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.e tensile behavior of ultrahigh-performance fiber-reinforced concrete (UHPFRC) depends on the dispersion and orientation of
steel fibers within the concrete matrix. .e uneven dispersion of randomly oriented steel fibers in concrete may cause differences
in the tensile behavior between material testing specimens and beams. .erefore, in this study, the tensile behavior was in-
vestigated by fitting the analysis result of the moment-curvature curve to the experimental result of a UHPFRC beam. To this end,
three UHPFRCmixtures with different compressive strengths were fabricated to test the material properties and flexural behavior
of UHPFRC beams. Both a single type of steel fiber and a combination of steel fiber types were used with volume fractions of 1.0%
and 1.5%, respectively, in the three mixtures. Based on the design recommendations, the material properties of UHPFRC were
modeled. .e results ultimately show that by fitting the analysis results to the experimental results of the moment-curvature
curves, the tensile strength of UHPFRC beams can be reasonably estimated.

1. Introduction

Concrete is a brittle material with a low tensile strength;
furthermore, increasing the compressive strength of con-
crete will increase its brittleness. .e advent of ultrahigh-
performance fiber-reinforced concrete (UHPFRC) repre-
sents the outcome of continuous research to improve the
performance of high-strength concrete under tension.
Following the improvements in its mechanical properties,
UHPFRC has become suitable for many applications re-
quiring long spans, such as in stadia, bridges, and docks.
.erefore, many researchers have conducted numerous
studies to explore the tensile and flexural behaviors of
UHPFRC [1–6]. For example, uniaxial tensile tests were
performed by Boulay et al. [7] and Wile et al. [8] to in-
vestigate the tensile behavior of UHPFRC, while Su et al. [9]
and Mertol et al. [10] conducted a series of bending beam
tests to study the flexural behavior of UHPFRC. In addition,
Li et al. [11] examined the influences of UHPFRC and
high-strength reinforcement on the flexural behavior of

reinforced concrete beams. .e findings of these studies
revealed that the use of UHPFRC increases the overall
performance of a beam relative to the use of high-strength
concrete.

.e most important factor affecting the tensile behavior
of UHPFRC is the inclusion of steel fiber. .e addition of
steel fiber to UHPFRC makes it more ductile, increases its
strength, and improves its resistance to cracking [12–16].
.e results of a study performed by Ren et al. [17] indicated
that the flexural strength, load carrying capacity, energy
absorption capacity, fracture toughness, and fracture energy
increased significantly with increasing steel fiber content.
Moreover, Yoo et al. [18] investigated the effects of four
different fiber volume fractions on the mechanical and
fracture properties of UHPFRC; their results showed that an
increase in the fiber volume fraction increased the flexural
strength of notched beams. Subsequently, to investigate the
flexural behavior of steel fiber-reinforced concrete beams
under both quasistatic and impact loads, Yoo et al. [19] used
four different fiber volume contents ranging from 0% to
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2.0% and concluded that the inclusion of a large quantity of
steel fibers would enhance the flexural strength, deflection
capacity, and toughness of the beams.

However, the orientation and distribution of steel fiber
in a concrete matrix are random; unfortunately, this
randomness can considerably affect the flexural response of
a UHPFRC beam. Consequently, many researchers have
attempted to control the orientation and distribution of
steel fibers in UHPFRC members. For instance, Abrish-
ambaf et al. [20] and Kang and Kim [21] quantified the
effect of the fiber orientation on the tensile behavior of
UHPFRC and concluded that the fiber orientation sig-
nificantly affects the tensile behavior of UHPFRC, espe-
cially its deflection-hardening behavior. According to the
studies of Yang et al. [22] and Kang and Kim [21], in which
two different methods for emplacing concrete were
adopted, steel fiber orientation is influenced by the method
utilized to place UHPFRC. In addition, Al-Mattarneh [23]
determined the concentration, dispersion, and orientation
of steel fibers in concrete by using a surface electromagnetic
sensor. Furthermore, Nunes et al. [24] estimated the tensile
strength of thirty-six UHPFRC layers with varying fiber
contents and fiber orientation distributions based on a
comparison of magnetic measurements and experimental
results.

