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-e flexural responses of high-strength fiber-reinforced concrete (HSFRC) beams and high-strength concrete (HSC) beams are
compared in this study. A series of HSFRC and HSC beams were tested under pure flexural loading. -e effects of the type of
concrete, compressive strength of the concrete, and tensile rebar ratio on the flexural behavior of the concrete beams were
investigated. -e flexural behavior of the HSFRC and HSC beams including the induced crack and failure patterns, load and
deflection capacity, crack stiffness, ductility index, and flexural toughness was compared. -e crack stiffness of the HSC and
HSFRC beams increased with the rebar ratio. For the same rebar ratios, the crack stiffness of the HSFRC beams was much greater
than that of the HSC beams. -e ductility index of the HSC beams decreased sharply with an increase in the rebar ratio, but the
ductility index of the HSFRC beams did not show a clear decrease with increasing rebar ratio.-e flexural toughness of the HSFRC
beams was greater than that of the HSC beams at higher rebar ratios of 1.47% and 1.97%, indicating that the energy absorption of
the HSFRC beams was greater than that of the HSC beams. Test results also indicated that HSFRC developed better and more
consistent ductility with higher rebar ratio. In addition, the tested bending strength and sectional analysis results were compared.

1. Introduction

Compared to conventional concrete, high-strength concrete
(HSC) develops higher compressive strength along with
improved durability, ductility, and high elastic modulus that
have recently promoted its extended application to many
structures [1–3]. For example, Min et al. [4] investigated the
shrinkage characteristics of high-strength concrete for large
underground space structures to explore what ingredient in
the mixture affected these characteristics. Ho et al. [5]
evaluated analytically the effectiveness of adding confine-
ment for ductility improvement of HSC columns. -ey
concluded that the use of HSC could reduce the size of
columns at the cost of some reduction in the flexural
ductility of the columns.

Many tests have been performed to evaluate the flexural
behavior of HSC beam specimens [6–9]. -e results of

Ashour [8] showed that the flexural rigidity increased with
greater compressive strength of the concrete. -e test results
of Mohammadhassani et al. [10] showed that an increase in
tensile rebar ratio improved the ultimate load capacity but
decreased the deflection ductility index. -e ductility index
is thus significantly influenced by the rebar ratio. Compared
with normal-strength concrete, the increased compressive
strength of HSC makes it more brittle and less resistive to
crack opening and propagation. -erefore, the tensile re-
inforcement of HSC beams is important for controlling the
deflection of the beams and the crack formation within the
beams.

-e addition of steel fibers can increase the ductility,
fracture toughness, and loading capacity of concrete
members [11, 12]. High-strength fiber-reinforced concrete
(HSFRC) is an advanced cement composite material rein-
forced with steel fiber and has a limited porosity for
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a concrete matrix. In HSFRC, steel fiber is an important
factor affecting both the mechanical properties and struc-
tural capacity of concrete members [13–16]. Several studies
on the flexural behavior of HSFRC beams have been con-
ducted [17–20]. Chunxiang and Patnaikuni [18] investigated
the effects of different steel fibers on the flexural behavior of
beams. -ey concluded that the addition of steel fibers
significantly improved the flexural performance, including
the bending strength and deflection capacity. To examine the
influence of steel fiber on the flexural behavior of HSFRC
members, Su et al. [19], Guan et al. [20], and Mertol et al.
[21] conducted studies with different volume dosages of steel
fiber. -ey reported that the bearing capacity of HSFRC
increased with the steel fiber volume dosage. In addition,
a flexural analysis of ultra-high-performance concrete
beams, which can be regarded as a kind of HSFRC, was
suggested by Chen and Graybeal [22], Bae et al. [23], and
Ning et al. [24].

However, most experimental studies on the flexural
behavior of HSC and HSFRC were performed on either HSC
beams or HSFRC beams. -ere are few direct comparison
studies on experimental results of HSFRC beams and HSC
beams, which have almost the same concrete compressive
strength. To enhance the understanding of the difference
between the flexural behavior of HSFRC beams and that of
HSC beams, an experimental investigation is needed.

