 0.37 w/c 
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Air pressure source 
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Figure 4-6 Measurement of Flow Rate in Water Permeameter 

FRC mixes having the same fiber volume fractions and types as the Class II concretes. 

Standard cylindrical specimens were prepared for control mixes on the 28th day. 

When the fiber was mixed, three control samples were made before adding fibers, and 

another three fiber samples were cast after adding fibers. A total six samples were cast 

and middle of each cylinder was cut into a 3 in thick disk. Table 4-4 shows the number 

and size of specimens tested for each mix and the type of test performed. 

4.5.2 Procedure 

4.5.2.1 Oven-dry mass 

When the specimens with and without fiber were cut to 3 in thickness from the 4 in 

x 8 in cylinders, the mass in the surface dried condition was determined and the 

specimens were dried in an oven at a temperature of 100 to 110° for at least 24 hours. 

After each specimen was removed from the oven, it was allowed to cool in dry air to a 
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Table 4-4 Number of Specimens Tested 

PC II/V Control 0

PP II/V Polypropylene 0.5

PVA II/V Polyvinyl Alcohol 0.75

CELL II/V Cellulose 0.1

STEEL II/V Hooked Steel 0.89

Mix Types Concrete 
Classes Fiber Types

Fiber Volume 
Fraction Vf (%)

Number of Specimens Tested
4 x 3 in

Volume of Voids Test
Control Fiber

3 ·

3 3

3 3

3 3

3 3

 

temperature of 20 to 25°C, and its mass was again determined. If the difference between 

values obtained from two successive values of mass exceeded 0.5% of the lesser value, 

the specimens was returned to the oven for an additional 24 hour drying period, and the 

procedure was repeated until the difference between any two successive values was less 

than 0.5% of the lowest value obtained. This last value was designated mass A. 

4.5.2.2 Saturated mass after immersion 

After the determination of mass A, the dried specimen was immersed in water at 

approximately 21°C for at least 48 hours and until two successive values of mass of the 

surface-dried sample at intervals of 24 h showed an increase in mass of less than 0.5% of 

the larger value. Surface moisture was removed with a towel, and the mass was 

determined. The final surface-dry mass after immersion was designated mass B. 

4.5.2.3 Saturated mass after boiling 

The surface-dry specimen after immersion was placed in a suitable receptacle, 

covered with tap water, and boiled for 5 hours. It was allowed to cool for at least 14 hours 

until reaching to a final temperature of 20 to 25°C. Surface moisture was removed with a  

towel and the mass of the specimen was determined. The soaked, boiled, and surface- 

 



43 

dried mass was designated mass C. 

4.5.2.4 Immersed apparent mass 

After immersion and boiling of the specimen, it was suspended by a wire and the 

apparent mass in water was determined. This apparent mass was designated mass D. 

4.5.3 Calculation 

By using the values for mass determined in accordance with the procedure 

described in the above section, the following were made: 

Absorption after immersion, % = [(B-A)/A] x 100 

Absorption after immersion and boiling, % = [(C-A)/A] x 100 

Bulk density, dry = [A/(C-D)]·ρ = g1 

Bulk density after immersion = [B/(C-D)]·ρ 

Bulk density after immersion and boiling = [C/(C-D)]·ρ 

Apparent density = [A/(A-D)]·ρ = g2 

Volume of permeable pore space (voids), % = (g1-g2)/g2 x 100  

 

Where: 

A = mass of oven-dried sample in air, g 

B = mass of surface-dry sample in air after immersion, g 

C = mass of surface-dry sample in air after immersion and boiling, g 

D = apparent mass of sample in water after immersion and boiling, g 

g1 = bulk density, dry, Mg/m3 and g2 = apparent density, Mg/m3

ρ= density of water = 1 Mg/m3 = 1 g/cm3

 



 

CHAPTER 5 
TEST RESULTS AND ANALYSIS  

5.1 Introduction 

The test results and analysis will be presented categorically in the following order: 

fresh properties, compression, splitting tension, volume of voids and water permeability. 

5.2 Fresh Properties 

This section discusses the results obtained from the fresh property tests conducted 

at the day of mixing for all FRC mixes. The results of fresh property tests showing the 

relationship between mix types are given in Table 5-1 and 5-2. The results comparing 

each fresh property test for different fiber types are plotted using bar charts. The slump 

test was used to monitor the consistency of FRC.  

The slump test was used to monitor the consistency of FRC. Figures 5-1 and 5-2 

show the slump test results and demonstrate the reduction of fresh mix workability 

resulting from the addition of fibers. The reduction range for each fiber was 4.5 – 7.0 in. 

for PP, 4.25 - 5.50 in. for PVA, 1.25 - 3.50 in. for cellulose, and 2.50 - 4.75 -in. for 

hooked steel fibers, relative to control samples tested from the same mixture before 

adding fibers. Among the fiber types, the addition of cellulose fibers resulted in the 

lowest slump loss. However, it shows a high slump loss when it compared by fiber 

volume fraction.  

Inverted slump-cone time and Vebe time were measured to evaluate the mobility or 

fluidity of the mixtures because the slump test is not a good indicator of workability for 

FRC. Both of these vibration-type tests measured essentially the same characteristic of 

44 
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the freshly mixed concrete. There is a significant decrease of workability for FRC when 

adding PP, PVA, and hooked steel fibers from the Figures 5-3 and 5-4.  

