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ABSTRACT

The secondary spiral and skin reinforcement in the anchorage zone of prestressed
post-tensioned girders cause congestion and poses difficulty in the placement of concrete.
It is also labor intensive to produce and place the secondary anchorage reinforcement.
The objectives of this study was to determine the feasibility of reducing the secondary
reinforcement with fibers for post-tensioned anchor zones, because of the expected
improvement in mechanical properties of fiber reinforced concrete (FRC) over non-
fibrous concrete. The first phase of the test program involved the determination of split
tensile strength, compressive strength and flexural toughness of FRC and non-fibrous
concrete. Two steel fibers and one synthetic fiber with various amounts were utilized.
Steel fibers enhanced the properties of concrete, whereas the role of synthetic fiber was
not encouraging. In the second phase, AASHTO Special Anchorage Device Acceptance
Test was performed. Variations of spiral and skin reinforcement, with two levels of
concrete strengths, were utilized to investigate the performance of the two types and
various amounts of steel fibers. The experimental results indicated that 1% steel fiber
could be used to replace all the secondary reinforcement for minimum concrete strength
of 5900 psi (40.7 MPa), and could reduce a maximum of 79% of the secondary
reinforcement for a minimum concrete strength of 4710 psi (32.5 MPa). Lower volumes
of steel fibers may also result in reduction of secondary reinforcements. A finite element
model of AASHTO test block was also developed to validate the experimental results.
Good agreement was found between theoretical and experimental strain values. Usage of
steel fiber reinforced concrete in the anchorage zones will result in negligible change in

the girder costs.
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CHAPTER 1

INTRODUCTION

1.1. Prestressed Concrete and Anchorage Zone Reinforcement

Prestressed concrete is a widely used material for bridge construction. Compared
to its compressive strength, the tensile strength of reinforced concrete is limited.
Consequently, prestressing becomes essential in many applications in order to fully
utilize the compressive strength and, through proper design, to eliminate or control
cracking and deflection. The high-technology advancements in the science of materials
have made it possible to construct and assemble large-span prestressed concrete systems
such as cable-stayed bridges, nuclear reactor vessels, and offshore oil drilling platforms —
work hitherto impossible to undertake.

Prestressing of concrete requires the introduction of large, concentrated steel
forces into the member. The dispersion of this tendon force induces tensile stresses over
some distance ahead of and behind the anchorage. The region affected by the introduction

of the tendon force is called the “Anchorage Zone”. The concentrated



prestressing force is transferred through anchorage hardware from the tendon onto the
concrete and then spreads out to reach a more nearly linear stress distribution over the
cross section of the member at some distance from the anchor. Figure 1.1 shows the flow
of forces in concentrically loaded anchorage zone. As the compressive stresses spread
out, they deviate from the direction parallel to the load. This induces lateral compressive
stresses immediately ahead of the anchor and then lateral tensile stresses, which
eventually diminish. The lateral tensile stresses are usually referred to as “bursting
stresses”. Three critical regions can be identified (Breen ef al 1994) as follows:

e The region immediately ahead of the load is subjected to large bearing and
compressive stresses.

* The bursting zone extends over some distance ahead of the anchorage and is
subjected to lateral tensile stresses.

* Local tensile stress concentrations exist along the loaded edge of the member. The
tensile stresses along the loaded edge are commonly known as “spalling stresses”,
despite the fact that they do not cause any spalling of the concrete.

Figure 1.2 shows the stress contours in the anchorage zone. The magnitude of the
compressive stresses is the highest immediately ahead of the anchor, but decreases
rapidly as the stresses spread out into the structure. For this reason, proprietary special
anchorage devices are frequently used. They enhance the local compressive strength by
some form of confinement and/or reduce the bearing pressure by distributing the
anchorage force over a series of bearing plates or ribs. The presence of tensile stresses in
the concrete, both in the local and in the general zone, results in the potential for cracking

in the concrete. Cracking has often been observed when the post-tensioning force is first
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applied to the structure. If cracking occurs after the tensile capacity of the concrete is
exceeded, it is necessary that a mechanism be available to resist the tensile forces acting
in the structure. The use of passive reinforcement is a common and simple solution to
resist tensile forces after cracking. If sufficient passive reinforcement is present in the
anchorage zone and if it is located in the vicinity of the cracks, the progression and
opening of the cracks will be stopped and the forces that were initially carried by the
concrete in tension will be transferred to the steel. If, on the other hand, the reinforcement
of the anchorage zone is insufficient or inadequately located, the cracks will propagate in
the structure until failure of anchorage zone eventually occurs.

