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The behavior of high-strength, fiber-reinforced concrete (HSFRC) beams under
concentrated loads was affected by many different aspects, such as the type of
fibers used and the volume percent of the fibers; nevertheless, the behavior was
primarily affected by modifying the shear span-to-depth ratio (a/d). In this
experimental investigation, the influence of a/d ratios (ranging from 1.5 to 2.2)
is investigated on the response of twelve high-strength fiber-reinforced concrete
(HSFRC) beams containing varying amounts of discontinuous steel fiber (vf) in the
concrete mixture. The purpose of this study was to analyze the manner of failures
of the tested beams and to identify a limiting a/d for effective beam depth. Shear
failurewas observed in high-strength concrete (HSRC) beamswith a vf of 0% at a/d
ratios as high as 2.2, according to the findings of the study. Altering either the a/d
ratios or the vf had an effect on the way in which the HSFRC beams responded to
the stimulus. Some of the HSFRC beams that were put through the shear–flexure
test failed. In addition, the findings demonstrated that, as the a/d ratio increased up
to 2.2, the beams with a vf of 0.5% and 0.75% broke in pure flexure with multi-
cracking. This indicates that the a/d ratio has a substantial impact on the various
failure behaviors of HSFRC beams.
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1 Introduction

High-strength concrete (HSC) has outstanding mechanical properties, such as a high
resistance to compression stresses, a high modulus of elasticity (stiffness), a low perme-
ability for harmful substances, and a high resistance to corrosion. These distinctive
properties enable its use in diverse construction project applications, and it can be used
inmany prestressed concrete structures such as concrete bridges (Biolzi et al., 1997; Song and
Hwang, 2004; Ozbakkaloglu, 2013; Lim and Ozbakkaloglu, 2014; Kou and Poon, 2015;
Vincent and Ozbakkaloglu, 2015). High-strength con-crete is a brittle material, where there
is an inverse relationship between concrete strength and ductility; therefore, there are many
studies that deal with this issue. Some studies have addedmaterials to the concrete mixture to
improve and develop it. Some studies have shown that adding small discrete steel fibers can
enhance the shear strength and toughness for high-strength concrete and improve its ductile,
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also promoting its flexural failure (Toutanji et al., 2004; Jang et al.,
2015; Yoo et al., 2017; Zhao et al., 2018; Choi et al., 2019; Lantsoght,
2019; Shahnewaz and Alam, 2020). Furthermore, distributing the
discrete steel fibers lead to produce a bridging action across small-
cracks in the mixture and improve the resistance for propagation of
the cracks and crack opening.

The influence of adding fibers to a concrete mix depends on
many factors, such as the fiber type, the fiber orientation in the
mix, and the fiber geometry; the main factors are the fiber volume
fraction (vf) and inclusion, and the properties of the fiber matrix
(Savastano et al., 2006; Sudin and Swamy, 2006; Kuder and Shah,
2010; Cao and Khan, 2021). Fibers that can be used in a concrete
mixture have many different types, and an effective fiber type is
metallic fibers, such as carbon fibers or stainless-steel fibers,
which have two shapes: hook-end fibers and corrugated fibers
(Brandt, 1985; Kim and Park, 1994; Geng and Leung, 1996;
Yurtseven, 2004; Ahmed et al., 2007; Perceka et al., 2019;
Khan and Ali, 2020; Khan et al., 2021; Khan et al., 2022). The
pullout behavior of steel fibers from concrete and the bond
strength between steel fibers and concrete comprise complex
problems; therefore, the shape of the fibers used is a very
important factor to be considered when studying the behavior
of high-strength fiber-reinforced concrete (HSFRC) beams
subjected to two-point concentrated and monotonic loads.

Additionally, the shear span-to-depth ratio (a/d) has a major
effect on the ultimate resistance of high-strength fiber reinforced
concrete beams, as shown in previous studies. Some of these studies
showed that for a/d smaller than 2.2 the ultimate strength of high-
strength fiber reinforced concrete beams, is controlled by the
capacity of the arch action because the arch action lead to
transfers the load directly from the loading point to the pin
support through a strut (a compressive strut) while for a/d
greater than 2.2 the ultimate resistance mainly controlled by the
flexural capacity of un-cracked concrete (Swamy and Bahia, 1985;
Mansur et al., 1986; Dinh, 2009; Lin, 2013; Bae et al., 2021; Yun et al.,
2022). Furthermore, a beam’s shear strength becomes lower as the
shear span-to-depth ratio increases (Dinh, 2009; Yun et al., 2022;
ASTM C188-14, 2009).