Table 5-1 Plastic Properties for Class II Concrete 

without with without with 
PC 5.75 · 15 2 5.10 · 68/73 136.28 Mix 1

8.50 1.50 · · · 3.20 140.08 Mix 1
6.50 1.00 99 7 4.70 3.20 139.84 Mix 2
6.50 1.50 · · · 4.20 138.88 Mix 1
6.50 1.50 85 6 4.20 4.20 139.76 Mix 2
5.00 3.75 · · · 4.90 138.72 Mix 1
7.50 5.75 10 1 3.70 3.90 139.52 Mix 2
3.25 0.75 · · · 3.10 144.72 Mix 1
3.25 0.75 87 9 4.00 2.80 144.72 Mix 2

Steel 72/79

Mix #

PP 75/76

PVA 77/75

Cell 68/75

Fiber 
Types

Slump (in) Inveted 
Slump (s)

Vebe   
Time   

(s) 

Air Content 
(%)

Air/Mix 
Temp. 
( )캟

Unit 
Weight 
(lb/ft3)

 

Table 5-2 Plastic Properties for Class V Concrete 

without with without with 
PC 3.25 · 32 4 3.40 · 70/73 142.72 Mix 1

7.75 2.00 · · · · 142.50 Mix 1
6.25 1.75 78 6 3.00 2.90 143.20 Mix 2
8.50 4.25 · · · · 143.70 Mix 1
8.00 2.75 67 4 2.70 2.00 143.04 Mix 2
7.50 4.00 · · · 3.40 140.88 Mix 1
7.75 4.50 16 2 2.70 3.40 142.08 Mix 2
7.00 2.50 · · · 2.70 145.44 Mix 1
6.50 1.75 59 5 2.80 2.40 146.00 Mix 2

PP 68/75

PVA 68/73

Fiber 
Types

Slump (in) Unit 
Weight 
(lb/ft3)

Mix #
Air Content (%) Air/Mix 

Temp. 
( )캟

Cell 68/73

Inveted 
Slump (s)

Vebe    
Time    

(s) 

75/76Steel
 

Figures5-5 and 5-6 show the curvilinear relationship between the Vebe time with 

vibration and the slump obtained under static test conditions, slump and inverted slump-

cone time. The flattening of the FRC curve above 4.5 or 5.0 in. slump indicates that for 

these mixtures, there is no improvement in workability as slumps increase beyond about 

4.50 in. On the other hand, Figure 5-7 show a linear relationship illustrating direct 

proportionality between the Vebe time and the inverted slump cone time.  The exact 
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nature of the relationships shown in Figures 5-5, 5-6, and 5-7 will vary from one type of 

concrete to another depending on maximum aggregate size and gradation, fiber 

concentration, type and aspect ratio, and air content. 

Figures 5-8 and 5-9 indicate that the addition of PP, PVA, and hooked steel fibers 

showed a lower air content than the plain concrete mixes and control samples made 

before adding fibers. However, the cellulose fibers slightly increased the entrapped air 

contents in comparison with the air contents measured before adding fibers for concrete 

classes.  
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Figure 5-1 Slump Results for Class II Concrete 
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Figure 5-2 Slump Results for Class V Concrete  
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Figure 5-3 Inverted Slump-Cone vs Vebe Time Results for Class II Concrete  
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Figure 5-4 Inverted Slump-Cone vs Vebe Time Results for Class V Concrete 
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Figure 5-5 Slump vs Inverted Slump-Cone Time for Class II and Class V Concretes 
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Figure 5-6 Slump vs Vebe Time Class II and Class V Concretes 
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Figure 5-7 Vebe Time vs Inverted Slump Cone Time Class II and Class V Concretes 
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Figure 5-8 Air Content Results for Class II Concrete  
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Figure 5-9 Air Content Results for Class V Concrete  
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5.3 Compression Tests 

5.3.1 Compression Test Results  

Tables 5-3 and 5-4 summarize the average values of the compressive strength, f’c, 

and elastic modulus for both concrete classes tested on the 28th day.  

Table 5-3 The Average Values of f'c and Ec Obtained for Class II Concrete 

Average 4789 8.20 ·
S.D 151 0.28 ·

C.O.V 3.16 3.36 ·
Average 4782 8.37 8.16

S.D 76 0.21 0.27
C.O.V 1.58 2.49 3.34

Average 4832 8.34 8.41
S.D 168 0.15 0.48

C.O.V 3.48 1.77 5.73
Average 4674 7.64 7.84

S.D 175 0.26 0.36
C.O.V 3.73 3.43 4.62

Average 5190 8.49 9.26
S.D 66 0.03 0.13

C.O.V 1.28 0.34 1.39

Mix Types Specimen ID Modulus of Elasticity 
(ksi)

Compressive Strength (ksi)
Control Fiber

PC

PP

PVA

Cellulose

Steel

 

5.3.1.1 Fiber influence on the compressive strength  

The experimental results from the compressive strength tests of all fiber mixes 

appear in Figures 5-10 and 5-11. The addition of the polypropylene fibers (at a level of 

0.5% by volume with a length of 1.55-in. and an aspect ratio of 90) slightly reduced the 

compressive strength for the Class II concrete but somewhat increased the compressive 

strength about 5% for Class V. Similar results have been reported by Leung et al (2005) 

and Yao et al (2000).  

The use of polyvinyl alcohol fibers (at a fiber volume fraction of 0.75% with a 

length of 1.19-in and an aspect ratio of 45) resulted in a small increase in the compressive 
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Table 5-4 The Average Values of f'c and Ec Obtained for Class V Concrete  

Average 5098 9.66 ·
S.D 53 0.39 ·

C.O.V 1.04 4.03 ·
Average 5153 9.97 10.13

S.D 109 0.26 0.32
C.O.V 2.12 2.57 3.16

Average 5167 9.89 10.10
S.D 98 0.09 0.30

C.O.V 1.89 0.93 2.93
Average 5034 9.56 9.17

S.D 161 0.30 0.62
C.O.V 3.19 3.10 6.71

Average 5314 9.76 10.19
S.D 173 0.15 0.28

C.O.V 3.26 1.51 2.77

PP

Control Fiber
Specimen ID Modulus of Elasticity 

(ksi)
Compressive Strength (ksi)

PVA

Steel

Cellulose

Mix Types

PC

 

strength for both concrete classes in comparison with the plain concrete mixes. Similar 

results have been reported by Leung et al (2005). 

The addition of 0.89% steel fibers by volume (with a length of 1.2-in and an aspect 

ratio of 55) aids in converting the properties of brittle concrete to that of a ductile 

material. The compressive strength of steel fiber-reinforced concrete was improved by 

13% for Class II and 5% for Class V over the control concrete.  

On the other hand, the addition of 0.1% cellulose fibers had negative effects on the 

compressive strength for both mixes when compared with plain concrete mixes. 

