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In this study, an experimental work was directed toward comparing the flexural behavior of solid and hollow steel fiber-reinforced
concrete beams. For this purpose, eight square cross-sectional beam specimens, four solid and four hollow, were prepared. One
concrete mixture with four different steel fiber contents of 0, 0.5, 1.0, and 1.5% were used. The side length of the central square hole
was 80 mm, whereas the cross-sectional side length was 150 mm. All beams were tested under four-point monotonic loading until
failure. In addition to the solid and hollow beams, cylinders were cast to evaluate the compressive strength, splitting tensile
strength, and modulus of elasticity, whereas prisms were used to conduct the fracture test. The test results showed that all fibrous
beams failed in flexure, whereas those without fiber exhibited flexural-shear failure. In general, the flexural behavior of fibrous-
beams was superior to that of beams without fiber. The hollow beams with fiber contents of 0, 0.5, and 1.0% were observed to
withstand lower loads at cracking, yielding, and peak stages compared with their corresponding solid beams; this was not the case
for the 1.5% fiber hollow beam, which exhibited a higher peak load than its corresponding solid beam. Although all eight beams
exhibited ductility indices higher than 3.7, hollow beams exhibited better ductility than solid beams, showing higher ductility

index values.

1. Introduction

With the quick and huge development of the construction
industry across the world, the demand for concrete has
increased significantly over the last two decades. This is
attributed to the attractive characteristics of concrete, in-
cluding its high compression capacity, the availability of its
constituents, and the ease of its production, in addition to
the production cost, which is moderately satisfactory for
such developments. However, one of the serious defects of
concrete is its low capacity to withstand tensile stresses.
Therefore, structural members such as foundations, col-
umns, slabs, and beams are made of concrete reinforced with
steel reinforcing bars.

In recent decades, the use of discrete short fibers was
introduced as a solution to enhance concrete tensile
strength. Several metallic and synthetic types of fibers can be
used for this purpose. However, the most focus was on the
use of steel fibers, which have high tensile strength and
proven crack bridging potential. Such characteristics of the
steel fiber can be used to alter the brittle behavior of concrete
under tensile stresses to a more ductile behavior. Steel fiber-
reinforced concrete was also proven to be much more ductile
than normal concrete under seismic and impact loads.
Several experimental studies were conducted during the last
decades to investigate the mechanical properties of steel
fiber-reinforced concrete [1-6], whereas many other studies
were focused on the effect of the use of steel fiber to enhance
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the flexural performance of unreinforced [7-11] and rein-
forced [12-23] concrete beams.

One of the serious disadvantages of reinforced concrete
is the heavy weight of such a type of construction material.
Consequently, more loads and thus more bearing stresses
are transferred to the soil, which urges the use of larger and
may be deeper foundations. As a result, the cost would be
increased. Several solutions were proposed by researchers
to reduce the effect of concrete heavy weight. Among these
solutions to reduce the weight of the structure are the use
of lightweight aggregates and the use of composite ma-
terials and structures, and the use of recycled aggregates
was suggested to reduce the construction cost [24, 25]. The
use of optimized structural sections can also be considered
as a candidate solution. Hollow sections are types of op-
timized structural sections that reduce the cross-sectional
size of structural members, leading to a reduced weight
and lower consumption of concrete materials. Thus,
compared with solid sections, hollow ones can be con-
sidered lighter and more economical. Although the re-
duction in section means lower moment of inertia, which
may lead to lower strength and higher deformations, the
use of steel fibers is known to increase the flexural strength
and enhance the flexural behavior of reinforced concrete
beams. Hence, this positive contribution may substitute
the reduction in strength and performance resulting from
the reduction of the section size of hollow beams compared
with solid ones.

Few experimental research studies were found in the
literature on the flexural behavior of reinforced beams with
longitudinal holes [26-28]. Altun et al. [26] tried to
evaluate the flexural behavior of box steel fiber-reinforced
concrete beams. Normal strength concrete of 22 MPa
compressive strength and 60 mm length steel fibers with a
maximum dosage of 60 kg/m> (0.77% V) were used. They
showed that a 44% reduction in weight can be obtained but
with a 29% lower load carrying capacity. Murugesan and
Narayanan [27, 28] experimentally investigated the flex-
ural behavior of reinforced concrete beams having a small-
sized longitudinal circular hole (5% of cross-sectional
area). They showed that the load carrying capacity of
hollow beams reduces as the hole size increases and it was
in general lower than that of solid beams. Moreover, they
observed that the deflection increases as the hole size
increases.