-erefore, this study intends to compare the charac-
teristics of the flexural behavior of HSC and HSFRC beams
that have nearly identical concrete compressive strengths.
-e test parameters include the compressive strength of the
concrete and tensile rebar ratio of the concrete beams. -e
compressive strengths of 100MPa and 120MPa are con-
sidered, and the tensile rebar ratios of 0.98%, 1.47%, and
19.7% are used in this study. -e comparison of the flexural
behavior of the HSFRC beams and HSC beams is done in
terms of the crack and failure patterns, crack stiffness,
bending capacity, and ductility. Finally, a comparison of the
sectional analysis and experimental results of the bending
strength is performed.

2. Experimental Program

2.1. Mixture Proportions of the HSC and HSFRC. In this
study, three mixing proportions, H100, H120, and HF120,
were used to fabricate test beams, as shown in Table 1. -e
three-digit numbers in each mixture name represented the
target compressive strength of the concrete. -e H100 and
H120 mixtures were used to fabricate the HSC beams, while
the HF120 mixture was used to fabricate the HSFRC beams.

-e H100 and H120 mixtures had low water-binder
ratios of 0.2 and 0.15 to attain the high compressive
strength of concrete. -e cement used in these two mixtures
was ordinary Portland cement (OPC). Blast furnace slag
(BFS) and silica fume (SF) were also used as binders in the
H100 and H120 mixtures. Coarse aggregates with a maxi-
mum size of 20mm and a density of 2.6 g/cm3 were included
in the H100 and H120 mixtures, and sand was used as fine
aggregate.

-e HF120 mixture did not include coarse aggregates
but did include zirconium and 1% steel fibers by volume of
concrete. Richard and Cheyrezy [11] suggested that limiting
the coarse aggregates in the mixture could create a ho-
mogenous and dense cementitious matrix. In addition,
coarse aggregates were excluded in the HF120 mixture to
limit microcrack formation in the interface zone between the
coarse aggregate and cementitious matrix. Crushed quartz
with an average diameter of 10 μm and a density of
2,600 kg/m3 was used as a filler material in the HF120
mixture. -e steel fibers used in this study were straight and
had a diameter of 0.2mm and length of 19.5mm, as shown
in Figure 1. -e density of the steel fiber was 7,500 kg/m3,
and its yield strength was 2,500MPa.

Conventional concrete usually includes only OPC as
binder. However, additionally to OPC, HSFRC in this study
also included blast furnace slag, silica fume, and zirconium
as binders, as well as filler and steel fiber. -erefore, the
HSFRC was about five times more expensive than the
conventional concrete.

Compared with laboratory specimens, the structural
members actually used onsite have larger length and sec-
tional dimensions, and it also takes more time to complete
the placing of HSFRC. It may thus be more difficult to
control the workability and flow of HSFRC onsite than in
laboratory condition.-e placing method and workability of
the HSFRCmixture influence sensitively the orientation and
distribution of steel fibers and consequently affect the me-
chanical properties of HSFRC. -erefore, the difficulty in
achieving workability and flow should be considered for
structural applications because the large dimension and
placing time delay of HSFRC may cause significant variation
in the mechanical properties of concrete.

2.2. Material Properties. -e compressive strengths of the
HSFRC andHSCwere obtained through compressive testing
on cylindrical specimens. -ree concrete mixtures with
different compressive strengths were used in this study. -e
mean compressive strengths of the H100, H120, and HF120
cylindrical specimens were 96.9, 118.3, and 135.5MPa, re-
spectively, as shown in Table 2. -e measured compressive
strengths of the H100 and H120 specimens almost reached
the target compressive strengths of 100 and 120MPa.
However, the measured compressive strength of the HF120
specimen was greater than its target compressive strength of
120MPa. After the compressive strength test, the relation-
ship between the stress and strain of each specimen was
obtained to compute the compressive strength and elastic
modulus, as shown in Figure 2. -e mean elastic moduli of
the H100, H120, and HF120 specimens were 37511, 38623,
and 39192MPa, respectively, as shown in Table 2.

