ABSTRACT
During the last four decades, fiber reinforced concrete has been increasingly used in structural
applications. It is generally accepted that addition of steel fibers significantly increases tensile
toughness and ductility, also slightly enhances the compressive strength. Although several
studies have reported previously the favorable attributes of steel fiber reinforced concrete
(SFRC), little general data is related to performance modeling. There are studies on the effect of
fibers on compression, tension and shear behavior of concrete. As models proposed so far can, at
best, describe only a few aspect of SFRC with a given type and amount of fibers, establishing
simple and accurate generalized equations to describe the behavior of SFRC in tension,
compression and shear that take into account the fiber type and content is essential. Therefore, a
comprehensive experimental research on SFRC is conducted in University of Canterbury to
develop generalized equations to represent the characteristics of SFRC.
In this research, standard material tests of SFRC are carried out in tension, compression and
shear to enable the parametric characterization and modeling of SFRC to be conducted. The tests
are conducted using two different propriety fiber types (NovotexTM and DramixTM) with
volumetric ratios ranging from 0 to 2 percent of the Novotex fibers and with 1 percent Dramix
fibers. Compression tests are conducted on small and large cylinders. For characterization of
tensile behavior, several different test methods are used including: direct tension of SFRC alone;
SFRC with tension applied to an embedded longitudinal rebar; and flexural bending test.
Similarly direct shear tests are conducted to investigate the additional shear resistance
contributed by steel fibers. Variations in the results of different specimens are reconciled through
normalization of stress and strain parameters. Based on the experimental results, empirical
relations are derived for modeling and analysis of SFRC.
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Chapter 1
INTRODUCTION
1.1 BACKGROUND
Conventional concrete can be considered as a composite material in which the sand and
aggregate are the dispersed particles in a multiphase matrix of cement paste. Concrete differs
from most structural composites in that its strength is not greater than that of its components. The
reason for this is that the interface between the components is the weak link in the composite and
plays a major role in determining a number of properties of concrete. Usually, the aggregates are
stiffer and stronger than the paste, and the non-linearity of the concrete stress-strain response is
caused by the interaction between the paste and the aggregate [Collins and Mitchell, 1991].

Normal concrete is characterized by excellent load carrying behavior in compression but also by
brittle failure in tension. Tension failure can often be characterized by rapid propagation of single
relatively small flaw or crack [Mehta and Aitcin 1990]. It is a common design practice to ignore
the resistance of cracked concrete, although it is known that concrete subjected to uniaxial tensile
behavior is qualitatively similar to the response of concrete subjected to uniaxial compression
[Shah, Stroeven and Van Stekelenburg 1978]. The concept of using fibers to improve the
characteristics of matrix is as old and well established as adding straw or horsehair to mud bricks.
The fiber reinforced matrix can continue to carry a considerable amount of load after cracking
has occurred. The principal role of fibers is to bridge cracks and resist their formation. The
advantage of adding fibers into a matrix include enhancement of compressive strength, tensile
strength, flexural toughness, shear strength, durability and resistance to impact. The physical
properties of composites depend on the type and the dosage of the added fibers.
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1.1.1 Fiber Types
There are numerous fiber types available for commercial and experimental use which fall within
the two categories of steel and synthetic.

Steel fibers
Steel fibers intended for reinforcing concrete are defined as short, discrete lengths of steel having
an aspect ratio in the range of 20-100, with any cross section and that are sufficiently small to be
randomly dispersed in an unhardened concrete mixture using usual mixing procedures. The most
significant properties of steel fiber reinforced concrete (SFRC) are the improved flexural
toughness, impact resistance and flexural fatigue performance. For this reason SFRC has found
applications in flat slabs on grade where it is subject to high wheel loads and impact. SFRC has
also been extensively used in shotcrete applications for ground support, rock slope stabilization,
tunneling and repairs. The ease of placing SFRC into awkward formwork shapes has also seen its
application in the manufacture of precast concrete products [Concrete Institute of Australia 2003].

Synthetic fibers
A variety of synthetic fiber materials have been developed since 1960’s for use in fiber
reinforced concrete (FRC)’s. These include fibers such as polypropylene, glass, nylon, carbon,
aramid, polyethylene, acrylic and polyester. In current commercial and industrial concrete
applications synthetic fibers are typically added to concrete at very low dosage rates, typically in
the range of 0.06 to 0.2% by volume. Synthetic fiber reinforced concrete (SNFRC) has found its
largest commercial use to date in slabs on grade, floor slabs and stay-in-place forms in multistorey building [Concrete Institute of Australia 2003].
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Fibers are used in not only structural areas but also in other special applications such as reducing
cracking, drying cracking, chemical resistance, abrasion resistance, and fire resistance.

1.1.2 Steel Fiber Reinforced Concrete (SFRC)
During the last four decades, fiber reinforced concrete has been increasingly used in structural
applications, often in combination with reinforced concrete, and much research has been
undertaken to more fully understand its mechanical properties [Fanella and Naaman 1985]. Steel
fiber reinforced concrete (SFRC) is a concrete mix that contains discontinuous, discrete steel
fibers that are randomly dispersed and uniformly distributed. The quality and quantity of steel
fibers influence the mechanical properties of concrete. It is generally accepted that addition of
steel fibers significantly increases tensile toughness and ductility, also slightly enhances the
compressive strength. The benefits of using steel fibers become apparent after concrete cracking
because the tensile stress is then redistributed to fibers (see Figure 1-1). For structural design
purpose less than 1% fiber dosage rates are not helpful to withstand stresses after significant
cracking.

Fig 1-1 Principle of fiber reinforcement
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Research and design of steel fiber reinforced concrete began to increase in importance in the
1970s, and since those days various types of steel fibers have been developed. They differ in
material as well as in size, shape and surface structure, as shown in Figure 1-2. Due to different
manufacturing processes and different materials, there are differences in the mechanical
properties such as tensile strength, grade of mechanical anchorage and capability of stress
distribution and absorption.

Fig 1-2 Different types of steel fibers

There are drawn wire fibers, cut sheet metal fibers and milled steel fibers. Melt extracted fibers
are amorphous and thus stainless. In order to improve anchorage and adhesion with the concrete
matrix, the shape can be designed with hooked ends, completely corrugated or provided with end
cones. Furthermore, for some types, the cross section of the wire is deformed. Milled fibers have
a completely irregular shape. Most of the fibers are supplied as single fibers, however, some are
magnetically aligned and some glued together in bundles in order to ensure a better distribution
after casting.

SFRC is an expensive building material compared to conventional concrete. Hence, its
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application can only prove economical if its advantageous properties are taken into account in
the constructional design [Haselwander 1995]. The use of fiber reinforced concrete and mortars
is very much a developing technology with AS 3600 and as yet no other international concrete
standard recognizing the enhancement that fibers can make available to structural elements.
Design guidelines have however, been forthcoming from several concrete societies and other
bodies and it is only a matter of time before these important guidelines become codified
[Concrete Institute of Australia 2003].

1.2 LITERATURE REVIEW
Some research has already been done on the material characteristics of SFRC, but most of this
research has concentrated on one aspect of the characteristics.

Modeling of compressive behavior of SFRC
Only a few equations of complete stress-strain curves are published for SFRC [Fanella and
Naaman 1985; Ezeldin and Balaguru 1992; Barros and Figueiras 1999; Dhakal 2006]. The SFRC
lead to a slight improvement in compressive strength ranging from 0 to 15 percent at best, the
strain at peak stress is also increased by the presence of fibers [Fanella 1985]. An increase in the
volume fraction of fibers generally leads to a milder slope of the descending branch of the stressstrain curve [Fanella 1985].

Fanella and Naaman proposed an analytical model to predict the complete stress-strain curve of
fiber reinforced mortar taking into account fiber type and volume fraction. The expression has
eight constants to be determined from the boundary conditions of the curve.
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Ezeldin and Balaguru (1992) generalized an equation to predict the complete stress-strain curve
for fiber-reinforced concrete based on the expression proposed by Carreira and Chu (1985) for
uniaxial compression of plain concrete, the equation has only one constant to be determined. The
expression proposed by Barros and Figueiras (1999) is also based on one parameter only. The
equation based on elasto-plastic and fracture (EPF) model proposed by Dhakal (2006) express
the relationship between the equivalent compressive stress S and the equivalent compressive
strain E. However, these equations are not generic and do not explicitly take into account the
quality and quantity of fibers.

Modeling of tensile behavior of SFRC
There are studies on the effect of fibers on tensile strength of concrete [Scanlon 1971; Lin and
Scordelis 1975; Gopalaratnam and Shah 1985; Dhakal 2006]. The modeling of the descending
portion of the tensile stress-strain curve should be useful for characterizing the material
performance as well as for designs involving impact and toughness resistance. Nevertheless,
little research has been reported on the effect of fiber addition on the descending portion of the
stress-strain curve. One of the reasons for the lack of such information is the difficulty in
obtaining a complete stress-strain (crack width) curve [American Society of Civil Engineers
1982].

A few empirical expressions for the direct tensile stress-strain curves of plain concrete have been
proposed [Scanlon 1971; Lin and Scordelis 1975; Gopalaratnam and Shah 1985]. Scanlon
represented softening in terms of prescribed drops in stress-carrying capacity accompanied by
reduced secant stiffness. Lin and Scordelis have assumed a cubic polynomial relationship
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between stress and strain. An analytical model proposed by Gopalaratnam and Shah (1985)
assumes a unique stress-strain relationship only in the ascending part. For the descending part, it
is assumed that a unique relationship exists only between stress and crack width. Okamura and
Maekawa (1991) proposed an equation that presents the average tensile stress-strain relationship
of cracked concrete in reinforced concrete. However, these equations are meant for plain
concrete and cannot be used readily for SFRC.

Tension stiffening reflects the ability of concrete to carry tension between cracks, which
increases member rigidity of a reinforced concrete member before the reinforcement yields
[Collins and Mitchell 1991]. Bond behavior is a key aspect of tension stiffening since it controls
the ability of the reinforcement to transfer tensile stresses to the concrete [Abrishami and
Mitchell 1997]. The suggestion of introducing an average concrete tensile stress versus strain
was given by Vecchio and Collins (1986) and by Collins and Mitchell (1991).

The presence of steel fibers lead to significant increases in the tension stiffening of reinforced
concrete. Abrishami and Mitchell (1997) gave an equation to predict the tension stiffening of
SFRC. The influence of fibers, in improving the tensile response of fiber-reinforced concrete, is
automatically included using this approach.

The tension stiffening bond factor (β) given by Bischoff (2003) is obtained by dividing the
average load carried by the cracked concrete (Pc,m) with the force carried by the concrete at first
cracking (Pcr), it can be used to predict tension stiffening of SFRC up to yielding of reinforcing
steel.
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The most significant improvement imparted by adding fibers to concrete is the increase in the
energy absorption capacity. Toughness is a measure of the energy absorption capacity of a
material and is used to characterize the material’s ability to resist fracture when subjected to
static strains or to dynamic or impact loads (ACI 544.2R). ASTM C 1018-97 proposed the
evaluation of the toughness index and the first-crack strength of fiber reinforced concretes using
beam with third-point loading. JSCE-SF4 recommended the determination of the flexural
toughness factor tested by using beam with third-point loading.

Modeling of shear behavior of SFRC
Fibers can be effective shear reinforcement, and may increase the shear strength by as high as
80%. Addition of fibers in concrete allowed shear-deficient beams to reach their full flexural
capacity resulting in ductile flexural failure [Mirsayah and Banthia 2002]. There is still no
standardized test method in the ASTM or CSA standards to measure the material properties of
FRC in shear. Using the Z-type push-off specimens, Valle and Buyukozturk [1993] and Khaloo
and Kim [1997] investigated polypropylene and steel fibers and reported significant increases in
ultimate load carrying capacity and ductility [Mirsayah and Banthia 2002]. More recently, the
Japan Society of Civil Engineering (JSCE) has proposed a standard method SF-6, which is an
improvement over the Z-type specimens in that during the test, the stress field remains
substantially close to pure shear, and hence a more reproducible shear response is obtained
[Mirsayah and Banthia 2002]. The empirical expression for the ultimate shear strength proposed
by Mirsayah and Banthia is expressed as a function of the fiber volume fraction.
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1.3 OBJECTIVES OF THE THESIS
As the models proposed for normal concrete may not readily be applicable for SFRC,
establishing simple and accurate generalized monotonic stress-strain relationships of SFRC in
tension and compression that take into account the fiber type and content is essential. A
comprehensive experimental research on SFRC has been done in University of Canterbury.
Based on the experimental results, generalized equations to represent the characteristics of SFRC
are developed in this thesis.

The objectives of this thesis are:

1. To provide a comprehensive experimental and analytical evaluation of the stress-strain
properties of steel fiber reinforced concrete in compression. The effects of fiber content on
compression behavior of SFRC are systematically investigated.

2. To provide a comprehensive experimental and analytical evaluation of the stress-strain
properties of steel fiber reinforced concrete in tension through direct tension, bond tension and
flexural tension tests. The effects of fiber content on tensile behavior of SFRC are systematically
investigated.

3. To provide a comprehensive experimental and analytical evaluation of the direct shear strength
of steel fiber reinforced concrete. The effects of fiber content on shear behavior of SFRC are
systematically investigated.
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1.4 ORGANIZATION OF THE THESIS
Following this introductory chapter, Chapter 2 describes the compressive behavior of SFRC. It
describes the compression test details, experiment set up and specimen details. A review of
previous works on steel fiber reinforced concrete in compression is also presented. This chapter
also develops a model to predict the compressive behavior of SFRC based on the test results.

Chapter 3 describes the tensile behavior of SFRC and develops constitutive models of SFRC in
tension through standard tension tests. It also reviews previous work on steel fiber reinforced
concrete in tension. Three different tension tests namely direct tension, bond tension and flexural
tension tests are conducted and the results are discussed in this chapter.

Chapter 4 describes the direct shear test details, reviews previous work on steel fiber reinforced
concrete in shear, and outlines the direct shear test procedure and results analysis. This chapter
also develops an equation to estimate the shear strength contributed by steel fibers based on the
test results.

Based on the results of this research investigation, Chapter 5 closes the thesis by providing
concluding remarks along with recommendations for further research.
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Chapter 2
GENERALIZED COMPRESSION MODLE FOR SFRC
2.1 INTRODUCTION
Compression force carried by concrete in a reinforced concrete section needs to be calculated
accurately to determine the section capacity. There are simplified methods such as the wellknown Whitney rectangular stress block to estimate the compression force carried by
conventional concrete. It is not yet known if these methods are readily applicable for the
inclusion of steel fibers in the concrete. Concrete with steel fibers behaves demonstrably better in
compression than plain concrete. The maximum compressive strain, which is assumed as
0.003~0.0035 for plain concrete is likely to be higher for steel fiber reinforced concrete (SFRC).
Also, the post-peak softening branch of the compressive stress-strain curve of SFRC is expected
to be flatter than that of plain concrete; i.e. the stress in the post-peak range is higher in SFRC.
Obviously, constitutive equations representing the compressive stress-strain relationship of plain
concrete cannot capture the stress-strain curves of SFRC. Not only the stress-strain curves and
the equations representing these curves differ between SFRC and plain concrete, but they also
differ between SFRC with different amount of steel fibers. Hence, generalized equations that
take into account the fiber content are needed if the compressive stress and corresponding force
carried by SFRC with a given fiber content are to be calculated accurately.

This chapter describes the compressive behavior of SFRC. It describes the compression test
details, experiment set up and specimen details. A review of previous works on steel fiber
reinforced concrete in compression is also presented. This chapter also develops a model to
predict the compressive behavior of SFRC based on the test results.
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2.2 RESEARCH SIGNIFICANCE AND OBJECTIVE
Only a few attempts have been made to establish constitutive equations for SFRC and no studies
in the author’s knowledge have led to generalize constitutive equations taking into account the
fiber type and fiber content. The main objective of this chapter is to investigate the compressive
behavior of SFRC with different fiber content and to explore generalized interrelationships
between fiber content and the compressive stress-stress curve parameters; mainly the
compressive strength and the peak strain. In this chapter, compression behavior of SFRC is
investigated experimentally, and a generalized model that can predict the compressive stressstrain curves of SFRC with any fiber content is established based on the test results.

2.3 PREVIOUS STUDIES
One of the advantages of adding steel fibers into a concrete matrix is the enhancement of the
compressive strength. Nevertheless, the enhancement in compressive strength and other
parameters depends on the type and the dosage of the added fibers. Test results on mortar with
steel fibers have shown that the addition of fibers lead to increases in compressive strength and
the strain at peak stress [Fanella and Naaman 1985]. Some studies have been done to investigate
the effect of fiber content on the post-peak softening branch of the compressive stress-strain
curve of SFRC [Hughes and Fattuhi 1977]. Fanella and Naaman [1985] found that an increase in
the volumetric ratio of steel fibers leads to a relatively flatter post-peak softening branch in the
stress-strain curve of mortar with steel fibers.