As mentioned before, previous studies have dealt with the
influence of changing the a/d ratio on the behavior of HSFRC
beams, but the common fiber shape in these studies is a hook-end
steel fiber, not a corrugated steel fiber, such as in studies by Swamy
and Bahia (Bae et al., 2021) and Yun et al. (ASTM C188-14, 2009).

According to Swamy and Bahia (Bae et al., 2021), a fiber volume
fraction of 0.5% leads to a change in the mode of failure of SFRC
beams from a diagonal tension failure to a shear-compression
failure, whereas a higher fiber volume fraction of more than 0.8%
may cause the beams to fail in flexure mode. However, Yun et al.
(ASTM C188-14, 2009) stated that the tensile strength of hook-end
steel fibers significantly effects the shear strength of HSFRC beams,
regardless of the shear span-to-depth ratio.

This research is important because it aims to determine the
behavior of HSFRC beams reinforced with corrugated discrete
steel fibers subjected to low shear span-to-depth ratios. We also
wanted to look into the failure modes of HSFRC beams with
different fiber contents in the concrete mix when subjected to
these ratios. Twelve HSRFC beams of the same rectangular
section were tested with a/d ratios of 1.5, 1.7, and 2.2 and vf

values from 0 to 0.75 percent to see which combination produced
the best results.

2 Materials and methods

2.1 Materials

2.1.1 Cement
Ordinary Portland cement was used, with a specific gravity of

3.15. The cement used was tested according to ASTM-C118 (ASTM
C786/C786M-17, 2017) and its fineness modulus was tested
according to ASTM C-184-94 (ASTM C 33-86, 1986). The
properties of the cement used are shown in Table 1.

2.1.2 Aggregates
The coarse aggregate and the fine aggregate were sourced from

local crushed stones and local natural sand. ASTM C-33 (ASTM C-
127, 2001) and ASTM C-127 (ASTM C-128, 2001) were used for
testing the coarse aggregate, while ASTMC-33 (ASTMC-127, 2001)
and ASTM C-128 (ASTM A370, 2012) were used for testing the fine
aggregate. The various properties of both of the coarse and the fine
aggregates are listed in Table 2.

2.1.3 Steel fibers
In this study, one type of discrete steel fiber with a corrugated

shape was used in the mix. The steel fibers were tested in
accordance with ASTM A 370 (ASTM C469/C469M-10, 2010)
to determine fiber tensile strength. The properties of the
corrugated fibers are shown in Table 3, while the shape of the
fibers is shown in Figure 1.

2.1.4 Main reinforcement
The longitudinal reinforcement used in this study was from

high-tensile steel with a grade of 36/52. The 16 mm bars were used as
longitudinal reinforcement, while the 8 mm bars were used as
transverse reinforcement.

2.1.5 Concrete mix proportions
The appropriated high-strength concrete was produced with

ordinary Portland cement, fine aggregate, coarse aggregate,
superplasticizer, and silica fume. The silica fume had 2.23 specific
gravity and 200,000 cm2/gm surface area. The concrete target
compressive strength was designed to be no less than 50 MPa.
The concrete mix proportions are shown in Table 4.

2.2 Testing procedure

2.2.1 Overview of tested beams
In this study, tests were carried out on twelve HSRC beams with

constant dimensions for each beam, with a fixed span of 1,500 mm
and a rectangular cross-section 250 mm in depth and 120 mm in
width, as shown in Figure 2.

These HSRC beams were divided into three groups (A, B, and C)
according to the shear span-to-depth ratios of 1.5, 1.7, and 2.2,
respectively. Each group contained four beams (S0, S1, S2, and S3);
these numbers refer to the volume fraction of the used corrugated fiber
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by weight in the order of 0%, 0.25%, 0.5%, and 0.75%, respectively. The
full details of the tested specimens are given in Table 5 and the volume
fraction was calculated by the following equation:

vf � vsf/vc

where vsf is the volume fraction of corrugated steel fiber, and vc is
the specimen’s volume.

2.2.2 Reinforcement details of specimens
The main longitudinal reinforcement in all test specimens

consisted of 2 bars of 16 mm-diameter deformed steel,

while the compression reinforcement consisted of 2 bars of
12 mm-diameter deformed steel. The shear reinforcement was
mild steel stirrups. Figure 3 shows the details of the
reinforcement of the tested beams.

