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ABSTRACT 

Self-consolidating fiber reinforced concrete (SCFRC) is a hybrid concrete that is both 

self-compacting and fiber reinforced. Use of SCFRC in reinforced concrete members has been 

shown to result in improved behavior under shear, flexure, and compression relative to 

conventional reinforced concrete. The aim of this study was to investigate relationships between 

the compressive and tensile responses of SCFRC as well as relationships between measured 

compressive and flexural behavior. Such relationships would simplify characterization of the 

mechanical behavior of SCFRCs based on a relatively limited number of standard tests. A 

secondary objective was to quantify  the effect of introducing different volume fractions of four 

types of steel fiber to SCCs with compressive strengths of 6 and 10 ksi. Four different hooked-

end steel fibers were used in this study at volume fractions between 0.5% and 1.5%.  

Results showed that the post-peak slope in compression and the post-cracking flexural 

and tensile strengths all increased as fiber volume fraction increased, whereas properties up to 

development of cracking (or peak strength in the case of compression) were not affected by use 

of fibers. Among the parameters investigated, it was shown that the post-peak compressive 

response was most closely correlated with the post-crack peak strength in flexure and the flexural 

strength corresponding to a mid-span deflection of 0.04 in. It was also found that the within-

batch coefficient of variation of post-crack peak tensile and flexural loads decreased significantly 

when T50 was at least 1.0 second, from an average of 40% to 13%. Of the fibers investigated, the 

RC-80/30-BP had the greatest impact on mechanical performance for a given volume fraction 

and the 3D RC-55/30-BG fiber had the least. 

Keywords: fiber reinforced concrete, compression, flexure, direct tension, self-consolidating 

concrete, hooked steel fibers 
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CHAPTER 1: INTRODUCTION  

 

1.0 ï General 

Reinforced concrete is the number one structural material in the world with billions of 

tons of annual production. It is used to construct the majority of infrastructure, including bridges, 

dams, and power plants. Concrete has excellent compression strength, but its tensile strength is 

much lower. Commonly, reinforcing steel (steel rods) are used to reinforce members where 

tensile strength is required. Unfortunately, there are issues associated with reinforcing steel use 

such as installation time, construction cost, corrosion and reinforcement congestion. Steel fibers, 

when used as a partial replacement for ordinary reinforcement, can simplify construction. Use of 

steel fiber reinforced concrete (SFRC) as a replacement for wire mesh or non-structural steel 

reinforcing bars is increasingly common because SFRC reduces the construction time and 

produces concrete with fewer or no visible cracks (Vondran, 1991; Hockenberry & Lopez, 

2012). 

In addition to improved constructability, use of fiber reinforced concrete (FRC) can 

improve the behavior of structural members. Steel fibers have been shown to improve the 

behavior of concrete under shear, tension, flexure, and compression stresses. In addition, adding 

fiber to concrete improves the bond between concrete and reinforcing steel under cyclic loading 

(Hota, 1997; Otter & Naaman, 1988; Mindess, 1995).  

Unfortunately, introducing fibers to conventional concrete reduces its workability, which 

is considered a barrier to use in practice (Liao, Chao, Park, & Naaman, 2006). This can be 

overcome by using self -consolidating concrete (SCC) instead of ordinary concrete as the base for 

FRC. Self-consolidating fiber reinforced concrete (SCFRC) combines the properties of self-
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consolidating concrete (SCC) with the characteristics of FRC (Liao, Chao, Park, & Naaman, 

2006). SCFRC has a considerably flowable, non-segregating cement-based matrix. It spreads 

into place, fills the formwork, and flows around the reinforcing steel without need for 

mechanical consolidation in typical concrete structures (ACI Committee 237, 2007). SCFRC has 

been used in several applications, including, precast concrete, dams, bridges, industrial floors, 

deep foundations, and structures designed to resist seismic demands. 

 

1.1 ï Research Objectives 

The aim of this study was to develop relationships between compression test results 

(compression stress vs. longitudinal strain) and tensile test results (tensile stress vs. crack width) 

as well as relationships between results from compression and flexural tests (flexural load vs. 

mid-span net deflection). These relationships would make it easier for engineers to characterize 

the mechanical behavior of SCFRC for modeling or design based on a relatively limited number 

of standard tests. A secondary objective was to quantify and report the effect of introducing 

different volume fractions of four types of steel fiber to SCCs with compressive strengths of 6 

and 10 ksi.  

 

1.2 ï Scope 

The behavior of SCFRC with different volume fractions (0, 0.5, 0.75, 1.0, and 1.5%) of 

four types of hooked end steel fibers was tested under compression, flexure, and tension and the 

results are reported. Reported properties include compression strength, modulus of elasticity, 

post-peak slope, compression stress-longitudinal strain behavior, and compression stress-lateral 

strain response. Flexural strength, flexural load-crack width behavior, flexural load-net 
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deflection behavior, flexural load-support rotation behavior, tensile strength, and tensile stress-

crack width behavior are also reported. Fresh-state properties of the SCFRC, including slump 

flow, visual stability index, T50, J-ring slump flow, concrete density, and air content were also 

documented and are reported. Preliminary analyses are presented that were aimed at relating the 

post-peak slope in compression to key features of the measured tensile and flexural responses. 