A number of empirical expressions for the compressive stress-strain curves of plain concrete
have been proposed [Carreira and Chu 1985; Wang 1978; Popovics 1973; Desayi et al. 1964;
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Hognestad et al. 1955]. Two of the expressions given by Popovics have been generalized by
Thorenfeldt, Tomaszewicz, and Jensen [1987] to represent well the family of stress-strain curves
for plain concretes of different strengths. This expression relating the stress, f c , and the
corresponding strain, ε cf , is
n(ε cf / ε c ' )
fc
=
f c ' n − 1 + (ε cf / ε c ' ) nk

(2-1)

where f c ' = peak stress obtained from a compression cylinder test; ε c ' = strain at the peak stress;

n = Ec /( Ec − Ec ' ) ; a curve-fitting factor; where Ec = initial tangent stiffness of concrete (i.e.
elastic modulus) and Ec ' = f c ' / ε c ' ; and k = a factor to increase the post-peak decay in stress (i.e.
k = 1 when ε cf < ε c ' ).

However, these expressions cannot represent SFRC compression behavior because the effect of
fibers is not accounted for. Little research has been reported on the effect of fiber addition on the
descending portion of the stress-strain curve. One of the reasons is the difficulty in obtaining a
complete stress-strain curve [Shah 1978].

Only a few constitutive equations are published for SFRC [Fanella and Naaman 1985; Ezeldin
and Balaguru 1992; Barros and Figueiras 1999; Dhakal 2006]. The steel fibers lead to a slight
improvement in compressive strength ranging from 0 to 15 percent at best, and the strain at peak
stress is also increased by the presence of fibers [Fanella 1985]. An increase in the volume
fraction of fibers generally leads to an increase in the slope of the descending branch of the
stress-strain curve [Fanella 1985].
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Fanella and Naaman proposed an analytical model to predict the complete stress-strain curve of
fiber reinforced mortar taking into account fiber type and volume fraction. The expression is

Y = ( AX + BX 2 ) /(1 + CX + DX 2 )

(2-2)

where X = ε / ε p = normalized strain; Y = σ / f 'cf = normalized stress; ε = strain in general; ε p =
strain at peak stress; σ = stress in general; f 'cf = peak stress of fiber reinforced matrix; and A ,
B , C , D are constants to be determined from the boundary conditions of the curve.

There are too many constants employed in Equation (2-2) to implicitly take fiber content and
type into account, and these constants need to be calibrated through tests of SFRC samples.
Moreover, the equation is not readily applicable in analytical investigations of SFRC members.

Ezeldin and Balaguru (1992) generalized an equation to predict complete stress-strain curve for
fiber-reinforced concrete based on the expression proposed by Carreira and Chu (1985) for
uniaxial compression of plain concrete. The equation is given in Equation (2-3), which
transforms to Popovics’ equation (1973), i.e. Equation (2-1), if k = 1 and n = β .

εc
ε of
fc
=
f 'cf β − 1 + ( ε c ) β
ε of
β

(2-3)

where f 'cf = compressive strength of SFRC; ε of = strain corresponding to the compressive
strength; f c , ε c = stress and strain values on the curve, respectively; β = material parameter.

As is obvious from the equation, they employed only one material constant in their equation and
the fiber content & type are not explicitly taken into account.
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The expression proposed by Barros and Figueiras (1999) is also based on one parameter only.
The expression is based on the following stress-strain relationship:

εc
ε c1
σ c = f cm
ε
ε
(1 − p − q) + q( c ) + p( c ) (1− q ) / p
ε c1
ε c1
with

q = 1− p −

(2-4)

Ec1
Eci

p + q ∈]0,1[

1− q
>0
p
where f cm = average compressive strength; ε c1 = the strain at peak stress; Ec1 , Eci = secant
modulus of elasticity and tangent modulus of elasticity; σ c , ε c = stress and strain values on the
curve, respectively; p = material parameter.

In addition to this equation being complex, it doesn’t take into account the effect of fiber content
and type explicitly.

The equation based on elasto-plastic and fracture (EPF) model proposed by Dhakal (2006)
expresses the relationship between the equivalent compressive stress S and the equivalent
compressive strain E by Eq. (2-5)
S = E0 K ( E - Ep )

(2-5)

E0 is the equivalent initial elastic stiffness of concrete. For SFRC, the equivalent plastic strain is
Ep = E - [ 1 - exp(-E) ]
and the fracture parameter is
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K = exp[-0.45E (1 - exp(-1.25E))]

for

E≤4

K = 0.5E-0.8

for

E> 4

This model has been proved to work for 1% fiber content and a specific fiber type. This model,
too, does not take into account the variation in fiber content and fiber type into account.

2.4 TEST SPECIMENS AND PROCEDURES
Standard cylinders of 100 mm diameter and 200 mm height were made of concrete with different
fiber content. Six sets of twelve SFRC cylinders having 0%, 0.5%, 1.0% (two sets for two
different types of fiber), 1.5% and 2.0% steel fibers, by volume, were prepared and cured
according to the ASTM standard [ASTM C 192/C 192M-00]. The second and third sets included
1.0% of fibers by volume of two different types of steel fibers commonly used in New Zealand,
namely Dramix fibers [www.bekaert.com] and Novotex fibers [www.novocon.com]. This was
aimed to see if the different types of steel fibers used in New Zealand significantly affect the
compression behaviour of SFRC in general. In the other sets having 0.5%, 1.5% and 2% fiber
content, Novotex fibers were used. The properties of these fibers used in the specimens are
shown in Table 2-1.

Table 2-1. Steel fiber technical specification

Fiber Length
Equivalent Diameter
Aspect Ratio
Tensile Strength
Deformation

Novotex steel fiber FE 0730
30 mm
0.7 mm
43
1150 MPa
Flattened ends with round shaft
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Dramix steel fiber RC65/35BN
35 mm
0.55 mm
64
1100 MPa
Hooked ends

The specimens were prepared with concrete in six different batches. Ready-mix plain concrete
was ordered and the weight of the steel fibers calculated to obtain the prescribed volumetric ratio
was added to the concrete and mixed in the truck for another 30-40 revolutions to ensure the
homogeneity of the mix. Table 2-2 presents the composition of the mix used in different batches
of concrete. Apart from the materials specified in Table 2-2, plasticizer was added to enhance the
workability of the mixes; especially the last batch with 2% steel fibers by volume was very
difficult to work on.

Table 2-2. Mix design

Component
(1)
Ordinary Portland cement
Sand
Coarse aggregates (13 mm)
Water
Steel fibers
Characteristics
w/c
Fiber volume fraction (%)

P1
(2)
305
828
1029
164
0

P2
(3)
305
828
1029
164
79

0.54
0

0.54
1.0

Quantity (kg/m³)
P3
P4
(4)
(5)
305
305
828
828
1029
1029
164
164
79
39.5
0.54
1.0

0.54
0.5

P5
(6)
305
828
1029
164
158

P6
(7)
305
828
1029
164
118.5

0.54
2.0

0.54
1.5

Table 2-3 presents the number of specimens used in this research. The Ø100×200 mm cylinders
were formed on vibration table. The concrete was poured in three equal layers with each layer
being externally vibrated. Internal vibration was used for the compaction for the Ø400×800 mm
cylinders.
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Table 2-3. Specimen Design
Number of cylinders tested
Cylinder size
(mm)
(1)

P1

P2

P3

P4

P5

P6

0%
(3)

1.0%
(4)
3

0%
(5)

1.0%
(6)
3

0%
(7)

0.5%
(8)
3

0%
(9)

2.0%
(10)
3

0%
(11)

Ø400×800

0%
(2)
3

1.5%
(12)
3

Ø100×200

12

6

6

6

6

6

6

6

6

6

6

The first batch (P1) was plain concrete without any fibers (i.e. 0% fiber content), and 12
cylinders were made from this batch. The second batch (P2) was prepared and mixed with 1%
(by volume) Dramix RC65/35BN steel fibers, whereas the remaining four batches (namely P3,
P4, P6 and P5 respectively) were mixed with Novotex FE0730 steel fibers ranging from 0.5% to
2% by volume with an increment of 0.5%. From each of the five SFRC batches (P2, P3, P4, P5
and P6), six cylinders were made with the plain concrete before adding the steel fibers and the
other six cylinders were made after mixing the fibers.

The formwork was stripped one day after casting. All cylinders were wet cured in a 20℃ fog
room for 28 days. The cylinders were covered with plastic sheets throughout the curing period to
reduce the amount of water evaporation. In the standard cylinder compression testing, the
compression loading was applied via a 1000 KN universal testing machine at a rate of 0.15 MPa
per second following standard requirements [ASTM C39/C39M-01]. In order to avoid friction
that would otherwise alter the failure plane and also the measured load to some extent, a thin
layer of lubricant sandwiched between two Teflon sheets was used between the loading plate and
the two end surfaces of the cylinders. A high-speed data logger was used to record the axial load
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and the corresponding deformation. The compression test set-up for the standard cylinders is
shown in Figure 2-1.

In the big cylinder compression testing, the compression loading was applied via a DARTEC
universal testing machine (shown in Figure 2-2) with a capacity of 10000 KN at a strain rate of
0.001 per minute following standard requirements [ASTM C39/C39M-01]. In order to avoid
friction that would otherwise alter the failure plane and also the measured load to some extent, a
thin layer of plaster was used between the loading plate and the two end surfaces of the cylinders
(see Figure 2-3). A high-speed data logger was used to record the axial load and the
corresponding deformation.

The specimen deformations were recorded by potentiometers, which were stuck on the specimen
and connected to a high-speed data logger.

2.5 RESULTS AND DISCUSSION
1. Compressive stress-strain curves:
The axial load applied to the cylinders and the corresponding deformations were recorded
through the internal load cell and displacement transducer in the actuator. As thus measured axial
deformation would be polluted by any unintentional gap between the loading plates and the end
surfaces of the cylinders, the axial deformation was also measured by two potentiometers stuck
on two diametrically opposite sides of each cylinder. The recorded load was divided by the initial
cross-section area of the cylinders to obtain the axial compressive stress and the axial
deformation was divided by the gauge length (length covered by the potentiometer) to obtain the
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Fig.2-1 Ø100×200 mm cylinder compression test

Fig.2-2 DARTEC compression test machine

Fig.2-3 Ø400×800 mm cylinder compression test
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axial compressive strain. Thus derived axial stresses for different specimens in one set are
averaged and plotted against the axial strain for the six different mixes in Figure 2-4.

As can be seen in the figure, the cylinders made of plain concrete and those having 0.5% fiber
content failed in a brittle manner soon after crossing the peak strength, and the post-peak
softening branch of stress-strain curves of these cylinders could not be captured. For other
batches with fiber content more than 0.5%, the cylinders could be compressed without failure
until the axial strain exceeded 2%, and the average stress-strain curves of these specimens clearly
showed a stable post-peak softening branch.

2. Average stress-strain curves:
Figure 2-5 shows the average compressive stress-strain curves for the six batches. The curves
were generated by plotting the average of the stresses of all cylinders tested from a batch at a
given strain. Note that only one curve is shown for P1 series to represent the average behavior of
the tested plain concrete cylinders, whereas in other series two different curves are shown to
represent the average behavior of cylinders made of plain concrete before adding the steel fibers
(identified as Vf = 0%) and that of cylinders made after adding and mixing the specified
volumetric fraction of steel fibers. It can be observed that the SFRC cylinders with more than
0.5% fibers by volume sustained a large compressive strain in the range of 2% without the stress
falling below 25% of the peak value. In stark contrast, the plain concrete cylinders made of the
same batch of concrete before adding and mixing the fibers failed before the axial strain reached
0.5%, thereby clearly suggesting that the addition of fibers enhanced the deformability of the
concrete. In spite of this, the initial compression stiffness indicated by the slope of the stress-
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(d) Specimens with 1% Novotex fibers
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(f) Specimens with 2.0% Novotex fibers

Fig.2-4 Compressive stress-strain curves
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4.0

strain curve is found to be unaffected by the addition of fibers. In general, Figure 2-5 shows that
the stress-strain response of matrix has a substantial change by adding fibers to the matrix. The
peak strength and peak strain and the slope of the post peak stress-strain curves increased
following the increase in the volume fraction of fibers.

The average value of compressive strength and the axial strain corresponding to the peak stress
(referred to as peak strain hereafter) for the plain concrete and SFRC cylinders in different
batches are listed in Table 2-4. Note that the average compressive strength and peak strain
specified in Table 2-4 are not same as the coordinates of the peak response of the average stressstrain curves in Figure 2-4. While generating the average stress-strain curves, the stresses in
different specimens corresponding to a given strain were averaged and plotted against the strain,
whereas the values of fc’ and peak strain given in Table 2-4 are the average of the corresponding
values in different specimens.

Although the compressive strength of plain concrete before adding and mixing the steel fibers
varied considerably across different batches, the compressive strength of the SFRC cylinders was
in all batches higher than that of the plain concrete cylinders made from the same batch. The
peak strain of the plain concrete in different batches varied between 0.27-0.38%; these are likely
to have been overestimated as they include the strain due to the effect of creep and shrinkage.
The peak strain was also found to be larger in SFRC cylinders than in plain concrete cylinders in
all batches.
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Fig.2-5 Average compressive stress-strain curves of SFRC with different fiber content

2-14

Table 2-4. Compressive strength and peak strain

Series
P1
P4
P2
P3
P6
P5

Mean f’c

Meanεpeak

0%

33.2

0.0036

0.5%

30.7

0.0036

0%

25.5

0.0030

1.0%

29.7

0.0056

0%

27.0

0.0038

1.0%

30.8

0.0036

0%

25.5

0.0032

1.5%

31.1

0.0034

0%

25.6

0.0027

2.0%

41.2

0.0057

0%

28.8

0.0033

Scrutinizing the average stress-strain curves of cylinders with the same amount (1% by volume)
but different types of fiber reveal some interesting facts regarding the sensitivity of the
compression behavior of SFRC to the type of fibers. As shown in Figure 4, the stress-strain
curves for the SFRC cylinders in batches P2 and P3 are noticeably different, although the
corresponding curves of the plain concrete cylinders in these batches look similar except for a
small difference in the compressive strength. The addition of Dramix fibers did not enhance the
compressive strength but caused a significant increase in the peak strain and the rate of decrease
of compressive stress in the post-peak range was smaller. On the other hand, a substantial
increase in compressive strength was achieved with the addition of 1% Novotex fibers in batch 3,
but the peak strain did not increase much and the rate of reduction of compressive stress in the
post-peak range was higher. This indicates that Dramix fibers can sustain larger compressive
strain than Novotex fibers before the stress drops to a prescribed permissible limit.

2-15

3. Normalized compressive stress-strain curves
Figure 2-6 presents the average normalized compressive stress-strain curves for the P1 series
(plain concrete cylinders) and other four series including the Novotex fibers (i.e. P3, P4, P5 and
P6). Normalization is achieved by dividing the absolute values of compressive stress and strain
by the peak compressive strength and the peak strain, respectively. Despite the apparently
different absolute stress-strain curves in Figure 2-4, the normalized stress-strain curves for the
different batches are quite similar and do not indicate any correlation with the fiber content
except that the normalized curves terminate early (before the normalized strain equals 2) for
SFRC with fiber content less than or equal to 0.5%.

In fact, the normalized stress-strain curve for batch P2 (with 1% Dramix fibers), if plotted in
Figure 2-6, would also lie within the narrow band yielded by the five curves. This also indicates
that the normalized stress-strain curves are not particularly dependent on the fiber type as well.
This observation is useful when mathematically modeling the compressive stress-strain
relationship of SFRC.

Fig.2-6 Normalized compressive stress-strain curves
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2.6 MODELING OF COMPRESSION BEHAVIOR OF SFRC
If the fiber content is more than 0.5% by volume, the ultimate strain becomes larger than 2%,
which is well above the range expected in normal reinforced concrete structures, and a small
difference in the value of ultimate strain in that range is hence irrelevant. Earlier discussions
have established that the quality and amount of steel fibers affect the compressive stress-strain
behavior of concrete but the normalized stress-strain curves remain unaffected by these variables.
Hence, a common equation interrelating normalized compressive stress with the normalized
compressive strain is sufficient to model the normalized stress-strain curves of SFRC with any
type and quantity of fibers. Furthermore, if the average compressive strength and the peak strain
of SFRC with a given quality and quantity of fibers are known, the normalized stress-strain
relationship can easily be transformed to give an absolute compressive stress-strain equation.

It is a norm in experimental research to prepare a few standard cylinders from the concrete used
to cast the main test specimens. Compression tests of these cylinders that measure stress and
strain will yield the peak compressive strength and peak strain. This information, in conjunction
with the normalized stress-strain relationship can be applied along with certain fiber volume
parameters to obtain the overall constitutive model of the SFRC used in SFRC members to be
tested. This will help if analytical study is also to be carried out to predict the behavior of the
tested SFRC member. On the other hand, no information on the compressive strength and peak
strain of SFRC would be available if analytical research of SFRC was to be performed without
any tests. As a robust mix design of SFRC is not yet available; at least not known to the author;
treating the compressive strength and peak strain of SFRC as the base variables in the model
makes little sense. Nevertheless, the compressive strength and peak strain of plain concrete
before adding and mixing the steel fibers can be set as the primary variables as there are well2-17

established mix design methods to generate a given compressive strength, and the peak strain of
plain concrete is a dependent variable of its compressive strength. Hence, the compressive
strength and the peak strain of SFRC need to be expressed in terms of the compressive strength
and peak strain of plain concrete to supplement the normalized compressive stress-strain
relationship.

