fiber reinforced concrete


CHAPTER II Fiber Reinforcement Concrete

2.1 Types of Fibers in Concrete
The concept of using fibers in brittle material to improve resistance to cracking and fragmentation is old and intuitive. For example, straws were used to reinforce sun backed bricks, horse hair was used to reinforce plaster and more recently. When Portland cement concrete started evolving as a building material, attempts were made to add fibers to improve its behavior and to overcome the problem of inherently brittle type of failure that occurs in concrete under tensile stress systems and impact loading. Two periods seem to characterize the development of fiber reinforcement in concrete. The first period, prior to the l970s, corresponds to a slow development, with almost no applications. While the second period, since the early 1970, corresponds to a phase of more rapid innovative developments with increasing applications. 
       During this rapid development different types of fibers and fiber materials are introduced and are being continuously introduced to the market for new applications. These fibers can be made of metals, natural, glass or organic materials. Fiber reinforced concrete is concrete made of hydraulic cements containing fine aggregate, or fine and coarse aggregate and discontinuous discrete fibers. These fibers are in various shapes and sizes. A convenient numerical parameter describing a fiber is its aspect ratio defined as the fiber length divided by an equivalent fiber diameter. Typical aspect ratios range from about 30 to 150 for length dimensions of 6.4 mm to 76 mm (0.25 in. to 3.0 in.). Each type of fiber has its own physical properties. Typical ranges of some of the physical properties of the fibers are shown in Table 2.1.
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Figure 2.1 Tensile Loads versus Deformation for Plain and Fiber Reinforced Concrete.

Table 2.1.Selected Fiber Types and Properties
	Fiber type
	Diameter
0.001 in.
	Specific
gravity
	Young's modulus, ksi
	Tensile
strength, ksi
	Strain at
failure, %

	Steel 

    High tensile 

    Stainless
	4.0-40.0

0.4-13.0
	7.80

7.80
	29,000

23,200
	50-250

300
	3.5

3.0

	Glass 
    E-glass
 Alkali resistant
	0.4

0.5
	2.50

2.70
	10,440

11,600
	500

360
	4.8

3.6

	Polymeric Polypropylene
  Monofilament
  Fibrillated
  Polyethylene
  Polyester
  Acrylic
Aramid
  Kevlar 29
  Kevlar 49
	4.0-8.0

20.0-160.0

1.0-40.0

0.4-3.0

0.2-0.7

0.47

0.40
	0.90

0.90

0.96

1.38

1.18

1.44

1.44
	725

500

725-25,000

1450-2500

2,600

9,000

17,000
	65

80-110

29-435

80-170

30-145

525

525
	18

8

3-80

10-50

28-50

3.6

2.5

	Asbestos     
  Crocidolite     

  Chrysotile
	0.004-0.8

0.0008-1.2
	3.40

2.60
	28,400

23,800
	29-260

500
	2-3

2-3

	Carbon
I (high modulus) II (high strength)
	0.30

0.35
	1.90

1.90
	55,100

33,400
	260

380
	0.5-0.7

1.0-1.5

	Natural
  Wood cellulose
   Sisal
   Coir(coconut)
   Bamboo
   Jute
  Akwara
  Elephant grass
	0.8-4.7
<8.0
4.0-16.0
2.0-16.0
4.0-8.0
40.0-160.0
17.0
	1.50
-
1.12-1.15
1.50
1.02-1.04
0.96

-
	1450-5800
1890-3770
2760-3770
4790-5800
3770-4640
76-464
716
	44-131
41-82
17-29
51-73
36-51
-
26
	-
3-5
10-25
-
1.5-1.9
-
3.6


*Adopted from Reference [7] .
2.1.1 Carbon Fibers
Although carbon fibers are very expensive compared with most other fibers discussed herein, their qualities of high stiffness and tensile strength and relative inertness to the alkaline conditions of cement paste have encouraged a number of workers to attempt to establish the physical properties of carbon fiber reinforced cement. Carbon fibers are available in various forms made from either continuous tows or short sables. They have a fibrillar structure similar to that of asbestos and their surface properties can be modified by suitable treatments. This is sometimes essential for con-rolling the interfacial properties of the composite.
2.1.2 Steel Fibers
Steel fibers are the most common fibers used in concrete .They may be produced either by cutting wires, shearing sheets or from a hot melt extract. They may be smooth, or deformed in a variety of ways to improve the mechanical bond with concrete. Steel fibers have high modulus of elasticity which is 10 times that of concrete, reasonably good bond and high elongation at fracture. Steel fibers range in length from 0.25 inches to 3.0 inches. Fiber concentrations in concrete mixes generally range from 0.1 % to 1 % by volume. Present applications of steel fiber reinforced concrete with and without normal reinforcement have been in the areas of refractories, pavements, overlays, patching, hydraulic structures, thin shells, and armour for jetties, rock slope stabilization, mine tunnel linings, and precast products. Figure 2.2 shows various shapes of steel fibers.
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Fig.2.2.various shapes of steel fibers used in fiber reinforced concrete, from reference [8] 
The effects of steel fibers on mechanical properties of concrete are depicted in Figure 1.2. As shown in the Figure, addition of steel fibers does not significantly increase compressive strength, but it increases the tensile toughness, and ductility. It also increases the ability to withstand stresses after significant cracking (damage tolerance) and shear resistance. [9]
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Figure 2.3 Properties of SFRC [9]
2.1.3 Glass Fibers
The idea of using glass as reinforcement in concrete was first conceived in the 1930s, but its long-term durability was quite doubtful for several years. The main problem with the common glass fibers called E-glass is that they are chemically attacked by the highly alkaline environment of the cement paste and thus loose their durability and strength with time [1]. As a result, the use of glass fiber reinforced concrete did not become practical until the development of special alkali-resistant glass about 15 years ago.The glass fibers in cement or mortar can be used in constructing cladding panels, permanent formwork (pellets, window door frames, fire doors, pipes, etc.), hydraulic and marine applications, surface coatings, and miscellaneous items such as water tanks and swimming pools.Applications of alkali-resistant glass fibers in concrete are rare, but it has been used in concrete pavements, floor slabs, and concrete pipes. It has not been recommended for use in structural members such as load bearing frames, suspended floor slabs, or self supporting roofs, because of concern over long-term durability of glass fiber reinforced concrete .
2.1.4 Synthetic Fibers