However, it can be observed from Figure 10 that the compressive strength of the 

cellulose fiber is slightly higher than that of plain concrete samples made before adding 

fibers. It also can be seen from Figures 5-10 and 5-11 that the compressive strength of the 

cellulose fiber concrete was much lower than other fiber types. 
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The improvements in compressive strength came principally from the fibers 

interacting with the advancing cracks. When withstanding an increasing compression 

load, the fibrous concrete cylinders may develop lateral tension, thus initiating cracks and 

propatating those cracks. As the advancing crack approached a fiber, the debonding at the 

fiber-matrix interface began due to the tensile stresses perpendicular to the expected path 

of the advancing crack. As the advancing crack finally reached the interface, the tip of the 

crack encountered a process of blunting because of the already present debonding crack. 

The blunting, blocking, and even diverting of the crack allowed the fibrous concrete 

cylinders to withstand additional compressive load, thus upgrading their compressive 

strength over the non-fibrous control concrete (Song et al 2005). 
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Figure 5-10 Ultimate Compressive Strength for Class II Concrete  

5.3.1.2 Fiber influence on the elastic modulus 

The purpose of this section is to compare the variation in elastic modulus between 
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the various fiber mixes. Figure 5-12 shows the results of the modulus of elasticity for 

concrete Classes II and V. The PP and PVA fiber mixes showed no significant 

differences from the control mixes. However, the mixes containing cellulose represented 
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Figure 5-11 Ultimate Compressive Strength for Class V Concrete  

a decrease in Ec of about a 2-3% from the control mix, whereas the steel fiber mix 

showed a 4-9% higher elastic modulus than that of the plain concrete mixes. Generally, 

the results indicate that the addition of hooked steel (0.89%), polypropylene (0.5%), and 

polyvinyl alcohol (0.75%) fibers have only a slight effect on the ascending breach of the 

stress strain curve of the composite. 

5.3.1.3 Stress versus strain response 

This section focuses on the effect of fiber types on the stress-strain response of all 

FRC mixes. Figure 5-13 compares the average stress-strain curves of Class II concrete 

mixes tested on the 28th day. It can be observed that little ductility can be expected 
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following the peak load for control, PVA (0.75%), and cellulose (0.1%) fibers. The 

compressive strength of these concretes dropped after reaching their peak load.  

Figure 5-13 clearly shows that the mix containing the hooked steel fibers leads to 
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Figure 5-12 Elastic Modulus, Ec for Class II and Class V Concretes 

the highest compressive strength and the largest area under the stress-strain curve. The 

addition of hooked steel fibers increases the post-peak ductility and energy absorption 

capacity of concrete in compression, but has a relatively small effect on the peak 

compressive stress. The strain at peak compressive stress tends to increase with hooked 

steel fiber reinforcement. 

 The mix including polypropylene fibers shows a lower strength than that of other 

mixes. However, it is observed that the area under the curve is much larger, thus 

indicating a substantial increase in ductility and energy absorption to failure for concrete 

from Figure 5-13. 
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Figure 5-14 shows the average stress-strain curves of the Class V concrete mixes 

tested on the 28th day. The performance of Class V concrete was similar to that of Class 

II concrete until reaching the peak load. Although the hooked steel fibers show the 

highest strength of all Class V mixes, it does not indicate a post behavior bridge effect, 

and the strength sharply dropped after failure.  
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Figure 5-13 Average Stress vs Strain Response of Class II Concrete  

5.4 Splitting Tensile Strength Tests 

This section discusses the results obtained from the splitting tensile and 

compressive strength tests conducted at one day on all FRC mixes. Tables 5-5 and 5-6 

summarize tabulated values for each individual specimen. The results comparing the 

splitting tensile for different test series are plotted using bar charts. 

Figure 5-15 compared all FRC mixes for Class II concrete. When analyzing Figure 

5-15, it can be observed that the PP and PVA fibers give the lowest splitting tensile 
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Figure 5-14 Average Stress vs Strain Response of Class V Concrete  

strengths compared with all other mixes. The PP and PVA fiber mixes cause a 10% and 

9% reduction in fspt relative to the plain concrete mix. It is observed that cellulose fibers 

have little effect on the splitting tensile strength when compared with plain concrete. 

However, the hooked steel fibers containing 0.89% by volume give the highest average 

splitting tensile strengths compared with all other mixes and increase the strength by 10% 

for plain concrete mix and by 17% for control samples made before adding fibers. 

Figure 5-16 compares splitting tensile strengths of all FRC mixes for Class V 

concrete. It can be seen that the PP and PVA have the lowest splitting tensile strengths 

compared with all other mixes. The PP and PVA fiber mixes caused a 17% reduction in 

fspt relative to the plain concrete mix. It is also observed that cellulose fibers reduced the 

splitting tensile strength by 8% when compared with plain concrete. However, the 

cellulose fiber increased the fspt by 17% when compared with control samples made 
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before adding fibers. The hooked steel fiber mix containing 0.89% by volume shows the 

highest average splitting tensile strengths compared with all other mixes and increases the 

strength by 4% for plain concrete mix and by 21% for control samples made before 

adding fibers. 

Table 5-5 The Average Values of fspt and f'c Obtained for Class II Concrete  

Control Fiber
Average 721.83 · 8204.13

S.D 15.65 · 224.93
C.O.V 2.17 · 2.74

Average 637.56 653.46 8092.07
S.D 38.18 63.33 272.93

C.O.V 6.02 9.69 3.37
Average 636.21 657.91 8407.59

S.D 33.3 38.32 482.14
C.O.V 5.23 5.82 5.73

Average 649.36 666.80 7697.42
S.D 33.62 29.21 362.18

C.O.V 5.18 4.38 4.71
Average 647.86 784.74 9261.99

S.D 16.73 17.94 129.03
C.O.V 2.58 2.29 1.39

Mix Type Specimen ID
Splitting Tensile Strength (psi) Compressive Strength 

(psi)

Steel

PC

PP

PVA

Cellulose

 