Excessive cracking is the most commonly observed problem with anchorage
zones, particularly during the stressing of post-tensioning tendons (Breen et a/ 1994).
Even if the structure is uncracked after the tendons have been stressed, cracking may still
occur at a later stage, due to creep of the concrete or external causes such as differential
settlements or temperature effects. The anchorage zone is, therefore, confined with
secondary closed stirrups and/or spirals (Fig. 1.3) made of conventional steel rebars to
prevent such cracks. Figure 1.4 shows the anchorage zone reinforcement in the bridge
girder and the bridge deck for the safe introduction of post-tensioning forces into the

concrete.
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Figure 1.4: Anchorage zone reinforcement



1.2. Failure of the Anchorage Zone

Failure of the anchorage zone occurs when no stable state of equilibrium can
develop to resist the tendon force. Three principal modes of failure may be observed in
anchorage zones of precast prestressed concrete girders (Burdet 1990):

e The first mode of failure is a local failure in the immediate vicinity of the
anchorage device, similar to the punching of an isolated foundation. The surface
of rupture is often in the shape of a pyramid or cone. The failure is caused by
insufficient compressive strength of concrete, or from lack of confining
reinforcement.

* The second mode of failure may occur away from the anchorage device at a
distance about one half the depth of the member. It is characterized by large
cracks running parallel to the post-tensioning duct extending from the anchorage.
This mode of failure is caused by the inability of the transverse reinforcement to
resist the transverse tensile forces in the concrete due to the lateral spreading of
the post-tensioning force. This failure can occur at the time of first cracking or
during subsequent loading.

* The third mode of failure may take place at the interface between concrete
surrounded by confining reinforcement in the immediate vicinity of the anchorage
device and unconfined concrete. As it involves a failure of concrete in
compression, this mode of failure is similar to the first mode of failure. The main

difference is that it occurs at a greater distance from the anchorage device. This



mode of failure is characterized by cracks in the vicinity of the anchorage device

and a bulging out of the concrete cover.

As observed in tests by Sanders (1990) and Stone (1983), all three failure
mechanisms exhibit a rather brittle behavior, even when the failure involves yielding of
reinforcing steel. Because of this lack of ductility, any failure involving anchorage zones
is undesirable. Ideally, the anchorage zones should be designed to safely transfer the
tendon forces developed at ultimate stages, allowing a more ductile mode of failure to
occur in another part of the girder.

The number of reported failures in the anchorage zones is significantly less than
the number of reported cases where cracking occurred (Breen et a/ 1994). Two main
reasons can account for this trend. The first is the inherent toughness of anchorage zones.
The load carrying mechanism exhibited by anchorage zones is complex. Tests have
shown that even apparently unimportant parts of the structure, such as uncracked
concrete in the general zone or reinforcing bars located at a large distance from the
anchorage, can resist significant forces. Although these factors are not taken into account
in design, they can significantly enhance the strength of the anchorage zone. The second
factor that can explain the small number of reported failures is the fact that, because the
construction stage is generally the most critical case for anchorage zones, failure is likely
to occur during construction. If a failure occurs during this phase, it will probably be

promptly repaired and essentially unreported.



1.3. Fiber Reinforced Concrete

Portland cement concrete is a relatively brittle, nonductile material. Unreinforced
concrete cracks when subjected to tensile stresses. This problem has been solved by
placing steel reinforcing bars within the concrete to carry the tensile stresses.
Deterioration and failure of concrete are closely related to the formation of cracks and
micro cracks due to load and environmental effects. Thermal and moisture movement in
cement paste produces micro cracks prior to loading. These are largely concentrated at
the interface of coarse aggregates. As a result of environmental effects and loading, micro
cracks propagate and eventually group and concentrate to form cracks. Dispersed short
fibers enhance the durability of concrete through suppression and stabilization of micro
cracks. Fibers also resist the widening and propagation of cracks.

For over two decades, fiber reinforced concrete (FRC) has gradually grown to
worldwide acceptance as a construction material that exhibits increased dynamic force
resistance and reduced cracking, which is known as toughness. FRC has been effectively
used in shotcrete, precast concrete, slabs, pavements, metal decks/concrete floors, seismic
structures and concrete repairs.