Five 100×100× 400mm prenotched prismatic speci-
mens were fabricated from each batch to determine the
tensile strength of the HSFRC. A three-point bending test on
a prenotched prism was used to obtain the tensile strength of
the HSFRC [25]. A notch was cut into the tensile zone, and
a clip gauge was attached at the notch to measure the crack
mouth opening displacement (CMOD). -e load-CMOD
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curves of notched specimens are shown in Figure 3. Based on
the measured load-CMOD relationship curve, an inverse
analysis was performed to estimate the tensile strength of the
HSFRC. -e inverse analysis procedure followed that of
Yang et al. [17], using the measured load-CMOD re-
lationship. -e mean tensile strength of the HF120 mixture
prismatic specimens was 7.8MPa, as shown in Table 2.

In this study, a high-strength reinforcement bar (rebar)
with a nominal diameter of 16mm (D16) was used to re-
inforce the HSFRC and HSC beam specimens. -e mean
yield strengths of the rebar used in the H100, H120, and
HF120 series beams were 607.9, 595.8, and 670.0MPa, re-
spectively, as shown in Table 2.

2.3. Details of the Structural Test Specimen and
Instrumentation. To understand the flexural behavior of
HSFRC and HSC beams, a total of 9 beam specimens were
fabricated and tested. -e cross section of the beams was
rectangular with a beam width of 200mm and a beam height
of 250mm, and the overall length of the beams was
3,300mm. -e dimensions and reinforcement details of the
beams are shown in Figure 4. To avoid shear failure, all the
specimens were reinforced by stirrups with a diameter of
10mm at a spacing of 150mm. -e stirrups were used only
in the shear spans, but they were not included in the 600mm
long constant moment region. -e main parameters in the
test program were the type of concrete (HSC and HSFRC),
compressive strength of the concrete, and rebar ratio, as
shown in Table 2. Two types of concrete beams, namely, HSC
and HSFRC beams, were cast with different rebar ratios,
which ranged between 0.98 and 1.97%. Two target concrete
compressive strengths of 100 and 120MPa were considered.

All the specimens were tested by using the four-point
loading method. -e load was applied using a hydraulically
operated actuator and transferred from the actuator to the

beam through a spread beam. -e beams were set on a pair
of steel supports with a clear span of 3,000mm.-e distance
from the load to the middle of the constant moment zone
was 300mm. Each beam test was conducted under dis-
placement control at a constant speed of 1.5mm/min.

To measure the deflection that occurred during the
loading, three LVDTs were placed under the constant
moment region of the beam. -e beam specimens were
supported by roller supports as usually done the four-point
loading test of beams. -erefore, horizontal LVDT was not
included to measure potential support movement in the
instrumentation plan. -e strain of both the concrete and
steel rebar was measured by electrical resistance strain
gauges. Four strain gauges were attached to the steel rebar,
and five strain gauges were mounted on the side of the beam
at midspan, as shown in Figure 5.

3. Experimental Results

3.1. Crack and Failure Patterns. -e crack and failure pat-
terns of the HSFRC and HSC beams are shown in Figure 6.
-e initial cracking of the HSC and HSFRC beams occurred
in the constant moment region. However, the cracks
propagated more deeply into the compressive zone in the
HSC beam than in the HSFRC beam. -is result shows that
the steel fibers in the HSFRC beams arrested the crack
propagation. After an initial crack occurred, new cracks
formed, and the widths of the existing cracks continued to
enlarge with the load in both the HSFRC and HSC beams. At
yield load and maximum load, more cracks formed in the
HSFRC beams than in the HSC beams. Here, the yield load,
that is the load at rebar yielding, was monitored by strain
gauges attached to the rebar, and the maximum load was
identified on the load-deflection curve of test beam.

In addition, the crack width in the HSC beams was larger
than that in the HSFRC beams. -ese results indicate that
the addition of steel fibers affected the width of the cracks in
the HSFRC beams. Steel fibers played a role in bridging the
cracks and redistributing the stress in the HSFRC beams,
allowing more cracks to form in the HSFRC beams com-
pared to the HSC beams.

-e typical failure of the HSC members occurred by
a sudden crushing of the concrete in the compressive zone,
while the typical failure of the HSFRC beams resulted from
the steel fiber pulling out of the HSFRC matrix. -e mea-
surement of the load and crack width relationship is shown
in Figure 7. -e crack widths in the HSFRC beams were
smaller than those in the HSC beams at the same load level,
up to the yielding of the rebar. For example, at the yield load
of the H100-R1 beam (78 kN), the crack width of the HF120-
R1 beam was 0.15mm while the values of the H100-R1 and

Table 1: Mixing proportions.