Four-point loading tests were carried out on the beams in order
to be able to estimate their shear and flexure strengths. A digital load
cell with a capacity of 550 kN was used to measure the loads. The
vertical displacement of the beams was recorded using three electric
dial gauges, as shown in Figure 4.

3 Results

3.1 Compressive strength

The tests were conducted on both the HSRC and the HSFRC
beams. The compressive strength tests were performed on
cylinders 150 mm in diameter and 300 mm in height,
according to ASTM C469 [40]. Table 6 shows the concrete
compressive strengths with different vf. The results showed
that the corrugated steel fibers had a visible effect on the
concrete strength and concrete ductility.

The compressive strength of high-strength concrete
increased from 51 MPa to 55.8 MPa due to the addition of
corrugated steel fibers. The highest value for strength was

TABLE 1 Properties of the cement used.

Final setting time (min) Initial setting time (min) Fineness modulus Specific gravity

250 80 340 m2/kg 3.15

TABLE 2 Properties of the aggregates used.

Fineness modulus Max aggregate size Absorbtion capacity (%) Bulk density Specific gravity Property

----- 37.5 mm 0.40 1,650.8 kg/m3 2.65 Coarse Aggregate

2.6 ------ 1.20 ------ 2.15 Fine Aggregate

TABLE 3 Properties of corrugated fibers.

Ultimate tensile strength (MPa) Ultimate tensile strain Diameter (mm) Length (mm) Density (kN/m3)

1,100 2.2 0.75 60 78.5

FIGURE 1
The corrugated fiber used.

TABLE 4 Concrete mix proportions.

Material Weight

Cement 550 kg/m3

Fine Aggregate 650 kg/m3

Coarse Aggregate 1,050 kg/m3

Silica fume (% of cement) 10%

Super plasticizer (L/100 kg of cement) 1.8

Water/Cement 0.3
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noted for a vf of 0.75%, which was 35.09% higher compared with
the mix with a vf of 0%.

3.2 Load–displacement response

Table 7; Figure 5 show the load versus the deflection of Group A
beams with a/d ratios of 1.5. Increasing the ratio of the corrugated
steel fiber enhanced the stiffness of the beams and enhanced the
load-resisting capacity. The initial lateral stiffness of the A-0 HSRC
specimen was 65.56 kN/mm, which increased to 70.45, 97.06, and
110.0 kN/mm for A-1, A-2, and A-3, respectively. The stiffness of
the beams was improved by about 67.7% for the HSFRC beam with
a vf of 0.75% as compared with the HSRC beam without fibers.

Table 8; Figure 6 show the load–deflection of the tested beams with
a/d ratios of 1.7. Except for B-0, all the HSFRC beams exhibited
similar load–deflection responses with significant post-yield
deformation until their failure. Both B-2 and B-3 (HSFRC)
beams with vf values of 0.50% and 0.75%, respectively,
presented the maximum load-resisting capacity as compared
with the other beams. As shown in Table 9; Figure 7, the load
vs. deflection response of Group C, with a/d ratios of 2.2, was
nearly similar to that of Group B. The initial stiffness of the C-0
beam was 47.06 kN/mm, which increased to 55.45 kN/mm for the
C-3 beam. This indicated that there was an 18% increase in the
stiffness because of the addition of corrugated steel fibers to the
mixture. As observed from the results, the increase in the a/d ratio
led to a decrease in the peak load resistance for the beams and

FIGURE 2
Beam specimen geometry.

TABLE 5 Overview of tested beams.

Top RFT Main RFT Stirrups Volume of fraction (vf) (%) Specimens Group

2D12 mm 2D16 7V8/m 0 A-0 (HSRC)* A a/d = 1.5

0.25 A-1(HSFRC) **

0.5 A-2 (HSFRC)

0.75 A-3 (HSFRC)

0 B-0 (HSRC) B a/d = 1.7

0.25 B-1(HSFRC)

0.5 B-2 (HSFRC)

0.75 B-3 (HSFRC)

0 C-0 (HSRC) C a/d = 2.2

0.25 C-1(HSFRC)

0.5 C-2 (HSFRC)

0.75 C-3 (HSFRC)

* HSRC—high-strength reinforced concrete beams; ** HSFRC—high-strength, fiber-reinforced concrete beams.
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FIGURE 3
Reinforcement details.

