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Figure 2-2 Effect of fiber inclination for hooked steel fiber in Concrete (from Banthia and Trottier, 1994)
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2.1.2. Tensile Strength of Steel Fiber Reinforced Concrete (SFRC)

Concrete is a brittle material with very low tensile strength in comparison with its
compressive strength. It is estimated that its tensile strength about 10% of its compressive
strength. The tensile failure of plain concrete starts with cracks. Consequently, one of
these cracks will extend along the member leading to its structural failure. However in
fiber reinforced concrete, tensile failure can be divided into two stages. The first stage is
up to the first crack. Previous studies [5], [6] provided equations to determine the tensile

strength, oc and stiffness E. of the composite at this stage.

o, = 0fVs + Oy (1 - Vf)

E. = EV;+ Epn (1-Vp)

Where omy, Em, Et, and Vs, are, respectively, the matrix tensile strength at first-crack, the
matrix modulus, the fiber modulus, and the fiber volume fraction. These equations show
that composite strength and stiffness are the function volumetric ratio of steel fibers.
Since this ratio is so small, less than 2% in most cases, first-crack strength and stiffness
of the composite are almost equal to the plain concrete. In order to account for fiber
alignment in two or three dimensions, two factors were introduced to the previous

equations. First one is fiber length factor, n1. Second one is fiber orientation factor, n2.

Oc = 7717720'fo + Omu (1 - Vf)
E. = mnEfVr + Ep (1— V)
The second stage of tension cracks is post-cracking. In this stage, fibers bridge the cracks.

They debond and pull out before fiber fracture occurs. Therefore, fibers play a significant
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role in this stage. The post-cracking strength depends on the bond between fibers and
concrete, fibers orientation, and number of fibers that across the crack. Naaman and

Reinhardt [7] provided an equation to determine post-cracking strength

O'pc = (AlLfT[Dflzf) /‘1.37-[—sz = AlAZA3TVfD_f
Where A1 and Az are, respectively, the fiber length and orientation factors for a post-

cracking state, while A3 is the group factor associated with the number of fibers crossing

a unit area.

Experimentally, there are two methods to assess tensile strength of concrete. The first one
is direct tensile test. This test needs a large cross section specimen such that it can
simulate steel fiber distribution in real beams. The problem with such a section is the
mechanism used to grip beam’s ends for testing. Moreover, one of the studies [8]
mentioned that a large cross section specimen will prevent uniform cracks from forming,
causing the sample to twist sideways. Therefore, the load condition at failure is not purely
uniaxial anymore. Nonetheless, in a small size specimen, the fractural failure will be
hindered by the boundary conditions. Moreover, it is difficult to rely on strain values to
determine direct tension strength of SFRC, especially after cracking, because they are the
result of local cracks opening. However, researchers tend to report deformation in the
form of the cracks’ width to determine direct tensile strength of steel fiber reinforced
concrete.

Other studies [9] focused on the effect of different types of steel fibers on tensile stress of

fiber-reinforced mortar indirect tension as shown in figure 2-3.
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Figure 2-3 Direct tensile stress-strain curves for different type of SFRC (from Hai H. Dinh, 2009)

Other tests [10] on concrete cylinder specimens of 2.76 in (70 mm) diameter and with a
height of 3.35 in (85 mm), as shown in figure. 2-4, used hooked-steel fibers, high-

strength concrete, and aggregate size ranging from 0.315 in (8 mm) to 0.63 in (16 mm).
The test result showed that high strength concrete could increase both first-cracking and

post-cracking strength of steel fiber reinforced concrete.
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Figure 2-4 Tensile stress-crack opening relationship for different SFRC mixes
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One of the studies [6] used a dog-bone specimen to investigated direct tensile strength of
steel fiber reinforced concrete. This research investigated hooked-end steel fibers with
different aspect ratio. The result varied from one specimen to another even for those
made from the same material. The varied result was attributed to size of the specimen,
which prevented a uniform distribution of the fibers. Figure 2-5 shows the specimen that

was used, and some of the results that were obtained.
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Figure 2-5 Dinh Direct tensile strength; (a) dog-bone specimen; (b) result