.erefore, the objective of this study is to estimate the
tensile behavior of UHPFRC beams subjected to flexure..e
experimental parameters included the compressive strength
of UHPFRC and the volume content of a combination of
steel fibers. Target compressive strengths of 120, 150, and
180MPa were considered for the UHPFRC; moreover, both
a single type of steel fiber and a combination of steel fiber
types with volume fractions of 1.0% and 1.5%, respectively,
were used in this study. .e material behavior of UHPFRC
was modeled based on material testing results, and flexural
tests were carried out on nine UHPFRC beams. Finally, the
tensile strength of the UHPFRC beams was estimated by
fitting the analysis results with the testing results of the
moment-curvature curves.

2. Material Properties of UHPFRC

2.1. Mixing Proportions. In this study, the UHPFRC mix-
tures included straight steel fibers at volume fractions of
1.0% and 1.5%. Ordinary Portland cement (OPC) was used
as the cementitious material, and fine aggregate with a di-
ameter of 0.5mm or less was used. .e water-binder ratios
(w/b) were 0.18 and 0.22, and a polycarboxylic acid-based
high-performance water-reducing agent with a density of
1.01 was used to ensure workability with a low water-binder
ratio. In addition, filler and zirconium were also used in the
UHPFRC mixtures.

.ree fiber-reinforced concrete mixtures, namely,
FRC120, FRC150, and FRC180, were fabricated, where the
number in each mixture label represents the target com-
pressive strength of the resultant concrete. A single type of
straight fiber with a length of 19.5mm was used in the
FRC120 mixture at a volume fraction of 1.0%, while a
combination of fibers was utilized in the FRC150 and

FRC180 mixtures at a volume fraction of 1.5%. .e com-
bination of fibers used in the FRC150 and FRC180 mixtures
constituted 0.5% straight fibers with a length of 16.5mm and
1.0% straight fibers with a length of 19.5mm. .e straight
fibers had a diameter of 0.2mm, a unit weight of 7500 kg/m3,
and a tensile strength of 2500MPa. .e detailed mixing
proportions are given in Table 1.

2.2. Compressive Behavior of UHPFRC. .e compressive
strength of UHPFRC was obtained through compressive
testing on cylindrical specimens with a height of 200mm
and a diameter of 100mm. .ree linear variable displace-
ment transducers (LVDTs) were installed around the cy-
lindrical specimens to measure the displacement during the
loading step. .e stress-strain curve of the UHPFRC was
calculated by using the load-displacement relationship,
which was obtained from the compressive strength test. In
addition, the modulus of elasticity was calculated from the
UHPFRC stress-strain curve [25].

.e mean compressive strengths of the FRC120,
FRC150, and FRC180 specimens were 133.7, 148.8, and
181.2MPa, respectively. In addition, the mean elastic moduli
of the FRC120, FRC150, and FRC180 specimens were 40150,
43220, and 45140MPa, respectively.

2.3. Tensile Behavior of UHPFRC. To evaluate the tensile
behavior of UHPFRC, including its postcracking behavior,
prismatic specimens of each mixture were fabricated and
tested. .e prismatic specimens, which had a height of
100mm, a width of 100mm, and a length of 400mm, had a
notch with a depth of 10mm cut into the tensile zone. .e
crack mouth opening displacement (CMOD) was mea-
sured by using a clip gauge attached to both edges of the
notch.

A three-point loading test was performed to obtain the
tensile behavior of the UHPFRC. .e clear span length
between the specimen supports was 300mm, and the load
was measured during its application. To measure the de-
flections of the prismatic specimens, three LVDTs were
attached at the midheight of each specimen. .e experi-
mental setup for measuring the CMOD of the prismatic
specimens is shown in Figure 1. .e load-CMOD re-
lationship curves of the FRC120, FRC150, and FRC180
specimens are shown in Figure 2.

2.4. Modeling the Material Properties of UHPFRC. .e
UHPFRC stress-strain relationship was modeled based on
the current design recommendations [26]. Based on the
compressive stress-strain test results of the cylindrical
specimens, the compressive stress-strain relationship was
modeled as a linear curve by using the maximum com-
pressive strength and elastic modulus; a linear shape was
chosen because the experimental results showed an ap-
proximately linear relationship between the compressive
stress and strain.