FIGURE 4
Test setup.

TABLE 6 Compressive strength.

Compressive strength (MPa) Volume fraction (vf) (%)

51 0

53 0.25

55.8 0.50

68.9 0.75

TABLE 7 Initial stiffness for the tested beams (a/d = 1.5).

Increment ratio Stiffness (kN/mm) Beam

0 65.56 A-0

7.40% 70.45 A-1

48.00% 97.06 A-2

67.70% 110.00 A-3

FIGURE 5
Load vs. deflection for the tested beams (a/d = 1.5).

TABLE 8 Initial stiffness for the tested beams (a/d = 1.7).

Increment ratio Stiffness (kN/mm) Beam

0 46.43 B-0

4% 48.21 B-1

7.70% 50.00 B-2

8.40% 50.32 B-3

FIGURE 6
Load vs. deflection for the tested beams (a/d = 1.7).

TABLE 9 Initial stiffness for the tested beams (a/d = 2.2).

Increment ratio Stiffness (kN/mm) Beam

0 47.06 C-0

3% 48.26 C-1

10.00% 51.82 C-2

18% 55.45 C-3
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increased the deformability. The orientation of the steel fibers also
influenced the ultimate resistance and ductility of the HSFRC
beams.

3.3 Load-resisting capacity

Table 10 shows the ultimate loads that were resisted by the
tested beams. The values for the first-crack-correspondent loads
for the HSRC specimens varied from 80 kN to 115 kN under all
a/d ratios. The magnitude of the first-crack load for the HSFRC
beams with a vf of 0.25% decreased to 111 kN for a/d ratios
of 2.2.

For the beams with an a/d ratio of 2.2, the magnitude of the first-
crack load for the HSRC beams without fibers was 80 kN. This value
increased to 122 kN for the HSFRC beams with a vf of 0.75%,
indicating an increase of about 52.5% due to the corrugated steel
fibers.

As expected from previous studies, the ultimate loads for the
HSFRC beams were higher than those for the HSRC beams for all a/

d ratios. The A-0 beam exhibited an ultimate load of 145 kN, which
increased to 215 kN for the A-3 beam, with an increment of 48.3%.
Similarly, we observed a corresponding increment of about 44.4%
for the HSFRC specimen with an a/d ratio of 1.7. Furthermore, at the
a/d ratio of 2.2, the ultimate resistance of the HSFRC beams
increased by 39.13% compared with the HSRC beams with a
vf of 0%.

As expected from previous studies, an increase in the a/d ratio
caused a reduction in the magnitude of the ultimate load capacity of
the beams, in addition to an increment in the ultimate deflection
until their failure.

3.4 Failure modes

The propagation of cracks and the modes of failure of HSRC
beams with varying a/d ratios are shown in Figure 8. For the A-0
beam, there were diagonal cracks in the end segments at a load
of 95 kN, in addition to minor flexural cracks in the mid-span
regions. Shear cracks showed in the support regions at a
magnitude of load of 118 kN. The width of this shear
increased with increasing load levels. At failure, the diagonal
tension (shear) failure happened as a result of the emanation of
the diagonal cracks that roughly emanated from the supports,
with an angle of 45°. As the a/d ratio increased to 1.7 and 2.2, the
same shear cracks were noticed with different load values. There

FIGURE 7
Load vs. deflection for the tested beams (a/d = 2.2).

TABLE 10 Summary of failure loads and mode of failure for all tested beams.

Mode of failure Failure load (kN) Beam

Shear–failure 145 A-0

Shear–failure 165 A-1

Shear–failure 180 A-2

Shear–failure 215 A-3

Shear–failure 135 B-0

Shear–failure 155 B-1

Shear–tension failure 170 B-2

Shear–tension failure 195 B-3

Shear–failure 115 C-0

Shear–compression Failure 130 C-1

Flexure Failure 148 C-2

Flexure Failure 160 C-3

FIGURE 8
Propagation of cracks and modes of failure for HSRC specimens
with varying a/d ratios.
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was no difference in either the mode of failure or the
propagation of cracks in the HSRC beams with a/d ratios of
1.7 and 2.2, as shown in Figure 9. Additionally, from the
results, the beam C-1 failed by shear–compression. The
propagation of cracks and the failure mechanism for the
HSFRC beams with a vf of 0.75% are shown in Figure 10. As
compared with the HSRC beams, the HSFRC beams showed a
larger number of minor-cracks until failure. As the a/d ratio of
the HSFRC increased to 2.2, a large number of major flexural
cracks were noticed. At an a/d ratio of 2.2, we observed a
transition in the failure mode from shear failure to flexure
failure with a vf of 0.5% and 0.75% added to the beams. In
this case, pure flexure failure took place with compression
concrete crushing, as shown in Figure 11.