 
It can be generally observed that the average splitting tensile strengths of PP, PVA 

and cellulose fiber mixes (except hooked steel fibers) showed a lower strength than the 

control mixes. However, it can be seen that the average splitting tensile strength of PP 

(excluding Class V), PVA, and cellulose fiber mixes showed a higher strength than the 

control samples made prior to adding fibers. 
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Table 5-6 The Average Values of f  and f'  Obtained for Class V spt c Concrete 

Control Fiber
Average 781.27 · 9659.32

S.D 14.04 · 317.57
C.O.V 1.80 · 3.29

Average 670.88 651.82 10129.48
S.D 12.8 19.08 319.80

C.O.V 1.91 2.93 3.16
Average 628.89 648.56 10096.38

S.D 14.01 24.46 295.57
C.O.V 2.23 3.77 2.93

Average 625.74 721.90 9165.38
S.D 27.13 12.14 615.24

C.O.V 4.33 1.68 6.71
Average 647.86 808.81 10193.49

S.D 16.73 42.17 282.72
C.O.V 2.58 5.21 2.77

Cellulose

Steel

Mix Type Specimen ID
Splitting Tensile Strength (psi) Compressive Strength 

(psi)

PC

PP

PVA
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Figure 5-15 Splitting Tensile Strength for Class II Concrete  
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PC PP PVA Cell Steel
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Figure 5-16 Splitting Tensile Strength for Class V Concrete  

5.5 Volume of Voids 

5.5.1 Tests Results and Data Analysis  

This section discusses the results obtained from volume of voids and splitting 

tensile strength tests conducted at one day on all FRC mixes. Tables 5-7 and 5-8 

summarize tabulated values for each individual specimen. The results comparing the 

volume of voids for different fiber types are plotted using bar charts. 

From Figures 5-17 and 5-18, it can be seen that the volume of voids of plain 

concrete mixes in both Class II and V have the lowest values (12.97% for Class II and 

12.19% for Class V), and these low values show the highest splitting tensile strength of 

FRC mixes.  

The addition of PP fibers increased the permeable voids in concrete (14.26% for 

class II and 12.77% for class V), and also resulted in about a 10 - 17% lower splitting 
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tensile strength than plain concrete mixes, as described in Figures 5-17 and 5-18. When 

compared with the control samples cast before adding PP fibers, the increased permeable 

voids of PP control samples (13.80% for class II, and 12.32% for class V) also show a 

lower splitting tensile strength than that of the plain concrete mixes.  

The results of PVA fibers showed a similar trend with PP fibers as described in 

Figures 5-17 and 5-18. The addition of PVA fibers increased the permeable voids in 

concrete (13.55% for Class II and 13.60% for Class V) and caused the reduction of the 

splitting tensile strength (9% for Class II and 17% for Class V) in comparison with plain 

concrete. 

Hooked steel fiber mixes showed a 0.85% reduction compared to Class II plain 

concrete and a 0.89% increase compared to Class V plain concrete and resulted in the 

highest splitting tensile strength in both concrete classes, regardless of the volume of 

voids from the Figures 5-17 and 5-18. 

5.5.2 The Effect of Volume of Voids on the Splitting Tensile Strength 

Figure 5-19 compared the splitting tensile strength to volume of voids for control 

samples of Class II concrete. The high voids in the control fiber samples reduced the 

splitting tensile strength by 6-8%. Figure 5-20 compares the splitting tensile strength to 

volume of voids for fiber samples of Class II concrete. Fiber samples having higher 

permeable voids (excluding steel fibers) also reduced the splitting tensile strength by 7-

10%. These steel fibers with low voids compared to the plain concrete mix indicate the 

highest fspt in the all mixes. 

Figure 5-21 compares the splitting tensile strength to volume of voids for the Class 

V control samples. Figure 5-21 shows that the high voids in control fiber samples 

reduced the splitting tensile strength by 14-20%. 
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Table 5-7 The Values of Volume of Voids and fspt Obtained for Class II Concrete  

Control Fiber Control Fiber
Control1 13.03 722.00
Control2 12.88 737.39
Control3 13.00 706.10
Average 12.97 721.83

S.D 0.08 15.65
C.O.V 0.61 2.17

Control1 13.83 14.23 659.30 725.84
Control2 13.72 14.31 653.78 608.26
Control3 13.85 14.23 590.59 626.28
Average 13.80 14.26 637.56 653.46

S.D 0.07 0.05 38.18 63.33
C.O.V 0.51 0.32 6.02 9.69

Control1 13.29 13.50 604.50 655.44
Control2 13.11 13.59 633.24 697.41
Control3 13.03 13.55 670.90 620.89
Average 13.14 13.55 636.21 657.91

S.D 0.13 0.05 33.30 38.32
C.O.V 1.01 0.33 5.23 5.82

Control1 13.80 13.41 645.97 696.18
Control2 13.15 13.67 617.56 666.46
Control3 13.42 13.61 684.55 637.77
Average 13.46 13.56 649.36 666.80

S.D 0.33 0.14 33.62 29.21
C.O.V 2.43 1.00 5.18 4.38

Control1 12.90 12.19 692.58 781.14
Control2 13.01 12.18 681.88 804.21
Control3 12.98 11.98 669.56 768.88
Average 12.96 12.12 681.33 784.74

S.D 0.06 0.12 11.53 17.94
C.O.V 0.44 0.98 1.69 2.29

Volume of Voids          
(%)

Splitting Tensile Strength    
(psi)

· ·

Cell

Mix Type Specimen ID

Steel

PC

PP

PVA

 

Figure 5-22 compares the splitting tensile strength to volume of voids for the Class 

V fiber samples. The PP and PVA fiber mixes showing high voids reduced the splitting 

tensile strength by 17%. The cellulose fiber mix had a 12.22% volume of voids (slightly 

higher over plain concrete) and indicated the reduction of fspt by 8%. The steel fiber mix 
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having a volume of voids 1% higher than plain concrete mix indicated the highest fspt in 

the all mixes. 