The previous review shows that hollow beams can be
considered as a candidate solution to reduce the weight of
the structure and to provide a more environment-friendly
solution. However, research works to evaluate the flexural
behavior of hollow beams are very limited in the literature.
Moreover, the beams of the few research studies found in the
literature were either reinforced with limited amount of steel
fiber or have no fibers and were all made of moderately low
compressive strength concrete. Trying to fill some gaps of
knowledge about this issue, in this study, an experimental
work was directed toward investigating the flexural per-
formance of high-strength steel fiber-reinforced hollow
concrete beams. For this purpose, a square central longi-
tudinal hole was used to reduce the cross-sectional area by
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approximately 28% and steel fiber contents up to 117 kg/m’
were incorporated in the concrete mixtures.

2. Experimental Work

2.1. Concrete Mixture and Material Properties. Solid and
hollow beams with high strength concrete and reinforced
with steel fibers and conventional steel bars were produced
to conduct the experimental work of this study. A previously
used high-strength concrete mixture was adopted [29] to
achieve a 28-day cylinder compressive strength (f!) of
60 MPa. Table 1 lists the details of the adopted mixture, in
which the proportions of all materials were fixed except the
dosage of steel fiber. In this study, cold drawn glued hooked-
end steel fibers were adopted with three volumetric contents
0f 0.5, 1.0, and 1.5%. The use of high steel fiber V¢ (more than
1.5%) decreases the workability and increases the oppor-
tunity of fiber balling in the presence of aggregate (sand and
gravel), which results in lower compressive strength.
Therefore, a 1.5% hooked-end steel fiber was suggested as an
effective and economical volume fraction [30]. Katzer et al.
[31, 32] clearly indicated that hooked-end steel fiber is the
most popular and effective type of reinforcing fiber for
concrete. The diameter, length, and aspect ratio of the used
steel fiber were 0.55mm, 30mm, and 55, respectively,
wheras its density and tensile strength were 7800 kg/m’ and
1500 MPa, respectively. Crushed stone with a maximum
diameter of 10 mm was used as coarse aggregate. Natural
sand was used as fine aggregate. More details about the used
materials are listed in a previous work [29]. The used cement
was Portland cement type 42.5R, whereas silica fume was used
as partial cement replacement. The use of silica fume is known
to positively affect the mechanical properties of concrete
because of its effective reaction with the cement components
[33-35]. To assure an acceptable workability, the high range
water reducer Master Glenium 51 was used in all mixtures.
Twenty-four hours after concrete casting, the beams and
control specimens were removed from their molds and cured
in temperature-controlled water tanks for 28 days.

2.2. Control Tests. Three control tests were adopted to
evaluate the strength and elasticity of the prepared concrete
mixtures. The concrete compressive strength, splitting
tensile strength, and modulus of elasticity were evaluated
using 100 x 200 mm cylinders in accordance with ASTM
C39, ASTM C496, and ASTM C469, respectively. In addition
to the abovementioned three control tests, three-point
flexural tests were conducted using 100 x 100 x 500 mm
concrete beams. According to RILEM FMC-50, the beams
were notched at the centerline of the bottom surface to
perform the fracture energy test [36], yet the test span was
different. The notch depth was 40 mm, whereas the test span
was 400 mm for all tested beams. The flexural tests were
conducted using an electromechanical closed-loop servo-
controlled universal testing machine from INSTRON with a
capacity of 250 kN. The test setup and the details of the test
specimens are shown in Figure 1. The performed tests were
displacement controlled at a rate of 0.2 mm/min.
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TaBLE 1: Details of concrete mixtures [29].
Mix Steel fiber Cement agcg(;z;saete Sand lehni: HRWR w/C Slump
3 3 3 3
code V% kg/m (kg/m?) (kg/m’) (kg/m>) (kg/m”) (kg/m”) (mm)
B0.0 — — 6.6 105
B0.5 0.5 39.3 6.7 77
BLO 10 78.5 465 680 1170 35 6.7 0.43 69
B1.5 1.5 117.8 6.8 63
(a)
Applied load
(@)
60 mm
h = 100mm
40mm 40mm Initial notch
length (a)
2 b =@ 200 1% ~ 100 mm l—
mm
L, =400mm Section (a-a)

FIGURE 1: Specimen geometry and test setup for fracture energy.