Tables 2-5 and 2-6 show respectively compressive strengths and peak strain of SFRC specimens
different batches normalized with respect to the compressive strengths and peak strain of plain
concrete cylinders in the same batch.

As explained earlier, the steel fibers’ quality and content influence the compressive strength and
peak strain of SFRC. As most of the SFRC cylinders tested were made of Novotex fibers and
only a few samples had Dramix fibers, accurately modelling the effect of fiber quality on the
compressive strength and peak strain of SFRC is out of scope of this study. The effect of
volumetric ratio of fibers on the compressive stress and peak strain is modelled based on the test
results here.
Table 2-5. Normalized compressive strength
Series

f’peak / f’c
Test

Model
1

P1 (0.0%)
P4 (0.5%)

1.12

1.18

1.20

1.20

P3 (1.0%)

1.02

1.18

1.24

1.43

1.2

P6 (1.5%)

1.02

1.02

1.48

1.49

1.3

P5 (2.0%)

1.28

1.34

1.44

1.44
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1.27

1.50

1.27

1.62

1.1

1.4

Table 2-6. Normalized compression peak strain
εpeak /εc
Test

Series

Model
1

P1 (0.0%)
P4 (0.5%)

1.03

1.09

1.30

1.30

P3 (1.0%)

1.12

1.15

1.44

1.48

P6 (1.5%)

1.02

1.37

1.46

P5 (2.0%)

1.39

1.52

1.55

1.55

1.05
1.20
1.45

1.70

1.97

2.16

1.80

1. Compressive stress
The ratio of compressive strength of the SFRC cylinders in different batches to the average
compressive strength of plain concrete cylinders made from the same batch (before adding and
mixing the steel fibers) is plotted against the fiber content in Figure 2-7. As can be seen, the
compressive strength of SFRC normalized with respect to that of plain concrete increases with an
increase in fiber content. Although the results show a degree of scatter within different specimens
tested with the same fiber content, it is evident that a straight line (see Figure 2-7) is sufficient to
qualitatively represent the dependency of the normalized compressive strength to the fiber
content. The linear equation representing this straight line, which describes the interrelationship
between the volumetric ratio of fibers (Vf) and the normalized compressive strength (fpeak/fc’), is
given as:
f peak
f c'

= 1 + 20α f V f

(2-6)

where Vf is the volumetric ratio of steel fibers and αf is an experimental constant taking into
account the quality/type of fibers. The value of αf is 1 for Novotex fibers and its value needs to
be calibrated before using for other types of steel fibers. For example, αf = 0.5 calibrates with the
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results of tested SFRC cylinders with 1% Dramix fibers. A linear relationship between the
normalized compressive strength and the fiber content, as suggested in Equation 2-6, also agrees
with the results of compression tests of SFRC cylinders having other types of steel fibers [Lim
and Oh 1999].

Normalized SFRC compressive strength

Normalized stress
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2.5
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Fig.2-7 Variation of compressive strength of SFRC with fiber content

2. Compressive strain
The ratio of peak strain of SFRC to the peak strain of plain concrete before adding and mixing
the steel fibers for different specimens in different batches is plotted against the fiber content in
Figure 2-8. As expected, the normalized peak strain increases with an increase in fiber content.
Although the test results are somewhat scattered among the specimens having the same fiber
content, a quadratic equation given in Equation 2-7 below qualitatively captures the increasing
trend of the normalized peak strain with an increase in fiber content.
ε peak
= 1 + 2000α ε V f2
ε co

(2-7)

in which, εco is the peak strain of plain concrete and αε is an experimental constant taking into
account the quality/type of fibers. For Novotex fibers, αε = 1 and its value needs to be calibrated
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before using for other types of steel fibers. For example, αε = 2.4 approximately fits the tests
results of SFRC cylinders with 1% Dramix fibers.

Normalized SFRC compressive strain
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Fig.2-8 Variation of peak strain of SFRC with fiber content

3. Analytical stress-strain relationship
As suggested by the test results, the interrelationship between the compressive stress normalized
with respect to the peak stress and the strain normalized with respect to the peak strain is
independent of the fiber type and content. Even though some variation within a narrow band was
observed, the scatter appeared to be independent of fiber content. Hence, a curve passing through
the center of this narrow band is adopted to represent the behavior of SFRC with any type and
amount of steel fibers. A suitable equation to represent such a curve is given below:
σn =

εn
1− εn + ε n

2

(2-8)

in which σn is the normalized compressive stress given by σ /fpeak (where σ is the absolute
compressive stress and fpeak is the compressive strength of the SFRC to be calculated using
Equation 2-6, and εn is the normalized compressive strain given by ε /εpeak (where ε is the absolute
compressive strain and εpeak is the peak strain of the SFRC to be calculated using Equation 2-7).
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The nonlinear relationship between the normalized compressive stress and normalized
compressive strain given in Equation 2-8 satisfies the boundary conditions; i.e. the normalized
stress at the origin is zero (σn = 0 at εn = 0); the normalized stress at the peak is one (σn = 1 at εn = 1);
and the slope of the curve is zero (i.e. the normalized stress is maximum) at the peak (dσn/dεn = 0
at εn = 1). The normalized stress-strain relationship described by Equation 2-8, when combined
with the estimation of compressive strength (Equation 2-6) and peak strain (Equation 2-7) of
SFRC, completes the compression model of SFRC. The proposed equations can be applied to
any fiber type and content, only the constants αf and αε (in Equations 2-6 and 2-7) need to be
experimentally calibrated for the fiber type.

Alternately, the compression behavior of SFRC can also be modeled by modifying Popovics
equation for plain concrete. The expression given by Popvics [Thorenfeldt, Tomaszewicz, and
Jensen, 1987] to represent the compressive stress-strain response of concrete is
σn = n × εn/ (n - 1 +εn nk)

(2-9)

where σn = σ / f’peak
εn = ε / εpeak
n = 0.8 + f’peak / 17
k = 0.67 + εpeak / 62
This expression well represents the stress-strain curves for plain concrete of different strengths.
For SFRC, a parameter αcan be used to modify the equation 2-5 and 2-6,
n = α(0.8 + f’peak / 17)
k = α(0.67 +εpeak / 62)
where α= 0.92–25000Vf3
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With the estimation of the constants as shown above, Equation 2-9 combined with Equations 2-6
and 2-7 can also be used to predict the stress-strain curves of SFRC.

2.7 VERIFICATION
The proposed models are verified by comparing with experimental observations. First, the
normalized compressive stress-strain relationship (Equation 2-8) is compared with the
normalized average stress-strain curves obtained from the tests for different fiber content. These
curves are plotted together with the model prediction in Figure 2-9. As can be seen, the model
prediction falls well within the narrow band created by the experimental curves for various fiber
contents.

Fig.2-9 Normalized compressive stress-strain curves verification

Next in Figure 2-10, the absolute stress-strain curves of some cylinders with different fiber
content obtained from the tests are compared with the stress strain curves predicted by using
Equation 2-8 together with Equations 2-6 and 2-7. As the test results used for this comparison
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Fig.2-10 Comparison of the test results with the proposed model (a)
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Fig.2-11 Compressive stress-strain curves verification (Vf=1.0% Dramix fiber)
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4.0

had Novotex fibers, the values of αf and αε in Equations 2-6 and 2-7 are set to unity. The
comparison shows that the proposed model can fairly capture the compressive stress-strain
relationship of SFRC with different fiber content.

Not all specimens tested are shown in the comparison and some of the tested cylinders gave
stress-strain curves that deviated substantially from the model predictions. A closer scrutiny
revealed that the discrepancy originated from the fact that Equations 2-6 and 2-7 did not
accurately cover the scatter of the normalized compressive strength and normalized peak strain
(see Figures 2-7 and 2-8), and hence yielded values not close to those suggested by the test
results of some specimens. It is found that the normalized stress-strain relationship proposed in
Equation 2-8 did not contribute any significant proportion of the discrepancy in these specimens.
Had the normalized strength and peak strain been used directly from the corresponding test
results, the absolute stress-strain curves obtained by using Equation 2-8 would be very close to
the corresponding experimental stress-strain curves.

Figures 2-12 and 2-13 show the absolute stress-strain curves generated by Equation 2-9, 2-6 and
2-7 along with the test results. It can be seen that both for Novotex and Dramix fibers, the
prediction by using the proposed model is fairly close to the test results.
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Fig.2-13 Compressive stress-strain curves verification (Vf=1.0% Dramix fiber)
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The results thus far indicate that more work needs to be done; especially to establish a more
robust interrelationship between the normalized strength and peak strain of SFRC. More tests
with different fiber content also need to be conducted to obtain reliable data to clarify the valid
range of normalized strength and peak strain, and Equations 2-6 and 2-7 could be modified
accordingly, if needed. More tests are also to be conducted for different fiber types to see if the
linear and quadratic assumptions of Equations 2-6 and 2-7 follow the trend in other types of steel
fibers. These tests will also help to check the robustness of Equation 2-8.

2.8 CONCLUSIONS
Standard cylinders made of steel fiber reinforced concrete with different amount of Novotex
fibers (ranging from 0.5% to 2.0% by volume) were tested under axial compression. The
influence of fiber content on the compressive strength, corresponding peak strain and the shape
of the stress-strain curves was investigated. Based on the data obtained from the compression
tests of these SFRC cylinders, an analytical constitutive model is developed to predict the
complete stress-strain curve of SFRC in monotonic compression. The following conclusions can
be drawn from the outcome of this study:
1. Adding steel fibers in concrete changes the basic characteristics of its compressive stressstrain curve. The compressive strength of SFRC is higher than that of plain concrete; the
peak strain is higher in SFRC than in plain concrete; SFRC can sustain larger compressive
strain before crushing; and the compressive stress reduction in the post-peak softening branch
of the stress-strain curve is milder in SFRC.
2. SFRC having 0.5% volumetric fiber content or less does not improve the compression
deformability and will fail soon after reaching the peak, as in normal concrete. It is only for
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SFRC with fiber content above 0.5% that the compressive strain in excess of 2% could be
applied to the cylinders before crushing.
3. The normalized compressive strength of SFRC (i.e. ratio of compressive strength of SFRC to
that of plain concrete) increases when volumetric fraction of steel fibers is increased, and the
interrelationship can be described by a linear equation (Equation 2-6).
4. The normalized peak strain of SFRC (i.e. ratio of the peak strain of SFRC to that of plain
concrete) also increases when volumetric fraction of steel fibers is increased, and the
interrelationship can be captured by a quadratic equation (Equation 2-7).
5. Although Equations 2-6 and 2-7 are derived from the compression test results of SFRC
cylinders with Novotex and Dramix fibers, they can also be used for other types of steel
fibers by calibrating the experimental constants αf and αε in Equations 2-6 and 2-7,
respectively.
6. Fiber content and type affect the absolute compressive stress-strain curves of SFRC, but the
normalized compressive stress-strain curves (plots of stress and strain normalized with
respect to the compressive strength and peak strain respectively) lie within a narrow band
regardless of the quality and quantity of steel fibers.
7. Two generalized equations (Equation 2-8 and 2-9) to represent the unique normalized
compressive stress-strain relationship of SFRC are proposed and verified. The equations can
be used in conjunction with Equations 2-6 and 2-7 to predict the stress-strain curves of SFRC
with any type and amount of steel fibers.
8. Something not presented in the results but of prime importance from a practical point is the
decreased workability of the concrete mix containing 2% fibers. Even with the use of
superplasticizer, the workability in this mix was very low, which led to more work in placing
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and finishing. This is the main reason that, for the sake of practicality, SFRC mixes should
contain not more than about 1.5% of fibers by volume.

2.9 BIG CYLINDER TEST RESULTS AND DISCUSSION
As mentioned earlier, cylinders of bigger size (Ø400×800 mm) were also prepared and tested in
addition to the standard cylinders. The objective behind these tests was to investigate if any size
effect existed and to see if the models developed based on standard cylinders tests are applicable
to compression behavior of SFRC specimens / members of different size. Hereafter the results of
these bigger cylinders are discussed.

1. Compressive stress-strain curves:
Figure 2-14 shows the compressive stress-strain curves of the (Ø400×800 mm) specimens made
from the six batches with different fiber content and fiber type. It can be noticed clearly in the
plots that the post-peak response of large cylinders are brittle and they crushed soon after
reaching the peak strength. Although slight difference was apparent between the post-peak
responses of the cylinders in different batches tested, they didn’t show any correlation with the
amount of fibers used. Regardless of the amount and type of fibers, no specimen could sustain an
axial compressive strain of more than 0.5%.
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Fig.2-14 Stress-strain curves for big cylinders
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3.5

4.0

Table 2-7. Big cylinder compressive strength and peak strain

Series

Mean f’c

Meanεpeak

P1

0%

31.8

0.0019

P4

0.5%

37.8

0.0020

P2

1.0%D

33.5

0.0027

P3

1.0%

39.0

0.0022

P6

1.5%

38.2

0.0021

P5

2.0%

43.7

0.0037

It can be noticed that except for P5 which had 2% fibers that led to low workability, all other
specimens had similar value of peak strain regardless with the amount of Novotex fibers used.
The specimen with Dramix fibers had noticeably higher value of εpeak than the Novotex fiber
cylinder had. In terms of strength, there was only a small difference between the Damix fiber
cylinder and the plain concrete cylinder but all other Novotex SFRC cylinders had noticeably
higher strength than the plain concrete cylinders.

As the cylinders were made from different concrete batches, which had different compressive
strength without adding the fibers, the comparison of absolute values of these average
compressive strength and peak strain makes little sense.

2-31

Stress (MPa)

Stress (MPa)

Average compressive stress-strain curves P1 0%
45
40
Big
35
Small
30
25
20
15
10
5
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
strain (%)

4.0

Average compressive stress-strain curves P2 1.0%
45
40
Big
35
Vf=0.0%
30
Small
25
20
15
10
5
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
strain (%)

(b) Specimens with 0.5% Novotex fibers

Stress (MPa)

Stress (MPa)

(a) Plain concrete specimens

Average compressive stress-strain curves P3 1.0%
45
40
Big
35
Vf=0.0%
30
Small
25
20
15
10
5
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Strain (%)

(d) Specimens with 1% Novotex fibers

Stress (MPa)

Stress (MPa)

(c) Specimens with 1% Dramix fibers

Average compressive stress-strain curves P6 1.5%
45
40
Big
35
Vf=0.0%
30
Small
25
20
15
10
5
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Strain (%)

Average compressive stress-strain curves P4 0.5%
45
40
Big
35
Vf=0.0%
30
Small
25
20
15
10
5
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Strain (%)

(e) Specimens with 1.5% Novotex fibers

Average compressive stress-strain curves P5 2.0%
45
40
Big
35
Vf=0.0%
30
Small
25
20
15
10
5
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Strain (%)

(f) Specimens with 2.0% Novotex fibers

Fig.2-15 Average stress-strain curves for big cylinders
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Fig.2-17 Normalized compressive stress-strain curves of big cylinders

To compare the relative standing of the performance of large cylinders with respect to that of
standard smaller cylinders (both SFRC and plain concrete), the average stress-strain behavior of
the big and small cylinders are plotted together for the six different batches in Figure 2-15.
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Figure 2-16 shows the variation of the ratio of peak strain and compressive strength of big
cylinders to these of small cylinders with respect to the fiber content (for the Novotex fibers).
Finally, Figure 2-17 plots the normalized average stress-strain curves of big cylinders with
different fiber content along with the model, which represents similar curve for small cylinders.
The following conclusions emerge from a thoughtful observation of these curves:
1. The peak strains of the big cylinders are consistently less than that of the small cylinders.
Regardless of the fiber type and content, the big cylinders were found to reach their peak
compressive strengths at much small strains; approximately about 60% of their smaller
counterparts (Figure 2-16a).
2. For conventional concrete without any fibers, the compressive strength of big cylinders is
less than that of standard small cylinders. This is in agreement with the size effect law saying
that the strength decreases with an increase in size.
3. For SFRC specimens though, the compressive strength of big cylinders has been found to be
markedly higher than that of small cylinders. This is an unexpected out come at this stage and
needs further investigation. This observation is true for all tested fiber content series.
Nevertheless, the correlation of this inverse size effect with the amount of fibers does not
appear to be strong (Figure 2-16b). The increase in strength for the big cylinders is noticeably
less for Dramix fibers (batch P2) than for the Novotex fibers (batch P3).
4. Obviously, the model developed based on the small cylinder tests do not agree particularly
well with the big cylinders test results. To be precise, these models predict some post-peak
residual stress (which softens with an increase in strain), whereas the stress falls sharply to
zero after the peak response of the big cylinder test results. In fact, if the big cylinder results
are to be believed, a model with only the pre-peak phase should suffice.
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Chapter 3
TENSILE BEHAVIOR OF SFRC
3.1 INTRODUCTION
Concrete, a brittle material, can fail in tension by rapid propagation of a single relatively small
flaw or crack [Mehta and Aitcin 1990]. It is thus a common design practice to ignore the tensile
resistance of cracked concrete. It is known that concrete subjected to uniaxial tensile behavior is
qualitatively similar to the response of concrete subjected to uniaxial compression [Shah,
Stroeven and Van Stekelenburg 1978]; in both tension and compression, the response consists of
an elastic branch, a reduction of stiffness after cracking and finally a post-peak softening branch.
Nevertheless, the peak stress is significantly smaller in tension and the post-peak softening
branch may be very steep in tension, thereby prompting designers to neglect the residual tensile
resistance of plain concrete. The inclusion of fibers in a concrete matrix substantially improves
the post-peak resistance of the composite. Therefore, it is necessary to take into account the postcracking resistance of fiber reinforced concrete in analysis for accurate predictions of deflection,
crack width, bond transfer, shear transfer, and tension stiffening of fiber reinforced concrete
between cracks [ASCE 1982].