 

1.3 ï Hypothesis 

Because concrete cylinders often fail as a result of splitting cracks, the resistance 

provided by fibers to crack opening can improve the post-peak response of concrete cylinders 

under compression. It is therefore expected that the post-peak response of SCFRC in 

compression can be related to the tensile stress-crack opening behavior and flexural response of 

the SCFRC.  

Based on previous work, it is expected that introducing fibers to SCC will reduce the 

workability, flowability, and the passability of SCFRC. Addition of fibers is not likely to affect 

the mechanical properties before cracking occurs, but it is expected to increase the concrete 

toughness after cracking. Improvements in the strength, toughness, and cracking behavior are 

expected to be linked to increases in the fiber volume fraction and aspect ratio.  

 

1.4 ï Research Significance 

To facilitate the use of FRC in design, there is a need for simple and robust methods for 

characterizing the response of the material to stress. If successful, this study will provide a means 

of relating the post-peak compressive response of FRC, which is difficult to measure, to the 

measured response of FRC in tensile or flexural tests, which are relatively easy to conduct. The 
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aim is a significant simplification of the testing required to characterize the mechanical behavior 

of a particular FRC. In addition, the current study will  provided detailed data regarding the effect 

of different volume fractions of various types of hooked end steel fibers on the properties of 

freshly mixed SCFRC (workability, flowabilty, stability, and passability) as well as the 

mechanical and physical properties (toughness, ductility, and cracking behavior). 

 

1.5 ï Organization of Report 

This report has six chapters and four appendices. The first chapter describes the topic and 

motivation for the study of SCFRC. The second chapter summarizes a brief review of the related 

literature that provides a basis for the presented study. The third chapter describes the 

experimental program with details of material properties, mixture proportions, mixing 

procedures, specimen construction, and test methods. Chapter Four reports the properties of 

freshly mixed concrete such as slump flow, visual stability index, T50, J-ring slump flow, 

concrete density, and air content. In addition, the results of compression, tensile, and flexure tests 

are reported in Chapter Four. Chapter five presents an analysis of the test results. A summary and 

conclusions are described in chapter six. Detailed test results are presented in the Appendices. 
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CHAPTER 2: LITERATURE REVIEW  

 

2.0 ï Introduction  

This chapter offers an overview of previous studies on self-consolidating fiber reinforced 

concrete (SCFRC). A brief review of the history, advances, and applications of SCFRC are 

presented in the chapter. This section gives an overview of the properties of freshly mixed 

SCFRC, and summarizes the mechanical characteristics of the material. 

 

2.1 ï History  

2.1.1 ï History of Fiber Reinforced Concrete 

Use of fibers in construction is not a recent breakthrough. Egyptians and Babylonians 

used straw as reinforcement in adobe bricks (ACI Committee 544, 1996). In 1874, metallic waste 

was added to concrete as reinforcement (Minelli, 2005) and asbestos strips were used in concrete 

in the 1900s. However, fiber reinforced concrete (FRC) did not become a focus of the research 

community until the 1950s. By the 1960s, FRC with glass, synthetic, and steel fibers had been 

tested. In that decade, straight steel fiber was first used to reinforce mortar and plain concrete 

(Balaguru & Shah, 1992). In the second half of the 1970s, the European market started producing 

steel fiber reinforced concrete (SFRC), but there were no recommendations or standards for their 

use by engineers. Partially due to the lack of standards, adoption of SFRC by the market has 

been slow (Ross, 2008). Figure 2.1 illustrates the timeline of design and test methods that have 

been adopted for FRC (Ross, 2008). 

 

http://en.wikipedia.org/wiki/Asbestos
http://en.wikipedia.org/wiki/Glass
http://en.wikipedia.org/wiki/Steel
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Figure 2.1 ïFRC timeline of design and test methods (Ross, 2008). 

 

2.1.2 ï History of Self Consolidating Concrete 

Self-consolidating concrete (SCC) was first developed in the late 1980s in Japan, for the 

purpose of ensuring compaction of concrete in dense reinforcement regardless of the 

construction work quality (ACI Committee 237, 2007; Gencel, Brostowb, Datashvili, & 

Thedford, 2011). As new chemical admixtures and cementitious materials that improve the 

quality and lower the cost of SCC have entered the marketplace, use of SCC has become 

somewhat common in construction.  
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2.1.3 ï Development of Self Consolidating Fiber Reinforced Concrete 

New generations of additives such as superplasticizers (SPs), which improve concrete 

plasticity, and viscosity modifying agents (VMAs), which adjust concrete viscosity and prevent 

segregation, have been developed and added successfully to SCFRCs. Those new additives make 

achieving high strength concrete possible without any reduction in concrete workability. Fine 

cementitious materials such as fly ash, blast furnace slag, silica fumes, and limestone fines have 

also been developed that improve SCFRCs. For example, addition of fine cementitious materials 

reduces voids, which tends to enhance the fiber-matrix bond (Barnes, 2007).  