2.3. Hollow Reinforced Concrete Beams. To investigate the
effect of sectional hollowing on the flexural performance of
steel fiber-reinforced beams, a total of 8 beams were cast. All
beams have a square cross section with a side length of
150 mm and a beam length of 850 mm. The flexural tests of
all beams were conducted under four-point loading with a
span of 750 mm where the midspan deflection was measured
using one linear variable differential transformer (LVDT), as
shown in Figure 2. From the literature [37], it was observed
that an a/d ratio of 2.5 resulted in the lowest flexural ca-
pacity, whereas the highest flexural capacity was attained
with an a/d ratio of 1.5. In this research, all beams were
tested using the same test configuration and with a fixed
shear arm to effective depth ratio (a/d) of 2.0. Thus, the effect
of a/d was kept constant, where for beams with the same
materials and dimensions but with different a/d values, the
flexural strength and behavior varied considerably.

LVDT at midspan

o

LVDT at 12.5cm
from midspan

FIGURE 2: Test setup of the solid and hollow beams.



The experimental program was directed toward in-
vestigating the effect of cross-sectional hollowing and the
dosage of the steel fiber. The hole of hollow beams was
square with its center coinciding with the center of the beam
cross section. Thus, the thicknesses of the top, bottom, and
side walls were equal. The hollow beams were manufactured
with a hole side length of 80 mm; thus, the wall thickness was
35mm. As a result, the cross-sectional area of the hollow
beams was 28.4% less than that of solid beams. All beams
were reinforced with 8 mm steel reinforcing bars, as shown
in Figure 3. It is clear that the wall thickness is slightly larger
than the steel fiber length, which has less preferential fiber
alignment compared to solid beams [38-40]. Such size may
also lead to concrete casting difficulties. Therefore, the
concrete was carefully cast in the mold in stages. Firstly, the
bottom flange was poured with external vibration, and then
the remaining walls were cast. The tested beams were divided
into two groups. The first group consisted of four solid
beams (S) with different fiber contents of 0, 0.5, 1.0, and
1.5%, whereas the second group consisted of four hollow
beams (H) with the same sequence of fiber contents. The
beam identification number starts with letters S or H, fol-
lowed by the fiber content. Thus, the identification number
of a hollow beam with 1.5% fiber content becomes H-1.5 and
so on. All beams were cast with a fixed number of stirrups to
assure flexural failure. Figure 3 shows the geometry and
reinforcing details of the beams tested in this study.

3. Results of Control Tests

The test results of the control cylinders show that inclusion
of 1.0 and 1.5% of steel fiber resulted in obvious enhance-
ment in compressive strength, whereas the 0.5% steel fiber
content was ineffective. From the comparison between the
compressive strengths of the 1.0% and 1.5% steel fiber, it is
obvious that both fiber contents resulted in almost identical
strength values. The percentage increase of compressive
strength was approximately 16% for fiber contents of 1.0 and
1.5%. For the same contents of steel fibers, Song and Hwang
[2] reported an increase of 15%, which agrees well with the
results of the current research. Abbass et al. [5] reported a
maximum development of 8%, which is consistent with the
results obtained by Thomas and Ramaswamy [3] for cube
and cylinder specimens (2.6% to 8.3%) for 1.5% fiber
content. On the other hand, other researchers [11, 26] re-
ported insignificant drop or increase in compressive
strength of steel fiber reinforced concrete (SFRC). Table 2
summarizes the experimental results of the mechanical
properties of the controlling mixes.

The test results also showed that the splitting tensile
strength increases with the increase in fiber content, which is
frequent in the literature [41-44]. The increase in splitting
tensile strength can easily be attributed to the fiber bridging
potential of tensile cracks. Comparing the results, it is ob-
vious that the splitting tensile strength increased by ap-
proximately 30% when only 0.5% steel fiber was included,
whereas this increase jumped to approximately 52% for fiber
content of 1.0% and 57% for fiber content of 1.5%. Ashour
et al. [14] reported that, for concrete with 79 MPa
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FIGURE 3: Sectional geometry and reinforcing details of the solid
and hollow beams.

150 mm

TaBLE 2: Fiber volume fraction and control test results of the four
mixtures.