The second testing method is the splitting tensile test also referred to as the Brazilian test,
which was first introduced in 1953 [11]. In this test, the specimen and testing equipment
are the same as compression test. Thus, the test can be conducted in most facilities. This
test has been used in production application for quality control purposes. Like the
previous test, it has disadvantages also. Compared with direct tensile test, splitting tensile

test does not provide convenient data for post-cracking behavior. Another major concern
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is that the loading condition does not represent a realistic situation for most application.
Researchers [12] mentioned that the normal test configurations could not be used to
obtain tensile strength for FRC. Nevertheless, other studies [11] presented a
methodology that can be used to obtain rough estimation of tensile strength of FRC using
splitting test. One of the studies by Tang [13] included the effect of the loading strip lying
between the actuator and the specimen, which cause non-uniform stress distribution along
the loading axis. The old equation used to determine tensile strength is

_ %

fe=—5

Where p is the applied load, and D is the specimen diameter. With the Tang modification

the equation will be:
2
- 6)]
Je =20 D
In order to include the quasi-brittle behavior of the concrete material and the related
fracture mechanics size effect, the reason for the big differences between the splitting

tensile strength and true tensile strength, studies [14] suggested using a strip not more

than 8% of the specimen’s diameter and the loading speed not more 1.0 MPa per minute.
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2.1.3. Flexural Strength and Flexural Toughness of SFRC

There are two types of flexural strength [1] for SFRC. The first one is first-crack flexural
strength, which shows a linear behavior as shown in figure2-7 (point A). From studies
[9], it was found out that this flexural strength could be increased by almost 100% for
concrete reinforced with 1% of straight steel fibers. Another study [15] reported that 2%
of hooked steel fiber with aspect ratio of 64 could increase first-crack flexural strength of
high strength concrete up to 127%. In another research [16], it was reported that hooked
fiber ranging from 0.5% to 1.5% with aspect ratio of 60 could increase first-crack flexural
strength of 5000 psi to 12500 psi concrete up to 40%. The second one is ultimate flexural
strength shown in figure 2-6 (point C), which is related to maximum load achieved, and
therefore is more important for design considerations. Flexural strength can be increased
by increasing fiber volume fraction and fibers’ aspect ratio (1/d). Another researcher [17]
reported that hooked-end fibers or enlarge-end fibers can increase ultimate flexural

strength by 100%.
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Another important characteristic that should be determined for SFRC is flexural
toughness. American concrete institute (ACI 544) defines flexural toughness under static
loading as the area under load-deflection curve. In other words, it is the total energy
observed before separation. Flexural toughness is represented by flexural toughness
index. The flexural toughness index [18] [19] is the area under load-deflection curve of
steel fibers to specified end-point to the area up to first- crack. Studies [20] [21]found that
flexural toughness depends on type, and concentration of fibers as shown in figure 2-7. It

IS important to mention that flexural toughness refers to the toughening effect of the

fibers distinct from other effects like strengthening of first-crack occurrence.
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2.1.4. Compressive strength of SFRC

According to ACI 544, the effect of steel fiber on the compressive of concrete is variable.
The increasing in compressive strength ranges from 0 to 23% with 2% volumetric ratio of
steel fiber with I/d = 100. It was showed in one of the studies [22] that using 1.5%
volumetric ratio of steel fiber could increase the compressive strength by 37%. On the
other hand, another study [16] reported that using the same previous ratio of steel fibers

increased the peak compressive strength by less 10 %.

What is certain is that steel fiber can improve the post-peak compressive strength of
concrete. It can be seen from figure 2-8 that the descending part of stress-strain curve is
less steep when fiber is used. In other words, using steel fiber increases the toughness and
energy observation. This feature is useful to prevent a sudden explosive failure of
concrete, and therefore is successfully used to improve high strength concrete.
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Figure 2-8 Effect of the volume of fibers on the compressive stress-strain curve (From ACI 544)
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2.2. Mechanical Properties of Polypropylene Fiber Reinforced Concrete PPFRC

Polypropylene fiber is a synthetic hydrocarbon polymer. According to ACI 544R-2003,
synthetic fibers are fibers made and developed by man using petrochemical and textile
industries. Monofilament form of polypropylene fibers are made through an extrusion
process. Like any other type of fibers, polypropylene fibers are used to enhancing tensile
and flexural strength of concrete. In addition, polypropylene fiber inhabits and controls

plastic shrinkage cracks.