FRC has been found to have significantly better crack resistance, ductility,
modulus of rupture, shear strength, torsional strength, fatigue endurance, abrasion
resistance and energy absorption capabilities, as compared to plain concrete. Several
studies have documented the application of FRC in structures (Vondran 1991, Naaman
1998, Richard ef al 1998). It has been found that the shear strengths in FRC beams are at

least comparable to that of beams with conventional stirrups (Narayanan and Darwish



1987). Methods of analysis and design for FRC beams have been proposed (ACI 1997,
Casanova and Rossi 1997).

Suitable fibers for reinforcing concrete have been produced from steel, nylon,
plastic, glass, and natural materials in various shapes and sizes. Naturally occurring
asbestos fibers and vegetable fibers, such as sisal and jute, are also used for
reinforcement. The concrete matrices may be mortars, normally proportioned mixes, or

mixes specifically formulated for a particular application.

1.4. Specific Problems with Bridges

In general, post-tensioned concrete bridges have optimally designed small cross
sections to limit the dead weight of the structure. The dimensions of the webs can often
be reduced because the shear force is partly resisted by post-tensioning forces. However,
as the web becomes thinner, the space to place anchorage devices, confining
reinforcement, shear reinforcement and general zone reinforcement becomes very
congested, complicating the construction process and the casting of the concrete.

Highway bridges are located outdoors, in potentially corrosive exposed
environment. Any crack can let corrosive mediums seep into the structure and attack the
reinforcing steel. This is especially critical for girder ends. To reduce corrosion of the
reinforcement and degradation of the concrete, it is generally desirable to limit cracking

in concrete bridge structures.
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1.5. Objectives of the Study

Most damages to anchorage zones in post-tensioned concrete structures occur
during construction, when large tendon stressing forces are applied to usually immature
concrete. As described earlier, a considerable amount of spiral and skin reinforcement is
required at the end zones of a prestressed bridge girder. Reinforcement congestion in the
anchorage zone is a frequent cause for poor concrete consolidation, resulting in failures
caused by crushing of the concrete ahead of the anchor (Libby 1976). Congested
anchorage zone details also complicate placing of the reinforcement. Various
reinforcement components used in close proximity cause congestion in the anchorage
zone, posing difficulty in the placement of concrete, anchorages and post-tensioning
ducts. It is also labor intensive to produce and place the secondary anchorage
reinforcement. FRC possesses better properties, such as tension, compression, shear,
bond, flexural toughness and ductility than conventional concrete. Therefore, it may be
possible to utilise FRC in the end zones of prestressed bridge girders to reduce the
amount of secondary reinforcement. This study theoretically and experimentally
investigated such application of FRC. The objectives of the study are:

* To establish various properties FRC of relevance to bridge design.

* To select adequate synthetic or steel fibers for application in anchorage zones.

* To experimentally determine the feasibility of reducing or eliminating the
secondary reinforcement with synthetic or steel fibers for post-tensioned anchor

Zones.
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* To perform theoretical validation of the feasibility of FRC application in
anchorage zones.
e To make a cost comparison between fiber reinforced and conventionally

constructed girders, based on both material and labor costs.

1.6. Scope of the Study

The study examined the feasibility of using fiber reinforced concrete in the end
zones of the girder. This research initiated with the evaluation of mechanical properties of
FRC using both synthetic and steel fibers. Properties of concrete without fiber and FRC
were then compared. This work helped in understanding the structural properties of FRC.
The understanding of these various properties of FRC helped in selecting fibers for
further evaluation. AASHTO acceptance test for anchorage zones was subsequently
utilized.

This study considers the effect of fiber reinforced concrete only in the local
anchorage zone. The effect of FRC in the general anchorage zone is beyond the scope of

this study.
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CHAPTER 2

BACKGROUND REVIEW

2.1. Anchorage Zones in Prestressed Concrete

Tendons in prestressed concrete are typically stressed to very high stresses. These
tendons need to be anchored at their ends in order to transfer (compressive) force to the
concrete. In pretensioned concrete, the anchorage consists of a bonded length of tendon,
in direct contact with the concrete. In post-tensioned concrete, an anchorage plate is used,
which bears onto the concrete over a relatively small area. It is not rare for an anchorage
device with a cross-sectional area of one square foot (0.093 m?) and weighing only 20
pounds (9.1 kg) to transfer a tendon force of 300,000 pounds (6740 N).