2.1.4.1 General
The primary synthetic fibers used in concrete slabs on ground are polypropylene and nylon. Nylon fibers are found to be effective in increasing the impact strength of mortar. However, it was generally found that the flexural strength of the composite was reduced by using small volumes of short nylon monofilaments. On the other hand, Walton and Majumdar [1] achieved moduli of rupture of up to 11 MPa using 7% by volume of 25 mm long nylon monofilaments and large increases in impact strength were observed which were not diminished by aging. Synthetic Fiber in concrete mixes generally range from 0.1 % to 0.2 % by volume. 
[image: image6.jpg]



Fig.2.4. Various types of synthetic fibers .
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Fig.2.5.Comparison of shrinkage crack-reduction potential for various synthetic fiber types and plain concrete
2.1.4.2 Why Use Synthetic Fibers
Synthetic fibers benefit the concrete in both the plastic and hardened state includes:-
 • reduced plastic settlement cracks
 • reduced plastic shrinkage cracks
 • lowered permeability
•  increased impact and abrasion resistance
 • providing shatter resistance
2.1.4.3 How do Synthetic Fibers Work in Early Age Concrete?
Early age volume changes in concrete cause weakened planes and cracks to form because a stress exits which exceeds the strength of the concrete at a specific time. The growth of these micro shrinkage cracks is inhibited by mechanical blocking action of the synthetic fibers. The internal support system of the synthetic fibers inhibits the formation of plastic settlement cracks. The uniform distribution of fibers throughout the concrete discourages the development of large capillaries caused by bleed water migration to the surface. 
Synthetic fibers lower permeability through the combination of plastic crack reduction and reduced bleeding characteristics.
2.1.4.4 How Do Synthetic Fibers Work In Hardened Concrete

The early age concrete benefits of using synthetic fibers continue to contribute to the hardened concrete Hardened concrete attributes provided by synthetic fibers. Arc lowered permeability and the resistance to shattering, abrasion, and impact forces. The ability to resist shattering forces is greatly enhanced with the introduction of synthetic fibers to the concrete. When plain concrete is compressed, it will shatter and fail at first crack. Synthetic fibers manufactured specifically for concrete prevent the effect of shattering forces by tightly holding the concrete together abrasion resistance is provided when synthetic fibers are used because the water-cement ratio at the surtributing to uniform bleeding. Synthetic fibers reduce the amount of plastic cracking of the concrete. This improves the impact resistance of concrete. The relatively low modulus of the synthetic fibers provides shock absorption characteristics synthetic fibers help the concrete develop its optimum long-term integrity by the reduction of plastic settlement and shrinkage crack formation, lowered permeability and increased resistance to abrading. Shattering and impact force. Synthetic fibers are compatible with all admixtures silica fumes and cement chemistries.
2.1.4.5 How Are Synthetic Fibers Used As Secondary Reinforcement
Synthetic fibers which meet certain hardened concrete criteria can be used as nonstructural temperature or secondary reinforcement. These fibers should have documentation confirming their ability to hold concrete together after cracking. The uniform distribution of synthetic fibers throughout the concrete ensures the critical positioning of secondary reinforcement.

2.1.5 Natural Fibers
Natural fibers exist in reasonably large quantities in many countries of the world, and there are many types of natural fibers such as Sisal, cellulose, and jute. Although, historically, straw fibers have been used to reinforce adobe, little scientific effort has yet been devoted to the use of natural fibers as reinforcement for various building materials.
Castro and Naamman [1] reported that natural fibers of the agave family in Mexico have significant mechanical properties that make them eligible as potential reinforcement of cementitious matrices. Tensile strength of up to 552 MPa (80 Ksi) and elastic moduli of up to 21 GPa (3x10’Ksi) were observed on fibers tested in the study. Coconut fibers are very durable under natural weathering conditions and attempts have, therefore, been made to include them in cement based materials. But they have some disadvantages in that the elastic modulus is very low and they are sensitive to moisture changes.

Natural fibers are lighter in weight and may be more chemically inert than either steel or glass fibers. They also are more economical. However, these fibers produce lower bond and lower modulus of elasticity than mineral or metallic fibers. Therefore, most of these fibers cannot increase the strength of the composite material and may indeed reduce it. In addition, natural fibers may cause some durability problems.
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Fig.2.6. shows a comparison of density, tensile strength and Young’s modulus of fibers. [10]
2.1.6 Other Types of Fibers
The types of fibers discussed in the previous sections are the most common fibers. There are more types of fibers, but because of economical reasons, durability problems, and field application difficulties, they are not common. Alumina fibers, Revlar fibers, perlon fibers and rock wool fibers are some examples of these types of fibers.
2.2 Polypropylene Fibers in Concrete
For the last 30 years, steel fibers have been used as secondary reinforcement in fiber concrete and for the past 15 years, special glass fibers with much improved alkali-resistance have been used as reinforcement for neat cement. However, both of these fibers are rather costly, and this has limited the use of these types of fiber reinforced materials. The price of plastic fibers, calculated on volume, is substan-tially lower than that of steel and glass fibers. So, there was a great potential interest in such organic fibers.
Polypropylene fiber is a plastic fiber. Its raw material, derived from the monomeric C3H6  is a pure hydrocarbon similar to parrafin wax. This type of fiber was suggested as an admixture to concrete in 1965 by Goldfein for the construction of blast-resistant building for the U.S. Corps of Engineers [3]. Ready mixed concrete containing polypropylene fibers can be placed using conventional methods. To ensure maximum performance all entrapped air must be expelled from the concrete to achieve optimum density. Also during the process of incorporating of polypropylene fibers more compaction must be done than for the plain