2.2.1. Tensile-Flexural and Compression Strength of PPFRC

From one of the studies [23], it was inferred that a linear increasing in tensile-flexural
strength of PPFRC up to 70% with fiber volumetric ratio 0.40%. Nonetheless, any further
increasing in the fiber ratio would decrease the tensile-flexural strength. Polypropylene
fiber has a significant effect on the tensile-flexural strength, but it barely has an effect on
compression strength. From the same study, it was concluded that by adding a volumetric
ratio of polypropylene fiber up to 0.40% can increase concrete compressive by 5%.
Nevertheless, 0.55% to 0.60% volumetric ratio will decrease the compressive strength by

3% and 5% respectively.
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2.2.2. Flexural Strength and Flexural Toughness of PPFRC

It has been reported that for the flexural strength and modules of rapture, polypropylene
fibers do not have a significant effect. According to one of the studies [24] adding 0.1%
volumetric ratio of fibrillated polypropylene fiber would slightly increase pre-cracking
flexural strength. However, a fiber content ranging from 0.2 to 0.3 by volume will
decrease the pre-flexural strength. From another study [25], it was concluded that
modules of rapture for fibrillated concrete is slightly increased than plain concrete by
using 0.1 to 0.3 volumetric ratio of polypropylene fiber. Figure 2-9 illustrated the effect

of fiber on the modals of rapture.
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Figure 2-9 The effect of Fiber content on the modules of rapture (From ACI 544)

Flexural strength is influenced by many factors such as fiber material, length, geometry
and bonding. Polypropylene fibers have been used to enhance it. Using load-controlled
machines [25] 0.1% by volume, the polypropylene fiber did not have an effect on the

concrete, which experienced a sudden failure. In contrast, beams with 0.2% and 0.3%
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volumetric ration showed a significant increase in the flexural toughness. It was reported
by another study [26] that even beams with 0.1% by volume can give toughness index of
3 or more by using deflection-controlled machine or closed-loop testing machine

specified by ASTM 1018.

2.2.3. Cracking and Shrinkage of PPFRC

There are several types of cracks in concrete. However, they can be classified into two
types based on the age of the concrete. The first is hardening concrete cracks. The second
type is plastic shrinkage cracks. Polypropylene fiber has a greater influence on the second
type rather than the first one. In order to determine the influence of polypropylene fiber
on concrete, rectangular square slabs have been used. Ring specimen [27] was used to
simulate restrained shrinkage cracks. From the study, it was concluded that PPFRC could
control drying shrinkage cracks. In addition, it can reduce crack width. Another study
[28] focused on unrestrained PPFRC. They inferred that fiber of 0.1%, 0.2% and 0.3% by
volume reduced drying shrinkage cracks by 18%, 59% and 10%, respectively. They also
concluded a shrinkage reduction for fiber content ranging from 0.1 % to 0.3% by volume.
Moreover, it was found that polypropylene fiber reduced surface water bleeding.
Therefore, it can increase concrete life. Figure 2-10 shows the relation between average

crack width and fiber content.
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Figure 2-10 Average Cracks width Versus Fiber content (From ACI 544)

2.2.4. Shear Strength of PPFRC

As was mentioned previously, polypropylene increases concrete first-crack resistant.
Whereas, once cracks are developed, polypropylene fiber cannot sustain them as well as
steel fibers. It was concluded [23] for 0.2% to 0.4% by volume fiber that polypropylene
fiber can increase the load carrying capacity of concrete beams up to first-crack. Once the
crack develops, failure will occur with load less than the one obtained beam without any
fiber. When fiber content is increased to 0.6% by volume, there is an increase in the
failure load. One study [29] used the monofilament fiber type. It was concluded that 1%

of polypropylene fiber could increase shear strength by 80% to 85%.
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2.3. Shear Failure Mechanism of FRC

Concrete is a brittle material. Its tensile strength is considerably lower than its
compressive strength. Reinforced concrete fails suddenly in shear without any previeus
warning [30]. The failure mechanism starts with diagonal cracks, which can be wider

than flexural cracks.