.e tensile behavior of the UHPFRC can be estimated by
performing an inverse analysis based on the testing results of
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the load-CMOD relationship curve. Accordingly, the tensile
stress-CMOD relationship was derived from the load-
CMOD relationship through inverse analysis, after which
the tensile stress-strain curve was obtained from the tensile
stress-CMOD relationship. .e tensile strengths of the
FRC120, FRC150, and FRC180 mixtures estimated from the
load-CMOD relationship were 7.21, 9.07, and 7.76MPa,
respectively; these results show that the tensile strength of
the FRC180 mixture was less than that of the FRC150
mixture. At the beginning of the test, it was expected that the
tensile strength of UHPFRC would increase with the
compressive strength; however, this is not consistent with
the tensile test results. .e tensile and compressive stress-
strain relationships are shown in Figure 3. .e equations for
the characteristic points of the curve are as follows:

εel �
fctk,el

Ecm
, (1)

where εel is the elastic tensile strain corresponding to the
characteristic elastic tensile strength, fctk,el is the charac-
teristic elastic tensile strength, and Ecm is the mean elastic
modulus of the UHPFRC.

εpeak �
w0.3

lc
+

fctk,el

Ecm
,

ε1% �
w1%

lc
+

fctk,el

Ecm
.

(2)

where εpeak is the equivalent strain corresponding to the local
peak in the postcracking phase or to a crack width equal to
0.3mm if there is no peak, and w0.3 represents the crack
opening width corresponding to 0.3mm. ε1% is the equiv-
alent strain corresponding to a crack width of 0.01H;
w1% � 0.01H, where H denotes the height of the prismatic
specimen; and lc is the characteristic length expressed as
lc � 2h/3, whereh is the depth of the cross section of the
beam.

εlim �
lf

4lc
, (3)

where εlim is the ultimate strain beyond which the effect of
fiber is no longer taken into account in the ultimate limit
state and lf is the length of the steel fiber.

.e compressive stress-strain relationships for the
FRC120, FRC150, and FRC180 mixtures are shown in
Figure 4, and those simulated for each mixture are repre-
sented by the solid lines in Figure 5. .e values of the
characteristic points are listed in Table 2.

3. Bending Test of UHPFRC Beams

3.1. Bending Test Setup. A total of nine beams with rect-
angular cross-sectional dimensions of 200× 250mm and a
length of 3300mm were fabricated and tested. Figure 6
shows the beam dimensions and reinforcement details.
.e main experimental variables of the test beams were the
compressive strength of the concrete and the reinforcement
ratio (i.e., rebar ratio) of the beams; these variables are listed
in Table 3. .ree different types of UHPFRC with com-
pressive strengths of 120, 150, and 180MPa were cast with
different rebar ratios, which ranged between 0.59 and 1.19%.
.e constant moment region was 600mm long; in this
region, stirrups were not used while they were placed in the
shear spans. All beams were reinforced by stirrups with a
diameter of 10mm at a spacing of 150mm to avoid shear
failure at both shear spans.

.e beams were tested under a four-point loading
system, as shown in Figure 7. .e load was applied by a
hydraulically operated actuator and a spread beam. A pair of
steel supports was utilized with a support placed at either
end of the beams separated by a clear span of 3000mm. .e
distance between the two loading points was 600mm, and
the displacement control of the load was maintained at a rate
of 1.5mm/min.

.ree LVDTs were placed within the constant moment
region of each beam to measure the deflection during the
test. To obtain the strain of both the concrete and the rebar,
electrical resistance strain gauges were also attached to each
beam. .e strain in the concrete was measured by five strain
gauges attached on the sides of the beams at the midspan,
and the strain in the rebar was measured by four strain
gauges attached on the surface of the rebar.

3.2. Bending Test Results. .e cracking and failure patterns
of the UHPFRC beams are shown in Figure 8. .e beams
began to crack initially in the constant moment region, and

Table 1: Mixing proportions of the UHPFRC.

Mixture w/b W
Binders

S F
Steel fiber

OPC Zr BFS Fiber volume content, Vf (%) Diameter, Df (mm)
FRC120 0.22 209 770 58 135 847 231 1.0�1.0 (19.5mm) 0.2
FRC150 0.18 180 788 99 99 867 236 1.5�1.0 (19.5mm)+ 1.0 (16.5mm) 0.2
FRC180 0.18 178 783 196 — 862 235 1.5�1.0 (19.5mm)+ 1.0 (16.5mm) 0.2
OPC: ordinary Portland cement; Zr: zirconium; BFS: blast-furnace slag; S: sand; F: filler; W: water.