concrete. Generally, polypropylene fibers, when mixed with concrete, respond well to conventional compaction techniques and fibers do not easily segregate from the mix.

2.2.1 Manufacture of Polypropylene Fibers
The commercial production of polypropylene started in 1960s, where low price polymer was converted into useful textile fiber. Polypropylene fibers then became available in two forms monofilaments (or spinnert) fibers and film fiber .Extrusion of synthetic polymers into fibers by spinneret was used to produce polypropylene fibers which are normally circular in cross-section and are used in many textile and carpet end uses.
There is another process of fiIm extrusion, which is more economical and particularly suited for the processing of isotactic polypropylene. In this process, the extruder is fitted with a die to produce a tubular or flat film which is then slit into tapes, and monoaxially stretched. The ‘draw ratio's a measure of the extension which is applied to the fiber during fabrica-tion and draw ratios of about 8 are common for polypropylene film [1].Having achieved the production of films with adequate properties, their use in concrete is made possible by fibrillation which is the creation of longitudinal splits and can be controlled by the use of carefully designed pin systems on rollers over which the stretched films are led. When these fibers are added to the concrete during mixing cycle, the mixing action opens the bundles and separates the individual fibers. This type is available in fiber lengths from 12 mm to 50 mm.
2.2.2 Types of Polypropylene Fibers
The types of fiber are characterized by figures expressing the length in meters per kilogram for continuous fibers, or by the denier, which is the mass in grams of 9000 meters of yarn. For instance, a twine of 6000 denier runs 1,500 m/kg.

The fibers are supplied in spool form for cutting on site to the required length, where it can be used as a continuous reinforcement. Also, the fibers are chopped by the manufacturer, usually in staple lengths between 12 mm (1/2 in.) to 100 mm (4 in.) as shown in Figure 2.3. These small fibers are available in pre-measured plastic bags by the manufacturer.
2.2.3  Properties of Polypropylene Fibers
The raw material polypropylene, derived from the monomeric C3H6, is a pure hydrocarbon similar to parrafin wax. Its mode of polymerization, its high molecular weight, and the way it is processed into fibers combine to give polypropylene fibers the following useful properties [1]:-
1-A sterically regular atomic arrangement in the polymer molecule and high crystallinity.
 2- A high melting point (165°C) and ability to be used at temperatures over 100°C for short periods.
3- Chemical inertness making the fibers resistant to most chemicals.

4- The stretching process in manufacturing results in a parallel orientation of the polymer chain molecules in the fiber.

5- The orientation leaves the film weak in the lateral direction, which facilitates fibrillation.
The modulus of elasticity of the polypropylene fibers ranges between 1 GPa (143 Ksi) and 8 GPa (1.14 X 10 Ksi) depending on the strain rate and it is much lower than that of an average concrete 30 GPa (4.29 x 103 Ksi).
2.2.4 Mixing Polypropylene Fibers with Concrete [1]
Different types of mixers have been used in practice, some requiring adjustment to the existing equipment, some none at all. Additional equipment has been installed in some plants to chop and to facilitate proportioning the fibers.
Tumbler mixers disperse the fibers without complications. This also applies to ready mix Lorries which either carry a pre-weighed bag of fibers, or receive the fibers on site from stock held there. On arrival on site, the fibers are dropped in the drum which is kept rotating for three to five minutes before placing. 