!
Mix code Vi fe f E
% kg MPa MPa GPa
BO 0.0 0 63.3 4.2 36.04
B0.5 0.5 39.2 61.7 5.4 35.79
B1.0 1.0 78.5 73.3 6.4 37.70
B1.5 1.5 117.7 73.4 6.6 36.78

compressive strength and 1.0% steel fiber content, the
splitting tensile strength increased by 52%, which completely
agrees with the current results, whereas Thomas and
Ramaswamy [3] reported an increase of 41% for a similar
concrete grade. On the other hand, it was found out that
there is no clear trend for the results of the modulus of
elasticity, which reveals that the inclusion of steel fiber is not
so effective (Table 2).

4. Results of Fracture Energy Test

The fracture energy (Gg) of a prism tested under flexure can be
defined as the energy required to crack a unit area, which is
determined from the load-deflection curve of the tested prism.
In the current investigation, the fracture test recommended by
RILEM FMC-50 [36] was adopted. From the three-point
flexural test and using the central deflection, in addition to
mass and geometry, of the tested prism, the following
equation was used to calculate the fracture energy Gg:

Wy +m x gx (L/L)x &

Gr = bx (h-a)

(1)

where the prism geometrical parameters b, ki, a, and L, are
shown in Figure 1, L is the length of the specimen, m is the
specimen mass, g is the gravity acceleration, and §; is the
central displacement (deflection) at failure.

Considering the modulus of elasticity of concrete E. and
its tensile strength f, and to evaluate the brittleness of
concrete using the tested specimens, Equation (2) is used to
evaluate the characteristic length L,. This length can be used
as an index of the brittleness of the tested specimen, where
the higher the characteristic length, the lower the brittleness
and the much ductile the tested prism is:
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Based on the experimental results obtained from the
control cylinders of splitting tensile strength and modulus of
elasticity, the fracture energy Gy and the characteristic length
L, were calculated for each of the four mixtures associated
to the four fiber contents. These calculated results are il-
lustrated in Figure 4.

Figure 4(a) explicitly shows that the fracture energy of
the used mixture jumped as 0.5% steel fiber was included,
which was 23 times that of the plain specimen. On the other
hand, L., showed significant increase from 256 to 3487 when
only 0.5% steel fiber was added to the same mixture as shown
in Figure 4(b). The two measurements reflect the significant
contribution of the low amount of steel fiber to control
brittleness and increase ductility of the tested concrete
prisms. The inclusion of 1.0% steel fiber is shown to double
the fracture energy compared with the specimens with 0.5%,
whereas an extra increase in L,, by approximately 50%, was
gained as the fiber content was increased from 0.5% to 1.0%.
This result agrees with results obtained by previous re-
searchers [8, 11]. The inclusion of 1.5% steel led to further
increase in the ductility; however, the gain over the 1.0%
prisms was approximately 18% in terms of fracture energy
and approximately 7% in terms of L,.

The flexural test curves of the tested prisms with the four
different fiber contents are shown in Figures 5 and 6. The
load-displacement curves of the tested prisms are shown in
Figure 5, whereas Figure 6 presents the relationship between
load and the crack mouth opening displacement (CMOD).
Figure 6 explicitly shows that the inclusion of steel fibers
significantly enhanced the flexural performance of the tested
prisms. It also shows that the load carrying capacity was
higher for fibrous prisms than those without fiber. More-
over, the load-displacement behavior beyond the first crack
was significantly improved by fiber inclusion. The figure also
presents the strain-hardening behavior of the specimens
with a high fiber content of 1.5% until a 2 mm displacement,
after which the load capacity showed continuous decrease.
On the other hand, the 1.0% fiber content specimens could
withstand strain hardening up to approximately 1mm,
beyond which significant load drop was recorded. Such
behavior was not noticed for the specimens containing no
fiber or 0.5% fiber. Instead, the load carrying capacity
dropped directly after cracking, showing significant de-
flections and CMOD for lower values of load, as shown in
Figures 5 and 6. Similar results were also obtained in pre-
vious research [8, 11, 19]. This again reveals the significant
contribution of steel fibers in changing the flexural behavior
from brittle to more ductile.