There are several studies on the effect of fibers on tensile strength of concrete [Scanlon 1971;
Lin and Scordelis 1975; Gopalaratnam and Shah 1985; Dhakal 2006]. Inclusion of fibers in
concrete is known to enhance the tensile strength of SFRC but the increase in tensile strength is
relatively small. On the other hand, the post-peak tensile stress carrying capacity of concrete is
markedly enhanced due to the bridging action of the fibers across the cracks. The modeling of
the descending portion of the tensile behavior should be useful for characterizing the material
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performance as well as for designs involving impact and toughness resistance. Nevertheless,
little research has been reported on the effect of fiber addition on the descending portion of the
stress-strain curve. One of the reasons for the lack of such information is the difficulty in
obtaining a complete stress-strain (crack width) curve [ASCE 1982].

This chapter describes the tensile behavior of SFRC and develops constitutive models of SFRC
in tension through standard tension tests. It also reviews previous work on steel fiber reinforced
concrete in tension. Three different tension tests namely direct tension, bond tension and flexural
tension tests are conducted and the results are discussed in this chapter.

3.2 RESEARCH SIGNIFICANCE AND OBJECTIVE
The main objective of this research is to investigate tensile behavior of SFRC and to formulate
generalized models for the stress-strain (crack-width) relationship of SFRC in tension. The effect
of fiber volume fraction on the tensile response of SFRC is investigated. Five different volume
contents ranging from 0% to 2% are incorporated in the tests. The influence of fiber content on
the peak tensile stress and the corresponding strain, and the shape of the tensile stress-strain
curve are investigated. An analytical model is developed to predict the complete tensile stressstrain curve of SFRC in terms of fiber content. In addition to direct tensile behavior, the bond
behavior of SFRC and the fracture toughness of SFRC are also investigated. To get data for these
relationships, three different types of tests, namely direct tension test, bond tension test, and
flexural toughness tests are conducted.
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3.3 EXISTING STRESS-STRAIN MODELS OF TENSILE BEHAVIOR OF SFRC
A few empirical expressions for the direct tensile stress-strain curves of plain concrete have been
proposed [Scanlon 1971; Lin and Scordelis 1975; Gopalaratnam and Shah 1985]. Scanlon
represented softening in terms of prescribed drops in stress-carrying capacity accompanied by
reduced secant stiffness. Lin and Scordelis have assumed a cubic polynomial relationship
between stress and strain. An analytical model proposed by Gopalaratnam and Shah
[Gopalaratnam and Shah 1985] assumes a unique stress-strain relationship only in the ascending
part.
A
 
 
ε
σ = σ p 1 − 1 −  
  εp  



(3-1)

where σ= tensile stress; σp = peak value of σ; ε= tensile strain; εp = value of ε atσp; A =
Etεp /σp ; and Et = initial tangent modulus.

For the descending part, they assumed that a unique relationship exists only between stress and
crack width.

(

σ = σ p e − kω

λ

)

(3-2)

where ω is crack width and k and λ are constants.

Okamura and Maekawa (1991) proposed the following equation for the average tensile stressstrain relationship of cracked concrete in reinforced concrete as shown in Equation (3-3)

ε 
σ = f t  cr 
 ε 

c

(3-3)
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where ft = the tensile strength of normal concrete; and εcr = the cracking strain; c = the tensile
stress release parameter that depends on the amount of reinforcement.

Tension stiffening reflects the ability of concrete to carry tension between cracks, which
increases member rigidity of a reinforced concrete member before the reinforcement yields
[Collins and Mitchell 1991]. While plain concrete is assumed to carry tension between the cracks
only, SFRC is able to carry significant tensile forces also at a cracked section. Tension stiffening
reduces the average member deformation, it can be evaluated by either considering the tensionstiffening in the bare bar response or determining the average load-sharing behavior between the
concrete and reinforcement [Bischoff 2003].

Bond behavior is a key aspect of tension stiffening since it controls the ability of the reinforcing
bars to transfer tensile stresses to the concrete [Abrishami and Mitchell 1997]. The suggestion of
introducing an average concrete tensile stress ft versus strain given by Vecchio and Collins (1986)
and by Collins and Mitchell (1991) is:
ft =

α 1α 2 f tr
1 + 500ε cf

for

ε cf > ε cr

(3-4)

where: f tr = tensile strength of concrete; ε cr = strain in concrete at cracking; ε cf = strain in
concrete caused by stress; α 1 = factor accounting for bond characteristics of reinforcement; and

α 2 = factor accounting for sustained or repeated loading.

The presence of steel fibers lead to a significant increase in the tension stiffening of reinforced
concrete. The equation for predicting the tension stiffening of SFRC given by Abrishami and
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Mitchell (1997) is:

ft =

N − E s As ε
Ac

(3-5)

where: ft = the average tensile stress in the concrete; N = the total load applied to the specimen;
As = cross-sectional area of reinforcing bar; Es = modulus of elasticity of reinforcing bar; ε = the
average strain in the specimen; and Ac = the net concrete area.

Note that Equation (3-5) is simply an equilibrium equation and can be derived from the force
equilibrium: Total tensile force (N) = average force carried by reinforcing bars ( E s As ε ) +
average force carried by concrete ( f t Ac ). The influence of fibers, in improving the tensile
response of the fiber-reinforced concrete, is automatically included in the term ft, using this
approach.

The tension stiffening bond factor (β) given by Bischoff (2003) is obtained by dividing the
average load carried by the cracked concrete (Pc,m) with the force carried by the concrete at first
cracking (Pcr):

β=

Pc , m

(3-6)

Pcr

Tension stiffening of SFRC up to yielding of the reinforcing steel can be predicted with the
equation given by Bischoff (2003):

β f = β c + 0.4

ff

(3-7)

f cr
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where: β f = the tension stiffening bond factor for SFRC; β c = the tension stiffening bond factor
for plain concrete; f f = the post-cracking stress; and f cr = the cracking stress.

The most significant improvement imparted by adding fibers to concrete is the increase in the
energy absorption capacity. Toughness is a measure of the energy absorption capacity of a
material and is used to characterize the material’s ability to resist fracture when subjected to
static strains or to dynamic or impact loads (ACI 544.2R). ASTM C 1018-97 proposes the
evaluation of the toughness index and the first-cracking strength of fiber reinforced concrete
using beam with third-point loading. The procedure involves determining the amount of energy
required to deflect the FRC beam a selected multiples of the first-crack deflection based on
serviceability consideration. This amount of energy is represented by the area under the loaddeflection curve up to the specified multiple of the first-crack deflection (ACI 544.2R). This can
be expressed in general terms as:
IN =

Energy absorbed up to a certain multiple of first crack deflection
Energy absorbed up to the first crack deflection

(3-8)

JSCE-SF4 also recommends the determination of the flexural toughness factor based on result of
third-point loading test. The flexural toughness factor is calculated by:

σb =

Tb

δ tb

⋅

l
bh 2

(3-9)

where Tb = flexural toughness, the area of load-deflection curve when deflection equals 1/150 of
span; δ tb = deflection equals 1/150 of span; b = width of the beam; and h = height of the initial
section.
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As the models proposed for normal concrete may not be readily applicable for SFRC,
establishing a simple and accurate generalized tensile stress-strain relationship of SFRC that
takes into account the fiber type and content is essential. An experimental investigation has been
conducted in University of Canterbury to obtain data to generate such models; this experimental
research is the main focus of this chapter. Based on the experimental results, generalized
equations to represent the tensile strength and stress-strain behavior of SFRC are developed in
this chapter.

3.4 TEST SPECIMENS AND PROCEDURES
SFRC specimens used in this test series were made and cured according to ASTM C 192/C
192M-00 standard and ACI 544.3R Report. All aggregates meet ASTM C 33-02a standard. The
detail of the composition of the mixture used in this test series is same as that presented in
Chapter 2.

Table 3-1 presents the number of specimens tested in the three test series discussed in this
chapter. All of the beams were cast in steel forms. An internal vibration was used for the
compaction of the beams. All beams were wet cured in 20℃ fog room for 28days before testing.
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Table 3-1. Specimens tested
Number of beams tested
beam size
(mm)
(1)
Direct tension
100×100 ×1000
Bond tension
100×100 ×1000
Flexural toughness
150×150 ×600

P1

P2

P3

P4

P5

P6

0%
(2)
4

1.0%D
(3)
4

1.0%
(4)
4

0.5%
(5)
4

2.0%
(6)
4

1.5%
(7)
4

3

3

3

3

3

3

3

3

3

3

3

3

3.4.1 Direct Tension Test Specimens and Set-Up

As shown in Figures 3-1 and 3-2, special wedge-type frictional grips were used in the direct
tension tests to allow for a uniform transfer of tensile stress to the concrete specimens. Two pairs
of angled steel plates provided the wedge action. The vertical face of the inside wedges were
covered with 3mm thick layer of rubber. This allowed for a uniform transfer of shear stresses
from the grips to the concrete specimens. Two sides of the specimen had 10mm deep notch at the
middle of the specimen to ensure the crack position. The notches were sawed before the test.
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Notch

Specimen

Frictional grips

Fig.3-1 Direct tension test set up

Direct tension tests were carried out under load control with the load applied at a rate of
0.02MPa/s. The overall direct tension test-setup is shown in Figures 3-2, 3-3 and 3-4. Four
concrete strain gauges (90mm in length) were stuck on the middle of the four sides of the
rectangular prism specimen across the notches and one potentiometer was stuck on the middle of
the specimen. The force was recorded by load cell and the specimen deformations were recorded
by potentiometers and concrete strain gauges, which were stuck on the specimen and connected
to a high-speed data logger.
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Fig.3-2 Direct tension test wedge-type frictional grips

Fig.3-3 Direct tension test equipment
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Fig.3-4 Direct tension test potentiometers and concrete strain gauges

3.4.2 Bond Tension Test Specimens and Set-Up

Bond tension tests were carried out on eighteen axially loaded tension specimens having the
geometry shown in Figure 3-5. Each specimen had a square cross-section of 100×100 mm and
was reinforced with a single M24 bar. Each end of the bar, which was 200 mm longer than the
concrete beam, was used to grip the specimen.

Fig.3-5 Bond tension test specimen
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The overall direct tension test-setup is shown in Figures 3-6 and 3-7. A 1000kN AVERY 7104
DCJ Universal Compression-Tension testing machine was used for these bond tension tests.

Bond tension tests were performed under load control condition (with a constant load rate of
0.5kN/s). The specimen deformations were recorded by fourteen potentiometers, which were
stuck on one side of the specimen and connected to a high-speed data logger. The strains of the
steel bar were recorded by five strain gauges, which were stuck on the steel bar.

Fig.3-6 Bond tension test equipments
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Fig.3-7 Bond tension test potentiometers set-up

3.4.3 Flexural Tension Test Specimens and Set-Up

As shown in Figure 3-8, the third-point loading test was used for the flexural tension tests. The
beams were of 150×150 mm square cross-section and were 600 mm long. The two supports were
450 mm apart and the two point loads were applied symmetrically 150 mm apart from each other
and also from the supports. Down side of the specimen had a 10mm deep notch at the middle of
the specimen to dictate the crack position. The notch was sawed before the test.

Flexural tension tests were also conducted under load control condition (loading rate of 0.2kN/s).
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The specimen deflections at mid-span and one-third span were recorded by potentiometers. The
potentiometers were fixed on the yoke that was stuck on the specimen to insure the true
deflections were recorded.

Potentiometers

Specimen

Yoke

Fig.3-8 Flexural tension test set up

Fig.3-9 Flexural tension test equipment
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An AVERY Compression testing machine with a capacity of 100 kN was used to load the
150×150×600 mm beams in these flexural tension tests, as shown in Figure 3-9.

3.5 DIRECT TENSION TEST RESULTS AND MODELING
3.5.1 Visual Observation and Failure Process

In direct tension tests, the tensile load was applied through the grips passing through the SFRC
specimen. While the applied load was small, the specimen remained elastic. The first crack was
noticed at approximately 20 kN of load (this varied slightly in different test series). The first
crack appeared through the notch across the middle of the specimen. As the load increased, the
crack widened except in the P1 series specimen without fibers, which failed immediately. The
bridging action of the fibers was visible in most specimens.

3.5.2 Test Results Before and Immediately After Cracking and Discussion

1. Direct tensile stress-strain curves:
Figure 3-10 shows the ascending part of the stress-strain curves obtained from the results of the
direct tension tests of the specimens with different fiber content. The stresses were calculated
using the net area of the notched cross-section. The strains were obtained from the strain gauges.
As can be seen in the Figures, there are noticeable variations between the three specimens. The
initial stiffness was more or less same for all specimens, but the maximum stress and strain
varied significantly apart from the 0.5% fiber content series.
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(a) Plain concrete specimens

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(e) Specimens with 1.5% Novotex fibers

(f) Specimens with 2.0% Novotex fibers

Fig.3-10 Stress-strain curves obtained from the direct tension tests
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Acknowledging the likely variation in the stress-strain curves, it was realized that the uncertainty
could be taken into account only in a probabilistic manner. Nevertheless, more data points would
be needed for a meaningful probabilistic interpretation of test results. As 3 specimens per test
series was decided in the planning phase with the expectation that the specimen-to-specimen
variation would be less and deterministic processing of the test results would be possible. Hence,
despite the significant specimen-to-specimen variation, a deterministic approach is followed here
based on the mean stresses and strains of the three specimens. Nevertheless, it is clearly evident
that the P6 series have only two results (one specimen was faulty) and even the results of these
two specimens differ significantly. In fact, one of these two specimens showed a step like stressstrain curve which is not reliable. Hence, this series could be ignored from the discussion.

2. Average direct tensile stress-strain curves
Figure 3-11 shows the average of the three specimens stress-strain curves (ascending branch
only). Although these average stress-strain curves are slightly undulated, they indicate elastic
response until cracking and a constant stress plateau in the post-cracking phase. As the transition
between the elastic branch and the plastic branch is smooth in the average stress-strain curves,
two straight lines are drawn to estimate the cracking strain. The first straight line starts from the
origin and has the slope equal to the stiffness/modulus of the stress-strain curves, and the second
straight line passing through the maximum stress has zero stiffness.

Based on the approximation, the average values of peak stress (i.e. tensile strength) and the
corresponding tensile strain (i.e. cracking strain) of SFRC with different fiber content are derived,
which are listed in Table 3-2. Note that comparing the absolute tensile strength values for

3-17

(a) Plain concrete specimens

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(e) Specimens with 1.5% Novotex fibers

(f) Specimens with 2.0% Novotex fibers

Fig.3-11 Average stress-strain curves
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Table 3-2. Direct tensile strength and peak strain

Mean ft
(MPa)
2.7

Meanεcr

P1

Fiber
content
0%

Average
compression
strength (MPa)
33.2

0.00014

Elastic
modulus
ESFRC (MPa)
19286

P4

0.5%

25.5

2.0

0.00007

28571

P2

1.0%D

27.0

2.5

0.00009

27777

P3

1.0%

25.5

2.8

0.00010

28000

P6

1.5%

25.6

2.5

0.00011

22727

P5

2.0%

28.8

2.9

0.00011

26363

Series

different fiber content does not serve any purpose because these are from different batches and
compressive strength of these batches differ significantly. The Table 3-2 also shows the average
compressive strength of different batches of concrete. Hence, the tensile strength of the
specimens can be normalized with respect to their compressive strengths for mutual comparison.

Comparing average tensile strength of 0.5% fiber with that of 1% fiber specimen (these two
series have the same compressive strength), it can be said that tensile strength increases with an
increase in fiber content as suggested by others [Stroeven, 1978]. This is not very obvious from
other sets of data; especially the P6 series with 1.5% fibers defies this logic.

The cracking strains of the tested specimens fall between 70 and 140 microstrain and scrutinizing
the data does not show any consistent correlation of cracking strain with fiber content. If the
eccentric result of P6 series is ignored, one could however argue that the cracking strain is
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noticeably lower in SFRC than plain concrete, although it is difficult to explain the reason behind
this.

Table 3-2 also lists the mean elastic modulus of the different series. These values are calculated
by dividing the mean values of the tensile strength by the mean cracking strains. It can be
observed that the elastic modulus of SFRC series is noticeably higher than that of plain concrete
specimens.