The tendon is connected to the plate either through wedges, button-heads or other
methods. The plates employed for this are much smaller than the area of concrete in
compression. Therefore, a redistribution of stress occurs behind the anchorage plate as
the compression trajectories spread out to form uniform stress patterns some distance into

the concrete according to Saint Venant's Principle (Breen et al 1994). It is the distance

13



over which this redistribution occurs that is of interest to the Engineer. This disturbed

region is known as the Anchorage Zone.

2.2. Local Zone and General Zone

The main concerns in the anchorage zone design are the high compressive stresses
immediately ahead of the anchorage device and tensile stresses in the remainder of the
anchorage zone. Breen et al (1987) proposed the division of anchorage zones in two
regions, as shown in Fig. 2.1. The region of very high compressive stresses immediately
ahead of the anchorage device is the local zone, and the region subjected to tensile
stresses due to spreading of the concentrated tendon force into the structure is the general
zone.

Anchorage zones for post-tensioning tendons are regions of dual responsibility,
which is shared between the engineer of record and the supplier of the post-tensioning
system. The post-tensioning system supplier is usually responsible for the design of the
anchorage device and the local zone surrounding the device (Wollmann and Roberts-
Wollmann 2000). Included in this responsibility is the proper performance of the bearing
plate and the local zone confinement reinforcement. The local zone confinement
reinforcement is system dependent and an integral part of the anchorage device.
Therefore, this reinforcement must be furnished by the post-tensioning system supplier.
The engineer of record, on the other hand, is responsible for the design of the general

zone, which surrounds the local zone.
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Figure 2.2: Definition of the local zone (Burdet 1990)
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2.2.1. Local Zone

The local zone may be defined as the volume of concrete surrounding and
immediately ahead of the anchorage device through which the concentrated force applied
to the anchorage device is transferred to the general zone. It encompasses the region in
which concrete compressive stresses exceed acceptable values for design and detailing of
this region in the presence of very high compressive stresses.

As the local zone is very close to the anchorage device, as shown in Fig. 2.2, its
behavior is strongly influenced by the specific characteristics of the anchorage device.
The geometry and the states of stress of the local zone are very complex, because of the
duct hole, the confining reinforcement and the large tendon force. Large localized
compressive stresses act at the interface between the anchorage device and the concrete
of the local zone, and tensile hoop stresses are induced by the lateral spreading of the
concentrated tendon force. Concrete may fail due to the compressive stress, with a
surface of rupture generally in the form of a cone or a pyramid. The first mode of failure
occurs in the local zone. The failure of the local zone may occur due to the lack of
confinement, which can be provided either by confining reinforcement or by surrounding
concrete, allowing large lateral stresses to develop. The principal parameters governing
the behavior of the local zone are the nominal bearing stress ahead of the anchorage
device and the amount of confining reinforcement. The local zone must resist the very
high local pressures introduced by the anchorage device and transfer them to the general

zone.

16



2.2.2. Dimensions of the Local Anchorage Zone

AASHTO (1996) gives detailed definitions of the local zone dimensions for
isolated bearing plates. These definitions are tied to the specific anchorage device’s
dimensions and the supplier’s specifications regarding minimum spacing and edge
distance (Fig. 2.3). AASHTO (1996), Article 9.21.7, establishes the length of the local
zone for special bearing plates as the greater of (Fig. 2.3.c):

1. Maximum width of the local zone

2. Length of the anchorage device confinement reinforcement

3. For anchorages with multiple bearing surfaces, the distance from the loaded
concrete surface to the bottom of each bearing surface plus a length equal to the
maximum dimension of that bearing surface.

In no case shall the length of the local zone be greater than 1.5 times the width of
the local zone. This requirement restricts the length of multiplane bearing plates and their
integral confinement reinforcement.

The local zone dimensions described above depend on the dimensions and
specifications provided by the post-tensioning supplier. However, the supplier is typically
not known during the design phase. Equation 2.1 provides a simple way to obtain a
preliminary estimate for the minimum local zone area from which minimum edge
distance and center-to-center spacing may be derived (Wollmann and Roberts-Wollmann
2000). This requirement is independent of the geometry of the actual anchorage device.