Figure 1: CMOD test setup.
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more cracks formed between the existing cracks as the load
increased. .e cracks were well distributed throughout the
constant moment region at a low loading level, and more
cracks formed in the shear spans at a higher loading level.
After the peak load was reached, a single crack from the
existing cracks within the constant moment region signif-
icantly widened and developed into a localized major crack,
as shown in Figure 8. .e localization of cracking within the
constant moment region can cause bridging cracks to
weaken and eventually form a plastic hinge. Moreover, the
experimental results showed that steel fibers were pulled out
of the matrix at the ultimate state.

.e load-deflection curves of the beams with different
rebar ratios are shown in Figure 9, and the bending test
results of the beams are also shown in detail in Table 4. With
regard to the beams with a rebar ratio of 0.59% (R2), the
peak loads of the FRC120-R2, FRC150-R2, and FRC180-R2

beams were 66.7, 76.0, and 111.5 kN, respectively. .e
FRC180-R2 beam exhibited a greater peak load than the
other beams. With regard to the beams with a rebar ratio of
0.89% (R3), the peak loads of the FRC120-R3, FRC150-R3,
and FRC180-R3 beams were significantly different from each
other..e highest peak load of 131.3 kNwas obtained for the
FRC180-R3 beam, while the peak loads of the FRC120-R3
and FRC150-R3 beams were 123.3 and 118.6 kN, re-
spectively. With regard to the beams with a rebar ratio of
1.19% (R4), the FRC180-R4 beam exhibited a peak load of
147.2 kN, which was greater than that of the other beams; the
peak loads of the FRC120-R4 and FRC150-R4 beams were
127.3 and 139.9 kN, respectively. For each rebar ratio, the
peak loads of the FRC180 beams were greater than those of
the FRC120 and FRC150 beams. .erefore, the bending
strength of UHPFRC beams is considerably affected by the
compressive strength of the concrete.
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Figure 2: Load-CMOD relationship curves.
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With regard to the beams with a rebar ratio of 0.59%
(R2), the deflections at the ultimate states of the FRC120-R2,
FRC150-R2, and FRC180-R2 beams were 22.2, 17.9, and
17.8mm, respectively. .e deflection of the FRC120-R2
beam was greater than that of the other beams, and the
deflections at the ultimate states of the FRC150-R2 and
FRC180-R2 beams were similar. With regard to the beams
with a rebar ratio of 0.89% (R3), the deflections at the ul-
timate states of the FRC120-R3, FRC150-R3, and FRC180-
R3 beams were 20.9, 34.6, and 21.2mm, respectively. At the
ultimate state, the FRC150-R3 beam showed the greatest
deflection and the deflections of the FRC120-R3 and
FRC180-R3 beams were similar. With regard to the beams
with a rebar ratio of 1.19% (R4), the ultimate deflection of the

FRC150-R4 beam was the greatest. .erefore, the deflection
at the ultimate state of a UHPFRC beam is not directly
affected by the compressive strength of UHPFRC, while the
bending strength of a UHPFRC beam is approximately
proportionally affected by the compressive strength of
concrete.

.e load-deflection relationship of a beam subjected to
bending depends on the curvature along the axis of the
beam. In a low-loading state, because the widths of the
cracks in the constant moment region are small and uni-
form, the curvature in this region is relatively uniform; this
results in deflection, which depends on the constant cur-
vature. However, if a major crack forms, the curvature in the
constant moment region will no longer be uniform; thus, the
midspan deflection of the beam will not depend on the
constant curvature. As shown in Figure 8, a major crack
appeared in all the test beams. .erefore, the experimental
results of the midspan deflection at the ultimate state did not
show an obvious trend with the compressive strength of
UHPFRC.

4. Estimating the Tensile Behavior of
UHPFRC Beams

4.1. Method for Predicting the Bending Moment-Curvature
Relationship. In this study, a sectional analysis was per-
formed by using a multilayer section to predict the bending
strength of UHPFRC beams. .e cross section of the test
beam is divided into several layers along the height, and it is
assumed that the compression and tensile strain are both
linear throughout the cross section. .e compressive strain
at the top layer and the tensile strain at the bottom layer of
the cross section are calculated by using two variables: the
cross-sectional curvature (φ) and the distance from the top
layer to the neutral axis (c).