Adding fibers to cementitious composites reduces the matrices workability, especially if 

the cementitious composites contain coarse aggregates. Ritchie and Rahman (1973), and Luke et 

al. (1973) examined the impact that adding steel fiber had on concrete workability. They found 

that concrete workability decreased steadily with the increase of steel fiber content. They found 

that a 3% fiber volume fraction of steel fibers decreased the slump by 12%, while 8% volume 

fraction of steel fiber reduces the slump by 70%. Liao et al (2006) investigated the effect of 

adding 1.2 inch long hooked end steel fibers in volume fractions ranging between 1.5% to 2% to 

SCCs of compression strengths ranging between 5 ksi to 9.5 ksi. They developed a mixture 

design for a tensile-strain hardening self-consolidating FRC that was used as a basis for the 

mixture designs used in this study. 

SCCs are highly affected by the mixing steps and the time each step takes. In addition, 

minor changes in the mixing procedure as well as the sequence of mixing may significantly 

affect the freshly mixed concreteôs properties (Liao, Chao, Park, & Naaman, 2006). Researchers 

have done many studies to improve SCC production processes. Traditionally, using standard 

mixing approaches and undeveloped fibers (straight and smooth steel fibers) led to fiber 
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segregation and fiber balling. Using glued steel fibers, special mixing processes, and unique 

placing methods to minimize segregation and to distribute fibers uniformly, are considered 

significant advances in FRC (Naaman A. E., 2003). 

2.2 ï Types of Fibers 

Use of different types of fibers has been shown to have multiple advantages, including 

reduced crack widths, improved concrete toughness, prevention of concrete spalling during fires, 

and reduced plastic shrinkage cracking (LÖFGREN, 2005). The three primary types of fiber 

materials are synthetic (carbon, polypropylene, polyester, and nylon), steel, natural (such as 

wood based), and glass.  Figure 2.2 shows several types of commercial fibers. Steel fibers are the 

most commonly used fiber for structural applications. Only Spectra (polyethylene fiber), twisted 

steel fiber, and hooked end steel fiber have been successfully used to produce high-performance 

fiber reinforced concrete (HPFRC) with fiber volume fractions less than 2% (Setkit, 2012).  

 

Figure 2.2 ï Several types of the available fibers (LÖFGREN, 2005). 
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Steel fibers are added to FRCs to improve toughness, ductility, and other properties 

(Hockenberry & Lopez, 2012). To improve the anchorage of steel fibers in concrete, steel fibers 

come in several different shapes, including smooth and straight, twisted, crimped, coiled, 

indented, with paddled ends, with hooked ends, or with buttoned ends. Some common shapes of 

steel fibers are shown in Figure 2.3.  

According to Naaman (2003), fibers must have several characteristics in order to be 

effective in FRCs. One of the most important characteristics of a fiber is its aspect ratio, defined 

as the ratio of length to diameter. Commonly, steel fiber aspect ratios range between 20 and 100 

though it can easily exceed 100 for fine fibers (Trub, 2011). Fibers with large aspect ratios have 

a larger ratio of surface area to cross-sectional area, which makes them more capable of 

developing their full strength through bond with the matrix. Also, fibers with large aspect ratios 

tend to have a small volume; so, for the same volume of fibers, those with large aspect ratios will 

have a larger number of individual fibers. Also, the tensile strength of fibers must be much 

greater than the matrix capacity (about 2 to 3 orders of magnitude). Third, the bond strength 

between the fiber and matrix must be greater than the matrix cracking strength. Fourth, the 

elastic modulus of the fibers should be at least three times that of the matrix. In addition, fibers 

must have enough ductility; it is not desirable for fibers to fracture. Finally, the thermal 

coefficient and the Poissonôs ratio of fibers should be in the same order as the matrix. 

The quantity of fibers in a mixture is often expressed as a portion of the total composite 

volume, referred to herein as the fiber volume fraction. Practical fiber volume fractions range 

between 0.25% and 3% for steel fibers (Trub, 2011).  
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Figure 2.3 ï Some of the standard shapes of steel fibers (LÖFGREN, 2005). 