3. Normalized direct tensile stress-strain curves
If the stress-strain curves of all specimens are idealized as bilinear curves as explained above, the
tensile strength and cracking strain can be obtained and normalized tensile stress-strain curves
can be derived. Thus derived normalized curves for all six series are shown in Figure 3-12. These
normalized curves for different specimens in a series are close to each other, unlike in the
original absolute stress-strain curves, which were significantly different. Note that the maximum
values of the normalized strain (which differ among the specimens) do not have significance as
the maximum values measured by strain gauges have no relationship with failure. The postcracking behavior will be dealt separately in the coming sections.
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(a) Plain concrete specimens

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(e) Specimens with 1.5% Novotex fibers

(f) Specimens with 2.0% Novotex fibers

Fig.3-12 Normalized tensile stress-strain curves
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4. Average normalized direct tensile stress-strain curves
Figure 3-13 presents the average normalized direct tensile stress-strain curves for all five
Novotex fiber series. It can be observed that the normalized tensile stress-strain relationship is
almost linear before cracking and a straight line starting from the origin to the cracking point will
fairly represent the behavior of SFRC regardless of the fiber content. The fiber content affects
the absolute values of tensile strength and elastic modulus, but the normalized stress-strain path
before cracking is not influenced by the amount of fibers. Similar observation can be made
regarding the effect of fiber type in the tensile behavior of SFRC.

Fig.3-13 Average normalized direct tensile stress-strain curves

Figure 3-14 presents the average normalized tensile stress-strain curves for specimens with 1.0%
Dramix fibers and 1% Novotex fibers. The two curves are very close to each other, which
signifies that the type of fiber also does not influence the normalized response. Hence, for the
sake of developing generalized models, the effect of fiber type and content can be segregated by
normalizing the stress and strain with respect to the tensile strength and cracking strain.
Nevertheless, the effects of fiber type and content on the absolute coordinates of the cracking
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point need to be taken into account.

Fig.3-14 Vf =1.0% series average normalized direct tensile stress-strain curves

3.5.3 Test Results After Cracking and Discussion

As mentioned earlier, it was difficult to measure strains and the strain gauge readings were not
reliable after cracking. Moreover, the deformation was localized in the crack and strain at a
location would not be representative of the overall behavior. Instead, the width of this only crack
will keep on growing in the post-cracking phase and hence the stress versus crack width
relationship becomes more meaningful. Hence, the crack-width measured by the potentiometer
attached across the notch was used for this purpose.

1. Tensile stress-crack width curves:
Figure 3-15 shows the tensile stress-crack width relationship obtained from the test results of the
five series (0.5%-2% Novotex fibers and 1% Dramix fibers). The post-peak crack width of plain
concrete specimens (i.e. Vf=0%) could not be obtained because these specimens failed soon after
the crack opened at the notch. Note that although the stress-strain relationships in previous
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(a) Specimens with 0.5% Novotex fibers

(b) Specimens with 1% Novotex fibers

(c) Specimens with 1% Dramix fibers

(d) Specimens with 1.5% Novotex fibers

(e) Specimens with 2.0% Novotex fibers

Fig.3-15 Stress-crack width curves
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figures showed constant maximum stress for a noticeable range of strain, the stress-crack width
curves show immediate reduction in stress after the initiation of cracks. This is because the
strains in previous figures (i.e. <0.05%), if converted to crack width by multiplying with the
gauge length of the strain gauge (i.e. 90mm), result in a negligible value (i.e. <0.005mm), which
will not be noticed in the crack width scale.

Note that with an increase in the crack width, the tensile stresses reduced sharply in specimens
with less than 1% Novotex fibers whereas the specimens with more than 1% fibers showed a
milder reduction of stress in the post-cracking stage. While the plain concrete specimens had
zero stress after cracking, the SFRC specimens could sustain, in average, 25% of the tensile
strength even when the crack was as wide as 4mm. Residual tensile stresses could be measured
until the crack width was close to 10mm.

2. Average tensile stress-crack width curves
The stress-crack width relationship of different specimens in the same series varied slightly;
specimen-to specimen variation was more or less similar to that in the pre-cracking stress-strain
relationships. The average behavior for each series is shown in Figure 3-16. These figures are
obtained by plotting the average tensile stress carried by the three specimens for a given value of
crack width.

3. Average normalized tensile stress versus crack-width curves
The absolute values of the tensile stresses should not be compared as the specimens in the
different series come from different concrete batches with different strengths. Hence the average
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(a) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(d) Specimens with 1.5% Novotex fibers

(e) Specimens with 2.0% Novotex fibers

Fig.3-16 Average stress-crack width curves
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(a) Series P3, P4, P5, P6

(b) Series P2, P3
Fig.3-17 Average normalized direct tensile stress-crack width curves

tensile stresses are normalized with respect to the average tensile strength for each series and
thus obtained normalized average stress versus crack width curves for the different series are
plotted together in Figure 3-17 for comparison. Figure 3-17(a) shows that the slope of stresscrack width curve gets milder with an increase in fiber content. Nevertheless, this advantage of
additional fiber is not apparent in the figure for 2% fiber content. In fact, the average behavior of
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2% fiber content series is not as good as that of 1.5% fiber content series. It is worth noting here
that the mix with 2% fiber content was very difficult to work with and the mix had many clumps,
which led to inferior concrete mix.

Figure 3-17(b) compares the average normalized tensile stress versus crack width curves of the
series with 1% Novotex and Dramix fibers. It can be seen that Dramix fiber show slightly better
behavior although the difference may not be quantitatively significant.

3.5.4 Fracture Energy

Fracture energy is defined as the energy required to fracture the specimen by a limit area and is
denoted as GF. Fracture energy can be calculated as the area under the net stress versus crack
width curve. Due to the asymptotic nature of the stress versus crack width relationship, the crack
width corresponding to zero tensile stress was not obvious from the test results and the area was
hence calculated up to a crack width of 8mm, as illustrated in Figure 3-18. Thus calculated mean
values of fracture energy for different test series are listed in Table 3-3.

Note that the value of fracture energy for plain concrete is in the order of 100 N/m (i.e. 0.1
kN/m). This information along with the comparison of series P4 (0.5%), P3 (1%), P6 (1.5%) and
P5 (2%) make it obvious that the fracture energy increase with the addition of fibers. The
interrelationship between the fiber content and the fracture energy is also plotted in Figure 3-19.
Following the experimental data, an equation of the form
G F = 10V f (1 − 0.27α f V f

)

(3-10)

can be empirically generated to represent this interrelationship. The value of αf is 1 for Novotex
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fibers and its value needs to be calibrated before using for other types of steel fibers. For
example, αf = 0.5 gives good correlation with the results of 1% Dramix fibers specimens.

Fig.3-18 Definition of fracture energy

Table 3-3. Direct tension test fracture energy

Mean GF
(kN/m)

P1

Fiber
content
0%

Average
compression
strength (MPa)
33.2

P4

0.5%

25.5

4.54

P2

1.0%D

27.0

8.77

P3

1.0%

25.5

7.22

P6

1.5%

25.6

8.70

P5

2.0%

28.8

9.15

Series
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Fig.3-19 Variation of increase of fracture energy of SFRC with fiber content

3.5.5 Modeling of Tensile Behavior of SFRC

1. Direct tensile strength
Tensile strength is the main parameter in describing the tensile response of concrete. Historically,
tensile strength of concrete has been correlated with its compressive strength. To be precise,
tensile strength of concrete is proved to be proportional to the square root of the compressive
strength. Following the same interrelationship between the tensile and compressive strengths, the
proportional co-efficient is quantified here.
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Fig.3-20 Variation of increase of normalized direct tensile strength of SFRC with fiber content

The ratio of direct tensile strength of the SFRC beams in different batches to the square root of
average compressive strength of plain concrete cylinders made from the same batch (before
adding and mixing the steel fibers) is plotted against fiber content in Figure 3-20. As can be seen,
the normalized tensile strength of SFRC increases with an increase in fiber content. Although the
results show a degree of scatter within different specimens tested with the same fiber content, it
is evident that a straight line (see Figure 3-20) is sufficient to qualitatively represent the
dependency of the normalized tensile strength to the fiber content. The linear equation
representing this straight line, which describes the interrelationship between the volumetric ratio
of fibers (Vf) and the normalized tensile strength ( f t /

ft
f c'

= 0.45 + 4α f V f

f ' c ), is given as:
(3-11)

where f t = direct tensile strength (in MPa); f 'c = compressive strength of plain concrete (in
MPa); Vf = the volumetric ratio of steel fibers; and αf = an experimental constant taking into
account the quality/type of fibers. The value of αf = 1 for Novotex fibers and its value needs to
be calibrated before using for other types of steel fibers. For example, αf = 0.78 calibrates with
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the results of tested SFRC beams with 1% Dramix fibers.

Note that the increase in tensile strength contributed by the fibers is approximated by 4α f V f in
Equation (3-11). This amounts to be significantly smaller than 0.45; i.e. original tensile strength
of plain concrete without fibers. Therefore, the contribution of fibers in tensile strength of SFRC
could be neglected in design without causing any significant mismatch. Nevertheless, it is the
post-cracking ductile behavior which is of greater interest to engineer/designers rather than the
very small increase in tensile strength.

2. Elastic Modulus
The ratio of direct tensile elastic modulus of the SFRC beams in different batches to the square
root of average compressive strength of plain concrete cylinders made from the same batch
(before adding and mixing the steel fibers) is plotted against the fiber content in Figure 3-21. As
expected, the normalized elastic modulus increases with an increase in fiber content. Although
the test results are somewhat scattered among the specimens having the same fiber content, a
straight line described by Equation 3-12 qualitatively captures the increasing trend of the
normalized elastic modulus with an increase in fiber content.

Et
f c'

= 4000 + 100000α f V f

(3-12)

where Et = direct tensile elastic modulus (in MPa); f 'c = compressive strength of plain concrete
(in MPa); Vf = the volumetric ratio of steel fibers; and αf = an experimental constant taking into
account the quality/type of fibers. The value of αf = 1 for Novotex fibers and its value needs to
be calibrated before using for other types of steel fibers. For example, αf = 0.87 calibrates with
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the results of tested SFRC beams with 1% Dramix fibers.

Fig. 3-21 Variation of increase of elastic modulus of SFRC with fiber content

3. Tensile stress-strain relationship
As shown in Figure 3-12, the normalized tensile stress-strain relationship is almost linear before
cracking and a straight line starting from the origin to the cracking point will fairly represent the
behavior of SFRC regardless of the fiber content. So the ascending part of the stress-strain curves
before cracking can be expressed by:

σ = Et ε

for σ ≤ f t

(3-13)

where σ = tensile stress

E t = (4000 + 100000α f V f ) f c'

(3-14)

ε = tensile strain

4. Tensile stress-crack width relationship
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The descending direct tensile post-peak stress versus crack-width relationship can be fairly
captured by using the following equation:

σ=

1+ ω

ω2
1+ ω +
100α f V f

× ft

(3-15)

where σ= tensile stress; ω = crack width (in mm); ft = tensile strength; Vf = the volumetric
ratio of steel fibers; and αf = an experimental constant taking into account the quality/type of
fibers. The value of αf = 1 for Novotex fibers and its value needs to be calibrated before using for
other types of steel fibers. For example, αf = 1.6 calibrates with the results of tested SFRC beams
with 1% Dramix fibers.

The model proposed by Gopalaratnam and Shah (1985) assumes a unique relationship exists
only between stress and crack width on the descending part:

(

σ = σ p e − kω

λ

)

(3-16)

where σ = tensile stress; σ p = peak tensile stress; ω = crack width (expressed in μin); and k ,
λ= constants. For plain concrete, k = 1.544 × 10 −3 , λ=1.01.

This equation can also be used to fit the experimental results. However, ω was expressed in mm
in this study. The two constants can be calibrated to fit with the experimental results as:
k = 0.9α f − 40V f

(k > 0)

(3-17)

λ = 0.3 + 60V f

(3-18)

where Vf = the volumetric ratio of steel fibers and αf = an experimental constant taking into
account the quality/type of fibers. The value of αf = 1 for Novotex fibers and its value needs to
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be calibrated before using for other types of steel fibers. For example, αf = 0.8 calibrates with the
results of tested SFRC beams with 1% Dramix fibers.

3.5.6 Verification

The proposed models are verified by comparing with the experimental results.

1. Pre-cracking direct tensile stress-strain relationship
Equation 3-13 describes the relationship between tensile stress and tensile strain until cracking.
The elastic modulus of SFRC to be used in this equation can be predicted by using Equation 3-14.
Figure 3-22 compares thus predicted stress-strain curves for different fiber content with the test
results in different series. As can be observed in the figures, the model prediction matches fairly
well with the test result.

2. Direct tensile stress-strain curve verification
The normalized stress and strain values can be changed to absolute tensile stress and absolute
strain by multiplying with the tensile strength and cracking strain respectively. The tensile
strength can be estimated by using Equation 3-11 if the compressive strength fiber volumetric
ratio and the co-efficient αf for the given fibers are known. Dividing the tensile strength by the
elastic modulus ESFRC (from Equation 3-12) gives the cracking strain. A straight line joining the
origin with the cracking joint (εcr, ft) gives the pre-cracking tensile stress-strain curve and a
constant stress horizontal line can be drawn after the cracking point, if needed.
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(a) Plain concrete specimens

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(e) Specimens with 1.5% Novotex fibers

(f) Specimens with 2.0% Novotex fibers

Fig.3-22 Normalized tensile stress-strain curves verification
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Figure 3-23 compares the analytically predicted tensile stress-strain curves for different fiber
content (assuming αf = 1 for Novotext fibers) with the six series test results. In most cases, the
predictions fall into the band of test results.

(a) Plain concrete specimens

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(e) Specimens with 1.5% Novotex fibers

(f) Specimens with 2.0% Novotex fibers

Fig.3-23 Direct tensile stress-strain curves verification
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2. Direct tensile stress-crack width relationship
The post-cracking tensile stress versus crack-width relationship can be predicted by using
Equation 3-15 or 3-16 if the tensile strength, fiber volumetric ratio and co-efficient αf are known.

Figure 3-24 shows the comparison between the predicted normalized post-cracking tensile stress
versus crack-width curves for different fiber content with the normalized post-peak tensile stresscrack width curves obtained from the five test series. To replicate Novotex fibers, αf = 1.0 was
used in the model and the normalized stress is obtained by dividing the tensile stress by the
tensile strength; i.e. σ / f t , which can be obtained from Equations 3-15 or 3-16 ( σ / σ p in this
case) without needing to feed the value of tensile strength. In Figure 3-24, the predicted curve in
the plots in left column were obtained by using Equation 3-15 and those in the right column were
obtained by using Equation 3-16. As can be seen in the plots, all of the predictions using these
two equations match the average normalized experimental curves very well.

These normalized stress-crack width curves can be changed to an absolute stress versus crack
width by multiplying the normalized stress with the tensile strengths of the SFRC, which can be
predicted by using Equation 3-11. Thus obtained absolute post-cracking tensile stress-crack
width curves for different amount of Novotex fibers (αf = 1.0) are compared with the
corresponding experimental curves in Figure 3-25. Again, two sets of curves are shown; the left
plots use Equation 3-15 and the right ones use Equation 3-16.
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(a) Specimens with 0.5% Novotex fibers

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Novotex fibers

(e) Specimens with 1% Dramix fibers

(f) Specimens with 1% Dramix fibers
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(g) Specimens with 1.5% Novotex fibers

(h) Specimens with 1.5% Novotex fibers

(i) Specimens with 2% Novotex fibers

(j) Specimens with 2% Novotex fibers

Fig.3-24 Average normalized stress-crack width curves prediction

The model predictions match the stress-crack width curves very well. Hence, it can be said that
both Equations 3-15 and 3-16 can be used to predict the post-peak tensile behavior of different
kinds of steel fibers only one constant αf need to be calibrated experimentally.
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(a) Specimens with 0.5% Novotex fibers

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Novotex fibers

(e) Specimens with 1% Dramix fibers

(f) Specimens with 1% Dramix fibers
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(g) Specimens with 1.5% Novotex fibers

(h) Specimens with 1.5% Novotex fibers

(i) Specimens with 2% Novotex fibers

(j) Specimens with 2% Novotex fibers

Fig.3-25 Stress-crack width curves prediction

3. Fracture energy model verification
The Equation (3-10) proposed in section 3.5.4 to estimate fracture energy of SFRC is next
verified by comparing with experimental observations. First, the absolute fracture energy of
Novotex SFRC obtained from the tests for different fiber content is compared with fracture
energy predicted by using Equation 3-10. These results are plotted in Figure 3-26. As can be seen,
the model prediction falls well within the narrow band created by the experimental dots for
various fiber contents.
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Fig.3-26 Fracture energy verification (Novotex fibers)

Next in Figure 3-27, the absolute fracture energy of Dramix SFRC obtained from the tests for
1% fiber content is compared with that predicted by using Equation 3-10 where αf = 0.5. These
results are plotted in Figure 3-27. As can be seen, the model prediction falls well within the
narrow band created by the experimental dots for 1% fiber contents.

Fig.3-27 Fracture energy verification (Vf=1.0% Dramix fiber)
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3.6 BOND TENSION TEST RESULTS AND MODELING
3.6.1 Visual Observation and Failure Process

In bond tension tests, the tensile load was applied through the reinforcing bar passing through the
SFRC specimen. While the applied load was small, the specimen remained elastic. The first
crack was noticed at approximately 40 kN of load (this varied slightly in different test series).
The first crack appeared roughly across the middle of the specimen. As the load increased, more
cracks appeared while the first crack also widened. The bridging action of the fibers was visible
in the specimen. As shown in Figure 3-28, the crack spacing was more or less constant
throughout the specimen length. The crack spacing was found to increase with an increase in
fiber content.