The strain hardening of prisms with 1.0% and 1.5% fibers
can be attributed to the behavior of the fibers during crack
bridging. The close examination of the fracture surface along
the crack shows that most fibers along the fracture surface of
those prisms were pulled out of the matrix. The higher
quantity of fibers led to better distribution of stresses on
fibers during the crack bridging, which resulted in higher
load capacity with uniform displacement and crack opening

(2)

until they were pulled out. On the other hand, for the prisms
with 0.5% fiber, instead of being pulled out of the concrete
matrix, most fibers were broken, which is attributed to the
high fiber stresses due to the low number of fibers bridging
the crack. Figure 7 shows close examination of the fracture
surfaces of the four tested prisms.

5. Test Results of the Reinforced Solid and
Hollow Beams

In this section, the flexural behavior of the solid and hollow
reinforced concrete beams is discussed. The discussion fo-
cuses mostly on the effect of cross-sectional hollowing and
fiber content on the cracking and failure type, load-
displacement behavior, and ductility of the tested beams.

5.1. Cracking and Failure Behavior. In general, beams with
steel fiber exhibited better behavior than those without fiber.
All solid fibrous beams failed in flexure, whereas those
without fiber exhibited less ductile behavior and failed in
flexural-shear cracking. The nominal flexural capacity (M,,) of
the SFRC beam is the resultant from the contributions of both
reinforcing bars (m;) and the residual tensile strength pro-
duced from fiber bridging (m,). The ACI 544 [44] proposed
the following equation for the calculation of the flexural
capacity of singly reinforced fibrous concrete solid beams:

M, =m, +m,, (3)
where
m =4, £, (d-5 ). (4)
h e a
m, = atb(h—e)<§+§—5>. (5)

The above equations were derived from the stress and
strain distributions along the depth of the cross section, as
shown in Figure 8.

The behavior of hollow fibrous beams was superior to
their corresponding beams without fiber, where the fibrous
beams failed in pure flexure, whereas the hollow beams
without fibers showed flexural and flexural-shear cracking at
failure. Based on the ACI 544-proposed equation, the re-
duction in the flexural capacity of the hollow beams due to
the reduction in their cross-sectional area leads to modifying
of Equation (5) to the following equation:

h e a
My modified = Ut[b(h_e)_(b, Xh’)](i-'-i_z)’ (6)
where b, h, and d are the beam cross-sectional dimensions, b’
and /' are the hole dimensions, and e is the distance from the
top of the tensile stress block to the upper fiber of the beam,
which can be obtained through the strain constitutive relation

C
= 0.003| —, 7
e = [er + 0.003] 57503 7
If a is the depth of the rectangular stress block of the hollow
section, then



FiGUREe 5: Load-displacement curves of the tested prisms.

Af+ahb—ob'H
a= ,
0.85f.b + 512.82¢;0,b + 1.5380,b

(8)

g, = 0.00772 l—foFbe,
dg
where o, is the tensile stress of the fibrous concrete, which is
calculated based on the effect of three parameters: the fiber
aspect ratio I¢/dj, the fiber volume fraction (V;), and the bond
between the matrix and the fibers in terms of bond efficiency
factor (Fye), which is ranging between 1 and 1.2. For the
hooked-end steel fiber, F,. equals 1.2.

Table 3 summarizes the calculated load capacity based on
Equation (3). It shows that the differences between the ul-
timate loads obtained from the experimental work and the
predicted ultimate loads based on ACI 544 are decreasing
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FIGURE 6: Load-CMOD curves of the tested prisms.

when increasing the fiber Vito 6% for 1.5% V. On the other
hand, these differences are increasing with the increase of V¢
for the hollow beams.

Figure 9 shows a cracked beam under bending test. All
beams failed by the crushing of the compression concrete
after steel yielding and tension crack propagation. As shown
in Figure 10, for solid and hollow fibrous beams, flexural
vertical cracks were first initiated within the pure moment
zone as the applied load reached the cracking load. As the
load increased, these crackspropagated and new cracks
initiated. The firstly initiated cracks kept propagating until
the yielding of the steel reinforcement. After reaching the
peak load, compression crushing started to appear in the
compression zone of some beams as the load was dropping.
In addition to the flexural cracks, flexural-shear cracks
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FIGUre 8: Typical stress and strain distribution in SFRC beams, according to ACI 544.

TaBLE 3: Experimental and predicted results of ultimate load capacity.