 

2.3 ï Classification of Fiber Reinforced Concrete Based on Mechanical Behavior 

ACI Committee 544 defines FRC as a matrix made of cementitious materials, aggregates, 

and discontinuous discrete fibers (ACI Committee 544, 1996). As shown in Figure 2.4, FRC can 

be classified on the basis of its response to flexural and direct tensile loads response (Naaman & 

Reinhardt, 2005). The term ñhigh-performance fiber reinforced concrete (HPFRC)ò has been 

used to refer to FRC that develops a post-cracking tensile strength higher than the first cracking 

strength (strain hardening) and also typically develops multiple cracks instead of a single large 

crack. Other FRCs that exhibit higher flexural strength after first cracking are referred to 

deflection-hardening FRCs (T.Mastsumoto & Mihashi, 2002). It is common for deflection 

hardening composites to exhibit the tensile strain softening response shown in Figure 2.5. 

HPFRCs have been shown to have the most significant impact on structural behavior 

(Parra-Montesinos G. J., 2005). When HPFRC is used, the spacing between cracks and crack 
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widths are smaller than those expected in a similar structure construected with a non-strain-

hardening material (Naaman A. E., 2008).  

 

Figure 2.4 ï Classification of FRCs on the basis of tensile stress-strain response and the flexural 

load-net deflection response (Naaman & Reinhardt, 2005). 
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Figure 2.5 ï HPFRCs and FRCs response under tensile stresses (Naaman A. E., 2008). 

 

Although not investigated in this study, there are other classifications of FRCs. A 

common class of FRCs are referred to as ultra high-performance fiber reinforced concrete 

(UHPFRC), which commonly has a compression strength between 22-32 ksi (150-220 MPa) 

(Trub, 2011). UHPFRC combines the properties of high strength concrete and the characteristics 

of FRC (Yu, Spiesz, & Brouwers, 2013). Fibers are introduced to UHPFRCs to prevent sudden 

failure by increasing the concrete toughness and ductility (Astarlioglu & Krauthammer, 2014). 

The ultra high-performance can be achieved by using a large quantity of cement and fine 

materials such as fly ash and/or silica fume to achieve maximum packing density (FHWA, 

2013). In addition, a smaller coarse aggregates nominal size, a low water-cement ratio (0.16-

0.20), and a superplasticizer (SP) are necessary to produce UHPFRC (FHWA, 2013).  
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2.4 ï Structural Applications of FRC 

Although FRC has become common in slabs and other flatwork where crack control is 

the primary design consideration, use of FRC has been shown to be advantageous in several 

structural applications, as described below. 

 

2.4.1 ï Members under Cyclic Loads 

Use of HPFRC in concrete structures that are exposed to seismic activities can be 

advantageous. Typically, structures that are expected to undergo inelastic displacement reversals 

have congested reinforcement that is required to confine and reinforce the concrete, but that 

makes concrete placement difficult . An investigation conducted by Parra-Montesinos and 

Chompreda (2007) showed that flexural members with polyethylene high-performance fiber 

reinforced concrete (PHPFRC) and without transverse reinforcement have larger damage 

tolerance and greater drift capacities in comparison to conventionally reinforced concrete. The 

same investigation also showed that HPFRC is capable of sustaining high shear stresses and 

provide buckling restraint to the longitudinal reinforcement. 

 

2.4.2 ï Coupling Beams 

The overall behavior and constructability of coupling beams, which are subjected to high 

shear stresses and deformation demands in a seismic event, can be improved by using HPFRC 

instead of conventional concrete (Canbolat, Parra-Montesinos, & Wight., Experimental Study on 

Seismic Behavior of High-Performance Fiber-Reinforced Cement Composite Coupling Beams, 

2005). Canbolat, Parra-Montesinos, and Wight (2005) investigated four short HPFRC coupling 

beams with length to depth ratios of 1.0. They reported that using HPFRCs improved the 
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deformation capacity and toughness of the beams, reduced the reinforcement requirements, and 

improves the damage tolerance by distributing damage over multiple cracks.  

 

2.4.3 ï Shotcrete 

 Shotcrete, which is defined by ACI 506R (2005) as ñmortar or concrete pneumatically 

projected at high velocity onto a surface,ò can contain fibers (Vondran, 1991).  If supplied in a 

sufficient quantity, fibers can replace wire-mesh reinforcement in shotcrete applications 

(Vondran, 1991). An advantage to using fibers as reinforcement in shotcrete applications is to 

prevent shadows, which are air voids and sand pockets behind reinforcing bars that can lead to 

corrosion issues and surface cracks. Figure 2.6 ill ustrates the difference between using steel 

fibers and reinforcing bars as reinforcement in shotcrete applications. Another reason for using 

FRC in shotcrete applications is to reduce the casting time and costs.  

 

Figure 2.6 ï Comparison between fibers and reinforcing steel in shotcrete (Vondran, 1991). 
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2.4.4 ï Low-Rise Structural Walls 

Use of HPFRCs in low-rise structural walls that are subjected to earthquake-type cyclic 

loads has been shown to allow a reduction in web shear reinforcement and result in an increase 

in damage tolerance. A study conducted by Parra-Montesinos and Kim (2004) of the use of 

HPFRCCs in low-rise structural walls with a height-to-length ratio of 1.5, using two different 

HPFRCCs, show that the FRC can resist about 70% of the total shear stresses. 