Mixture W/B W (kg/m3) OPC (kg/m3) BFS (kg/m3) SF (kg/m3) Zr (kg/m3) S (kg/m3) F (kg/m3) G (kg/m3) Steel fiber (Vf ) (%)
H100 0.2 165.0 557.5 165.0 82.5 — 571.1 — 792.4 —
H120 0.15 150.0 700.0 150.0 150.0 — 467.5 — 765.1 —
HF120 0.22 209.0 770.0 135.0 — 58.0 847.0 231.0 — 1.0
Note. W: water; B: binders; OPC: ordinary Portland cement; BFS: blast furnace slag; SF: silica fume; Zr: zirconium; S: sand; F: filler; G: coarse aggregate.

Figure 1: Steel fiber used for the HSFRC mixture (HF120).
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H120-R1 beams were 1.2 and 0.4mm, respectively. For the
rebar ratio of 1.47% (R2), at the yield load of the H100-R2
beam (129 kN), the H100-R2 and H120-R2 exhibited the
crack widths of 0.8 and 1.73mm, respectively, while the
HF120-R2 had hairline cracks with the width of 0.2mm.
Similarly, at the yield load of the H100-R3 beam (129 kN),
the H100-R3 and H120-R3 beams exhibited crack widths
larger by 3.6 and 4.3 times, respectively, compared with the
HF120-R3 beam. �is result indicates that the steel �bers in
the HSFRC beams a�ected the crack behavior.

In the HSFRC beams, after the load reached the peak load,
the width of one crack increased suddenly and developed into
a major crack. �e major crack of the HSFRC beam occurred
at the bottom of the beam and propagated upward to the
compressive zone. Because the steel �bers resisted the opening
of the crack, the major crack widened with the increase in the
load until the �bers were pulled out of the matrix. �us, the
width of the major crack in the HSFRC members was clearly
wider than the widths of the other cracks.

3.2. Load-De�ection Relationship. �e load-de�ection
curves of the HSC and HSFRC beams with various rebar

ratios are shown in Figure 8. �e test results show that the
bending strength of both the HSC beams and HSFRC beams
increased with the rebar ratio. For the H120 series beams, the
maximum loads of the H120-R2 and H120-R3 beams in-
creased, respectively, by 32.4% and 71.2% compared with
that of the H120-R1 beam. For the HF120 series beams, the
maximum loads of the HF120-R2 and HF120-R3 beams
increased, respectively, by 23.9% and 58.6% compared with
that of the HF120-R1 beam. �ese results show that the
maximum load of the HSC beams underwent greater in-
crease rate with higher rebar ratio than that of the HSFRC
beams.

�e test results also show that the de�ection of the HSC
beams at the maximum load decreased with the increase in
the rebar ratio. For the H100 series beams, at the maximum
load, the de�ection of the H100-R1 beam was greater than
that of the H100-R2 and H100-R3 beams. For the H120
series beams, at the maximum load, the de�ection of the
H120-R1 beam was also greater than that of the H120-R2
and H120-R3 beams. However, in contrast, the de�ection of
the HSFRC beams at the maximum load increased with the
rebar ratio. At the maximum load, the de�ection of the

Table 2: Details of the beam specimens.

Beam
specimens

Concrete
type

Beam
section Concrete Rebar

Width
(mm)

Height
(mm)

Compressive
strength
fc′ (MPa)

Elastic
modulus
Ec (MPa)

Tensile
strength
ft (MPa)

Nominal
diameter
(mm)

Number
of rebars

Yielding
strength
fy (MPa)

Area of
rebar As
(mm2)

Rebar
ratio

(ρ) (%)
H100-R1 HSC 200 250

96.9 37,511 —
16 2 607.9 397.2 0.98

H100-R2 HSC 200 250 16 3 607.9 595.8 1.47
H100-R3 HSC 200 250 16 4 607.9 794.4 1.97
H120-R1 HSC 200 250

118.3 38,623 —
16 2 595.8 397.2 0.98

H120-R2 HSC 200 250 16 3 595.8 595.8 1.47
H120-R3 HSC 200 250 16 4 595.8 794.4 1.97
HF120-R1 HSFRC 200 250

135.5 39,192 7.8
16 2 670.0 397.2 0.98

HF120-R2 HSFRC 200 250 16 3 670.0 595.8 1.47
HF120-R3 HSFRC 200 250 16 4 670.0 794.4 1.97
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Figure 2: Compressive stress-strain curves.
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HF120-R3 beamwas greater than those of the HF120-R1 and
HF120-R2 beams.