However, the tendon force must still be known.
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where, A;, = area of the local zone
Aps = nominal prestressing steel area
/f's=nominal minimum tensile strength of prestressing steel

f'ei = concrete cylinder strength at the time of jacking

2.2.3. Local Zone Reinforcement

As mentioned earlier, proprietary special anchorage devices with complex
geometries and or local confinement reinforcement are frequently used to increase the
bearing strength of the concrete. Acceptance of such anchorage devices should be based
on their performance in a standardized acceptance test. AASHTO describes “Special
Anchorage Device Acceptance Test” (AASHTO 1998) for the acceptance of anchorage
devices. The idea of this test is to prove that the anchorage zone is capable of transferring
forces to the concrete without premature failure of the concrete or bursting reinforcement.
It considers both the serviceability and ultimate behavior of the anchorage device as its
performance criteria. According to AASHTO (1998), the test specimen allows the
anchorage device to have confining reinforcement as well as the supplementary skin
reinforcement in the test prism. However, identical confining reinforcement and
equivalent supplementary reinforcement must be present in the actual structural
application.

Roberts (1990) conducted a detailed study on behavior and design of local zones.
The detailed tests showed that it was possible to accurately and conservatively express

the ultimate load capacity of local zone by the following equation:
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where, F,;; = ultimate load capacity of local zones
f.'= compressive strength of concrete
A = net are of concrete supporting the bearing plate
Ap = net area of the bearing plate
f1ae = lateral pressure
Acore = area of the compressive core
s = pitch of the confining reinforcement
D = diameter of the confining reinforcement

This equation is useful for preliminary evaluation of local zone capacity and for
sizing confining reinforcement, but it does not address the problem of serviceability. A
good estimation of ultimate capacity does not ensure satisfactory condition of the local
zone at service loads. Therefore, “Special Anchorage Device Acceptance Test” is a must
to ensure proper local zone behavior. The detailed procedure and acceptance criteria for
this test are described in Chapter 5.

It is the responsibility of the anchorage device supplier to furnish hardware that
can pass such an acceptance test. The anchorage device supplier should submit all
information concerning details required to ensure satisfactory performance of the local
zone to the engineer of record and to the contractor. This includes record of the
anchorage device acceptance test and information on required confinement and auxiliary
reinforcement, minimum edge distance and anchor spacing, and minimum concrete

strength at time of stressing.
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2.2.4. General Zone

The general zone is the region of the structure ahead of and behind the tendon
anchorage device where the linear stress distribution of ordinary beam theory is
distributed by the introduction of the concentrated tendon force. Figure 2.4 shows the
general zone of a structure.

The second mode of failure may occur in the general zone, when a tensile crack
may form along the tendon path at some distance ahead of the anchorage device. The
state of tensile stresses in the general zone exhibits several characteristics, as shown in
Fig. 2.5. The tensile stresses that act perpendicular to the tendon path in the concrete
ahead of the anchorage plate are called bursting stresses. The tensile stresses that act
parallel to the surface of the anchorage plate are called spalling stresses. Bursting stresses
are caused by the lateral spreading of the tendon force from the concentrated location of
the anchorage device to the entire cross section. Spalling stresses are mainly caused by
the condition of compatibility of displacements. When these tensile stresses exceed the
modulus of rupture of concrete, bursting or spalling cracks occur in the anchorage zone.
After extension of the cracks along the tendon path, the reinforcing steel crossing the
crack is highly stressed, and eventually yields. The cracks extend until no additional
strength is available or the local deformation capacity of the anchorage zone is exhausted.
At this point the failure of the anchorage zone occurs. To resist these cracks, vertical

reinforcement must be provided.
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(b) Plan view

Figure 2.5: State of tensile stresses in the general zone (Burdet 1990)



2.2.5. Dimensions of the General Zone
For beam type members, the general dimensions of the General Zone (Wollmann
and Roberts-Wollmann 2000) may be taken as:
1. Length equal to the largest cross-sectional dimension of the member.

2. Depth and width equal to those of the member.

2.2.6. Interface Between Local and General Zones

At the interface between the local zone and the general zone, the tendon force is
transmitted from the confined concrete of the local zone to the concrete of the general
zone. Depending on the size of the anchorage device and on the confining reinforcement
provided in the local zone, the level of stresses at the interface between the local zone and
the general zone can be very high. The third mode of failure may occur at the interface
between the concrete of the local zone and the concrete of the general zone. The failure is
caused by an excessive level of compressive stress transmitted from the concrete of the

general zone, which is generally confined.