Pan mixers, either slow or high-speed, sometimes needed some adjustment to deal successfully with fibers which have different dimensions from the normal aggregate sizes. The blades inside pan mixers may need to be set at different angles if the fibers are collected on the edges or in poorly streamlined corners. However, many pan mixers have been found in practice to accept mixes with chopped polypropylene fibers without alterations. For shotcreting, dry mixing of cement, sand, and fibers has proved possible without special precautions. In this operation, water is added at the gun orifices and the fan which below the dry mix through the hose worked without too much stoppage. If the continuous twine or filament arrives on spools at the precast factory, it is cut to staple fiber by specially developed equipment. The cutter is placed in line with other batching machinery, and can also combine its task with accurate proportioning. 
The mix design of polypropylene fiber concrete takes into account the denier and the staple length of the fiber that best suit the aggregate, the workability required and the equipment to be used in making the product. For example, a thin walled product would not accommodate the stiff fibers of 700 m/kg because some would lie across the wall which would break out on demoulding, the more flexible twine of 1400 m/kg would, therefore, be chosen. On the other hand, a heavy precast pile would accept coarse fiber which would give a higher workability for the same fiber content.
2.2.5 Mixing Polypropylene Fibers with Cement 
Chopped polypropylene fibers have been used in cement paste at w/c ratio of 0.50. Also, fibrillated polypropylene networks could be used. Hannant [5] has used two types of film at w/c ratio of 0.34 to test the durability of cement sheets reinforced with fibrillated polypropylene networks.In mortar, opened fibrillated polypropylene networks at high volumes, up to 12%, can be used by impregnation, and combining a number of layers to produce thin sheets.
2.2.6 Effect of Polypropylene Fibers on Workability
Workability has been defined differently by several authorities. Basically it is considered to be that property of plastic concrete which indicates its ability to be mixed, handled, transported and, most importantly, placed with a minimum loss of homogeneity. The workability of a mix is measured by standardized tests like the slump test, the V-B consistometer test and the compacting factor.The slump is a common, fast, and economical test, but unfortunately, it is not a good indicator of relative workability. For instance, the slump of a mix of plain concrete with a w/c ratio of 0.5 was found to be 88 mm, but when polypropylene fiber volume of 0.50% was added to the mix, the slump decreased to 12 mm, although the mix flows satisfactorily when kept moving, and responds well to vibration [5]. However, Slump can be used as an indicator of relative uniformity for fiber reinforced concrete, but results must be evaluated with caution.
The Vebe test is a good way to determine workability of fiber reinforced concrete because it takes into account the effect of aggregate shape, gradation, air-content, and surface friction of the fibers. The difficulty with the Vebe apparatus is that it is not convenient for field placement.
The effect of increasing polypropylene fiber volume on the workability of concrete should be studied by a test that measures the mobility or fluidity of the mix. The method requires a slump cone (ASTM C-143), a standard one-cubic-foot yield bucket (ASTM C-29), and an internal vibrator. The vibrator is started, inserted into the center of the cone, and allowed to fall freely to the yield bucket bottom approximately a few seconds required for total immersion of the vibrator. The vibrator is held vertically with the end of the vibrator just resting on the bottom of the bucket.The time from initial immersion of the vibrator to when the slump mold is empty is recorded as the test time. This test primarily measures the mobility of the mix and takes into account the effects of aggregate size, shape, and gradation; air content, surface friction of the fibers. This test also eliminates the fiber orientation that occurs when rodding slump cone tests. In general, when polypropylene fibers are added to concrete, the workability would decrease to some extent. This reduction in workability depends on the fiber volume, fiber length, and geometry of the fiber plus the other factors which affect the workability of the concrete.
2.2.7 Effect of Polypropylene Fibers on Plastic and Drying Shrinkage
Cracking of concrete is known to be one of the most serious problems in concrete construction, and shrinkage is one of the principal causes of cracking. Shrinkage of concrete is due to the loss of water from either plastic or hardened concrete. The term drying shrinkage refers to harden-ed concrete, while the term plastic shrinkage is used for concrete consolidation in the workable plastic state.
2.2.7.1 Plastic Shrinkage Cracking
Plastic shrinkage takes place while the concrete is still in the plastic state due to loss of water by evaporation from the surface of the concrete, which leads to surface cracking. Adding polypropylene fibers to concrete has been reported to be very effective in reducing the plastic shrinkage cracking. It has been reported that there is unexpected reduction in plastic shrinkage and bleed water migration to the surface of the polypropylene fiber reinforced concrete specimens compared to that of the plain concrete specimens [4].In this study, plastic shrinkage tests were conducted on fibrous and non-fibrous cylindrical specimens in accordance with ASTM C-827-82 “Early Volume Change of Cementitious Mixtures.
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Fig.2.7. Typical 28-day test results comparing plain concrete to concrete made with Polypropylene concrete fibers [11]  
Another study [4], where two slabs, one made with polypropylene fiber concrete and the other made with plain concrete at a constant w/c ratio, were subjected to high wind velocity and high ambient temperature after casting directly. The results showed that cracking in the plain concrete slab started after 2.5 hours, and most of the cracking patterns were developed within 4 hours, while the fibrous concrete did not show any noticeable cracks even after 24 hours.
2.2.7.2 Drying Shrinkage
The inclusion of polypropylene fibers in concrete mixes has an effect in controlling the drying shrinkage. But there is no agreement between the results of the researches carried out on this aspect. Some of the reports showed high reduction in shrinkage by using polypropylene fibers, while others indicated small differences shrinkage between fibrous concrete and plain concrete.A pilot study reported in 1982 [4] indicated that polypropylene fibers reduced shrinkage of plain concrete specimens by about 75 percent. However, more recent test results do not agree with these findings.A recent study [4], based on large number of tests, concluded that polypropylene fibers reduced drying shrinkage when added to the concrete at the manufacturers’ recommended dosage rates.
 In the study, the average of the total shrinkage after seven days of exposure of nine specimens it was found that drying shrinkage of specimens with fibers was significantly below that of the plain concrete specimens. By using Fl fibers (19 mm long, used in a concentration of 1 kg per cu.m.) the average reduction in ultimate shrinkage measured by the automatic strain recording devices was 24% and it was 18% when the mechanical strain gauge system was used. Specimens containing F2 fibers 25 mm long, and used in concentrations of 0.9, 1.8, 2.7 kg. per cu.m. Had an average reduction in ultimate shrinkage strain of 14%, 40% and 25%, respectively.

2.2.8  Effect of Polypropylene Fibers on Impact Properties of Concrete

The effect of small Volume of polypropylene fibers on the impact properties of concrete has not yet been quantified. However, in two studies [4], impact tests have been conducted on concrete made with polypropylene fibers. In one of the studies [4], significantly improved resistance to impact was observed. In the second study, the results showed little improvement in impact resistance.

 Zollo [4] attributed this variability to nonuniform fiber distribution.