Table 5-8 The Values of Volume of Voids and fspt Obtained for Class V Concrete  

Control Fiber Control Fiber
Control1 12.16 790.41
Control2 12.37 765.11
Control3 12.05 788.30
Average 12.19 781.27

S.D 0.16 14.04
C.O.V 1.33 1.80

Control1 12.28 12.81 680.45 672.34
Control2 12.42 12.77 656.34 648.51
Control3 12.27 12.74 675.84 634.61
Average 12.32 12.77 670.88 651.82

S.D 0.08 0.04 12.80 19.08
C.O.V 0.68 0.27 1.91 2.93

Control1 12.97 13.48 630.34 671.60
Control2 12.87 13.68 642.12 622.89
Control3 12.85 13.63 614.89 651.20
Average 12.90 13.60 628.89 648.56

S.D 0.06 0.10 14.01 24.46
C.O.V 0.50 0.77 2.23 3.77

Control1 12.69 12.11 613.61 726.26
Control2 12.47 12.38 606.79 708.18
Control3 12.48 12.17 656.81 731.26
Average 12.55 12.22 625.74 721.90

S.D 0.12 0.14 27.13 12.14
C.O.V 0.99 1.16 4.33 1.68

Control1 13.14 13.10 636.54 845.43
Control2 13.25 13.01 593.02 762.70
Control3 13.15 13.10 632.24 818.31
Average 13.18 13.07 620.60 808.81

S.D 0.06 0.05 23.98 42.17
C.O.V 0.46 0.40 3.86 5.21

Splitting Tensile Strength    
(psi)

· ·

Mix Type

PC

PP

PVA

Cell

Steel

Volume of Voids           
(%)Specimen ID
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Figure 5-17 Volume of Voids for Class II Concrete  
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Figure 5-18 Volume of Voids for Class V Concrete  
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5.5.3 The Effect of Volume of Voids on the Compressive Strength 

Figure 5-23 shows that the relationships between compressive strength and volume of 

voids in harden concrete. It can be observed that there are no significant correlations 

between the two values. The compressive strength for Class V concrete having higher 

values than that for Class II concrete shows the same values at the 13% voids. It means 

that an increase of permeable voids resulting from the addition of fibers does not largely 

affect the compressive strength of FRC rather than the affection of splitting tensile 

strength. 
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Figure 5-19 fspt vs Volume of Voids for Class II Concrete-Control Samples 

5.6 Permeability Test 

5.6.1 Permeability Test Results  

The permeability results for all tested specimens are shown in Tables 5-9 and 5-10. 

The results indicate a high variability in the permeability coefficient among the same 
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Figure 5-20 fspt vs Volume of Voids for Class II Concrete-Fiber Samples 
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Figure 5-21 fspt vs Volume of Voids for Class V Concrete-Control Samples 
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Figure 5-22 fspt vs Volume of Voids for Class V Concrete-Fiber Samples 
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Figure 5-23 Compressive Strength vs Volume of Voids for Class II and V Concretes 
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types of specimens, which is quite common for permeability measurements. The results 

comparing the water permeability for different fiber types are shown in Figures 5-24 and 

5-25. 

It can be discovered that the water permeability of plain concrete mixes has average 

values of 4.11x10-13 m/s for Class II and 3.45x10-13 m/s for Class V.  

The mix including Class II PP fibers shows a high variability in the coefficient of 

permeability. The highest coefficient of permeability of 14.70x10-13 m/s is excluded due 

to high variability. The remaining coefficients of shows a 8 % reduction of water 

permeability in spite of the high volume of voids. On the other hand, the coefficient of 

permeability for Class V indicates a 30% decrease in water penetration. 

The addition of PVA fibers shows similar trend to PP fibers. The coefficient of 

permeability in concrete to average values of 3.82x10-13 m/s for Class II (slight lower 

values than plain concrete). The low coefficient of permeability for Class V (2.42x10-13 

m/s) indicates a 30% reduction in comparison with plain concrete. PVA fibers also have a 

higher volume of voids than plain concrete.  

The inclusion of cellulose fibers for Class II shows different results than other 

fibers. Class II concrete cellulose fibers indicate the highest water permeability in the 

FRC mixes. On the other hand, the Class V cellulose fibers largely reduce the water 

penetration about 13% in comparison with plain concrete. 

The addition of steel fibers for Class II shows the lowest permeability and has a 

34% lower coefficient of permeability. Class V concrete steel fibers have a 20% lower 

the water penetration (excluding the outliner specimen) and higher volume of voids than 

plain concrete. 
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Figures 5-24 and 5-25 show that the addition of fibers improves the samples to 

resist water penetration. However, Class V concrete indicates more a definite reduction in 

water permeability resulting from the addition of fibers. Among the fibers, hooked steel 

fibers make the samples the largest reduction in water permeability. 

Table 5-9 Summary of the Values of K and f'c Obtained for Class II Concrete  

Control1 3.54 8.12
Control2 4.79 7.98
Control3 4.00 8.51
Average 4.11 8.20
S.D 0.63 0.28
C.O.V 15.34 3.36
PP0.5%1 3.48 7.87
PP0.5%2 14.70 8.42
PP0.5%3 4.08 8.20
Average 7.42 8.16
S.D 6.31 0.27
C.O.V 85.05 3.34
PVA0.75%1 3.65 8.25
PVA0.75%2 3.97 8.95
PVA0.75%3 3.84 8.02
Average 3.82 8.41
S.D 0.16 0.48
C.O.V 4.24 5.73
CE0.1%1 4.16 8.18
CE0.1%2 4.50 7.90
CE0.1%3 4.23 7.46
Average 4.30 7.84
S.D 0.18 0.36
C.O.V 4.10 4.62
ST1%1 3.20 9.37
ST1%2 2.73 9.30
ST1%3 2.80 9.12
Average 2.91 9.26
S.D 0.25 0.13
C.O.V 8.66 1.39

Mix Type Specimen ID
Coefficient of Permeability 

(x10-13 m/s)
Compressive Strength 

(ksi)

PVA

PC

PP

Steel

Cellulose
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Table 5-10 Summary of the Values of K and f'c Obtained for Class V Concrete  