�e load-de�ection curves of the test beams with di�erent
types of concrete are shown in Figure 9.�emaximum load of
the H100 series beams and that of the H120 series beams did
not show a signi�cant di�erence at the same rebar ratio.�ese
results indicate that the compressive strength had little in-
�uence on the �exural behavior of the test beams. However,
the maximum loads of the HSFRC beams were much greater

than those of the HSC beams due to the contribution of the
steel �ber to the bending strength of the HSFRC beams.
Additionally, use of HSFRC improved the bending strength of
the beams remarkably.

�e test results also show that the de�ection capacity of
the HSFRC beam at the failure of the beam increased with
the increase in rebar ratio. For the rebar ratio of 0.98%
(R1), the de�ection at the failure of the HF120-R1 beam
was less than that of the two other beam types, as shown in
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Figure 7: Load and crack width relationship. (a) Rebar ratio of 0.98%. (b) Rebar ratio of 1.47%. (c) Rebar ratio of 1.97%.
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Figure 6: Crack and failure patterns of the HSC and HSFRC beams. (a) Initial cracking state. (b) Yielding state. (c) Ultimate state.
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Figure 9(a). For the rebar ratio of 1.47% (R2), the de-
�ection at the failure of the HF120-R2 beam was similar to
that of the two comparison beams, as shown in Figure 9(b).
However, for the rebar ratio of 1.97% (R3), the de�ection
at the failure of the HF120-R3 beam was greater than that
of the two comparison beams, as shown in Figure 9(c).

3.3. Crack Sti�ness. �e sti�ness of a concrete beam drops
after the initiation of the �rst crack because the contribution
of the concrete to the sti�ness of the beam is reduced in the
cracked section. �us, the crack sti�ness of the beams was
investigated in this study. �e crack sti�ness is calculated by
the following equation [26].

Kcr �
Py −Pcr

Δy −Δcr
, (1)

whereKcr is the crack sti�ness, Py is the yield load, Pcr is the
cracking load, Δy is the de�ection corresponding to the yield

load, and Δcr is the de�ection corresponding to the cracking
load.

�e crack sti�ness of each series of concrete beams is
shown in Table 3 and Figure 10. For each type of concrete,
the crack sti�ness of the concrete beam increased with the
rebar ratio. �e crack sti�nesses of the H100-R1, H100-R2,
and H100-R3 beams were 2.35, 3.82, and 4.71 kN/mm, re-
spectively. �e crack sti�nesses of the H120 beams were
slightly higher, and their corresponding indices were 3.00,
4.11, and 5.09 kN/mm, respectively.

However, under the condition of the same rebar ratio,
the crack sti�ness of the HF120 series beams was much
greater than those of the H100 and H120 series beams. �e
crack sti�ness of the HF120-R1, HF120-R2, and HF120-R3
beams was 5.09, 6.23, and 7.59 kN/mm, respectively. In
particular, the crack sti�ness of the HF120-R1 beam was 2.2
and 1.7 times greater than those of the H100-R1 and H120-
R1 beams, respectively. �e crack sti�ness of the HF120-R2
beam was also greater by 1.63 and 1.52 times than those of
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Figure 8: Load-de�ection curves at di�erent rebar ratios. (a) H100 series beams. (b) H120 series beams. (c) HF120 series beams.
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Figure 9: Load-de�ection curves for di�erent types of concrete. (a) Rebar ratio of 0.98%. (b) Rebar ratio of 1.47%. (c) Rebar ratio of 1.97%.

Table 3: Experimental results of the beam specimens.