In the first study, concrete containing polypropylene fibers demonstrated an ability to sustain large deformation without shattering. Two specimens 533.4 mm (21 inch) high with 150 x 150 mm (6 x 6 inch) cross-section were tested in compression. One contained polypropylene fibers of 0-10% by volume (1.5 lb per cubic yard) and the other was made with plain concrete. Both were loaded at a deformation rate of 0.635mm (0.02:’ inch) per minute and the maximum load carried by each was approximately the same. However, the plain concrete specimen fractured completely after shortening 8.13mm (0.32 inch) while the fibrous concrete shortened 50mm (2.00 inches) without breaking apart complete-ly. The high impact and shatter resistance of cement composite reinforced with polypropylene fibers is partly due to the large amount of energy absorbed in debonding, stretching, and pulling out of the fibers which occurs after the matrix has cracked. In cement composites, the fiber content is high compared to that in concrete. Therefore, the increase in the impact strength would be significant.
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Fig.2.8. Polypropylene fibers reinforced concrete stress-strain relationship [12]
2.2.9 Effect of Polypropylene Fibers on Abrasion of Concrete
There are not enough test results to permit drawing a conclusion about the abrasion resistance of polypropylene fiber concrete. Some results indicated very little difference between plain concrete and concrete containing polypropylene fibers. The study by Kraai [5] indicated improved abrasion resistance when polypropylene fibers were added to the concrete. The average weight loss of the plain concrete specimen was 0.315 gms/sq.cm., while the average weight loss of the polypropylene fiber concrete was 0.154 gms/sq.cm . These results indicated that there was a reduction of 50% in the average weight loss by using polypropy-lene fibers in concrete. The Army Corps of Engineers’ CRD-C52-54 (Rotating Cutter) method was used in this study.
2.2.10 Bond Between Polypropylene Fibers and Concrete Matrix
The efficiency of fiber reinforcement depends not only on the mechanical properties of the fibers but also on the bond at the interface between the fibers and the concrete matrix. In terms of physiochemical adhesion, there is no bond between polypropylene fibers and the cement gel, because this type of fiber is chemically inert. Several methods have been tried to improve the bond between the polypropylene fibers and the concrete; one of the ways is to treat the fiber surface. By this approach, quite remarkable improvement has been obtained in the fiber-matrix bond. Another way is by improving the mechanical bond, namely, adding end buttons to the fibers or twisting them. By this method, the bond of polypropylene fibers with concrete has improved [5] from a value of about 0.55 MN/rn2 (80 psi) to a value of about 3.45 MN/m2 (500 psi).
 In general, the bond between the fiber and the concrete depends on the length, geometry, surface and the modulus of elasticity of the fiber.
2.2.11 Effect of Polypropylene Fibers on Compressive, Flexural and Tensile Strength of Concrete
For volume fractions of polypropylene fibers less than one percent by volume, it has generally been found that there is no significant increase in the strength of concrete and often the strength is less than that of concrete without polypropylene fibers. This is basically due to the low modulus of elasticity of the polypropylene fibers.
In a study carried out at University College, Cardiff, Narayanan and Kareem [5] have found that the inclusion of fibrillated polypropylene fibers in concrete results in a marginal drop in the cube strength, the cylinder-splitting strength and the modulus of rupture.
Barr and Liu [3] carried out experimental work to study the general behavior of polypropylene fiber concrete. The results showed that at constant w/c ratio of 0.50 and polypropylene fiber length of 50 mm, the flexural strength remained almost constant at different fiber contents, while there was a small drop in the compressive strength as the fiber content increased. Also, the addition of polypropylene fibers in small amounts has little effect on the fracture toughness.
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Fig.2.9. Typical 28-day test results comparing plain concrete to concrete made with Polypropylene concrete fibers [11]
The improvement in ductility beyond the cracking point of the concrete, when low quantity (7f = 0.5% or lower) polypropylene fiber is used, is not much, simply because the few fibers are unable to absorb the energy released when the first crack forms in the hardened matrix.On the other hand, if volumes of opened continuous film networks are included in cement or mortar, high moduli of rupture of more than 30 MN/rn3 can be achieved [5]. Continuous polypropylene fibrillated films, when aligned approximately parallel to the direction of tensile stress can yield to a composite with high flexural strength combined with fine multiple cracking. This improvement enables large amount of energy to be absorbed under the impact of loading, which open the way to the production of thin sheet products suitable for some applications.
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Fig.2.10. Typical 28-day test results comparing plain concrete to concrete made with Polypropylene concrete fibers [11]
2.3 Fiber Enhancement of Slabs on Grade [8]
2.3.1 General
Both steel fibers and synthetic fibers can be used to improve certain characteristics of slabs on grade. Mixed into the concrete, they offer the advantage of distributed element within the concrete, the predominant effect being the control of plastic shrinkage cracking. They can also give industrial floors added resistance to impact, fatigue, thermal shock, and abrasion. Steel fibers are mixed into the concrete at rates ranging from 30 pounds to 200 pounds or more per cubic yard. Values of 30 pounds to 60 pounds per cubic yard are most common. Steel fiber mixes may show an increase in modulus It is best, however, to determine the increase by beam tests using ASTM C 1018. Synthetic fibers, such as polypropylene, nylon, and glass, are effective in resisting the formation of early-age plastic shrinkage cracking. Slump must be carefully controlled to permit proper placement and surface finishing of the concrete. Synthetic (polymeric) fibers mixed are generally into the concrete at rates ranging from 1 pound to 3 pounds per cubic yard, depending on the type of synthetic and the desired effect. Table 2.2 provides guidelines for fiber types and dosages to secure enhanced1oor slab properties. 
	Loading Condition or Enhancement Desired
	Steel fibers
	Polymeric (synthetic) Fibers

	Shrinkage control 

Light dynamic loading Medium dynamic loading Severe dynamic loading

High impacts


	15-33 lbs./yd3

30-50 lbs./yd3

40-65 lbs./yd3

65-125 lbs./yd3

85-250 lbs.Iyd3
	1.5 lbs./yd3

1.5 lbs./yd3

3-4.8 lbs./yd3

4.8-6 lbs./yd3

9.6-12 lbs./yd3


Table 2.2.Fiber concentration guidelines. [8]
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Fig.2.11.slab enhanced with fibers, either synthetic or steel [8]
2.3.2 Fiber Reinforced Concrete Floor Slabs Benefits
· Significantly reduced risk of cracking. 