 

2.4.5 ï Precast Concrete 

 SCFRCs have been used for many years in precast concrete applications to enhance the 

resistance of precast concrete units to corrosion and cracking. Using SCFRCs in precast concrete 

improves its performance in aggressively corrosive environments and increases its resistance to 

impact shock. In addition, SCFRCs tend to reduce the width of cracks, including settlement 

cracks, bed cracks, pattern cracks, surface cracks, and cracks that occur due to handling of the 

units.  

For example, in the 1970s, the U.S. Army Corps of Engineers made 600 units of precast 

dolosse, twisted H-shaped units, which had 80 to 120 lbs/yd
3
 of steel fibers as their primary 

reinforcement. Only two of them were fractured during transportation. After 14 years of 

exposure to the Pacific Ocean, the Corps reported that no evidence of fiber corrosion was found 

in the precast steel fiber reinforced dolosse. In contrast, the U.S. Army Corps reported that 80 

percent of the traditional reinforced precast dolosse units disintegrated within a few years due to 

corrosion exacerbated by plastic settlement cracks (Vondran, 1991).  
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2.4.6 ï BeamïColumn Connections 

 Using HPFRCs in beam-column connections increases the shear strength, bond strength 

between the matrix and the reinforcement, and overall damage tolerance of the connection. A 

study by Parra-Montesinos (2005) concluded that using HPFRCs for beam-column connections 

increases the confinement of the longitudinal reinforcement in that region which allows for a 

reduction in the required transverse reinforcement and an increase in the required minimum 

spacing of the transverse reinforcement.  

 

2.4.7 ï Other applications of FRC 

FRCs have been used in several other applications, especially in those where limitation of 

crack widths is important but placement of reinforcement is difficult. Several of these other 

applications are shown in Figure 2.7. 
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Figure 2.7 ï SFRC main applications (Zollo, 1985). 

 

2.5 ï Properties of Freshly Mixed SCFRC 

As discussed in Section 2.1.3, the workability of concrete tends to be reduced when fibers 

are added to the mixture. However, this limitation can be overcome through use of chemical 

admixtures that increase the workability of fresh concrete. This improved workability is the 

primary advantage of using SCFRC instead of conventional FRC. 
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Certain fiber properties are known to affect the workability of the mixture. Gru¨newald 

and Walraven (2001) reported that there are direct relationships between the fiber factor (the 

product of fiber aspect ratio and volume fraction) and the concrete workability as illustrated in 

Figure 2.8. Similarly, (Liao, Chao, Park, & Naaman, 2006) showed that the higher the aspect 

ratio is, the lower the dosage of fiber that can be added for a given target workability. A study 

that was produced by Bentur and Mindess (1990) shows the effect of different fiber lengths (0.8, 

1.6, and 2.4 inches) and different fiber content (1-3%) of polypropylene fiber on the concrete 

slump as shown in Figure 2.9.  

A problem associated with producing SCFRC is fiber balling, which is commonly caused 

by using high coarse aggregates content (usually more than 55% of the total combined 

aggregates) and/or over mixing (Yurtseven, 2004). Many studies show that the risk of balling 

increases as the fiber stiffness decreases and as the fiber diameter decreases. Several solutions 

are available to control balling such as using pre-glued fibers and/or using special mixing 

procedures (Naaman & Reinhardt, 1995).  

  
Figure 2.8 ï The effect of fiber factors on the workability of SCC (Gru¨newald & Walraven, 

2001). 
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Figure 2.9 ï The effect of fiber length and the content of polypropylene fiber on concrete slump 

(Yurtseven, 2004). 

 

Although fiber properties influence workability, properties of the matrix have a greater 

effect on the concrete workability when fiber volume fractions are 0.5-2% (Barnes, 2007).  

Figure 2.10 shows the relationships between the measured slump, paste volume fraction, and 

fiber content. As illustrated in Figure 2.11, the maximum size of coarse aggregate also influences 

the distribution of fibers and should influence the choice of fiber length (Liao, Chao, Park, & 

Naaman, 2006; Johnston, 1996; Mangat & Swamy, 1974). ACI Committee 544 recommends that 

the fiber length be no longer than 2-4 times the maximum size of coarse aggregate, whereas 

Vandewalle (1993) suggests using fibers with a length larger the maximum size of coarse 

aggregates.  
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Figure 2.10 ï The effect of paste volume on the workability of SFRCCs (Johnston, 2001). 

 

Figure 2.11 ï The effect of maximum size of coarse aggregates on the fiber length and 

distribution (Johnston, 1996). 

The maximum practical fiber volume fraction is a function of matrix properties. 