Beam
specimens

Initial cracking state Yielding state Peak state Crack
sti�ness
Kcr

(kN/mm)

Ductility
index

Flexural
toughness
(kN·mm)

Normalized
�exural

toughness
(kN·mm)

Pcr
(kN)

Mcr
(kN)

Δcr
(mm)

Py
(kN)

My
(kN)

Δy
(mm)

Pp
(kN)

Mp
(kN)

Δp
(mm)

H100-R1 16.1 9.6 0.9 78.0 46.8 27.3 95.3 57.2 92.1 2.35 3.38 6,980 6,980
H100-R2 16.4 9.8 1.0 129.0 30.5 30.5 139.6 83.8 45.0 3.82 1.47 5,224 5,224
H100-R3 12.7 7.6 0.9 162.0 32.6 32.6 174.6 104.8 47.8 4.71 1.47 5,641 5,641
H120-R1 23.3 14.0 1.2 86.4 51.8 22.2 99.4 59.6 96.1 3.00 4.34 8,065 8,229
H120-R2 17.4 10.4 0.9 120.4 72.2 26.0 131.6 79.0 60.9 4.11 2.35 6,482 6,614
H120-R3 17.4 10.4 1.0 157.2 94.3 28.5 170.2 102.1 64.5 5.09 2.26 8,230 8,397
HF120-R1 46.4 27.8 2.9 145.1 87.1 22.3 149.3 89.6 30.5 5.09 1.37 5,456 4,950
HF120-R2 62.2 37.3 5.1 172.4 103.4 22.8 185.0 111.0 32.5 6.23 1.43 8,087 7,337
HF120-R3 58.8 35.3 4.2 222.0 133.2 25.7 236.8 142.1 41.0 7.59 1.60 13,971 12,676
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the H100-R2 and H120-R2 beams, respectively. �erefore,
the test results show that the use of HSFRC signi�cantly
improved the crack sti�ness of the concrete beams.

3.4. Ductility. �e de�ection at the midspan of each test
beam was measured during the bending tests and used to
calculate the ductility index. �e ductility of the beam was
calculated by Equation (2), which was suggested by Singh
et al. [27].

μ �
Δp
Δy
, (2)

where μ is the ductility index,Δp is the de�ection of the beam
at the maximum (peak) load, and Δy is the de�ection of the
beam at the yield load.

�e ductility indices are shown in Table 3 and Figure 11.
�is �gure shows the ductility indices of the HSC series
beams signi�cantly decreased as the rebar ratio increased
from 0.98 to 1.47% and decreased slightly or approximately
remained the same as the rebar ratio increased from 1.47 to
1.97%. �e ductility indices of the H100-R1, H100-R2, and
H100-R3 beams were 3.38, 1.47, and 1.47, respectively.
Additionally, the ductility indices of the H120-R1, H120-R2,
and H120-R3 beams were 4.34, 2.35, and 2.26, respectively.

In contrast, the ductility of the HSFRC beams slightly
improved in value and consistency with the rebar ratio. �e
ductility indices of the HF120-R1, HF120-R2, andHF120-R3
beams were 1.37, 1.43, and 1.60, respectively. �e ductility
indices of the HSFRC in this study ranged from 1.37 to 1.60,
and those of ultra-high-performance concrete beams in
a previous study [28] ranged from 1.31 to 1.99.�is indicates
that the ductility indices range of the HSFRC in this study
was similar to that of the ultra-high-performance concrete.
Additionally, the test results show that the ductility indices
of the HSFRC beams were lower than those of the HSC
beams, especially at low rebar ratios.

3.5. Flexural Toughness. �e addition of steel �ber to con-
crete can improve the postcracking response of the concrete
beam. Flexural toughness, which is a measure of the energy
absorption capacity of the concrete beam, was calculated for
each beam in this study. �e �exural toughness was mea-
sured from the area under the load-de�ection curve obtained
from the bending test. �e load-de�ection curves shown in
Figure 8 were used to estimate the �exural toughness of each
beam.

Flexural toughness is a�ected by the strengths of con-
crete and rebar. �e yield strengths of the rebar used in each
series beam were di�erent from each other. �e �exural
toughness of the H120 and HF120 series beams was nor-
malized against that of the H100 series beams, which re-
�ected the di�erent yield strengths of the adopted rebar. �e
normalized �exural toughness was calculated by the fol-
lowing equation:

FTnormalized � FT ×
fy,H100

fy
, (3)

where FTnormalized is the normalized �exural toughness,
fy,H100 is the yield strength of rebar used in the H100 series
beams, and fy is the yield strength of rebar used in test
beams.