· Reduced spalling joint edges. 

· Stronger joints. 

· High impact resistance. 

· Greater fatigue endurance. 

· Reduced maintenance costs. 

· Longer useful working life

2.4 Flexural behavior of small steel fiber reinforced concrete


 slabs [13]
Fiber considerably reduce brittleness of concrete and improve its mechanical properties. Fiber concrete can be used in structural slabs. These slabs can be used for example in structural ceilings, pedestrian bridges and industrial floors. 
In 1980, Ghalib proposed a design method based on ultimate strength criteria for small steel fiber reinforced concrete (SFRC) slabs. This method is based on test results of eight steel fiber reinforced two-way slabs. Since then, no new method has been proposed for designing fiber concrete slabs and ACI committee 544 has recommended the same method for design of slabs with small spans. However, the committee has recommended that this method should not be used for slabs with dimensions larger than those tested by Ghalib. 

In 1999, Marti et al. tested circular and square slabs under point loading with continuous simple supports along the perimeter. They also presented some formulations, which estimated the results of their slab tests with specific dimensions. However, they stated that additional tests on slabs with other parameters are required to further verify their proposed formulations. Based on the results of the study presented in the paper, the following conclusions are reached: [13]
1. Addition of fibres does not significantly increase the ultimate flexural strength of SFRC slabs. However, it improves the energy absorption capacity of slabs. The energy absorption of slabs with fibre volume of 0.5% was about 12 times that of plain concrete slabs. The slabs with fibre volume of 1.0% experienced energy absorption of about 2 times that of slabs with 0.5% fibres. In 1.5% SFRC slabs, the energy absorption was about 1.5 times that of slabs with fibre volume of 1.0%. 

2. In slabs with low fibre volume (0.5%) the resisting load after cracking was relatively small. The rate of improvement in energy absorption reduced with increase in fibre content. It is recommended to use fibre volumetric percentages in the range of 0.75–1.75. Longer fibres (i.e., fibres with higher aspect ratio) provided higher energy absorption. The energy absorption of jc35 fibres was about 1.2 times that of jc25 fibres. Increase in strength of fibre reinforced concrete enhances the energy absorption capacity. Also, fibres have similar effects on behaviour of slabs with different concrete strengths.
2.5 Using Steel Fibers in Seismic Joints [9]
The literature shows that the benefits of using steel fibers in seismic joints include:

· Ductility and toughness
· Damage tolerance against multiple load cycles
· Shear resistance
           In 1974, Henager was the first to publish a paper on testing of steel fiber reinforced concrete beam-column joints. Two full-scale joints were constructed. One joint was built according to ACI 318-71. The other joint reduced steel congestion common in seismic resistant joints by replacing hoops with steel fiber concrete show in Fig.2.10. Brass plated steel fibers with a length of 1.5-in (38-mm) and an aspect ratio of 75 were added to the concrete mix at a volume fraction of 1.67%. An earthquake loading was simulated using a quasi-static loading rate utilizing an applied double acting hydraulic actuator. It was found that the steel fiber reinforced concrete joint had a higher ultimate moment capacity, had better ductility, was stiffer, and was more damage tolerant. Henager concluded that hoops, in the joint, could be replaced with steel fibers. Henager also concluded that SFRC could provide for a more cost effective joint.
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Fig.2.12.Beam-column joints with steel fiber concrete [9]
     In 1984, Jindal and Hassan found that the shear resistance of SFRC joints was greater than that of conventional joints. Steel fibers with a length of 1-in (25-mm), and an aspect ratio of 100 were used at a volume fraction of 2%. It was observed that SFRC increased the shear and moment capacities by 19% and 9.9% respectively. It was also observed that the failure mode for SFRC specimens was ductile.
    In 1984, Craig, Mahadev, Patel, Viteri, and Kertesz reported testing of half-scale seismic beam-column joints to show that SFRC can produce a more seismic resistant joint. Two variations of hooked end steel fibers were used at a volume fraction of 1.5%. One of the variations had a length of 1.18-in (30-mm) and an aspect ratio of 60. The other had a length of 1.97-in (50-mm) and an aspect ratio of 100. It was found that a joint with hooked