Fig.3-28 Bond tension test failure process
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3.6.2 Test Results and Discussion

1. Bond tensile force versus strain curves:
Figure 3-29 shows the applied tensile force versus average strain curves obtained from the results
of the bond tension tests of the specimens with different fiber content. The force was obtained
from the loading cell. The strains were average values of the records obtained from the
potentiometers stuck on the specimen. As can be seen in the figures, there are not noticeable
variations between the three specimens except for series P5.

As can be seen in these plots, the initial elastic modulus is high and once the first crack appeared,
the stiffness decreased abruptly. The almost linear nature of the force-strain curve was apparent
throughout this post-cracking phase as well. After the yielding of reinforcing bars, the force
remained constant and the specimen reached a plastic stage.

Figure 3-30 shows the average force-strain curves obtained from the results of the bond tension
tests of the specimens with different fiber content. Note that Figure 3-30 also shows the tensile
force versus average strain curve for the bare reinforcing bar tested separately. The difference
between the forces carried by the reinforced SFRC specimen and by the bare bar must give the
tensile force contributed by the SFRC only.

3-45

(a) Plain concrete specimens

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(e) Specimens with 1.5% Novotex fibers

(f) Specimens with 2.0% Novotex fibers

Fig.3-29 Bond tensile force-strain curves
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(a) Plain concrete specimens

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(e) Specimens with 1.5% Novotex fibers

(f) Specimens with 2.0% Novotex fibers

Fig.3-30 Average bond tensile force-strain curves
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2. Average bond tensile stress-strain curves:
Figure 3-31 shows the average tensile stress-strain curves obtained from the results of the bond
tension tests of the specimens with different fiber content. The average tensile stress in the
concrete was calculated by subtracting the average tensile force in the steel from the total load
applied to the specimen and then dividing this load carried by the concrete by the net concrete
area.

Thus obtained tensile stress-strain curves of SFRC in the elastic range and the residual stresses at
large strains were similar to those obtained from the direct tension tests. The tensile stresses
versus average strain curves expected in reinforced concrete without fibers (including the effect
of bond) are also sketched with dotted lines in the figures. As can be seen, the stress data at the
intermediate strain range in SFRC is significantly different from that expected in normal concrete.
Note that the stress for the intermediate strain range for normal concrete (dotted line) shown in
Figure 3-29 were interpolated between the tensile strength at cracking strain and the residual
tensile stress at high strain of 0.2%.

The difference between the average tensile stress-strain behavior of tested SFRC and reinforced
normal concrete becomes obvious by comparing the two curves (solid line and dotted line) in
Figure 3-29. As can be seen in Figure 3-29(a), the two curves travel close to each other. This is
understandable because the experimental results in this case are for specimens with on fibers (i.e.
plain concrete) and the tension softening effect observed after the cracking point is solely from
the bond between the concrete and reinforced bars. In other batches the tensile stress even
increases after cracking and the increase in tensile stress after cracking becomes more prominent
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(a) Plain concrete specimens

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(e) Specimens with 1.5% Novotex fibers

(f) Specimens with 2.0% Novotex fibers

Fig.3-31 Average bond tensile stress-strain curves
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when the fiber content is larger. As the contribution of reinforcing bar has already been deducted,
this additional stress must have originated from the bond between the SFRC and the reinforcing
bar. It is clear that the tensile stress transferred from deformed reinforcing bars to concrete
increases markedly with an increase in fiber content. Nevertheless, at this stage a theoretical
justification of this phenomena is not available and more focused studies may need to be
conducted to understand this phenomena.

Note that the average tensile stress-strain behavior obtained from the direct tension tests were
almost of elasto-plastic nature; i.e. a linear behavior until cracking and a constant stress line after
cracking followed by a softening branch as the crack-width increased. Those curves were
obtained from the tests of specimens without any reinforcing bars and hence the bond
contribution were not included. Once the tensile stress coming to uncracked SFRC through bond
transfer is taken into account, the increase in average tensile stress after cracking (as observed in
the bond tension tests) becomes obvious.

3. Average normalized tensile stress-strain curves
Figure 3-32 presents the average normalized tensile stress-strain curves for all five Novotex fiber
series. The stresses are normalized with respect to the square root of the average compressive
strength. It can be observed from 0%, 1% and 2% fiber content series that the cracking stress and
strain increases with an increase in fiber content. The curves of 0.5% and 1.5% fiber content
series are of different shapes because the first crack happened too early than ultimate tensile
stress have been achieved. The normalized tensile stress-strain relationship is almost linear
before cracking and a straight line starting from the origin to the cracking point will fairly
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represent the behavior of SFRC regardless of the fiber content. Similarly, the curve from
cracking point of concrete to the maximum tensile stress point can also be simplified using a
straight line. After the peak stress, the average stress start to decrease until the residual stress
becomes constant after about 0.2% strain. After that, the residual stresses can be maintained with
a straight line of zero stiffness.

Fig.3-32 Average normalized bond tensile stress-strain curves
Figure 3-33 presents the average normalized tensile stress-strain curves for specimens with 1.0%
Dramix fibers and 1% Novotex fibers. The two curves are not very close to each other, which
signifies that the type of fiber also does influence the normalized response to some extent.
However, for the sake of developing generalized models, the effect of fiber type and content can
be segregated by normalizing the stress and strain with respect to the tensile strength and
cracking strains. Nevertheless, the effects of fiber type and content on the absolute coordinates of
the cracking points need to be into account.
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Fig.3-33 Vf =1.0% series average normalized bond tensile stress-strain curves
3.6.3 Modeling

1. Pre-cracking behavior: tensile strength at first crack
As explained earlier, the average tensile stress-strain curve before the first cracking can be
represented by a straight line joining the origin with the cracking point. However, the coordinates
of the cracking point may differ based on the fiber type and fiber content. The coordinates of the
cracking point may be defined completely if the cracking stress and the elastic modulus (slope of
the straight line) is known. As the effect of bond is likely to be very small in the pre-cracking
stage, the cracking strength will be close to the tensile strength obtained from the direct tension
tests, and the elastic modulus is also likely to be the same. Hence, the equations developed based
on the direct tension test results are used here to represent the variation of cracking stress
[Equation 3-11] and elastic modulus [Equation 3-12].
ft
f c'
Et
f c'

= 0.45 + 4α f V f

(3-11)

= 4000 + 100000α f V f

(3-12)

The ratio of first crack tensile strength of the SFRC beams in different batches to the square root

3-52

of average compressive strength of plain concrete cylinders made from the same batch (before
adding and mixing the steel fibers) is plotted against the fiber content in Figure 3-34.

Fig.3-34 Variation of increase of normalized bond tensile first crack strength of SFRC with fiber content

As can be seen, the normalized first crack strength of SFRC increases with an increase in fiber
content. Although the results show a degree of scatter within different specimens tested with the
same fiber content, a straight line (see Figure 3-34) described by Equation 3-11 (developed from
the direct tension test results) is used here to qualitatively represent the dependency of the
normalized tensile strength to the fiber content.

Similarly, Figure 3-35 plots the elastic modulus of different specimens from different batches
normalized with respect to the square root of compressive strength of the plain concrete in the
same batch against the fiber volume content. The model proposed to predict the elastic modulus
(Equation 3-12) based on the direct tension test results is also plotted in the Figure. As can be
seen, Equation 3-12 is able to capture the lower bound limit of the interrelationship reasonably
well. Hence, Equation 3-11 and 3-12 can be used to predict the cracking point and pre-cracking
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tensile behavior of SFRC with different fiber content and fiber type (αf needs to be calibrated)
until more accurate relationships are developed based on many more test results.

Fig.3-35 Variation of increase of normalized bond tensile elastic modulus of SFRC with fiber content

2. Analytical stress-strain relationship
As shown in Figure 3-32 (average normalized bond tensile stress-strain curves), the normalized
tensile stress-strain relationship is almost linear before cracking and a straight line starting from
the origin to the cracking point will fairly represent the behavior of SFRC regardless of the fiber
content. So the ascending part of the stress-strain curves before cracking can be expressed by the
equation below:

σ t = E SFRC × ε c

when ε c < ε cr

(3-19)

where σ t = average tensile stress; ε c = average tensile strain; E SFRC = elastic modulus of SFRC;

ε cr = tensile strain in concrete at first cracking = f cr / E SFRC ; f cr = tensile stress in SFRC at first
cracking (denoted as f t in direct tension test results).
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The maximum tensile stress occurred in the post-cracking phase. The experimental results
showed a few consistent patterns regarding the post-cracking behavior.
1) The peak stress increased with an increase in fiber content, but the same could not be said
about the strain at which the peak stress occurred. This strain varied randomly without giving
any clue for modeling whereas the peak stress can be fairly modeled as a function of fiber
volumetric ratio Vf. An equation can be written to express the additional tensile strength after
the first cracking as a function of fiber content as:
f peak − f cr
f c'

= 24α f V f

(3-20)

Fig.3-36 Variation of increase of normalized strength fpeak-fcr of SFRC with fiber content

This expression is compared with the experimental data from the different test series in Figure
3-36, which shows that Equation 3-20 is able to capture the interrelationship reasonably well.
2) The descending branch of all curves seems to be parallel regardless of the fiber content and
fiber type. Closer scrutinization of the data revealed that the slope of the softening branch
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was approximately equal to 10% of elastic modulus ESFRC. This information can be used in
modeling the stress-strain relationship.

3) The residual stress at large strain increased with an increase in fiber content and an equation
to describe this interrelationship could be written as:
f res
f c'

= 16α f V f

(3-21)

where Vf is the volumetric ratio of fibers.

This equation is compared with the experimental data obtained from the different test series
in Figure 3-37. As can be seen, a reasonable match exists between the actual test data and the
proposed equation. Due to lack of enough data the effect of fiber type in the residual stress is
overlooked at this stage.

Fig.3-37 Variation of increase of normalized strength fres of SFRC with fiber content
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4) The constant residual stress phase started almost at the same strain in all specimens
regardless of the fiber content. Hence, 0.18% strain could be assigned as the beginning of the
constant stress phase. Nevertheless, for plain concrete without fibers, the residual stress is
zero and this strain value does not have any significance.

Based on these information, now the complete stress-strain curve after initial cracking can be
modeled. As shown in Figure 3-38, a constant residual stress applied after the strain is 0.18%.
From ε = 0.18%, an inclined line is drawn toward right with the slope equal to 0.1ESFRC. As
soon as the stress in this inclined line reaches the value of peak tensile stress (fpeak) calculated
from Equation 3-20, a straight line is drawn to join this point with the cracking point.

As each component of this complete model has been empirically developed and
independently verified with the experimental data, further verification of the model using the
same set of experimental data is not needed. However, verifying this model against a new set
of test data may be done to see if the model developed based on these test data can reliably
predict the behavior of other test data.
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Fig.3-38 Bond tensile complete stress-strain curve

3.7 FLEXURAL TENSION TEST RESULTS AND MODELING
3.7.1 Visual Observation and Failure Process

In flexural tension tests, while the applied load was small, the specimen remained elastic. The
first crack was noticed at approximately 20 kN of load (this varied slightly in different test
series). The first crack appeared through the notch across the middle of the specimen. As the load
increased, the crack widened except that the P1 series specimen without fibers failed
immediately. The bridging action of the fibers was visible in the specimen.

3.7.2 Test Results and Discussion

1. Force-deflection curves:
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(a) Plain concrete specimens

(b) Specimens with 0.5% Novotex fibers

(c) Specimens with 1% Novotex fibers

(d) Specimens with 1% Dramix fibers

(e) Specimens with 1.5% Novotex fibers

(f) Specimens with 2.0% Novotex fibers

Fig.3-39 Flexural tensile force-deflection curves obtained from tests
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Figure 3-39 shows the force-deflection curves obtained from the results of the flexural tension
tests (using third-point loading) of the specimens with different fiber content. The force was
obtained from the load cell. The deflections were obtained from the potentiometers fixed on the
yoke which was stuck on the specimen. The deflection obtained from the mid-span was used in
Figure 3-39 and the following discussion. As can be seen in the figures, there are some variations
between the three specimens although all three curves are qualitatively similar.

2. Flexural strength
The flexural strength (also known as modulus of rupture) is the tensile stress at which a beam
cracks at the extreme fiber. Following elastic bending theory, the modulus of rupture can be
calculated as R =

M cr h
× where M cr is the cracking moment, I is the moment of inertia of the
I
2

cross section and h is the section depth.

Here, the flexural strength is calculated using the equation recommended by ASTM C78-02,
which can also be obtained from the elastic bending theory:
R = PL / bd 2

(3-22)

where R = modulus of rupture; P = maximum applied load indicated by the testing machine; L =
span length; b = average width of specimen at the cracked section; and d = average depth of
specimen at the cracked section.

The mean values of flexural strength calculated using Equation 3-22 are listed in Table 3-4.
Although the absolute value of flexural strength of plain concrete specimens (series P1) is
slightly higher than that of 0.5% fiber series P4, the normalized values for the two series are

3-60

close to each other. Apart from the 2% series data, the other data indicate that the normalized
flexural strength also increases with an increase in fiber content.

Table 3-4. Flexural strength

Series

Fiber
content

Average
compression
strength (MPa)

Mean R
(MPa)

P1

0%

33.2

3.95

0.68

P4

0.5%

25.5

3.54

.70

P2

1.0%D

27.0

6.43

1.24

P3

1.0%

25.5

5.16

1.02

P6

1.5%

25.6

6.55

1.29

P5

2.0%

28.8

5.77

1.08

R/

f c'

3. Flexural toughness index
The toughness index is a widely used parameter for comparing relative performances of different
mix proportions and fibers [Balaguru 1992]. Flexural toughness is expressed as a ratio of the
amount of energy required to deflect the beam to a specified deflection, expressed as multiples of
the first crack deflection.

The flexural toughness indices are calculated using the equations recommended by ASTM
C1018-97.
I 5 = A3δ / Aδ

(3-23)

3-61

I 10 = A5.5δ / Aδ

(3-24)

I 20 = A10.5δ / Aδ

(3-25)

where I5, I10, I20 = flexural toughness indices; Aδ , A3δ , A5.5δ , A10.5δ = Area under the load
deflection curve up to δ, 3δ, 5.5δ, 10.5δ; δ is the deflection at first crack.

As can be seen in Figure 3-39, it is difficult to decide the deflection at first crack precisely. To
overcome this difficulty, a alternate equation is also used in this study which is expressed as:
I peak = A5δpeak / Aδpeak

(3-26)

where Ipeak = flexural toughness index based on peak response instead of first crack;
Aδpeak , A5δpeak = Area under the load deflection curve up to δpeak, 5δpeak; δpeak is the deflection at

peak strength.

The mean values of flexural toughness indices calculated using the aforementioned equations are
listed in Table 3-5. As the plain concrete specimens expectedly failed immediate after the crack
appeared, the toughness indices for P1 series are understandably zero. Obviously, toughness
index is higher for SFRC than for normal concrete. However, the average experimental data do
not show any specific trend. For 2% fiber content series, all the toughness indices are markedly
higher than for the lower fiber content series. Nevertheless, for other three fiber content series,
none of the three indices show any consistent correlation with fiber content.
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Table 3-5. Flexural toughness indices

Series

Fiber
content

P1

0%

Average
compressi
on
strength
(MPa)
33.2

P4

0.5%

P2

I5

I10

I20

Ipeak

25.5

4.09

7.57

14.17

5.24

1.0%D

27.0

4.58

9.25

18.69

509

P3

1.0%

25.5

3.95

7.58

14.86

4.62

P6

1.5%

25.6

3.86

7.93

17.08

4.47

P5

2.0%

28.8

4.93

10.23

21.42

5.01

Fig.3-40 Normalized flexural strength
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3.7.3 Modeling

1. Flexural strength
Flexural strength is the main parameter in describing the flexural response of concrete. Same as
tensile strength, the flexural strength of concrete can be correlated with its compressive strength.
To be precise, flexural strength of concrete is proved to be proportional to the square root of the
compressive strength. Following the same interrelationship between the flexural and
compressive strengths, the proportional co-efficient is quantified here.

The ratio of flexural strength of the SFRC beams in different batches to the square root of
average compressive strength of plain concrete cylinders made from the same batch (before
adding and mixing the steel fibers) is plotted against fiber content in Figure 3-40. As can be seen,
the normalized flexural strength of SFRC increases with an increase in fiber content. It is evident
that a straight line (see Figure 3-40) is sufficient to qualitatively represent the dependency of the
normalized tensile strength to the fiber content. The linear equation representing this straight line,
which describes the interrelationship between the volumetric ratio of fibers (Vf) and the
normalized flexural strength ( R /
R
f c'

f ' c ), is given as:

= 0.7 + 30α f V f

(3-27)

where R = modulus of rupture (in MPa); f 'c = compressive strength of plain concrete (in MPa);
Vf = the volumetric ratio of steel fibers; and αf = an experimental constant taking into account
the quality/type of fibers. The value of αf = 1 for Novotex fibers and its value needs to be
calibrated before using for other types of steel fibers. For example, αf = 1.2 calibrates with the
results of tested SFRC beams with 1% Dramix fibers.
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The proposed model is verified by comparing with the experimental observations. First, the
absolute flexural strength of Novotex SFRC obtained from the tests for different fiber content are
compared with the values predicted by using Equation 3-27. These results are plotted in Figure
3-41. As can be seen apart from the 0.5% fiber series, the model prediction falls well within the
narrow band created by the experimental dots for various fiber contents.