2.3.1. Failure of Plain Concrete Beams

In any flexural member subjected to a concentrated load at distance “a” from one support,
all elements of that member experience shear and moment as shown in figure 2-11. From

beam theory, these stresses can be determined by the equations:

My 12Vxy

flx,y) = T - T
VQ 6V (h? )
v) = = W(I_ y

On one hand, it can be seen from fig. 2-8 that the top and the bottom fibers at distance
“x” from the left support are subjected to tension and compression-bending stress,
respectively. On the other hand, the mid-depth is subjected to a pure-shear stress.
Elements located between mid-depth and extreme fibers experience accompanied
bending-shear stress. The maximum tensile normal stress is located at the extreme bottom
fiber. At that location, flexural cracks will develop. For plain concrete, complete failure

will occur due to the development of flexural cracks.
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Figure 2-11 Plain concrete beam subjected to concentrated load

2.3.2. Failure of Longitudinally Reinforced Beams without Diagonal

Tension Reinforcement

Adding longitudinal reinforcement to concrete will enhance its flexural characteristics.
This reinforcement will bridge cracks allowing stress transfer through cracks.
Consequently, the failure mechanism of longitudinally reinforced concrete may be shifted
to shear failure depending on factors such as shear span, longitudinal reinforcement ratio,

and concrete strength.

Shear failure of longitudinally reinforced concrete is explained in many references [30].
As it was mentioned previously, adding rebar to a beam allows it to exhibit more flexural
cracks. At the same time, shear cracks will develop in the elements located between

section mid-depth and bottom fibers.
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Elements located between mid-depth and top fiber are subjected to accompanied shear-
compressive bending stress as shown in figure. 2-12. Cracks are inhibited in these

elements because the maximum principal stress in these elements is

compression. However, elements located between mid-depth and bottom fiber are
subjected to companied shear-tensile bending stress. It is known that tensile strength of
concrete is very low compared with its compressive strength. Therefore, tension cracks

will develop at these elements because maximum principle stress is tensile.
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Figure 2-12 Crack pattern and principal stresses in longitudinally reinforced concrete beam

2.3.3. Modes of Failure of Beams Without Diagonal Tension Reinforcements

Shear span/depth ratio is an important factor in determining the failure mode of beams

without diagonal tension reinforcements. Shear span/ depth ratio is the distance from the
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load application point to the support in the case of a concentrated load. However, it is the
clear span in the case of a uniformly distributed load. Based on this ratio, there are three

possible failure modes.

The first mode of failure is the flexural failure mode. This mode occurs in slender beams
whose shear span/depth (a/d) ratio is more than 5.5 in the case of a concentrated load.
This failure mode starts with flexural cracks in the middle third of the beam span. This
type of beam fails either due to yielding longitudinal reinforcements, which fractures the
beam providing ample warning in case of low amount of reinforcement, or the crashing
of concrete around the load application point without any ample warning as in the case of

a high amount of reinforcement. This type of failure can be seen in figure 2-13a

The second type of failure is called a diagonal tension failure. The shear span/depth (a/d)
ratio for normal strength concrete ranges from 2.5 to 5.5 in the case of a concentrated
load. For this mode, both flexural and diagonal cracks developed. Without any previous
warning, two or three cracks developed at a distance of (1.5d to 2d) from the support.

One of these cracks widen and split the beam into two sections as shown in figure 2-13b

The last mode of failure is called shear compression failure. The shear span/depth (a/d)
ratio for a concentrated loaded beam ranges from 1 to 2.5. This mode is almost similar to
the previous one. At first, a few flexural cracks appeared, and then diagonal cracks,
which are steeper than cracks of the previous case, appeared. These cracks progressed
toward the top fiber. Failure occurred when the crack met with crashed concrete around

the concentrated load as shown in figure 2-13C.
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2.3.4. Web Steel Reinforcement in Beams

Adding transfer reinforcement in form of stirrups enhances the shear characteristics of
concrete in addition to improving shear resistance. Stirrups play a significant role in
carrying part of the external factored load, holding longitudinal reinforcements in place

by maintaining the required dowel capacity, and restricting the growth of diagonal cracks.

According to some research [31], [32], stirrups were effective after crack formation. They
redistribute shear stresses after the formation of diagonal cracks. They take this tension

stress back to the concrete leading to more cracks.
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Figure 2-14 Shear resistant component (From Dinh,, 2009)
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2.3.5. Failure of SFRC Beams without Stirrups Reinforcement

The behavior of a longitudinally reinforced SFRC beam without any stirrups is similar to
a RC beam with stirrups reinforcement. Both steel fibers and stirrups contribute to shear
resistance after cracks occur. They carry redistributed tensile stress and prevent crack
propagation. However, steel fibers have a better control on crack width and promote
multiply cracks thereby creating better stress distribution. Another similarity is that steel

fibers prevent concrete splitting around the longitudinal reinforcement.