end steel fibers provided better confinement than a plain concrete reinforced joint. It was also found that the SFRC joints had less structural damage, had a greater shear capacity, greater stiffness, and had approximately 15% increase in maximum moment at each ductility factor.
    In 1986, Lakshmipathy, and Santhakumar presented results of SFRC frame testing conducted at Anna University, in India. Two frames, representing a 7 level single bay frame, were constructed at 1/4 scale; one frame was made out of reinforced concrete and the other out of SFRC as show in fig.2.11. Fibers with a length of 1.57-in (40-mm) and an aspect ratio of 100 were used at a volume fraction of 1%. An earthquake loading was simulated by applying load via hydraulic jacks at the 7th, 5th and 3rd levels of the frame. It was found that the SFRC frame had a ductility increase of 57% and a 130% increase in cumulative energy dissipation in comparison to the conventional joint.
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Fig.2.13. 7 level single bay frame joints with steel fiber concrete [9]
   In 1987, Narayanan and Darwish, tested 49 simply supported rectangular beams to study the effectiveness of SFRC as shear reinforcement, and to study the replacement of stirrups by steel fibers [18]. Crimped steel fibers with a length of 1.18-in (30-mm) and an aspect ratio of 100 and fibers with a length of 1.57-in (40-mm) and an aspect ratio of 133 were used at volume fractions ranging from 0.25% to 3%. It was found that for a volume fraction of 1% steel fibers, ultimate shear strength increased by up to 170% due to the crack arresting mechanism of fibers.
   In 1987, Jindal and Sharma published results of testing SFRC knee-type beam column connections. Ninety-two knee type connections and eight conventional beam column joint connections were tested. The parameters varied were moment to axial load ratio, type of steel fibers, volume fraction (from 0.5% to 2%), and aspect ratio of the fibers.Brass-coated high strength steel fibers of length 1-in (25.4-mm), 0.5-in (12.7-mm), and 1-in (25.4-mm), with respective aspect ratios of 100, 83.3, and 62.5 were used. Mild steel fibers of length 0.11-in (2.8-mm), 0.28-in (7-mm), 0.55-in (14-mm), 0.83-in (20.9-mm), 1.1-in (27.9-mm), with respective aspect ratios of 10, 25, 50, 75, and 100 were used. It was found that the ultimate rotation capacity of the SFRC joints improved over the conventional joint by a factor of 6 to 9. Moment capacity was found to increase 15% to 30% as the fiber content increased to 2%. The moment capacity was also found to increase by 50% when the aspect ratio was increased from 10 to 100.
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Fig.2.14. Beam-column joints with steel fiber concrete [9]
In 1988, Olario, Ioani and Poienar presented results of testing on steel fiber beam column joints built according to the Romanian Building Code. Six joints with steel fibers of varying fiber content from 0.5% to 1.5%, as show in Fig.2.12. and two plain concrete joints were tested. The fibers used were stainless, straight, round, had a length of 1 to 1.18-in (25 to 30-mm) and a diameter of (0.38-mm). The test purpose was to analyze the influence of steel fiber reinforced concrete on stiffness, ultimate joint strength, cracking, final ductility, bond of bars, and energy dissipation. It was found that fibrous joints had a ductility increase up to 30% and an energy dissipation increase up to 46%.
    In 1989, Gefken and Ramey published results regarding the application of steel fiber concrete in seismic joints with increased hoop spacing. Straight, 1-in (25-mm) long brass-coated steel fibers with an aspect ratio of 62.5% were used at a volume fraction of 2%.The joints were designed to meet the ACI requirements for seismic joints. The fiber concrete joints were found to have a higher ultimate strength and a higher residual strength than the plain ones. It was also found that the fiber concrete joints had better energy dissipation, ductility, and stiffness, as well as less spalling than the plain concrete joints. It was also concluded that hoop spacing could be increased by a factor of 1.7 as compared to hoop spacing specified by the ACI-ASCE Committee 352. The final conclusion of Gefken and Ramey was that by using steel fiber concrete, a type 1 joint (non-seismic) could replace a plain type 2 joint (seismic).
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Fig.2.15.Beam-column plain concrete joint [9]
The joints with 6-in (15.2-cm) spacing had by far a better seismic resistance than the SFRC joint with 8-in (20.3-cm) which itself had an improved seismic resistance over the plain concrete joint with 4-in (10.2-cm) spacing.
The SFRC joints with 8-in (20.3-cm) spacing exhibited greater seismic strength than the plain concrete joint with 4-in (10.2-cm) spacing, as seen by the hysteresis loops, hysteresis envelope curve and by observations of testing.

It is recommended that for exterior beam-column joints, in which ease of constructionis desired. Steel fibers at a volume fraction of 2% can be used with code hoop spacing increased by a factor of 2. For exterior joints in high seismic risk areas, an SFRC joint with the same volume fraction and a code hoop spacing increased by a factor of 1.5 (at a maximum) can be used. If the hoop spacing is increased by a factor less than 1.5, it is likely that an even stronger seismic joint can be produced.
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Fig.2.16.Beam-column SFRC joint [9]
2.6 Effectiveness steel fibers


 as shear reinforcement [14]
Experimental investigations have shown that the inclusion of steel fiber in the concrete, using adequate quantities, improves the shear resistance because of increase in tensile strength, delaying the formation and growth of cracks; smaller distance between fibers with respect to that between stirrups, implying greater effectiveness in the crack-arresting mechanism and better distribution of tensile cracks. In particular, Narayanan and Darwish observe that the crack pattern that develops in fiber reinforced concrete beams subjected to shear is similar to that observed in the corresponding reinforced concrete beams with conventional stirrups. This remark comes from comparison between the performances of beams reinforced only with stirrups and of beams without stirrups but prepared with fibrous concrete using fiber in a percentage equivalent to that of the stirrups in the shear span of the corresponding conventionally reinforced beams: the improvement in the ultimate mean shear strength is not significant, but the first crack shear strength increases noticeably. The experimental investigation presented here, carried out by displacement controlled tests on beams under combined actions of flexure and shear, shows the possibility of changing the failure mode, making it more ductile, by using fiber reinforced concrete. The experimental results obtained confirm some remarks that other authors have also made, and precisely: [14]
During the tests, in fiber reinforced concrete beams a more progressive cracking process has been observed, with reduced crack widths it is possible to obtain comparable performances in terms of ultimate strength by using steel fiber as shear reinforcement in an adequate dosage instead of stirrups, although a coupled use is more suitable because stirrups allow a greater deformation capacity beyond the elastic limit. The presence of fiber proves to be more efficacious in beams in which the failure in the absence of adequate shear reinforcement is governed by a beam effect. Moreover, the load–deflection recording including the post-peak branch, allows one to draw the following conclusion the inclusion of fiber can modify the brittle shear mechanism into a ductile flexural mechanism, thus allowing a larger dissipation of energy, as can be seen by observing the crack pattern and the load–deflection curves.