εc0

Ecm

fck

ε

fc

(a) Compression

ft

εεel εpeak ε1% εlim

fctk,el

fct� / K
fctk,1%,k / K

(b) Tension

Figure 3: Stress-strain relationships.
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.e compressive strain at the top face and the tensile
strain at the bottom face are calculated as follows:

εtop � cφ,

εbottom � (h− c)φ,
(4)

where h is the beam height.

After the strains in the top and bottom layers are de-
termined, the strain in the other layers can be obtained, as shown
in Figure 10, because the strain distribution is assumed to be
linear throughout the cross section..en, the stress of each layer
can be obtained from the material model. In addition, the force
of each layer is determined based on the stress of theUHPFRC in
each layer and the stress of the steel rebar..e sum of the forces
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Figure 5: Modeling and estimation of the tensile behavior of UHPFRC.

Table 2: Material modeling of the UHPFRC.

Mixture
Compressive behavior Tensile behavior

fck (MPa) εc0 Ecm (MPa) fctfk (MPa) fctf ,1%,k (MPa) εel εpeak ε1% εlim
FRC120 133.7 0.0033 40,150 7.21 6.98 0.00018 0.00198 0.00618 0.02925
FRC150 148.8 0.0034 43,220 9.07 9.07 0.00021 0.00201 0.00621 0.02685
FRC180 181.2 0.0040 45,140 7.76 7.76 0.00017 0.00197 0.00617 0.02625
.e terms in the table are shown in Figure 3.
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Table 3: Details of the beams.

Beams

Target
compressive
strength
(MPa)

Mean
compressive
strength
(MPa)

Fiber
volume

content, Vf
(%)

Beam dimensions Rebar

Width of
section, b
(mm)

Height of
section, h
(mm)

Effective
depth of
beam, a
(mm)

Number
Area,
As

(mm2)

Rebar
ratio, ρ
(%)

Yielding
strength, fy
(MPa)

FRC120-R2
120 133.7 1.0

200 250 213.5 2-D13 258 0.59 420
FRC120-R3 200 250 213.5 3-D13 387 0.89 420
FRC120-R4 200 250 213.5 4-D13 516 1.19 420
FRC150-R2

150 148.8 1.5
200 250 213.5 2-D13 258 0.59 420

FRC150-R3 200 250 213.5 3-D13 387 0.89 420
FRC150-R4 200 250 213.5 4-D13 516 1.19 420
FRC180-R2

180 181.2 1.5
200 250 213.5 2-D13 258 0.59 420

FRC180-R3 200 250 213.5 3-D13 387 0.89 420
FRC180-R4 200 250 213.5 4-D13 516 1.19 420

Spread beam
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Figure 7: Instrumentation used for the flexural tests of the beams.
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Figure 8: Cracking and failure of the UHPFRC beams.
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for each section should satisfy the equilibrium condition. When
the forces throughout the cross section are in equilibrium, the
bending moment can finally be determined.

4.2. Prediction of the Bending Capacity and Estimation of the
Tensile Strength of UHPFRC Beams. To predict the bending
behavior of UHPFRC beams, two analytical approaches were
used in this study. In the first approach, which is shown
schematically in Figure 11, the tensile properties obtained
from the CMOD test results were used as the input for the
sectional analysis to obtain the moment-curvature re-
lationship, after which the analysis result of the moment-
curvature curve was compared with the experimental result.
Comparisons of the analysis results and experimental results
for the moment-curvature relationships are shown in
Figures 12–14, in which the relationships between the
moment and curvature obtained from the beam tests are
plotted using the strain measurements from the beam
surface. .e measured strain profile along the beam height
can be used to determine the curvature. However, individual
strain measurements became unreliable after the crack
observed at the surface of the concrete beam widened;
consequently, not all curvatures are shown in the moment-
curvature relationships.

.e analysis result of the bending moment of the
FRC120-R2 beam overestimated the experimental result, as
shown in Figure 12; the ratio of the analysis result to the
experimental result for the bending strength is 1.54, as
shown in Table 5. Meanwhile, the analysis results of the
bending strengths of the FRC120-R3 and FRC120-R4 beams
were slightly greater than the experimental results; thus, the
ratios of the analysis results to the test results for these two
beams are 0.99 and 1.10, respectively.