Beam ID h, (mm) b’ (mm) Vf (%) Pufexp'(kN) PquCIS44'(kN) Puﬁexp/PquCIS44
S-0 0 0 0.0 68.04 54.70 1.24
$-0.5 0 0 0.5 68.92 57.73 1.19
S-1.0 0 0 1.0 71.50 61.17 1.17
S-1.5 0 0 1.5 68.08 64.25 1.06
H-0 80 80 0.0 57.59 54.71 1.05
H-0.5 80 80 0.5 58.90 56.74 1.04
H-1.0 80 80 1.0 69.01 59.16 1.17
H-1.5 80 80 1.5 73.52 61.22 1.20

developed in the beams containing no fibers (S-0 and H-0), as
shown in Figure 10. The failure of these two beams was due to
the propagation of these cracks outside within the shear span.

5.2. Load-Displacement Curves. Figure 11(a) compares the
load-deflection curves of the four solid beams. It is clear in
the figure that the yielding load increases as the fiber content
increases. The yielding load of the solid beams S-0, S-0.5,
S-1.0, and S-1.5 with fiber contents 0, 0.5, 1.0, and 1.5% were

55.4, 57.1, 60.7, and 64.8 kN, respectively. It was also ob-
served that the higher the fiber content, the higher the first
cracking load, which reflects the higher potential of fiber
reinforced beams to resist the flexural stresses because of the
fiber bridging action. The cracking load of the solid beams
with fiber contents of 0, 0.5, 1.0, and 1.5% were 21.9, 28.1,
29.5,and 32.7 kN, respectively. The figure also shows that the
deflection at steel yielding was less for fibrous beams, which
reflects the higher elastic stiffness of steel fiber beams
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F1GURE 10: Final cracking patterns of the tested beams after failure: (a) S-0, (b) H-0, (c) S-0.5, (d) H-0.5, (e) S-1.0, (f) H-1.0, (g) S-1.5, and (h) H-1.5.

compared to that without fiber. The recorded deflections at
steel yielding were 4.17, 3.51, 3.62, and 2.98 mm for the solid
beams S-0, S-0.5, S-1.0, and S-1.5, respectively. This means
that the elastic stiffness of the beams increases with the
increase in fiber content.

Figure 11(b) clearly clarifies the superior flexural be-
havior of steel fiber reinforced hollow beams over the ones
without steel fiber. It is obvious in the figure that the in-
clusion of only 0.5% of steel fiber did not lead to significant
improvement. However, the inclusion of 1.0 and 1.5% steel
fiber is shown to have great impact on the overall structural

Advances in Civil Engineering

behavior of hollow beams. The yielding load of the hollow
beams H-0, H-0.5, H-1.0, and H-1.5 that contains 0, 0.5, 1.0,
and 1.5% steel fiber were 50.3, 46.6, 56.9, and 63.4, re-
spectively. Their corresponding yielding deflections were
3.72, 3.41, 3.39, and 3.36 mm, respectively. This means that
the elastic stiffness was almost equal for H-0 and H-0.5,
whereas it was 24 and 40% higher for H-1.0 and H-1.5
compared to H-0. Another obvious result is that the higher
the fiber content, the higher the peak load the hollow beams
could withstand. Similarly, the final deflection (ultimate
deflection at failure) was obviously increasing with the
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Ficure 11: Effect of steel fiber content on load-deflection curves for (a) solid beams and (b) hollow beams.

increase in fiber content in hollow beams, as shown in
Figure 11(b). The peak loads of the beams with fiber contents
of 0, 0.5, 1.0, and 1.5% were recorded to be 57.6, 58.9, 69.0,
and 73.5 kN, respectively, whereas their ultimate deflections
were approximatelyl5.8, 16.2, 17.9, and 19.8 mm, re-
spectively. From the discussed results and the comparison
between Figures 11(a) and 11(b), it can be concluded that the
inclusion of steel fiber was more effective on hollow beams
than on solid beams.

Figure 12 compares the load-deflection curves of solid
and hollow beams having the same volumetric content of
steel fiber. Figure 12(a) shows that the solid beam without
fiber could retain higher yield and ultimate load capacities
than the corresponding hollow beam. It was recorded that
the cracking load of the hollow beam was approximately 5%
lower than that of the corresponding solid beam, whereas it
was 9% and 15% lower at yielding and ultimate load stages,
respectively. It should be reminded that both beams
exhibited some flexural-shear cracks outside the pure flex-
ural zone and failed in flexural-shear cracking.