2.7 Fiber With in Concrete Columns [15]
1- Adepegba and Regan carried out tests on steel fiber reinforced concrete columns. It was found that the addition of steel fiber at any of the tested fiber contents did not increase the ultimate load of the column. It was noted, however, that the experiments did not investigate the post-failure behavior improvements gained by the addition of steel fiber. 
2- Ganesan and Murthy studied the effect of varying the amount of lateral reinforcement on steel fiber-reinforced and non-fiber-reinforced concrete columns. It was found that as the amount of lateral reinforcement increased, larger strength increases were obtained from the fibrous columns compared with the non-fibrous columns and the addition of steel fiber resulted in better strength and ductility. 

3- Campione presented a mathematical model which determined the stress-strain relationship for fiber reinforced concrete columns. The analytical expressions allowed the determination of the maximum strength and strain capacity of circular or square, high-strength or normal-strength, fibrous or non-fibrous concrete columns. Explanations were also given regarding the region of the column cross-section which could be considered effectively confined by the reinforcement. It was also noted that the model was verified through experimental testing. 

4- Foster presented a design model for calculating the ductility of fiber reinforced high strength concrete columns. It was demonstrated through design examples that the spacing of reinforcement ties could be increased with the inclusion of steel fiber in the concrete for a given level of ductility. 

5- Sarker studied the effect of adding synthetic fiber to high strength concrete columns. It was also proposed that longer fiber at a higher percentage content would produce better column performance.
 2.8 The literature shows that the general benefits of using fiber reinforced concrete include:

· Controlled Plastic Shrinkage.
· Minimized Crack Growth.
· Reduced Permeability.
· Improved Surface Durability.
· Uniform Reinforcement In All Directions.
· Higher fatigue resistance.
· The superior method and cost effective alternate to welded wire fabric for secondary reinforcement. 
· Support and cohesiveness (homogeneous) in the concrete on steep inclines.
· Greater impact, abrasion and shatter resistance in concrete.
· Decreasing the thickness of slabs on grade.
The literature shows that the benefits of using steel fibers in beam-column joints include:
· Ductility and toughness.
· Damage tolerance against multiple load cycles.
· Shear resistance.
2.9 Fiber Reinforced Concrete Applications [9, 12]
2.9.1 Slabs - fibers increase dynamic loading resistance

· Industrial floor slabs
· Slabs on grade 
· Warehouses floor slabs
· Garage floors

· Drive ways

· Side walks

· Parking area
· Bus stop pads

· Highway slabs
· Airport slabs

· Bridge retrofit

2.9.2 Building systems

· Slabs, footing

· Shear walls
· Curtain walls

· Precast elements
· Blast walls
· Pools

· Masonry walls - SFRC grout
2.9.3 Tunnel Building

· Shotcreted line tunnels

· Railway tunnels

2.9.4 Geotechnical structures
· Slope stabilization
· Stabilize rock slopes

· Dams and Stabilisation
2.10 Field Performance of Fiber Reinforced Concrete 
2.10.1 Residential

Fibremesh were used as secondary reinforcement in all the concrete slabs for this upscale apartment complex located in Destin, Florida. Synthetic Industries Concrete Company (2000) carried out the construction of this apartment. Fibremesh were used at an addition rate of 0.9kg/m3 into the concrete. The concrete was placed in severe summer conditions and the fibre reinforced concrete was used to assist in controlling the drying and shrinkage cracking.

[image: image1.emf]
Fig. 2.16: Apartment slabs reinforced with Fibremesh as secondary reinforcement located in Destin, Florida. (Source: Synthetic Industries Concrete Company, 2000)
2.10.2 Shotcrete

A recent project done by Synthetic Industries Concrete Company (2000) in Sydney, Australia, the white water rafting course was constructed for the Year 2000 Olympic games, used Fibremesh for shotcrete reinforcement. The internal walls must withstand to turbulent water and repeated battering from canoes. This structure, which is continuous, is capable of generating water-flow rates up to four meters per second along the 300-lineal meter course. Short Fibres added into the concrete mix offering an alternative system to the time and labour of placing conventional steel reinforcement.
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     Fig. 2.17: Water rafting course located in Sydney, Australia.

(Source: Synthetic Industries Concrete Company, 2000)
2.10.3 Transportation

· This leading project stated by Novocon (2000), located in Springfield, Massachusetts, and is one of ten across the state constructed to compare the use and benefits of Portland cement to bituminous concrete. This concrete road is 100mm thick consist with 1.8kg/m3 of Fibremesh. This 100mm layer of concrete is expected to last approximately 40 years, while typical bituminous concrete lasts 15 to 20 years.
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   Fig. 2.18: Bituminous concrete road with Fibremesh located in Springfield,Massachusetts. (Source: Novocon, 2000)

· At Chicago’s O’Hare International Airport, this airport runway was completed using steel fibres for concrete reinforcement. Synthetic Industries Concrete Company (2000) complied that the construction with the addition of 50kg/m3 of steel fibre. This 300mm thick pavement provides fatigue resistance equivalent to a much thicker pavement, offering a better quality of shatter resistant fibre-reinforced concrete.

Fig. 2.19: The construction of airport runway in Chicago O’Hare      International Airport. (Source: Synthetic Industries Concrete Company, 2000)
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