2.3. Fiber Reinforced Concrete

Fiber reinforced concrete (FRC) is primarily made of hydraulic cements, fine and
coarse aggregate, and discontinuous discrete reinforcing fibers. Fibers suitable for
reinforcing concrete have been produced from steel, plastic, glass, and natural materials
in various shapes and sizes. Naturally occurring asbestos fibers and vegetable fibers, such

as sisal and jute, are also used for reinforcement. The concrete matrices may be mortars,
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normally proportioned mixes, or mixes specifically formulated for a particular
application.

A fiber contributes to the load carrying capacity of a body, which consists of a
fiber embedded in a surrounding matrix. The load is transferred through the matrix to the
fiber by shear deformation at the fiber-matrix interface (Beaudoin 1990). The load
transfer arises, generally, as a result of the different physical properties of the fiber and

the matrix, e.g. the different modulus of elasticity values of the fiber and the matrix.

2.3.1. Basic Concepts of Fiber Reinforced Concrete

Concrete is very brittle under tensile stresses and impact loads. The cause of
concrete cracks are due to the inherent tensile weakness of the material. Unreinforced
concrete has a low tensile strength and a low strain capacity at fracture. These
shortcomings are traditionally overcome by adding reinforcing bars or prestressing steel.
It may be very labor intensive and time consuming to place all necessary regular
reinforcement.

Brittle materials are considered to have no significant post-peak ductility. Fibers
bridge across the concrete matrix (Fig. 2.6) helping to control shrinkage cracking
during the plastic stage and matrix micro cracks that occur as the concrete is loaded. This
helps to add post-cracking ductility to concrete. Fibrous composites have been and are
being developed to provide improved mechanical properties to otherwise brittle
materials. When subjected to tension, these unreinforced brittle matrices initially deform
elastically. Micro cracking, localized micro cracking, and fracture follow the elastic

response. Introduction of fibers into the concrete results in post-elastic property changes
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that range from subtle to substantial, depending upon a number of factors, including
matrix strength, fiber type, fiber modulus, fiber aspect ratio, fiber strength, fiber surface
bonding characteristics, fiber content, fiber orientation, and aggregate size effects. Figure
2.7 shows typical load-deflection curves for unreinforced and fiber reinforced concrete.

If properly engineered, one of the greatest benefits to be gained by using fiber
reinforcement is improved long-term serviceability of the structure. One aspect of
serviceability that can be enhanced by the use of fibers is control of cracking. Fibers can
prevent the occurrence of large crack widths that are either unsightly or permit water
contaminants to enter, causing corrosion of reinforcing steel or potential deterioration of
concrete (Shah 1991). In addition to crack control and serviceability benefits, use of

fibers at high volume percentages can substantially increase the matrix tensile strength

(Shah 1991).

2.3.2. History of Fibers

It has been found that the use of natural fibers was popular among the ancient
people in various civilizations. They used straw, bamboo fibers in lime and soil mortar,
which is still seen in some parts of the world. In the modern time, the possibility of steel
fiber usage was first raised by Porter in 1910 (Naaman 1985). During the early 1960s
in the United States, the first major investigation was made to evaluate the potential of
steel fibers as a reinforcement for concrete (Romualdi and Batson 1963). The usage of
glass fibers was documented in USSR in the late 1950s (Biryukovich and Yu 1965).
Synthetic fibers were investigated as a component of constructional materials in 1965

(Goldfein 1965). Initially, 1.5 — 2% straight fibers by volume were used and were found

27



to be less workable. Later, deformed steel fibers with increased fine aggregate and water

reducing admixtures were used for increasing workability.

2.3.3. Types of Fibers

Numerous fiber types are currently available for commercial and experimental
use. The basic fiber categories are steel, glass, synthetic, and natural fibers. Figures 2.8,
2.9 and 2.10 show photographs of steel, glass and synthetic fibers, respectively.

Generally, steel fiber reinforced concrete should be used in a supplementary role
to inhibit cracking, to improve resistance to impact or dynamic loading, or to resist
material disintegration (ACI 544.3R 1993). Synthetic fiber reinforced concrete should be
applied to non-structural and non-primary load bearing applications (ACI 544.1R 1996).
On the other hand, glass fiber reinforced concrete should be used in non-structural
architectural cladding and other concrete products (ACI 544.1R 1996) and combined with
mortar instead of concrete (Materschldger and Bergmeister 1998). The process to apply
the glass fiber reinforced concrete (spray-up process) is not a conventional concrete
operation. At present, the spray process accounts for the majority of all manufactured
glass fiber reinforced concrete products in the United States (ACI 544.1R 1996). So, in
the present study, only steel and synthetic (polypropylene) FRC were used and are

discussed in this literature review.