Figure 12(b) shows explicitly that the flexural behavior of
S-0.5 was superior to that of the corresponding hollow beam
H-0.5. Comparing the load capacities of the two beams at
cracking, yielding, and peak stages, it was recorded that the
load carrying capacity of H-0.5 was 14.5% to 19.5% lower
than that of S-0.5. On the other hand, the flexural behavior of
the hollow beam with 1.0% fiber content (H-1.0) is quite
close to that of the solid beam S-1.0, as shown in
Figure 12(c). It is also shown in the figure that the yielding
load capacity of H-1.0 is 6.2% lower than that of the beam
S-1.0, whereas its peak load was lower by only 3.5% than that
of the beam S-1.0.

Figure 12(d) shows that although that the yielding load
capacity is slightly higher for the solid beam with 1.5% of steel
fiber (S-1.5), the peak load and its corresponding deflection
are noticeably higher for the hollow beam H-1.5 than the solid
beam S-1.5, which reflects that the differences in flexural

behavior between the solid beam and hollow beam are sig-
nificantly reduced and diminishes when higher steel fiber
contents are used. Comparing the displacement behaviors of
the solid and hollow beams in the four figures, it can also be
noticed that the length of the strain hardening and softening
regions are almost identical for solid and hollow beams,
except for the 1.5% fiber content beams, where the hollow
beam exhibited noticeably longer strain hardening region.

5.3. Deflection Ductility. The ductility of a reinforced beam
under flexural loading can be defined as the capacity of that
beam to maintain higher plastic deformations and consid-
erable loads beyond steel yielding until failure without
showing sudden brittle fracture [17]. The higher the ductility
index, the more ductile is the beam. Previous researchers
tried several ductility indices to express the most reasonable
representation for ductility. Some researchers used the peak
deflection, which is associated to the highest load resisted by
the beam, while others used the ultimate deflection, which
correspond to the failure load.

Several procedures were proposed by Park [45] to
evaluate the ultimate point (A,) from the load-deflection
curve of a tested beam. One of these methods is the 20% load
reduction after reaching the peak load. Thus, the deflection
corresponding to 80% of the peak load on the plastic zone
beyond the peak load is considered as the ultimate de-
flection. Other previous researchers [12, 17] used the 20%
load-reduction method to evaluate the ductility of high
strength reinforced concrete beams. In the current experi-
mental work, it was noticed that the ultimate failure occurs
by concrete crushing very close to the 80% of the peak load
or beyond which the load-deflection curve becomes un-
stable. Therefore, the 20% load-reduction method was also
used in this study to obtain the ultimate deflection.

In this study, to evaluate the more reliable ductility
index, two ductility indices were calculated based on the
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FiGUure 12: Comparison between load-deflection curves of solid and hollow beams for different fiber contents.

recorded deflections at the yielding of steel (A,), at the peak
load (Ap), and at the ultimate load (A,). The first ductility
index is the peak ductility index (u,) calculated at the peak
stage and equals A,/A,, whereas the second is the ultimate
ductility index (u,), which is calculated at the ultimate stage
(Ay/Ay). The values of the three deflections and the two
ductility indices are listed in Table 4. Comparing the two
calculated ductility indices, it is shown that there is no
noticeable trend of ductility with fiber content when y,, is
considered, whereas the results of the ultimate ductility
index () are systematic with clear trend and agree with the
results obtained in the literature [12, 17]. Therefore, in the
following discussion, only y,, is used and is termed simply as
ductility index. It was reported in the literature that ductility
index of not less than 3 is required for structures constructed
in high-seismic zones [17]. It can be seen in Table 3 that all
the tested beams exhibited ductility index higher than 3.7,

which reflects a high potential to absorb plastic energies
when subjected to high loading regimes.

The ductility index values of the four solid beams show
that the higher the fiber content, the higher the ductility
index. Similarly, comparison among the four hollow beams
show that ductility increases as fiber content increases.
Figure 13 shows the percentage increase in ductility index of
fibrous solid beams and hollow beams compared to the
nonfibrous solid beam (S-0). The figure shows that, for solid
beams, percentage increases of approximately 4 and 9% were
achieved when 0.5 and 1.0% fiber contents, respectively,
were incorporated, whereas the percentage increase jumped
to approximately 48% when 1.5% steel fiber was used. On the
other hand, it is clear that the percentage increases of 27, 41,
and 57% were recorded for the hollow beams that contain
0.5, 1.0, and 1.5% steel fiber, respectively. This means that the
inclusion of steel fiber enhanced the ductility of reinforced
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TaBLE 4: Ductility indices of the solid and hollow tested beams.