Fig.3-41 Flexural strength verification (Novotex fibers)

Next in Figure 3-42, the absolute flexural strength of Dramix SFRC obtained from the tests for
1% fiber content are compared with predicted by using Equation 3-27 (αf = 1.2). As can be seen,
the model prediction falls well within the band created by the experimental dots for 1% fiber
content.
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Fig.3-42 Flexural strength verification (Vf=1.0% Dramix fiber)

2. Flexural toughness index
Flexural toughness index is the main parameter in describing the energy absorption capacity of
SFRC. Figure 3-43 shows the variation of the three toughness indices with the fiber content.
Note that as toughness indices are already normalized dimensionless co-efficient, they are not
expected to be affected significantly by slight variation in compressive strength.

Note that these figures plot more than one point for one fiber content series. These points refer to
different specimens tested in different series. As the average values only were not enough to
suggest a consistent trend, the scattered data were expected to indicate toward a correlation
between the indices and fiber content.

As can be seen in the figures, the flexural toughness index of SFRC indicates an increasing trend
with an increase in fiber content. A straight line (see Figure 3-43) is drawn to qualitatively
represent the dependency of the normalized tensile strength to the fiber content. The linear
equation representing this straight line, which describes the interrelationship between the
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volumetric ratio of fibers (Vf) and the flexural toughness index ( I N ), is given as:
I N = N × (0.7 + 16α f V f

)

(3-28)

I peak = 5

(3-29)

where I N , I peak = flexural toughness indices;
Vf is the volumetric ratio of steel fibers; and
αf is an experimental constant taking into account the quality/type of fibers. The value of
αf is 1 for Novotex fibers and its value needs to be calibrated before using for other types of steel

fibers. For example, αf = 1.2 calibrates with the results of tested SFRC beams with 1% Dramix
fibers.

(a) Flexural toughness index I5
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(b) Flexural toughness index I10

(c) Flexural toughness index I20

(d) Flexural toughness index Ipeak
Fig.3-43 Normalized flexural toughness indices
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3.8 CONCLUSIONS

Standard specimens made of steel fiber reinforced concrete (SFRC) with different amount of
Novotex fibers (ranging from 0.5% to 2.0% by volume) and Dramix fibers (1.0% by volume)
were tested under three different types of tension tests according to ASTM specifications. The
influence of fiber content on several parameters signifying tensile behavior of SFRC was
investigated. Based on the data obtained from the tests of these SFRC specimens, several
analytical constitutive models were developed to predict the tensile and flexural behaviors of
SFRC. The following conclusions can be drawn from the outcome of these tests:
1. Direct tension test:
Based on the results of direct tension tests, the following conclusions can be drawn:
1) The addition of steel fibers in concrete mixes is found to enhance tensile performance of
the concrete. In comparison to plain concrete, SFRC has slightly higher tensile strength,
drastically better the post-cracking ductility and also dramatically higher fracture energy.
2) The ascending branch of pre-cracking stress-strain response of concrete changes slightly
by adding fibers to the matrix. There is a small increase in the tensile strength and elastic
modulus increases noticeably with an increase in fiber content. Two straight lines can be
drawn to estimate the pre-softening phase of tensile stress-strain relationship of SFRC.
The first straight line starts from the origin and has the slope equal to the
stiffness/modulus of the stress-strain curves, and the second straight line passing through
the maximum stress has zero stiffness.
3) The direct tensile strength of SFRC can be predicted by the expression 3-11;
i.e. f t = (0.45 + 4α f V f ) f c'

where αf is a fiber co-efficient to be calibrated

experimentally for a given fiber type, Vf is the volumetric ratio of fibers and fc’ is the
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compressive strength of the SFRC.
4) The direct tensile elastic modulus of SFRC can be predicted by Equation 3-12;
i.e. E t = (4000 + 100000α f V f ) f c' where αf is a fiber co-efficient to be calibrated
experimentally for a given fiber type, Vf is the volumetric ratio of fibers and fc’ is the
compressive strength of the SFRC.
5) Two equations are proposed and verified to model the direct tensile stress-strain
relationship of SFRC. Both Equations 3-15 and 3-16 can be used to predict the post-peak
tensile behaviors of SFRC. These equations are general in the sense that they are
applicable for different kinds of steel fibers; only one constant αf needs to be
experimentally calibrated for different types of fibers.
6) The slope of post-peak direct tensile stress-crack width curve decrease following the
increase in fiber content, which results in a higher ductility and toughness of the SFRC.
7) The fracture energy significantly increases following the increase in fiber content, which
results in a higher energy absorption. The fracture energy of SFRC with different fiber
content can be predicted using Equation 3-10; i.e. G F = 10V f (1 − 0.27α f V f ) where αf is
a fiber co-efficient to be calibrated experimentally for a given fiber type, Vf is the
volumetric ratio of fibers.
2. Bond tension test:
Based on the results of bond tension tests, the following conclusions can be drawn:
1) The presence of steel fibers lead to significant increase in the tension stiffening of
reinforced concrete. This indicates that the bond of reinforcing bars is better with SFRC
than with plain concrete.
2) In SFRC with reinforcing bar, the average tensile stress of the SFRC increases after
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cracking owing to the bond between the SFRC and the reinforcing bars. This additional
increase in tensile stress after cracking becomes more prominent as the amount of fibers
increases.
3) Equations have been developed and verified to predict the peak tensile stress (include
bond effect), residual tensile stress in large strain range, and the coordinates of the first
cracking point.
4) Constitutive equations have been developed empirically to describe the complete
average tensile stress-strain relationship of reinforced SFRC, which also includes the
tensile stress transferred to SFRC through bond action.
3. Flexural tension test:
1) The flexural strength of concrete matrix shows significant improvement by adding fibers
to the matrix, and the increase in flexural strength is more or less proportional to the
fiber content.
2) The flexural strength of SFRC can be predicted by Equation 3-27; i.e.
R
f c'

= 0.7 + 30α f V f

where R = modulus of rupture (in MPa); f 'c = compressive strength of plain concrete
(in MPa); Vf is the volumetric ratio of steel fibers; and αf is an experimental constant
taking into account the quality/type of fibers. The value of αf is 1 for Novotex fibers
and its value needs to be calibrated before using for other types of steel fibers. For
example, αf = 1.25 calibrates with the results of tested SFRC beams with 1% Dramix
fibers.
3) The flexural toughness index of concrete matrix significantly increases by adding fibers
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to the matrix and this improvement is more prominent at high fiber content.
4) The flexural toughness index of SFRC can be predicted by Equation 3-28; i.e.
I N = N × (0.7 + 16α f V f

)

where I N = flexural toughness indices; Vf is the volumetric ratio of steel fibers; and αf is
an experimental constant taking into account the quality/type of fibers. The value of αf is
1 for Novotex fibers and its value needs to be calibrated before using for other types of
steel fibers. For example, αf = 1.2 calibrates with the results of tested SFRC beams with
1% Dramix fibers.
5) Comparing the two different types of fibers tested in this study, the hook ends fibers
(Dramix) are found to have slightly higher energy absorption capacity than the flat ends
(Novotex) fibers.
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Chapter 4
SHEAR BEHAVIOR OF SFRC
4.1 INTRODUCTION
Shear failure in reinforced concrete structures is known to be brittle and catastrophic. Hence,
structures are designed to avoid shear failure usually by ensuring that its shear capacity is higher
than the flexural capacity considering over-strength. In assessing shear capacity of reinforced
concrete members, the contributions of concrete and shear reinforcement are taken into account.
The shear resistance provided by shear reinforcement is universally computed by truss theory.
On the other hand, design codes in different countries differ significantly in the estimation of
concrete contribution in shear strength. All codes though agree qualitatively in indicating that
shear resistance on the tensile strength of concrete. Shear resistance becomes more effective with
an increase in axial compressive stress.

New Zealand Standard [NZS 3101:2005] and American standard [ACI 318-95] specify the
concrete shear contribution vc to be proportional to the square root of the concrete compressive
strength fc’ (i.e. v c ∝

f c' ), whereas Japanese code [JSCE 2002] states that vc is proportional to

two-third power of fc’ (i.e. v c ∝ f c'

2/3

).

When steel fibers are added to concrete mix, its shear resistance is expected to increase. The
shear resistance v of SFRC members can be estimated either as (i) v = vSFRC + vs, where vSFRC is
the shear contribution of steel fiber reinforced concrete and vs is the shear resistance provided by
shear reinforcement; or as (ii) v = vc + vf + vs, where vc and vf are the shear resistance provided
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separately by the plain concrete and the fibers, respectively. In either of these two approaches,
the shear contribution of the steel fibers (or SFRC as a composite material) needs to be
calculated. Although some researchers have tried to investigate the shear behavior of SFRC, a
widely accepted general expression has not been developed yet.

This chapter describes the direct shear test details, reviews previous work on steel fiber
reinforced concrete in shear, and outlines the direct shear test procedure and results analysis. This
chapter also develops an equation to estimate the shear strength contributed by steel fibers based
on the test results.

4.2 RESEARCH SIGNIFICANCE AND OBJECTIVE
The main objective of this research is to investigate shear behavior of SFRC and to formulate
generalized models for the ultimate shear strength of SFRC. The effect of the fiber volume
fraction on the shear response of SFRC is investigated. Five different volume contents ranging
from 0% to 2% are used in the test specimens, and direct shear tests are conducted according to
JSCE-SF6 to obtain data for further investigation. Finally, a analytical model is developed to
predict the ultimate shear strength of SFRC in terms of fiber content.

4.3 PREVIOUS RESEARCH AND MODELING
Swamy and Bahia [1985] tested T-beams and rectangular beams with 50 mm-long crimped steel
fiber at volume fractions of up to 1.2% and found that that the presence of steel fibers reduced
shear deformations at all stages of loading, and this phenomenon was more apparent as the fiber
content increased. Another study conducted by Mirsayah and Banthia [2002] concluded that
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fibers were found to be an effective alternate of shear reinforcement, addition of fibers increased
the shear strength by approximately 80%, and allowed shear-deficient beams to reach their full
flexural capacity resulting in ductile flexural failure. There is still no standardized test method in
the ASTM or CSA standards to measure the material properties of fibers reinforced concrete in
shear such as shear strength or shear toughness. Even in the most advanced and most recent
design methods, the contribution of fiber reinforcement to shear is completely ignored [Mirsayah
and Banthia 2002]. In the context of material properties, there have been some attempts to use
the Z-type push-off specimen to measure the shear strength and shear toughness of traditionally
reinforced and FRC. Using such specimens, Valle and Buyukozturk [1993] and Khaloo and Kim
[1997] investigated polypropylene and steel fibers and reported significant increases in ultimate
load carrying capacity and ductility.

An empirical shear transfer model given by Khaloo and Kim is:

τ cr = ( Ac + BcV f + C cV f2 + DcV f3 ) f c'

(4-1)

τ ult = ( Au + Bu V f + C u V f2 + Du V f3 ) f c'

(4-2)

where τ cr = cracking shear stress; τ ult = ultimate shear stress; V f = fiber-volume percent; f c' =
compressive strength of concrete; A, B, C, D = experimental constants.

These equations have too many constants to be calibrated experimentally and are hence not
conducive for design applications. Although the Z-type push-off specimen allows one to measure
the properties of FRC in direct shear, the stress field in the specimen beyond cracking is highly
complex, and stress conditions deviate significantly from being in pure shear. More recently, the
Japan Society of Civil Engineering (JSCE) has proposed a standard method [JSCE SF-6, 1990],
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which is an improvement over the Z-type specimens. During the SF-6 test, the stress field
remains substantially close to that of pure shear, and hence a more reproducible shear response is
obtained [Mirsayah and Banthia 2002].

The empirical expression for the ultimate shear strength proposed by Mirsayah and Banthia [2002]
is:

τ max = k f c'

(4-3)

where τ max = ultimate shear strength; k = correlation constant (the value depends on the units
chosen for f c' and τ max ); and f c' = compressive strength of concrete.

This equation is similar to the common shear expressions being used for plain concrete. The only
difference being that the correlation constant k is different from that for normal concrete.
Nevertheless, providing a constant value of k fails to take into account the fibers constant and
quality.

The ultimate shear strength expressed as a function of the fiber volume fraction given by
Mirsayah and Banthia [2002] is:

τ max = τ 0 + KV fn

(4-4)

where τ 0 = shear strength of plain concrete; K, n = experimental constants; V f = fiber volume
fraction.
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This expression explicitly takes into account the fiber content and implicitly the fibers quality (in
the constants k and n). However, the shear strength of plain concrete before the addition of fibers
needs to be known in advance. This can be estimated if the compressive strength of the plain
concrete is known, but it is more common in field applications to mix the fibers together with
other materials before making the FRC; rather than preparing the normal concrete first (to
evaluate its shear strength) then adding the fibers and mixing again to produce FRC.

As the models proposed for normal concrete may not readily be applicable for SFRC,
establishing simple and accurate equations to predict shear strength of SFRC that takes into
account the fiber type and content is essential. An experimental research on shear behavior of
SFRC has been conducted in University of Canterbury. Based on the experimental results, a
generalized equation to represent the ultimate shear strength of SFRC is developed in this chapter.

4.4 TEST SPECIMENS AND PROCEDURES

SFRC specimens used in this test series were made and cured according to ASTM C 192/C
192M-00 standard and ACI 544.3R Report. All aggregates met ASTM C 33-02a standard. The
detail of the composition of the mixture used in this test series is shown in Table 4-1.

Table 4-2 presents the number of specimens used in the shear test series mentioned above. All of
the beams were of 450mm length and had a square cross-section of 150×150mm. The beams
were cast in steel forms. An internal vibration was used for the compaction of the beams. All the
beams were wet cured at 20℃ fog room for 28 days before testing.
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Table 4-1. Mix design

Component
(1)
Ordinary Portland cement
Sand
Coarse aggregates (13 mm)
Water
Steel fibers
Characteristics
w/c
Fiber volume fraction (%)

P1
(2)
305
828
1029
164
0

P2
(3)
305
828
1029
164
79

0.54
0

0.54
1.0

Quantity (kg/m³)
P3
P4
(4)
(5)
305
305
828
828
1029
1029
164
164
79
39.5
0.54
1.0

0.54
0.5

P5
(6)
305
828
1029
164
158

P6
(7)
305
828
1029
164
118.5

0.54
2.0

0.54
1.5

Table 4-2. Specimen Design
Number of beams tested
beam size
(mm)
(1)
Direct shear
150×150×450

P1

P2

P3

P4

P5

P6

0%
(2)
3

1.0%D
(3)
3

1.0%
(4)
3

0.5%
(5)
3

2.0%
(6)
3

1.5%
(7)
3

In this test, as shown in Figure 4-1, the shear load is applied by a loading block with two
quadrilateral prism edges 150 mm apart. The beam is supported on another rigid block over a
pair of quadrilateral prism edges that are 155 mm apart. Thus, a narrow, 2.5 mm-wide region of
the beam in between the loading and the supporting quadrilateral prism edges is subjected to a
concentrated shear stress and this is where the shear failure is expected to occur. In this narrow
shear span at the two sides of the specimen, a 10mm deep and 2.5mm-wide notch was made in
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Fig.4-1 Direct shear test setup (illustration)

Fig.4-2 Direct shear test setup (photo)
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Fig.4-3 Direct shear test potentiometers set-up

each side to initiate the crack and to dictate the failure plane. The notches were sawn though
before the test.

The overall direct shear test-setup is shown in Figures 4-2 and 4-3. Direct shear tests were
carried out under load control with the load applied at a rate of 0.1MPa/s. Three potentiometers
were stuck on one side of the rectangular beam specimen. The force was recorded by load cell
and the specimen deformations were recorded by potentiometers, which were stuck on the
specimen and connected to a high-speed data logger.

4.5 TEST RESULTS AND MODELING
4.5.1 Visual Observation And Failure Process

As the load was applied, the first crack appeared exactly at the notch. For the beams with no
fibers, the crack extended rapidly across the depth and the beam immediately failed in shear
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[Figure 4-4]. For other specimens, even after the initiation of the vertical shear crack, some
resistance was noticed. The bridging action of the fibers was visible in these specimens.

4.5.2 Test Results And Discussion

1. Shear stress-deflection curves:
Figure 4-5 shows the shear stress-deflection curves obtained from the results of the direct shear
tests of the specimens with different fiber content. The stresses were calculated using the net area
of the notched cross-section. The deflections were obtained from the potentiometers. As can be
seen in the Figures, there are noticeable variations between the three specimens in some cases.
However apart from the plain concrete specimens, both the ultimate shear strength and the stressdeflection curves are close together in other batches. Because the quadrilateral prism of support
loading block slipped into the cracks of specimens of batch 2 (P2) so the post-peak stressdeflection curves of batch 2 (P2) could not be obtained.

Fig.4-4 Direct shear test failure mode
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The shear stress versus deflection curves implicitly represent the shear stress versus shear strain
curves as all deformation in these tests can be assumed to have come from the shear deformation
of the narrow shear span; the moment and hence the flexural deformation in these tests would be
negligible.