For the FRC150 beam series, the analysis result of the
bendingmoment of the FRC150-R2 beamoverestimated the test
result greatly; thus, the ratio of the analysis result to the ex-
perimental result for the bending strength is 1.46. Meanwhile,
the analysis results of the bending moments of the FRC150-R2
and FRC150-R3 beams were in good agreement with the ex-
perimental results; thus, the ratios of the analysis results to the
experimental results are 1.06 and 1.01, respectively.

In contrast to the FRC120 and FRC150 beam series, the
analysis results of the FRC180 beam series were under-
estimated. .e analysis results of the bending strengths of
the FRC180-R2, FRC180-R3, and FRC180-R4 beams were
less than the corresponding experimental results, with
analytical-experimental result ratios of 0.92, 0.90, and 0.92,
respectively.

Table 4: Experimental results of the beams.

Beams

Initial cracking stage Yielding stage Ultimate stage
Initial

cracking
load, Pcr
(kN)

Initial
cracking

moment, Mcr
(kN·m)

Initial
cracking

deflection, Δcr
(mm)

Yielding
load, Py
(kN)

Yielding
moment,

My
(kN·m)

Yielding
deflection,
Δy

(mm)

Ultimate
load,

Pu (kN)

Ultimate
moment,

Mu
(kN·m)

Ultimate
deflection,
Δu (mm)

FRC120-R2 32.0 19.2 4.1 63.5 38.1 6.7 66.7 40.0 22.2
FRC120-R3 60.1 36.1 4.0 117.2 70.3 15.3 123.3 74.0 20.9
FRC120-R4 54.6 32.8 4.2 123.8 74.3 15.8 127.3 76.4 26.4
FRC150-R2 41.0 24.6 2.5 71.5 42.9 11.0 76.0 45.6 17.9
FRC150-R3 48.4 29.0 2.6 107.7 64.6 31.7 118.6 71.2 34.6
FRC150-R4 44.1 26.5 3.8 123.9 74.3 16.1 139.9 83.9 39.5
FRC180-R2 41.1 24.7 1.9 105.3 63.2 12.8 111.5 66.9 17.8
FRC180-R3 40.8 24.5 1.8 122.0 73.2 14.4 131.3 78.8 21.2
FRC180-R4 41.0 24.6 1.7 126.9 76.1 12.0 147.2 88.3 25.5

b

d
h

(a) Cross section

c

εi
εi+1

εtop
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(b) Strain distribution
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(c) Stress distribution

Fs
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(d) Equilibrium of forces

Figure 10: Strain compatibility and equilibrium forces in sectional analysis.
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Figure 11: Approaches for estimating the tensile behavior of a UHPFRC beam.
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Figure 12: Prediction of moment-curvature curves (FRC120 series beams).
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.e most important parameter for predicting the bending
moment-curvature curve of UHPFRC is the tensile strength. It
is well known that an accurate prediction of the bending
strength of a UHPFRC beam is dependent on the tensile
strength of the UHPFRC. .e deviation of the analysis result
from the experimental result of the bending strength may
primarily be due to the difference between the tensile strength
obtained from the material test with the notched specimen and
the actual tensile strength of the test beam.

.erefore, a second approach was employed to estimate
the actual tensile strength of each test beam. In the second
approach, a sectional analysis was performed for themoment-
curvature curve to ensure that the bending strength of the
analytical moment-curvature curve was in good agreement
with that of the experimental result. .e fitting of the bending
strengths from the analytical moment-curvature curves and
from the experimental work is illustrated in Figures 15–17.

.e tensile strength of UHPFRC is a major parameter
influencing the bending capacity of a UHPFRC beam. If the
bending strength of the analysis result is almost identical to
the experimental result, the tensile properties used as input
for the sectional analysis can be assumed to be the actual
tensile properties for the test beam.

.e tensile strengths obtained from the material testing
with the notched specimens and estimated by fitting the
bending strengths of the analytical moment-curvature
curves to the experimental result (shown in Figures 15–
17) are listed in Table 5. .e findings reveal that the tensile
strength obtained from the material testing is different
from the tensile strength estimated by fitting the moment-
curvature curves between the analysis and experimental
results. For example, for the FRC120 and FRC150 beam
series, the tensile strength obtained from the tensile test of
the notched UHPFRC specimens was greater than that
estimated by fitting the bending strength determined from
the analytical moment-curvature curve to that determined
experimentally.