Narayanan and Kareem-Palanjian (1982) showed that increases in the fine/coarse aggregate ratio, 

fiber content can increase due to an increase in the amount of the paste, which fills the void 

between fibers and aggregates. A study by Mangat and Swamy (1974) showed that the coarse 

aggregate content affects the maximum steel fiber content. In their study, they used straight steel 

fibers with aspect ratio 100 (1.0 in. length and 0.01 in. diameter) and crushed aggregates with a 
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nominal maximum aggregate size of 0.4 inch. They found that the maximum allowable fiber 

content decreased as coarse aggregate content increased (Figure 2.12). 

 

Figure 2.12 ï The relationship between the coarse aggregates content and the maximum content 

of the steel fiber (Mangat & Swamy, 1974). 

 

2.6 ï Mixing Procedures 

There are many methods available for introducing steel fibers to concrete mixtures. 

Compared with the conventional concrete mixing procedures, SCC is highly affected by the 

mixing steps and the time each step takes. In addition, minor changes in the mixing process as 

well as the sequence of mixing may significantly affect the properties of freshly mixed concrete. 

Furthermore, depending on the sequence and content of the added fibers, identical mixtures that 

are prepared with identical techniques might lead to different properties of SCC (Liao, Chao, 

Park, & Naaman, 2006). Moreover, the mixing duration should be kept as short as possible in 

order to prevent segregation (Gencel, Brostowb, Datashvili, & Thedford, 2011). This section 

provides several mixing procedures that have been used successfully in several studies. 
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The ACI Committee 544 (1998) published two successful mixing methods of making 

SFRCs. In both of these methods, the fiber should be added to a fluid mix to prevent balling of 

the fibers and to ensure dispersion of the steel fibers. The first procedure, which has been used 

successfully by many ready-mix concrete producers, is efficient when using a transit mix truck. 

It requires the following steps: First, the wet mixture is prepared without any fiber so that it has a 

slump that is at least one to two inches higher than the desired slump of the SFRC. Then the fiber 

shall be added gradually, perhaps by dumping the fiber through a four-inch mesh screen. After 

adding all fibers, the mixing speed is slowed for about thirty to forty revolutions of the drum.  

The second method of the ACI Committee 544 (1998) can be done by charging a central 

mixer or transit mix truck with fiber and aggregates at the same time. Following the regular 

mixing manner, fibers should be added via a conveyor belt with the aggregates addition. If 

possible, the operator should elongate the time it takes to add fibers and aggregates to the mix. 

Furthermore, fibers shall not be introduced as clumps because they remain as clumps after 

mixing. In addition, the mixing drum has to be rotated fast enough to mix the fibers efficiently as 

they are introduced. If glued fibers are used, not more than thirty fibers per bundle is allowed. 

The fiber bundles can also be introduced to the mixture at the end to eliminate the balling risk. 

This procedure is successfully used for the majority of fibrous concrete projects. 

 Naaman, Alkhairi, and Hammoud, (1993) used the following steps during the mixing 

process: in the beginning, one must add and mix the aggregates for one minute. Next, the 

cementitious materials are added and mixed for another minute. After that, 75% of the water and 

the superplasticizer must be introduced slowly. Then the air entraining agent and the corrosion 

inhibitor (if used), should be mixed with the remaining 20% of the water. The operator shall mix 

the matrix for a few minutes to ensure a proper and uniform mix. Finally, the fibers are added to 
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the concrete through a sieve (0.5-inches-square openings) to guarantee arbitrary distribution of 

the fibers, eliminate fiber balling, and prevent segregation. Altogether, this mixing procedure 

takes about five to six minutes. 

Liao et al (2006) proposed a mixing procedure for producing SCFRCs that is summarized 

in several steps. The cementitious materials and the fine aggregates are mixed for thirty seconds; 

then, half of the premixed liquid (Water+SP+VMA) must be added. A quarter of the remaining 

premixed liquid (Water+SP+VMA) should be poured in and mixed for one minute. Then, 1/8, 

1/16, and all of the remaining liquid can be added with one minute of mixing time between each 

addition. After one minute of mixing, the coarse aggregates shall be introduced to the mixture. 

The operator can start adding the steel fibers slowly after two minutes of mixing. After addition 

of the fibers and mixing for three minutes, mixing can be stopped. The total mixing time of this 

technique is ten minutes and thirty seconds. 

Sahmaran, Yurtseven, and Yaman (2005), and Sahmaran and Yaman (2007) used a 

different mixing technique in their experimental studies of FRCs. They used fiber with a volume 

fraction of about 0.8%. They used the following steps: the first step is the dry-mixing of the fine 

aggregates, coarse aggregates, and fibers for thirty seconds. Then, the operator must add the 

cement, the limestone powder and 1/3 of the total water amount. After 1.5 minutes of mixing, he 

or she shall add the premixed liquid (2/3 of the water with SP). The total mix time for all batches 

is five minutes. 