Control1 3.26 9.21
Control2 3.16 9.88
Control3 3.92 9.89
Average 3.45 9.66
S.D 0.41 0.39
C.O.V 11.91 4.03
PP0.5%1 2.25 9.94
PP0.5%2 2.72 10.50
PP0.5%3 2.00 9.95
Average 2.33 10.13
S.D 0.36 0.32
C.O.V 15.68 3.16
PVA0.75%1 2.25 10.21
PVA0.75%2 2.62 9.76
PVA0.75%3 2.37 10.32
Average 2.42 10.10
S.D 0.19 0.30
C.O.V 7.84 2.93
CE0.1%1 3.20 8.67
CE0.1%2 2.82 8.97
CE0.1%3 2.95 9.86
Average 2.99 9.17
S.D 0.19 0.62
C.O.V 6.47 6.71
ST1%1 3.99 9.91
ST1%2 2.23 10.48
ST1%3 2.09 10.19
Average 2.77 10.19
S.D 1.06 0.29
C.O.V 38.26 2.80

Mix Types Specimen ID
Coefficient of Permeability 

(x10-13 m/s)
Compressive Strength 

(ksi)

PVA

PP

PC

Steel

Cellulose

 

5.6.2 The Effect of Compressive Strength on Permeability 

Figure 5-26 compares the compressive strength to the coefficient of permeability for 

Class II concrete. From Figure 5-26, the highest coefficient of permeability in the 

cellulose fiber mix is related to the lowest compressive strength and the coefficient of 
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Figure 5-24 Coefficient of Permeability for Class II Concrete  
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Figure 5-25 Coefficient of Permeability for Class V Concrete  
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permeability of the PP and PVA fiber mixes, which have values slightly lower than plain 

concrete, show almost the same or slightly higher compressive strength. On the other 

hand, the steel fibers having the highest compressive strength indicate the lowest 

permeability among all fiber mixes.  
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Figure 5-26 Coefficient of Permeability vs Compressive Strength for Class II Concrete 

From Figure 5-27, it is clear that the coefficients of permeability in all fiber mixes 

are lower than that of the plain concrete mix. The coefficients of permeability of the PP 

and PVA fiber mixes, having similar values, show higher compressive strengths than that 

of plain concrete. On the other hand, the steel fiber mix, having a compressive strength 

similar to the PP and PVA fibers, indicates the lowest permeability of among all fiber 

mixes. 

There appears to be a curvilinear relationship between water permeability and 

compressive strength, as shown in Figure 5-28. Generally, Class V concrete, having 

higher compressive strength than that of Class II concrete shows the lower permeability. 
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Figure 5-27 Coefficient of Permeability vs Compressive Strength for Class V Concrete 
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Figure 5-28 Relationship between Permeability and Compressive Strength for Class II 
and Class V Concretes 
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5.6.3 The Effect of Volume of Voids on Permeability 

The permeable voids in harden concrete also affect the permeability. However, the 

volume of voids is based on the absorption concept different from the water penetration. 

There are no significant correlations between the air content and permeability. It means 

that the addition of fibers having different properties affect the resistance of water 

penetration rather than the affection of permeable voids to control the rate of water flow. 

y = 0.23x + 12.24
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Figure 5-29 Relationship between Permeability and Compressive Strength for Class II 
and Class V Concrete

 



 

CHAPTER 6 
SUMMARY AND CONCLUSIONS 

6.1 Summary of Test Results 

An experimental program was performed examining the effects of fiber type on 

concrete properties in both the fresh and hardened states. The fresh fibrous concrete was 

characterized by its slump, inverted slump-cone time, Vebe, and air content. Compressive 

stress-strain curves, modulus of elasticity, splitting tensile strength, volume of voids, and 

water permeability tests were used as representatives of the hardened physical and 

mechanical properties. The fiber types and dosage rates by volume included in this study 

were polypropylene (0.5%), polyvinyl alcohol (0.75%), cellulose (0.1%), and hooked 

steel (0.89%). 

• The polypropylene, polyvinyl alcohol, cellulose, and steel fiber mixes manifested 
the reductions in fresh-mix workability resulting from the slump, the inverted 
slump-cone time and the Vebe time tests. The slump was in inverse proportion to 
the inverted slump-cone time and the Vebe time. There was not a large 
enhancement in workability after the slump increased beyond about 4.5 or 5.0 in. A 
linear correlation was observed from the results between the Vebe time and 
inverted slump-cone time test. 

• The air contents resulting from the addition of polypropylene, polyvinyl alcohol, 
and steel fibers were about 1.0-1.5% lower than those of plain concrete mixes. 
However, when compared with the air contents of the control samples that were 
tested before adding plastic fibers, the difference of the air contents were 
negligible. The inclusion of cellulose fibers showed a slight increase in air content 
in both concrete classes. These decreased or increased air contents are directly 
related to the unit weight results. 

• The mix containing hooked steel fibers showed an average increase in compressive 
strength of almost 13% for Class II concrete and 5% for Class V concrete. Also, 
reinforcing a concrete matrix with hooked steel fibers significantly improved the 
ductility beyond the peak stress for Class II concrete. The polypropylene and 
polyvinyl alcohol fiber mixes showed no important changes in the compressive 
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strength and ductility in both concrete classes. Only the Class II mix of 
polypropylene fibers showed ductility beyond the peak stress on the stress-strain 
graph. The compressive strength of the cellulose fibers indicated the lowest values 
in all FRC mixes. 

• Among all fiber mixes, the incorporation of hooked steel fibers induced the highest 
splitting tensile strength which was also higher than that of the plain concrete 
mixes. On the other hand, other fiber mixes, such as polypropylene, polyvinyl 
alcohol, and cellulose fibers had a similar trend. Although these fibers definitely 
reduced the splitting tensile strength in comparison with the plain concrete mixes, 
they showed a small increase in strength when compared to the control samples 
made before adding fibers.  