From the test of the notched prismatic specimen, the
tensile strength of the FRC120 beam series was 7.21MPa, while
the estimated tensile strengths of the FRC120-R2, FRC120-R3,
and FRC120-R4 beams were 2.83, 5.42, and 5.50MPa, re-
spectively. .e tensile strength of the FRC150 beam series
obtained from the test on the prismatic specimen was
9.07MPa, while the estimated tensile strengths of the FRC150-
R2, FRC150-R3, and FRC150-R4 beams were 4.59, 7.79, and
8.44MPa, respectively. Meanwhile, the tensile strength of the
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Figure 13: Prediction of moment-curvature curves (FRC150 series beams).
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FRC180 beam series obtained from the tensile test was 10% less
than that estimated by fitting the moment-curvature curve.

5. Conclusions

An experimental study on the flexural behavior of UHPFRC
is presented in this study, and the tensile strength of

UHPFRC beams is estimated by fitting the analysis result of
the moment-curvature curve to the experimental result of
the bending strength. Based on the experimental and
analysis results, the following conclusions can be made:

(1) .e width of one of the well-distributed cracks in the
constant moment zone was significantly widened,
and the crack became localized. .e localization of

Experimental result
Analysis result
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Figure 14: Prediction of moment-curvature curves (FRC180 series beams).

Table 5: Analysis results.

Beams
Tensile strength (MPa) Bending strength (kN·m) Ratio Difference

between tensile
strengths∗ (%)

CMOD test
result (ft,test)

Estimation from curve
fitting (ft,estimation)

Beam test
result (1)

Prediction using the tensile
strength from the CMOD test (2) (2)/(1)

FRC120-R2 7.21 2.83 40.0 61.7 1.54 154.8
FRC120-R3 7.21 5.42 74.0 73.0 0.99 33.0
FRC120-R4 7.21 5.50 76.4 84.4 1.10 31.1
FRC150-R2 9.07 4.59 45.6 66.6 1.46 97.6
FRC150-R3 9.07 7.79 71.2 75.8 1.06 16.4
FRC150-R4 9.07 8.44 83.9 85.0 1.01 7.5
FRC180-R2 7.76 8.90 66.9 61.5 0.92 12.8
FRC180-R3 7.76 9.38 78.8 71.2 0.90 17.3
FRC180-R4 7.76 9.39 88.3 80.9 0.92 17.4
∗Difference between the tensile strength obtained from the material test and that estimated by fitting the moment-curvature curves.
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Figure 15: Fitting of moment-curvature curves between the experimental and analysis results (FRC120 series beams).
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Figure 16: Continued.
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cracks within the constant moment region caused
the bridging effect to weaken, and steel fibers were
eventually pulled out of the matrix in the region of
localized cracking.

(2) .e bending strengths of the FRC150 and FRC180
beam series were greater than those of the FRC120
beam series, indicating that the flexural strength of the
UHPFRC beams increased with the steel fiber content.
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Figure 16: Fitting of moment-curvature curves between the experimental and analysis results (FRC150 series beams).
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Figure 17: Fitting of moment-curvature curves between the experimental and analysis results (FRC180 series beams).
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(3) .e bending strength obtained from the sectional
analysis using the material test result was compared
with the beam test result. .is comparison showed
that the bending strengths of several beams differed
from the corresponding test results, thereby in-
dicating that the tensile strength obtained from the
material test would be significantly different from
that estimated from the beam test results. .e esti-
mated tensile strengths of the FRC120-R2, FRC120-
R3, and FRC120-R4 beams were 60.7, 24.8, and
23.7% less than the tensile strength obtained from
the material test, respectively. Similarly, the esti-
mated tensile strengths of the FRC150-R2, FRC150-
R3, and FRC150-R4 beams were 49.4, 14.1, and 6.9%
less than the tensile strength obtained from the
material test, respectively. Meanwhile, the estimated
tensile strengths obtained from the FRC180 beam
series were 14.7∼21.0% greater than the tensile
strength obtained from the material test.

(4) .e tensile strengths of the UHPFRC beams were
estimated reasonably by fitting the analysis results of
the moment-curvature curve to the beam test results.
.e estimated tensile strength of the UHPFRC in-
creased with its compressive strength.
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