Brodowski (2005) has proposed a mixing procedure of producing SCCs by using up to 

2% of fiber content. The following steps are required to achieve satisfactory results: the first 

step, the coarse aggregates, the fine aggregates, and the steel fibers should be mixed for four 

minutes. Then, half of the water must be introduced into the mix in a one-minute interval. After 
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that, half of the fly ash and the cement can be added. Next, the operator must add a quarter of the 

water. After one minute of mixing, he or she can add the last quarter of water with a quarter of 

the fly ash amount. Then, a quarter of the SP, the rest of the cement, and fly ash can be 

introduced to the mix. After that, the operator must add the rest of the SP, and mix for two more 

minutes. He or she shall mix until all the fibers are completely separated. This procedure takes 

about eight to ten minutes. 

Gru¨newald (2006) used fiber with a volume fraction of 1.5%, and a pan mixer. His 

procedure requires the following steps: first, the operator shall mix the cementitious materials 

and the fine aggregates for ten seconds. Then, the pre-mixed liquids (water and SP) must be 

introduced to the mixture, and then mixed for 110 seconds. After that, the coarse aggregates must 

be added and mixed for one minute. Next, the operator has to wait for one minute allowing the 

SP to activate, and mix for thirty seconds. Finally, he or she shall add the fibers slowly and mix 

for ninety seconds. Further mixing may be required to dissolve the glued fiber bundles. This 

procedure requires about six to eight minutes. 

 

2.7 ï Mechanical Properties of FRC 

The following section offers a brief description of the most important mechanical 

properties of FRC. Characteristics such as strength, stress-strain behavior, modulus of elasticity, 

and toughness, as well as a brief discussion of some results found in the literature are reported.  

In general, there is no significant improvement in the elastic region (before cracking) 

from addition of fibers to cement-based materials. In addition, small fiber volume fractions have 

a negligible effect on the compression strength and the modulus of elasticity (Barnes, 2007). 
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Introducing fibers to concrete can, however, result in significantly improved post-cracking 

behavior. 

 

2.7.1 ï Compression Strength 

In plain concrete and FRC with fiber volume fractions less than 1% the stress-strain 

relationship can be represented by a line up to approximately 30% of the compression strength, 

followed by a period of gradual softening up to the concrete compression strength. Beyond the 

compression strength, the stress-strain relationship exhibits strain softening until failure occurs 

(Williamson, 1974; Wafa & Ashour, 1992). Adding steel fibers tends to reduce the post-peak 

slope of the stress-strain relationship, resulting in a response to compression like that of well 

confined concrete, as illustrated in Figure 2.13 (LÖFGREN, 2005). 

 
Figure 2.13 ï Schematic description the behavior of plain concrete and FRC under compression 

stresses (LÖFGREN, 2005). 
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Although small volume fractions of fibers do not affect the compressive strength, large 

fiber volume fractions can. For these mixtures, it has been shown that the orientation of fibers 

influences the concrete compression strength (Fanella & Naaman, 1985; Homrich & Naaman, 

1987; Ezeldin, Balaguru, & Perumalsamy, 1992; Balaguru & Najm, 2004; Li & Mishra, 1992). 

When fibers are oriented perpendicularly to the loading direction, fibers are more efficient in 

reducing cracks propagation and sliding (Barnes, 2007). Homrich and Naaman (1987) recorded 

that about 50% higher strength can be achieved by orienting fibers perpendicular to the loading 

direction instead of orienting them parallel to the loading direction. Fanella and Naaman (1985), 

and Balaguru and Najm (2004) reported that the strength increases by 0-50% when steel fibers 

(Dramix fibers) are oriented randomly, while Naaman, Otter, and Najm (1991) found that adding 

hooked end steel fibers with volume fractions 9-11% in making SIFCON increases the strength 

in the range of 300-400%. Several results from previous studies of compression strength of FRC 

are listed in Table 2.1.  
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Table 2.1 ï Results of several studies of compression tests found in the literature compared by 

Barnes (2007). 

 

 

2.7.2 ï Tensile Strength 

As defined previously, HPFRC is a class of FRC materials that exhibit tensile strain 

hardening, or increased tensile strength after cracking. In contrast, plain concrete and 
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conventional FRC exhibit the greatest strength at first cracking, and therefore they exhibit strain-

softening, as shown in Figure 2.14.  

 

Figure 2.14 ï Classification of FRCs based on their behavior under tensile stresses (LÖFGREN, 

2005). 

 

It has been well reported that adding steel fibers increases the concrete tensile strength 

(Johnston & Coleman, 1973; Homrich & Naaman, 1995; Balaguru & Najm, 2004). Using small 

fiber volume fractions (1-2%) increases the tensile strength by about 10% (Barnes, 2007). 

Naaman and Chandrangsu (2003) used 2% volume fraction of twisted steel fiber with fly ash to 

achieve strain hardening. Balaguru and Najm (2004) achieved a 10% higher tensile strength by 

using 1.5% volume fraction of hooked end steel fibers, while Johnston and Coleman (1973) 

produced a 30% higher tensile strength by using 6% volume fraction of hooked end steel fiber. 