�e �exural toughness values of the HSC and HSFRC
beams are shown in Table 3 and Figure 12. At the low rebar
ratio of 0.98%, the normalized �exural toughness of the HSC
beam was greater than that of the HSFRC beam. �e nor-
malized �exural toughness of the HF100-R1 and HF120-R1
beams was greater than that of HF120-R1 beam, by 41.0%
and 66.2%, respectively.

�e normalized �exural toughness of the HSFRC beams
increased rapidly with the rebar ratio. However, the nor-
malized �exural toughness of the HSC beams decreased with
the increase in the rebar ratio from 0.98 to 1.47% and in-
creased slightly with the rebar ratio from 1.47% to 1.97%.
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�e test results show that the �exural toughness of the HSC
beams, compared with that of the HSFRC beams, was not
a�ected signi�cantly by rebar ratios between 0.98% and
1.97%.

�e normalized �exural toughness of the HSFRC beams
was greater than that of the HSC beams at the higher rebar
ratios of 1.47% and 1.97%. In particular, the normalized
�exural toughness of the HF120-R3 beam was 2.24 and 1.51
times greater than that of the HF100-R3 and HF120-R3
beams, respectively. �ese results indicate that the energy
absorption in the HSFRC beams was greater than that of the
HSC beams and that the application of HSFRC at higher
rebar ratios would be e�ective to improve the �exural
toughness of concrete structures.

In addition, the experimental results of �exural tough-
ness for the HSFRC beams of this study and those for the
similar HSFRC beams of previous studies [21, 24, 29, 30] are
compared in Figure 13. It appears that the normalized
�exural toughness of the HSFRC beams increased with the
rebar ratio, and that, similarly to other studies, the nor-
malized �exural toughness increased with the rebar ratio in
this study.

4. Sectional Analysis of the Bending
Moment-Curvature Relationship

Finite element analysis can be used to predict the structural
performance of the concrete beams. �e �nite element
method allows detailed visualization of the stresses and
displacements and gives insight into the design parameters.
However, it takes a lot of e�ort and time to get �nite element
solutions for structural analysis. Sectional analysis was ap-
plied to predict the moment-curvature relationship in this
study. �e moment-curvature relationship was calculated
for the experimental beams. �e analysis approach was
based on the bending beam theory and modi�cation of the
commonly used sectional model by considering constitutive
law of materials.

To predict the bending strengths of the H100, H120, and
HF120 beams, moment-curvature curve analysis was per-
formed. Sectional analysis was applied to predict the
moment-curvature relationship. �e strain and stress dis-
tributions along the beam depth is shown for a section in
Figure 14. �e cross section is divided into several layers by
applying the multilayer method. �e compression and
tensile strains are assumed to be linear throughout the cross
section.�e compression and tensile strain of the section can
be calculated by using the assumed curvature and neutral
axis depth for each analytical step.

�e strain distribution at the cross section is dependent
on the neutral axis position for the assumed curvature.
After determining the strain distribution, the stress dis-
tribution at the section can be obtained. �e stress in each
layer is calculated by using the stress-strain relationship of
the concrete. �e compressive stress-strain relationship of
both the HSC and HSFRC was obtained from the com-
pression tests for each type of concrete, as shown in Fig-
ure 2. �e compressive stress-strain relationships of both
the HSC and HSFRC were measured to be approximately
linear. In addition, the compressive stress-strain re-
lationship of both the HSC and HSFRC was modeled as
a linear relationship, while the compressive stress-strain
relationship for normal-strength concrete was modeled as
a parabolic relationship. �e compressive stress-strain
relationship model of concrete for the HSC and the
HSFRC is shown in Figure 15. �e tensile stress-strain
relationship of the HSFRC was obtained from the CMOD
test results and inverse analysis, incorporating the load-
CMOD curve. �e tensile stress-strain relationship of the
HSFRC was modeled with a linear elastic relationship and
a softening relationship, as suggested by the Association
Française de Génie Civil (AFGC) design recommendations
[31]. �e tensile stress-strain relationship of rebar was
obtained from the tension test.�e bilinear model shown in
Figure 16 was used for rebar.
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�e sectional force can be calculated with the calculation
of stress for each layer. For the H100 and H120 series beams,
tensile stresses were ignored in the calculation of the sec-
tional force, but for the HF120 series beams, tensile stresses
were considered in this calculation. �e sum of the sectional
forces in the whole layer must satisfy the equilibrium
condition of the forces. �e bending moment can be cal-
culated based on the stress distribution along the cross
section, satisfying the equilibrium condition of the forces.