Beam ID A, (mm) A, (mm) A, (mm) p,=Ay/Ay p=AJA,

S-0 417 15.14 15.60 3.63 3.74
S-0.5 3.51 13.15 13.70 3.75 3.90
S-1.0 3.62 10.96 14.80 3.03 4.08
S-1.5 2.98 6.88 16.50 2.31 5.54
H-0 3.72 13.15 15.78 3.53 4.24
H-0.5 3.41 11.65 16.20 3.41 4.75
H-1.0 3.39 9.55 17.90 2.82 5.28
H-1.5 3.36 10.16 19.80 3.02 5.89
8
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FIGURE 13: Percentage increase in ductility due to steel fiber
inclusion.

concrete beams, and that the maximum percentage increase
was achieved when 1.5% steel fiber was used. In the presence
of fibers, the firstly initiated cracks are restricted by the
bridging action of fibers across that crack, which reduces the
crack width and leads to the formation of more hair cracks.
Thus, the crack propagation is restricted, which increases the
load capacity within the postcracking region. Therefore, the
ability of the beam to absorb plastic deformations is in-
creased. Sun et al. [20] reported that the ductility was in-
creased as steel fiber content increased up to 1.5%, beyond
which no ductility gain was recorded. It is known that there
should be some optimum content of fibers, beyond which,
no further enhancement in strength or performance is
obtained. The optimum content depends mainly on the fiber
physical characteristics [13]. In this research, and within the
limit of the studied variables, the 1.5% volumetric content
was found to better enhance the load carrying capacity,
stiffness, and deflection.

It is obvious in Figure 13 that hollow beams exhibited
higher ductility compared to the solid beam S-0, as discussed
before or as compared to the corresponding solid beams
having the same fiber content. The percentage shown above
each twin of the bar charts in Figure 13 refers to the per-
centage gain of ductility index of each hollow beam over its
corresponding solid beam. It is shown that considerable
ductility gains of 6 to 29% were obtained for the hollow
beams compared with solid beams. This is a very encour-
aging result as the side length of the hole was more than half
the side length of the beam’s cross section. Thus, although
the beam cross-sectional area and hence its weight was
reduced by 28%, higher ductility was retained.
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6. Conclusions

From the experimental work of this study on hollow and
solid steel fiber-reinforced high-strength concrete beams,
following are the most important conclusions:

(1) All solid and hollow fibrous beams failed in flexure
and exhibited flexural cracks along the pure bending
span, whereas those without steel fiber showed some
cracks within the shear spans in addition to the
flexural cracks and exhibited flexural-shear failure.

(2) In general, the flexural behavior of fibrous beams was
superior to that of beams without fiber because of the
crack bridging action of fibers. The cracking,
yielding, and peak load capacities increased due to
the incorporation of steel fibers both for solid and
hollow beams. The better enhancement in load
carrying capacity was mostly recorded for the 1.5%
fiber content. For both solid and hollow beams, the
gain of the beams with 1.5% fiber over those without
fiber in cracking, yielding, and peak loads were in the
ranges of approximately 24 to 49%, 17 to 26%, and
less than 1.0 to 28%, respectively. Moreover, it was
recorded that the higher the fiber content, the higher
is the stiffness of the beam.

(3) The hollow beams with fiber contents of 0, 0.5, and 1.0%
were observed to withstand lower loads at cracking,
yielding, and peak stages than their corresponding solid
beams, whereas this was not the case for the 1.5% fiber
hollow beam which exhibited higher peak load carrying
capacity than its corresponding solid beam.

(4) In general, all tested beams exhibited ductility in-
dices higher than 3.7. However, hollow beams
exhibited better ductility than solid beams, showing
higher ductility index values. The ductility index for
each type of beam increased as the fiber content
increased. The ductility index values of solid beams
ranged from 3.7 to 5.5, whereas those of hollow
beams were in the range of 4.2 to 5.9.
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The data used to support the findings of this study are
available from the corresponding author upon request.
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