Challenges with SFRC emerge in shear strength analysis for two reasons. First,
distribution of steel fibers in concrete, which insures developing uniform mechanical
properties, is somewhat uncertain. Second, the increase in cracks opening is the result of
fibers pulling out rather than yielding. Therefore, it is bond failure, which makes it more

complicated problem.

It has been observed [33] that in terms of ultimate strength a similar performance is
obtained by using steel fibers instead of stirrups for shear reinforcement. In addition, it
was inferred [6] that using hooked-steel fibers in a volume fraction equal or greater than
0.75% can improve shear strength up to 4\/]Tc. Furthermore, the same hooked-steel
fibers if used by the same volume fraction can replace stirrups as minimum shear
reinforcement specified by ACI 318. The same conclusion was also supported by Kranti

Jain (2013) [34].
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2.4. Prediction Shear Strength of SFRC

Since the behavior of steel fiber reinforced concrete (SFRC) is relatively complicated,
most of the predictive methods depend on regression analysis. A number of factors-effect.
such as span-to-effective depth ratio; longitudinal reinforcement; and tensile strength of
fiber reinforced concrete, which are concrete matrix properties; fiber aspect ratio; fiber

ratio; fiber shape, can affect shear strength of FRC

e Sharma (1986) [35] proposed an empirical formula to estimate the shear strength
of fiber reinforced concrete depending on the splitting tensile strength, fct, and

span-to-effective-depth ratio (a/d)

d\1/4
v, = (kfer) ()
Where k =2/3 was determined from tests

e Narayanan and Darwish (1987) [36] proposed an equation to determine the shear
strength of FRC that considers splitting tensile strength,fe, dowel action (as
function of longitudinal reinforcement), fiber pullout forces along inclined crack,

and shear span-to-effective depth ratio (a/d)
d
v, = eA'fu + eB’pE + vy

Where e coefficient accounts for beam/ach action which value is approximately 1 for
slender beam (a/d > 2.8) and is 2.8d/a for (a/d < 2.8). A, and B' were estimated based on
regression analysis of 91 tests, which gave these value A =0.24, B'= 80 MPa. V, is the

bond stress based on all fibers crossing 45-degree diagonal. The fiber bond stress, T, was
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assumed to be along ¥4 of the fiber length. The number of the fibers over unit area, nw,

was estimated based on Romualdi et al. (1963) [37] as follows.

1.64V;
w = Tp2
f

The above equation reflects the number of fibers crossing the diagonal crack that have a
vertical projection from the top center of the longitudinal reinforcement to the lower tip
of the compression reign. In order to avoid all these calculations the author derived an

equation to determine vy
0.417, L

Vp = V41T fD_f

Fiber geometry was considered using a factor 3
0412V, L § = 0.417F

vp = 0417V D, B = 041t

Where B is 0.5 for the rounded fiber, 0.75 for the crimped and 1 for the indented fiber.
The bond stress, 1, is equal to 4.1 MPa based on Swamy et al. (1974) [38]. The author did

include the effect of the compression and aggregates interlock.

e Al-Ta’an and Al-Feel (1990) [39]proposed an expression to determine shear
strength based on the shear-resisting component. The first component included
the influence of compression region, aggregate interlock and dowel action which
is

1/3
v, = (10pf’c5) (MPa)for% > 2.5
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d\*/? a
v, = (160pf'c)'/3 (5) (MPa)fora <25
The other component considered the effect of the fiber that is accounted using post-
cracking tensile stress along the diagonal crack. However, in their research they excluded
the depth of the compression region from the crack height. The fiber effect can be
determined using
Opc = 0.5TF
e Khuntia, Stojadinovic and Goel (1999) [40]proposed an expression that consider
two terms also. The first contribution is based on dowel action, aggregate

interlock, and compression region. They are presented in one term

v, = 0.167 \/f’c (MPa)

The second contribution is the post-cracking effect of fiber which is 0.41tF. By

assuming is T = 0.68,/f'c and the vertical projection of the diagonal crack equals to
0.9d.

vy = 0.417F (MPa)
v

F=Vihp

7=0.68,/f'c

L Vg = 0.41 % 0.68,/f'c x 0.9 x F = 0.25F/f'c MPa

By including the arch action o, which is equal to 2.5 d/a, to the term v, the term will be

v, = (0.167 « +0.25F)\/f’c (MPa)

31