In addition, adding polymer fibers slightly increases the concrete ultimate tensile strength. 

Balaburu and Khajuria (1996), and Kao (2005) also found that adding polymer fibers slightly 
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increases early ages tensile strength, but there is no significant effect on long term tensile 

strength. Table 2.2 shows results from tensile strength tests found in the literature.  

Table 2.2 ï Results of tensile strength tests found in the literature that were compared by Barnes 

(2007). 

where: 

ft = unreinforced cementitious composites tensile strength, 

ftc = reinforced cementitous composites tensile first cracking strength, 

fut = reinforced cementitous composites ultimate tensile strength, 

a: 25 x 25 mm (square cross-sectional dimensions), 

b: 50 x 12.5 mm (rectangular cross-sectional dimensions), 

c: fibers were oriented parallel to the loading direction, 

d: using split cylinder test. 
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2.7.3 ï Flexural Strength 

Deformed steel fibers are more efficient in increasing concrete flexural strength than 

synthetic fibers (Yurtseven, 2004; Naaman & Chandrangsu, 2003) because synthetic fibers have 

a lower modulus of elasticity than steel fibers (Balaguru & Khajuria, 1996; Naaman & 

Chandrangsu, 2003). Naaman and Chandrangsu (2003) observed that using twisted steel fiber 

produces higher flexural strength than using synthetic (Spectra) fibers. In addition, concrete 

flexural strength is highly sensitive to the aspect ratio and volume fraction of the fibers 

(Yurtseven, 2004).  Higher flexural strengths can be achieved by using higher aspect ratios 

(Johnston, 1973; Yurtseven, 2004). Using aspect ratios ranging from 30-120 enhances the 

concrete flexural strength by 10-80% (Barnes, 2007). Adding fibers with volume fractions less 

than 1.0% does not significantly affect the flexural strength beyond the first crack. By contrast, 

those volume fractions would greatly enhance the flexural post-cracking strength (Setkit, 2012). 

The effect of different volume fractions of hooked end steel fibers on concrete flexural strength 

is shown in Figure 2.15 (Balaguru, Narahari, & Patel, 1992). For reference, 200 lb/yd
3
 of steel 

fibers is approximately equivalent to a fiber volume fraction of 1.5%.  

For normal strength concrete, deformed steel fibers have more impact on concrete post-

cracking flexural strength than straight steel fibers. A reason the improved behavior is the 

excellent mechanical bond developed between deformed steel fibers and concrete as shown in 

Table 2.3 (Ramakrishnan, Brandshaug, Coyle, & Schrader, 1980; Bentur & Mindess, 1990; 

Balaguru & Shah, 1992; Mindess, Chen, & Morgan, Determination of First-Crack Strength and 

Flexural Toughness of Steel Fiber-Reinforced Concrete, 1994). 
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Figure 2.15 ï The effect of volume fraction of hooked end steel fibers on concrete flexural 

strength (Balaguru, Narahari, & Patel, 1992). 

 

2.7.4 ï Shear Strength 

One of the main advantages of introducing steel fibers to concrete is to enhance shear 

strength (Setkit, 2012; Kwak, Eberhard, Kim, & Kim, 2002 ), particularly those subjected to 

displacement reversals such as coupling beams and beam-column connections. Several 

researchers have investigated the effect of introducing steel fibers to concrete applications and 

the possibility of replacing part or all of the steel stirrups by steel fiber. Batson, Jenkins, and 

Spatney (1972), and Darwish (1987), and Swamy and Bahia (1985) studied the effect of adding 

steel fibers to concrete beams. They reported that adding fibers improved the shear resistance. 

Barragán (2002) reported that small volume fractions of steel fibers do not affect the cracking 

strength, but they significantly affect the toughness behavior after cracks occurred. 
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Table 2.3 ï Flexural strength results for different types of steel fiber (Barnes 2007). 

 
Where: 

Ὢ :  modulus of rupture of unreinforced matrix, 

Ὢ:   modulus of rupture of reinforced matrix, 

Ὢ : maximum bending stress, 

a: 100 × 100 × 355 mm (b × w × l), 

b:  75 × 12 × 305 mm (b × w × l).  

 

Yang, Joh, and Kim (2011) investigated the effect of using steel fibers in 12 UHPFRC I-

beams (depth 27.5 inches, compression strength 23-27.5 ksi) as a replacement for steel stirrups. 

They found that the ultimate shear resistance increased as the fiber volume fractions increased. 

Hockenberry and Lopez (2012) showed the same in their study of the effect of hooked end steel 

fibers on the performance of concrete beams subjected to shear. In addition, they showed that the 

shear capacity of the tested FRC beams was more than the limitations of ACI 318-08 by 50%.  

 












































































































































































































































































































































































































































































































































































