�e maximum bending moment from the test results
and section analysis for each member is listed in Table 4.�e
ratio of the analyzed value to the measured value for the
entire member was between 0.99 and 1.19, and the mean
value of the ratios was 1.09. A simpli�ed material law was
adopted for the rebar by assuming horizontal linear behavior
after the yielding point, as shown in Figure 16. In reality, the
postyielding behavior of the rebar should be represented by
a slightly ascending line resulting from the strain hardening
of rebar. Both concrete and rebar contributed to the bending
moment resistance. �e compressive strength of the HSFRC
was greater than that of the HSC, and the tensile strength of
the HSFRC was also considered in integrating the stresses

over the depth. �is implies that, compared to concrete, the
relative contribution of the rebar to bending moment ca-
pacity was lower in the HSFRC beams than in the HSC
beams. �erefore, the consideration of strain hardening
might lead to a greater di�erence between the prediction and
test result of the bending moment for the HSC beams than
for the HSFRC beams and to the underestimation of the

dy

y

h

b

a

εc

εtop

φ

εbottom

Neutral axis

Fc Fc

Fs Fs

Ft

MM

(a) (b) (c) (d)

As

Figure 14: Strain and stress distributions in the section: (a) cross section; (b) strain distribution; (c) stress distribution of HSC; (d) stress
distribution of HSFRC.
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Figure 16: Tensile stress-strain relationship model of rebar.

Table 4: Test and analytical results.

Member

Bending strength
Ratio
(1)/(2)

Test
result (1)
kN·m

Analytical
result

(2) kN·m
H100-R1 57.2 50.6 1.13
H100-R2 83.8 72.6 1.15
H100-R3 104.8 94.2 1.11
H120-R1 59.6 50.0 1.19
H120-R2 79.3 71.6 1.11
H120-R3 102.1 94.1 1.08
HF120-R1 89.6 87.1 1.03
HF120-R2 111.0 111.6 0.99
HF120-R3 142.1 135.1 1.05
Mean 1.09
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predicted bending moment for the HSC beams. -e max-
imum bending moment of the HSFRC beams was more
accurately estimated than those of the other series beams.
-erefore, using this method to predict the bending strength
was suitable for the HSFRC beams.

5. Conclusions

A comparative experimental study on the flexural behavior
of HSFRC and HSC beams was carried out in this study. -e
following conclusions are drawn from the experimental
results:

(1) -e cracks propagated more deeply into the com-
pressive zone in the HSC beam than in the HSFRC
beam because the steel fibers arrested the crack
propagation in the HSFRC beams. In addition, the
crack width in the HSFRC beams was much smaller
than that in the HSC beams.

(2) -e failure of the HSC beams occurred by the sudden
crushing of concrete in the compressive zone after
the rebar yielded. On the other hand, the failure of
the HSFRC beams typically resulted from the steel
fiber pulling out of the concrete matrix along the
major cracks.

(3) At the same rebar ratio, the crack stiffness of the
HF120 series beams (HSFRC) was much greater than
those of the H100 and H120 series beams (HSC).
-erefore, the test results showed that the use of
HSFRC significantly improved the crack stiffness of
the concrete beams.

(4) -e ductility index of the HSC beams decreased
sharply with the increase in the rebar ratio. However,
the ductility of the HSFRC beams slightly increased
with the rebar ratio. In addition, HSFRC developed
better andmore consistent ductility with the increase
of rebar ratio.

(5) -e flexural toughness of the HSC beam was greater
than that of the HSFRC beam at the low rebar ratio.
However, the flexural toughness of the HSFRC
beams was greater than that of the HSC beams at the
higher rebar ratios. -erefore, the application of
higher rebar ratios would be effective to improve the
energy absorption capacity of HSFRC structures.
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