• The volume of voids of polypropylene, polyvinyl alcohol, and cellulose fibers in 
Class II concrete was normally about 0.5-1% higher than that of the plain concrete 
mix. These slightly higher permeable void volumes are connected to lower the 
splitting tensile strength. Plastic fiber samples also have high voids in comparison 
with the control samples made prior to adding fibers. However, there was no 
significant reduction in splitting tensile strength due to the addition of fiber. The 
volumes of voids of hooked steel fibers is 0.85% lower than that of the plain 
concrete mix for Class II and 0.88%  higher than that of plain concrete mix for 
Class V. In spite of the volume of voids, the addition of hooked steel fibers showed 
much higher strength than other mixes. The Class V concrete showed a trend 
similar to that of the Class II concrete.  

• The PP and PVA fibers having similar compressive strength in comparison with 
plain concrete for Class II showed that there was no significant change in water 
permeability. On the other hand, the cellulose fibers having the lowest compressive 
strength indicate the highest coefficient of permeability in Class II mixes. The steel 
fibers having the highest compressive strength indicated the lowest coefficient of 
permeability. Among all fiber mixes, the steel fibers largely improved resistance to 
water penetration. The Class V concrete mixes having lower coefficient of 
permeability in comparison with Class II showed a more definite relationship 
between the compressive strength and permeability. The PP, PVA and steel fiber 
mixes, having higher compressive strength than that of plain concrete mix, 
improved the resistance to water penetration. 

6.2 Conclusions 

The following conclusions can be drawn from the investigations performed in this 

study. 

1. The inclusion of PP, PVA, cellulose, and hooked steel fibers decreases the 
workability of fresh concrete; this effect is more pronounced for fibers with a 
higher aspect ratio. However, the effect of PP, PVA, and hooked steel fibers on 
fresh mix workability, as represented both by inverted slump-cone time and Vebe 
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time, seem to be insignificant. Cellulose fibers cause the lowest slump loss values 
when compared with the other fibers. 

2. At an aspect ratio of 55 and a fiber volume fraction of 0.89 percent, hooked steel 
fibers having high modulus, elongation, and tensile strength generate compressive, 
splitting tensile strength and energy absorption capacities which are higher than 
those of PP, PVA, and cellulose fibers regardless of volume of voids, although the 
effect of fiber reinforcement on compressive and tensile strength is relatively small.  

3. The splitting tensile strength of PP, PVA, cellulose, and steel fiber-reinforced 
concrete ranges from approximately 7% to 9% of its compressive strength. There 
was no significant improvement in splitting tensile strength by the PP, PVA, 
cellulose, and hooked steel fibers. 

4. The addition of PP, PVA, and cellulose fibers resulting in high permeable voids 
shows a lower splitting tensile strength in comparison with plain concrete mixes.  

5. The incorporation of PP, PVA, and steel fibers normally enhance resistance to 
water permeability in spite of high permeable voids in comparison with control 
samples. The high permeability of Class II compared to Class V results in a lower 
compressive strength. Among all fiber types, the hooked steel fibers showed the 
highest resistance to water penetration.

 



 

APPENDIX A 
COMPRESSION TESTS 

Table A-1 Summary of the Values of f'c and Ec Obtained for Class II Concrete  

Control1 4768 8.12 ·
Control2 4650 7.98 ·
Control3 4950 8.51 ·
Average 4789 8.20 ·
S.D 151 0.28 ·
C.O.V 3.16 3.36 ·
PP0.5%1 4755 8.32 7.87
PP0.5%2 4867 8.20 8.42
PP0.5%3 4723 8.60 8.20
Average 4782 8.37 8.16
S.D 76 0.21 0.27
C.O.V 1.58 2.49 3.34
PVA0.75%1 4856 8.25 8.25
PVA0.75%2 4987 8.51 8.95
PVA0.75%3 4653 8.26 8.02
Average 4832 8.34 8.41
S.D 168 0.15 0.48
C.O.V 3.48 1.77 5.73
CE0.1%1 4652 7.55 8.18
CE0.1%2 4512 7.43 7.90
CE0.1%3 4859 7.93 7.46
Average 4674 7.64 7.84
S.D 175 0.26 0.36
C.O.V 3.73 3.43 4.62
ST1%1 5250 8.52 9.37
ST1%2 5202 8.49 9.30
ST1%3 5119 8.47 9.12
Average 5190 8.49 9.26
S.D 66 0.03 0.13
C.O.V 1.28 0.34 1.39

Mix Types Specimen ID
Compressive Strength (ksi)Modulus of Elasticity 

(ksi) FiberControl

Steel

PC

PP

PVA

Cellulose
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Table A-2 Summary of the Values of f'c and Ec Obtained for Class V Concrete   

Control1 5084 9.21 ·
Control2 5053 9.88 ·
Control3 5156 9.89 ·
Average 5098 9.66 ·
S.D 53 0.39 ·
C.O.V 1.04 4.03 ·
PP0.5%1 5032 9.96 9.94
PP0.5%2 5244 9.73 10.50
PP0.5%3 5184 10.24 9.95
Average 5153 9.97 10.13
S.D 109 0.26 0.32
C.O.V 2.12 2.57 3.16
PVA0.75%1 5273 9.84 10.21
PVA0.75%2 5080 10.00 9.76
PVA0.75%3 5148 9.83 10.32
Average 5167 9.89 10.10
S.D 98 0.09 0.30
C.O.V 1.89 0.93 2.93
CE0.1%1 4932 9.35 8.67
CE0.1%2 4950 9.43 8.97
CE0.1%3 5219 9.90 9.86
Average 5034 9.56 9.17
S.D 161 0.30 0.62
C.O.V 3.19 3.10 6.71
ST1%1 5460 9.61 10.48
ST1%2 5123 9.91 9.91
ST1%3 5360 9.77 10.19
Average 5314 9.76 10.19
S.D 173 0.15 0.28
C.O.V 3.26 1.51 2.77

PC

Steel

Cellulose

PVA

PP

Mix Types Specimen ID Modulus of Elasticity 
(ksi)