2.3.4. Advantages of Fiber Reinforced Concrete

The replacement of conventional rebar with fiber reinforcement has many

structural advantages:

28



T T T e el il el g
T — ———
B e e ——

Figure 2.8: Various types of steel fibers

Figure 2.9: Glass fiber

29




Figure 2.11: Fracture surface of steel fiber reinforced concrete
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Fibers enhance the flexural strength, shear strength, ductility, toughness and
energy absorption capacity of concrete.

With fibers, the internal stresses are much more evenly distributed throughout the
cross section of the structure and along the length of the in-place concrete
(Grzybowski 1989). Fibers provide multi-directional concrete reinforcement.
Figure 2.11 shows the distribution of steel fibers in a FRC fractured member.
Fibers prevent micro cracks, and thus protect the porous concrete from further
aggressive environmental attack. Large visible cracks may occur with
conventionally reinforced concrete. Even if a fiber reinforced structure cracks, the
cracks are micro in size, or small enough to make them invisible and acceptable in
width (Grzybowski 1989).

Fibers reduce the increase in permeability due to cracking in concrete (Rapoport
et al 2001).

The starting time of cracking in concrete is delayed with the addition of fiber
(Grzybowski and Shah 1990).

Fibers are most effective in contributing to the post-cracking resistance of
cementitious composites by bridging the cracks and providing restraint to their
opening (Beaudoin 1990).

The chance of corrosion is more in case of concrete reinforced with steel bars than
that reinforced with steel fibers. Since fibers are short, discontinuous, and rarely
touch each other, there is no continuous path for currents from electromotive

potential between different areas of concrete (ACI 544.1R 1996).
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* Replacing non-structural conventional steel rebar or wire mesh with SFRC
eliminates the time consuming work of placing rebars (ACI 544.1R 1996). It also
eliminates the need to bend and tie rebar or mesh. So it saves labor costs and time
of a project.

* Most steel fiber reinforced concrete uses ordinary mixing, placing and finishing
methods and equipment. So no special equipment to install reinforcement is

needed (ACI 544.1R 1996).

2.4. Steel Fiber Reinforced Concrete (SFRC)

SFRC is the concrete made of hydraulic cements containing fine or fine and
coarse aggregate and discontinuous discrete steel fibers. Steel fibers intended for
reinforcing concrete are defined as short, discrete lengths of steel having an aspect ratio
(ratio of length to diameter) from about 20 to 100, with any of several cross-sections, and
that are sufficiently small to be randomly dispersed in an unhardened concrete mixture
using usual mixing procedures (ACI 544.1R 1996). Figure 2.12 shows various geometries

of steel fibers used in concrete.

2.4.1. Properties of Steel Fibers

The mechanical properties of steel fiber concrete are influenced by the type of
fiber, length-to-diameter ratio (aspect ratio), the amount of fiber, the strength of the
matrix, the size, shape, and method of preparation of the specimen, and the size of

aggregate.
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Fiber influences the mechanical properties of concrete in all failure modes
(Gopalaratnam and Shah 1987), especially those that induce fatigue and tensile stress,
e.g., direct tension, bending, impact, and shear. The strengthening mechanism of fibers
involves transfer of stress from the matrix if the fiber surface is deformed. Thus, stress is
shared by the fiber and matrix in tension until the matrix cracks, and then the total stress
is progressively transferred to the fibers.

Compression

In compression, the ultimate strength is only slightly affected by the presence of
fibers. In case of steel fibers, an addition of up to 1.5% by volume increases the
compressive strength from 0 to 15% (Johnston 1974, Dixon and Mayfield 1971). Figure
2.13 shows typical stress strain curves for SFRC in compression with various fiber ratios
(Shah et al 1978). In these curves, a substantial increase in the strain at the peak stress
may be noted, and the slope of the descending portion is less steep than that of control
specimens without fibers, which is indicative of substantially higher toughness.

Direct Tension

Behavior of concrete under increasing tensile stresses is dominated by the gradual
growth and interconnection of internal flaws, such as micro cracks (Romualdi and
Mandel 1964, McKee 1969). The ultimate tensile strength is reached when the internal
flaw system grows to an unstable situation in which it can propagate catastrophically
under tensile stresses. Restraining the internal flaws locally and preventing them from
extending into the adjacent material can be achieved by using FRC. Hence, it is expected

that the tensile strength of SFRC will be increased substantially. In direct tension, the
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improvement in strength is significant, with increases in the order of 30 to 40% reported
for the addition of 1.5% by volume of fibers (Williamson 1974).