Figure 4-6 shows the average of the three shear stress-deflection curves. As expected, the shear
stress-deflection curve was linear in the initial phase and the stiffness reduced gradually as the
load was applied further. Once the shear crack appeared, the beams without fibers failed
immediately, whereas other beams with fibers could sustain some load in the post-peak phase as
well. As can be seen in the figures, the peak response and post-peak resistance increased with an
increase in the fiber content.

The mean values of direct shear strength (i.e. the peak stress) are listed in Table 4-2. Note that
the shear strength is a function of compressive strength and a direct comparison of absolute shear
strength may not mean much if the compressive strengths of different specimens are different. To
make more realistic comparison, compressive strengths of different specimens are also shown in
Table 4-3. However, apart from the first batch without fibers (P1), the compressive strengths of
other batches are close; therefore, the direct comparison of shear strength also gives reasonable
idea of their relative shear performances.

4-10

(a) Batch P1 (no fibers)

(b) Batch P4 (0.5% Novotex fibers)

(c) Batch P2 (1% Dramix fibers)

(d) Batch P3 (1% Novotex fibers)

(e) Batch P6 (1.5% Novotex fibers)

(f) Batch P5 (2% Novotex fibers)

Fig.4-5 Shear stress-deflection curves obtained from tests
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(a) Batch P1 (no fibers)

(b) Batch P4 (0.5% Novotex fibers)

(c) Batch P2 (1% Dramix fibers)

(d) Batch P3 (1% Novotex fibers)

(e) Batch P6 (1.5% Novotex fibers)

(f) Batch P5 (2% Novotex fibers)

Fig.4-6 Average shear stress-deflection curves
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Table 4-3. Direct shear strength

Series

Fiber
content

P1

0%

Average
compression
strength
(MPa)
33.2

P4

0.5%

P2

Mean τmax
(MPa)

τ max /

4.0

0.69

25.5

6.3

1.25

1.0%D

27.0

8.0

1.54

P3

1.0%

25.5

8.2

1.62

P6

1.5%

25.6

10.7

2.11

P5

2.0%

28.8

12.2

2.27

f c'

Shear strength of concrete is proportional to the square root of its compressive strength.
Assuming similar interrelation for SFRC, the absolute value of average shear strength observed
from the tests is normalized with respect to

f c' in Table 4-2. The ratio gives the proportional

constant. As is clear from the table, the proportional constant increases with the increase in
volumetric content of fibers.

4.6 MODELING

Shear strength
Ultimate shear strength is the main parameter in describing the shear response of concrete. Same
as tensile strength, the ultimate shear strength of concrete has been correlated with its
compressive strength. The ultimate shear strength of concrete is roughly proportional to the
square root of the compressive strength. Following the same interrelationship between the
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ultimate shear and compressive strengths, the proportional co-efficient is quantified here.

Fig.4-7 Variation of ultimate shear strength of SFRC with fiber content

The ratio of ultimate shear strength of the SFRC beams in different batches to the square root of
average compressive strength of plain concrete cylinders made from the same batch (before
adding and mixing the steel fibers) is plotted against fiber content of the batch in Figure 4-7. As
can be seen, the ultimate shear strength of different beams in that batch is normalized with
respect to the compressive strength (not using the average value) of different cylinder in that
batch to generate more data point. As is obvious, the normalized shear strength of plain concrete
increases with an increase in fiber content. It is evident that a straight line (see Figure 4-7) is
sufficient to qualitatively represent the dependency of the normalized shear strength to the fiber
content. The linear equation representing this straight line, which describes the interrelationship
between the volumetric ratio of fibers (Vf) and the normalized ultimate shear strength
( τ max /

f ' c ), is given as:
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τ max
f

'
c

= 0.8 + 80α f V f

(4-5)

where τ max = ultimate shear strength; f 'c = compressive strength of plain concrete; Vf is the
volumetric ratio of steel fibers and αf is an experimental constant taking into account the
quality/type of fibers. The value of αf is 1 for Novotex fibers and its value needs to be calibrated
before using for other types of steel fibers. For example, αf = 0.925 calibrates with the average
shear strength of tested SFRC beams with 1% Dramix fibers (see Table 4-2).

Equation (4-5) suggests that the shear strength of plain concrete without fibers (i.e. Vf=0) is

τ max = 0.8 f ' c . This expression is not the same as that found in different standards. In fact, the
shear strength of plain concrete differs depending on the design codes used and there is no
globally accepted proportional constant value for this interrelationship. Hence, to avoid
controversy, the plain concrete contribution is separated out and the additional shear resistance
given by the fibers is expressed as:
vf
f c'

= 80α f V f

(4-6)

where v f is the maximum shear strength contributed by fibers (in MPa), which needs to be
added to v c ∝

f c' (using the proportional constant either derived by experiments or specified in

local design code) to obtain the total shear strength of SFRC.

4.7 VERIFICATION

1. Ultimate shear strength verification
The proposed model is verified by comparing with experimental observations. First, the absolute
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Fig.4-8 Ultimate shear strength verification (Novotex fibers)

Fig.4-9 Ultimate shear strength verification (Vf=1.0% Dramix fiber)
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ultimate shear strength of Novotex SFRC obtained from the tests for different fiber content are
compared with that predicted by using Equation 4-5. This comparison is shown in Figure 4-8. As
can be seen, the model prediction falls well within the narrow band created by the experimental
dots for various fiber contents.

Next in Figure 4-9, the absolute ultimate shear strength of Dramix SFRC obtained from the tests
for 1% fiber content are compared with that predicted by using Equation 4-5. As can be seen, the
model prediction falls well within the narrow band created by the experimental dots for 1%
Dramix fiber specimens.

4.8 CONCLUSIONS

Standard beams made of steel fiber reinforced concrete with different amount of Novotex fibers
(ranging from 0.5% to 2.0% by volume) and Dramix fibers (1.0% by volume) were tested under
direct shear according to JSCE-SF6 recommendation. The influence of fiber content on the
ultimate shear strength was investigated. Based on the data obtained from the direct shear tests of
these SFRC beams, an analytical constitutive model is developed to predict the ultimate shear
strength of SFRC in direct shear. The following conclusions can be drawn from the outcome of
this study:
1. The ultimate shear strength of matrix increases significantly by adding fibers to the matrix.
2. The ultimate shear strength of SFRC tested in this project could be predicted by

τ max
f

'
c

= 0.8 + 80α f V f

where τ max = ultimate shear strength (in MPa); f 'c = compressive strength of plain concrete (in

4-17

MPa); Vf is the volumetric ratio of steel fibers and αf is an experimental constant taking into
account the quality/type of fibers. The value of αf is 1 for Novotex fibers and its value needs to
be calibrated before using for other types of steel fibers.
3. Comparing the two different type fibers tested in this chapter, there is not a substantial change
of ultimate shear strength between the flat ends fibers and the hook ends fibers. The Novotex
fibers induced slightly higher shear strength compared to the Dramix fibers.
4. Separating out the plain concrete contribution, the shear strength contributed by the steel fibers
can be predicted by
v f = 80α f V f

f c'

where v f is the maximum shear strength contributed by the fibers (in MPa) when f 'c is also
specified in MPa..
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Chapter 5
GENERAL CONCLUSIONS
5.1 OVERALL OUTCOME OF THIS STUDY
This study investigated the material properties of steel fiber reinforced concrete (SFRC). A series
of experimental work have been conducted to investigate compression, tension and shear
behavior of SFRC. Standard SFRC specimens with different volumetric ratio of Novotex steel
fibers (ranging from 0.5% to 2%) and with 1% Dramix fibers were tested to obtain data to
generate material models of SFRC applicable for any fiber type and fiber content. Based on the
test result, empirical expressions have been developed to describe the performance of SFRC.

Standard compression cylinders made of SFRC with different amount and types of steel fibers
were tested under monotonic compression to understand the effect of fiber type and content on
the compression behavior of SFRC. Based on the test results, equations were proposed to
describe the complete compressive stress-strain behavior of SFRC. It was found that with the
addition of fibers, the compressive strength increases, and the post-peak response becomes more
ductile. Equations (Equation 2-6 and 2-7) have been developed to correlate compressive strength
and peak strain of SFRC with the fiber content and fiber type. It was found that if the σ-ε curve is
normalized to the coordinate of the peak response, then the various experimental normalized σ-ε
curves are quite similar and the shape of the curves are independent of the fiber amount and
quality.

Prisms of 100×100×1000 dimensions made of SFRC with different amount and type of steel
fibers were tested under monotonic tension to understand the effect of fiber type and content on

5-1

the direct tension behavior of SFRC. Based on the test results, equations were proposed to
describe the tensile stress vs. strain relationship in the small strain range and stress vs. crack
width relationship in the post-cracking range of SFRC. It was found that with the addition of
fibers, the tensile strength and fracture energy increase. Equations (Equation 3-11, 3-12 and 3-10)
have been developed to correlate tensile strength, elastic modulus and fracture energy of SFRC
with the fiber content and fiber type.

Square SFRC prisms (100×100×1000) reinforced with a steel bar at the middle of the crosssection were tested under monotonic tension (applied to the protruding reinforcing bar) to
understand the effect of fiber type and content on the bond related tension behavior of SFRC. It
was found that with the addition of fibers, the tensile strength increases. It was found that
equations developed for direct tension can also be used to describe bond tensile strength and
elastic modulus of SFRC with the fiber content and fiber type.

Beams (150×150×600) made of SFRC with different amount and types of steel fibers were tested
under monotonic flexural load to understand the effect of fiber type and content on the flexural
tension behavior of SFRC. Based on the test results, equations were proposed to describe the
flexural strength and toughness indices of SFRC. It was found that with the addition of fibers, the
flexural strength and toughness indices increase. Equations (Equations 3-27 and 3-28) have been
developed to correlate flexural strength and toughness indices of SFRC with the fiber content
and fiber type.

Shear-critical beams made of SFRC with different amount and types of steel fibers were tested

5-2

under direct shear to understand the effect of fiber type and content on the shear behavior of
SFRC. Based on the test results, equations were proposed to describe the shear strength of SFRC.
It was found that with the addition of fibers, the shear strength increases. Equation 4-5 has been
developed to correlate shear strength of SFRC with the fiber content and fiber type.

5.2 SPECIFIC CONCLUSIONS AND RECOMMENDATIONS

Based on the experimental observations and a series of test results of SFRC specimens made
with different amount of Novotex fibers (ranging from 0.5% to 2.0% by volume) and 1.0%
Dramix fibers, the following conclusions can be drawn:

1.

Appropriate fiber content:
Something not presented in the results but of prime importance from a practical point-ofview is the decreased workability of the concrete mix containing 2% fibers. Even with the
use of super plasticizer, the workability in this mix was low, which led to more effort in
placing and finishing. Until this workability issue can be resolved, perhaps by using a
special admixture, for the sake of practicality, SFRC mixes should contain not more than
about 1.5% of fibers by volume.
On the other hand, SFRC having 0.5% volumetric fiber content or less does not improve the
compression deformability and will fail soon after reaching the peak, as in normal concrete.
It is only for SFRC with fiber content above 0.5% that the compressive strain in excess of
2% could be applied to the cylinders before crushing. Keeping in mind these factors, the
author recommends 1.0% volumetric ratio as the most appropriate fiber content to be used in
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SFRC.

2.

Effect of addition of fibers and fiber content:
Adding steel fibers in concrete mix changes the basic characteristics of its compressive
stress-strain curve. The compressive strength of SFRC is higher than that of plain concrete;
the peak strain is higher in SFRC than in plain concrete; SFRC can sustain larger
compressive strain before crushing; and the compressive stress reduction in the post-peak
softening branch of the stress-strain curve is milder in SFRC.
Similarly, adding fibers to the matrix leads to a slight increase in tensile strength and elastic
modulus of SFRC. The slope of post-peak tensile stress vs. crack width curve becomes
flatter with an increase in fiber content, which also results in a higher ductility and improved
toughness of SFRC. The fracture energy increases significantly following the increase in
fiber content, which results in a higher energy absorption. The modulus of rupture (flexural
strength) of SFRC is significantly higher than that of plain concrete and the increase in
flexural strength becomes more prominent at high fiber content. The bond between the
reinforcing bars and the surrounding concrete also improves with the addition of fibers.
Moreover, the ultimate shear strength of concrete is also found to increase significantly by
adding fibers to the matrix and this increase becomes greater at high fiber content.

3.

Generalized SFRC models developed:
Based on the test results described in this thesis, a series of generalized models for SFRC
were established. Generalized equations (Equations 2-6 to 2-9) are proposed and verified to
represent the compressive stress-strain relationship of SFRC. To predict the pre-cracking
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tensile response, Equations 3-11 and 3-12 are developed to estimate the direct tensile
strength and elastic modulus of SFRC, respectively. Similarly, Equations (3-15 to 3-18) are
also established to predict the post-cracking tensile stress vs. crack width relationship. For
predicting the fracture energy, flexural strength (modulus of rupture), and toughness indices
of SFRC, Equations 3-10, 3-27, and 3-28, respectively are established. Last but not least, the
ultimate shear strength of SFRC can be predicted by using Equation 4-5.
These models are general in the sense that they can be used for SFRC with any type and
amount of fibers. For different fiber types, the constant αf in these equations needs to be
calibrated experimentally. These models are derived empirically and verified using the test
results; they are expected to capture reasonably well the trend of relationships between the
fiber content and different material performance parameters. Nevertheless, significant
variations were observed in the test results and more test results would be required to further
verify and refine these models, if needed.

5.3 WHAT COULD HAVE BEEN DONE BETTER
This thesis provides a lot of useful qualitative information on the overall behavior of SFRC. The
information generated from this study will help form immediate guidelines on design of SFRC
members and will also help future researchers to identify issues that need further attention.
However, as mentioned earlier, there is still room for quantitative improvement; especially the
proposed models need to be verified and refined. For this, further tests need to be conducted the
results of which may verify the developed models which will then enable the users to have more
confidence on these models. Alternately, the new set of test results may also indicate the required
fine-tuning needed on the proposed models. Specially, the following two aspects could have been
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improved in this study:
1. Number of specimens:
Originally, the number of specimens in each test series was decided based on the assumption that
the test results of different specimens will be close to each other and 3-6 specimens will be
sufficient to obtain a reliable indication of the behavior of SFRC with a given type and amount
of steel fibers. Nevertheless, in most series all specimens could not be tested and even among the
tested specimens, the specimen-to-specimen variation was significant and difficult to justify. The
results of the tested specimens were averaged and the empirical models were developed based on
this average result. Obviously, more specimens would have been handy in giving more
confidence to the resulting models. More data points would also enable probabilistic handling of
the test results.
2. Preparation of specimens:
The SFRC specimens for different test series (with a given type and amount of fibers) were made
from different batches of concrete. This introduced a new variable as the compressive strength of
the plain concrete batches was different and the direct comparison of the measured response in
different series had little meaning. For mutual comparison, this was taken care by normalizing
the stress measured in different test series with the corresponding compressive strength value.
Nevertheless, if given a second chance, the author would choose to use the same plain concrete
batch to mix different amount of fibers in smaller lots and prepare the specimens for different
test series from the same batch.

5.4 FUTURE RESEARCH RECOMMENDATIONS
Based on this study, following recommendations are made for future research work:
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1. Size effect in compressive strength of SFRC: This study further reinforced that there is a size
effect in compressive strength of plain concrete. Nevertheless, SFRC cylinders indicated the
reverse size effect; i.e. the compressive strength of larger cylinders was more than that of smaller
cylinders. This should be further investigated in future.
2. Bond between SFRC and reinforcing bar: The result of the bond-tension tests showed that the
tensile stress transferred by bond action to SFRC is more than that in case of normal reinforced
concrete. The average tensile stress carried by SFRC was found to increase even after cracking,
which is not common in normal concrete. Nevertheless, more studies are needed to investigate
the detail mechanism of bond transfer from reinforcing bars to SFRC.
3. Shear stress-shear strain relationship of SFRC: This study came up with a model to predict the
shear resistance contributed by SFRC. But more better planned experiments are needed to
generate data leading to shear stress vs. shear strain relationships.
4. Verifying and improving the proposed models: More SFRC specimens with different types of
steel fibers need to be tested to assess the robustness of the proposed models. Wherever possible,
the empirical interrelationships should also be justified theoretically. The proposed models
should be modified to better fit the additional test results and theoretical derivations, if needed.
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APPENDIX A
POISSON’S RATIO OF STANDARD SFRC CYLINDERS
Figures A-1 and A-2 show the compressive stress versus Poisson’s ratio relationship obtained
from the results of the standard cylinder compression tests of the specimens without fibers and
with different fiber contents.

Fig. A-1 Stress-Poisson’s ratio curve for the specimens without fibers

Fig. A-2 Stress-Poisson’s ratio curve for the specimens with different fiber contents
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APPENDIX B
CRACK SPACING OF BOND TENSION TEST SPECIMENS
Figures B-1, B-2 and B-3 show the cracking pattern (highlighting the cracking spacing) of bond
tension test specimens with different fiber contents.

Fig. B-1 Series P1 (0%) and P2 (1% Dramix fibers)
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Fig. B-2 Series P3 (1% Novotex fibers) and P4 (0.5% Novotex fibers)

Fig. B-3 Series P5 (2% Novotex fibers) and P6 (1.5% Novotex fibers)

3