Compressive Strength (ksi)
Control Fiber
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Figure A-1 Stress vs Strain Response for Plain Concrete-Class II Concrete 
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Figure A-2 Stress vs Strain Response for Polypropylene Fibers-Class II Concrete 
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Class II-Polyvinyl Alcohol 0.75%
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Figure A-3 Stress vs Strain Response for Polyvinyl Alcohol Fibers-Class II Concrete 
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Figure A-4 Stress vs Strain Response for Cellulose Fibers-Class II Concrete 
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Figure A-5 Stress vs Strain Response for Steel Fiber-Class II Concrete 
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Figure A-6 Stress vs Strain Response for Plain Concrete-Class V Concrete 
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Figure A-7 Stress vs Strain Response for Polypropylene Fibers-Class V Concrete 
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Figure A-8 Stress vs Strain Response for Polyvinyl Alcohol Fibers-Class V Concrete 
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Class V-Cellulose 0.1%

0

2

4

6

8

10

12

0.000 0.002 0.004 0.006 0.008 0.010
Strain 

St
re

ss
 (k

si
)

 

Figure A-9 Stress vs Strain Response for Cellulose Fibers-Class V Concrete 
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Figure A-10 Stress vs Strain Response for Steel Fibers-Class V Concrete 
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Figure A-11 Compressive Failure of Plain Concrete for Class II Concrete 

 

 

Figure A-12 Compressive Failure of Polypropylene Fibers for Class II Concrete 

 



86 

 

Figure A-13 Compressive Failure of Polyvinyl Alcohol Fibers for Class II Concrete  

 

 

Figure A-14 Compressive Failure of Cellulose Fibers for Class II Concrete  
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Figure A-15 Compressive Failure of Cellulose Fibers for Class II Concrete 

 

 

Figure A-16 Compressive Failure of Plain Concrete for Class V Concrete 
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Figure A-17 Compressive Failure of Polypropylene Fibers for Class V Concrete 

 

 

Figure A-18 Compressive Failure of Polyvinyl Alcohol Fibers for Class V Concrete 
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Figure A-19 Compressive Failure of Cellulose Fibers for Class V Concrete 

 

 

Figure A-20 Compressive Failure of Steel Fibers for Class V Concrete

 



 

APPENDIX B 
SPLITTING TENSILE STRENGTH TESTS 

Table B-1 The Values of fspt and f'c Obtained for Class II Concrete  

Control Fiber
Control1 722.00 · 8117.67
Control2 737.39 · 7982.24
Control3 706.10 · 8512.47
Average 721.83 · 8204.13

S.D 15.65 · 224.93
C.O.V 2.17 · 2.74

PP0.5%1 659.3 725.84 7873.67
PP0.5%2 653.78 608.26 8415.60
PP0.5%3 590.59 626.28 8201.27
Average 637.56 653.46 8092.07

S.D 38.18 63.33 272.93
C.O.V 6.02 9.69 3.37

PVA0.75%1 604.5 655.44 8252.01
PVA0.75%2 633.24 697.41 8948.31
PVA0.75%3 670.9 620.89 8022.46

Average 636.21 657.91 8407.59
S.D 33.3 38.32 482.14

C.O.V 5.23 5.82 5.73
CE0.1%1 645.97 696.18 8176.18
CE0.1%2 617.56 666.46 7899.16
CE0.1%3 684.55 637.77 7458.04
Average 649.36 666.80 7697.42

S.D 33.62 29.21 362.18
C.O.V 5.18 4.38 4.71
ST1%1 666.33 781.14 9365.29
ST1%2 633.73 804.21 9303.31
ST1%3 643.52 768.88 9117.36
Average 647.86 784.74 9261.99

S.D 16.73 17.94 129.03
C.O.V 2.58 2.29 1.39

Mix Types Specimen ID
Splitting Tensile Strength (psi)

PP

PVA

Cell

Compressive Strength 
(psi)

PC

Steel
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Table B-2 The Values of fspt and f'c Obtained for Class V Concrete  

Control Fiber
Control1 790.41 · 9210.20
Control2 765.11 · 9875.31
Control3 788.30 · 9892.14
Average 781.27 · 9659.32

S.D 14.04 · 317.57
C.O.V 1.80 · 3.29

PP0.5%1 680.45 672.34 9935.20
PP0.5%2 656.34 648.51 10498.58
PP0.5%3 675.84 634.61 9954.65
Average 670.88 651.82 10129.48

S.D 12.8 19.08 319.80
C.O.V 1.91 2.93 3.16

PVA0.75%1 630.34 671.60 10207.20
PVA0.75%2 642.12 622.89 9761.42
PVA0.75%3 614.89 651.20 10320.53

Average 628.89 648.56 10096.38
S.D 14.01 24.46 295.57

C.O.V 2.23 3.77 2.93
CE0.1%1 613.61 726.26 8673.72
CE0.1%2 606.79 708.18 8967.11
CE0.1%3 656.81 731.26 9855.30
Average 625.74 721.90 9165.38

S.D 27.13 12.14 615.24
C.O.V 4.33 1.68 6.71
ST1%1 666.33 845.43 10476.37
ST1%2 633.73 762.70 9910.93
ST1%3 643.52 818.31 10193.18
Average 647.86 808.81 10193.49

S.D 16.73 42.17 282.72
C.O.V 2.58 5.21 2.77

Mix Types Specimen ID

Steel

PC

PP

PVA

Cell

Splitting Tensile Strength (psi) Compressive Strength 
(psi)
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Figure B-1 Splitting Tensile Failure of Plain Concrete for Class II Concrete 

 

 

Figure B-2 Splitting Tensile Failure of Polypropylene Fibers for Class II Concrete 
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Figure B-3 Splitting Tensile Failure of Polyvinyl Alcohol Fibers for Class II Concrete 

 

 

Figure B-4 Splitting Tensile Failure of Cellulose Fibers for Class II Concrete 
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Figure B-5 Splitting Tensile Failure of Steel Fibers for Class II Concrete 

 

 

Figure B-6 Splitting Tensile Failure of Plain Concrete for Class V Concrete 
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Figure B-7 Splitting Tensile Failure of Polypropylene Fibers for Class V Concrete 

 

 

Figure B-8 Splitting Tensile Failure of Polyvinyl Alcohol Fibers for Class V Concrete 
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Figure B-9 Splitting Tensile Failure of Cellulose Fibers for Class V Concrete 

 

Figure B-10 Splitting Tensile Failure of Steel Fibers for Class V Concrete
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