Figure 2.14 shows typical stress strain curves for steel fiber reinforced mortar in
tension (Shah ef al 1978). The ascending part of the curve up to the first cracking is
similar to that of unreinforced mortar. The descending part depends on the fiber
reinforcing parameters, specially fiber shape, fiber amount and aspect ratio.

Shear

Various researchers have shown that the inclusion of steel fibers in reinforced
concrete beams results in a substantial increase in their shear strengths (Barr 1987,
Narayanan and Darwish 1987, Oh et al 1999). For 1% volume of fibers, an increase of up
to 170% in ultimate shear strengths was reported (Narayanan and Darwish 1987). Steel
fibers have several potential advantages when used to replace vertical stirrups in beams
(Williamson 1978). These advantages are: (1) the random distribution of fibers
throughout the volume of concrete at much closer spacing than is practical for the
smallest reinforcing bars which can lead to distributed cracking with reduced crack size;
(2) the first crack tensile strength and the ultimate tensile strength of concrete may be
increased by the fibers; and (3) the shear-friction strength is increased by resistance to
pullout and by fibers bridging cracks.

Narayanan and Darwish (1987) reported the following conclusions from their
experimental observations:

» The spacing of cracks in fiber concrete beams was reduced to a fifth of that in the

companion beams with or without stirrups.
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* The mode of failure changed from shear to moment type when the volume
fraction of fibers was increased beyond an optimum value (1%).
* More uniform redistribution of stresses was observed in the fiber concrete beams

compared with conventional beams.
Flexural Strength and Toughness

The influence of steel fibers on flexural strength of concrete is much greater than
for direct tension and compression (Hannant 1978). Two flexural strength values are
commonly used: first-crack flexural strength and ultimate flexural strength (or modulus
of rupture). The point on the flexural loaded deflection or tensile load-extension curve at
which the form of the curve first becomes non-linear is called the First Crack. The stress
corresponding to the load at “First Crack” for a FRC composite in bending or torsion is
called First Crack Flexural Strength. Modulus of rupture is the greatest bending stress
attained in a flexural strength test of a FRC specimen. From the research conducted by
Oh et al (1999), it was found that flexural strength of SFRC is greatly enhanced due to
the addition of steel fibers. The increase of flexural strength was about 55% when fiber
content was 2%. A very important observation was that SFRC showed great ductility and
energy absorption capacity. The presence of coarse aggregate coupled with normal
mixing and placing considerations limits the maximum fiber volume in concrete to 1.5 to
2.0%. Use of higher volume fractions, center point loading, small specimens or long
fibers with significant fiber alignment in the longitudinal direction will produce improved
flexural strengths up to 150% (Johnston 1974, Snyder and Lankard 1972, Waterhouse
and Luke 1972, Johnston 1989). At lower fiber volume concentrations, a significant

increase in flexural strength may not be realized using beam specimens.
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Ultimate flexural strength generally increases in relation to the product of steel
fiber volume concentration and aspect ratio. Concentrations less than 0.5% by volume of
low aspect ratio fibers (less than 50) have negligible effect on static strength properties.
Prismatic fibers, or hooked or enlarged end (better anchorage) fibers, have produced
flexural strength increases over unreinforced matrices of as much as 100 percent
(Johnston 1980). Post-cracking load-deformation characteristics depend greatly on the
choice of steel fiber type and the volume percentage of the specific fiber type used.
Crimped fibers, surface-deformed fibers, and fibers with end anchorage produce strengths
above those for smooth fibers of the same volume concentration, or allow similar
strengths to be achieved with lower fiber concentrations.

Swamy and Al-Ta’an (1981) concluded the following from their investigation on
SFRC:

» The fibers are effective in resisting deformation at all stages of loading, from the
first crack to failure.

* Fibers inhibit crack growth and crack widening at all stages of loading.

e The number of cracks at the working load stage is about half of those fully
developed before failure.

* Increase in the fiber content results in consistent increase in ductility and energy-
absorption capacity.

* The influence of fibers in reducing deformation and increasing flexural stiffness is
evident even at the failure stage.

The enhanced performance of SFRC over its unreinforced counterpart comes

from its improved capacity to absorb energy during fracture. While a plain unreinfor