4 Discussion

From the results of the experimental tests that were conducted
on high-strength reinforced concrete beams with discrete steel fibers
in the concrete mixture, the effect of the various span–depth ratios
on the relation between failure loads and the volume fraction of
fibers (vf) was investigated.

As shown in Table 11; Figure 12, for the lower percentages of
vf, less than 0.5%, the failure loads decreased by almost the same

ratio (from 18% to 21%) at different a/d ratios. Moreover, by
using a vf of 0.75%, the load decreased by 26% at an a/d ratio
of 2.2.

FIGURE 10
Propagation of cracks and modes of failure for HSFRC beams
with a vf of 0.5% and varying a/d ratios.

TABLE 11 Summary of failure loads under various a/d ratios.

Failure load Beam

145 A-0

135 B-0

115 C-0

165 A-1

155 B-1

130 C-1

180 A-2

170 B-2

148 C-2

215 A-3

195 B-3

160 C-3

FIGURE 9
Propagation of cracks and modes of failure for HSFRC beams
with a vf of 0.25% and varying a/d ratios.
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At lower a/d ratios of 1.5 and 1.7, the behaviors of the HSRC
beams were closer to a deep beam, on which the applied load was
resisted by two major inclined diagonal struts formed from the
compressive concrete part at this zone, called the disturbed region
(D-region). That means that the concrete resistance by arch action
at this zone does not show beam action, as shown in Figure 13. This
behavior was the same for the HSFRC beams at lower a/d ratios of
1.5 and 1.7. The steel fibers acted as ties, which caused an increase
in the shear strength and the flexure cracks which appeared, as
shown in Figure 14. This clearly shows the effect of increasing the

a/d ratio on all the beams. At that a/d ratio, the beams have both
the disturbed and the beam regions under different loads, as shown
in Figure 15. Additionally, the increase in fiber volume fraction

FIGURE 11
Propagation of cracks and modes of failure for HSFRC beams
with a vf of 0.75% and varying a/d ratios.

FIGURE 12
Influence of shear span-to-depth ratios on the tested beams.

FIGURE 13
Influence of a/d ratio of 1.5 on the tested beams.

FIGURE 14
Influence of a/d ratio of 1.7 on the tested beams.

FIGURE 15
Influence of a/d ratio of 2.2 on the tested beams.
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enhances the post-cracking stiffness of the tested beams at this a/d
ratio, and the energy absorption ratio increased due to the bonding
behavior between the fiber and the matrix.

Compared with previous studies that dealt with the same subject
but using hook-end fibers, it was concluded that the deflection
capability was increased with the use of corrugated steel fibers. This
was due to the higher bond strength between the corrugated fibers,
the concrete, and the bridging action of the fibers.

5 Conclusion

In the present study, discrete corrugated steel fibers
comprising various fraction volumes were used to enhance the
performance of high-strength, fiber-reinforced concrete beams.
These beams were tested under various shear span-to-depth
ratios to investigate their responses. Based on the
experimental study, the following conclusions were derived:

• Under various shear span-to-depth ratios, the addition of steel
fibers improves the mechanical properties of high-strength,
fiber-reinforced concrete.

• The failure modes of reinforced HSC beams were similar to
those of HSRF beams with low fiber content (0.25%).

• According to the results of this study, beams with a/d ratios
smaller than 2.2 (Group A and Group B) fail in pure shear.

• Changing the a/d ratio to 2.2 causes beams to fail due to both
flexure and shear–flexure modes, with multi-cracking observed,
and major cracks propagated in the middle of the beam.

• The results showed that the high-strength concrete (HSRC)
beams without fibers failed in shear at various a/d ratios
smaller than 2.2, whereas HSFRC beams with an a/d ratio
of 2.2 failed in pure flexure, with multi-cracking observed;
therefore, these had higher crack width values and peak stress
at fiber contents of 0.5% and 0.75%.

• The combination of stirrups and discrete steel fibers
demonstrated a positive hybrid effect on the behavior of
HSFRC beams.
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