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A B S T R A C T

In this study, the flexural behavior of Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) beams produced
in mono and hybrid forms were investigated experimentally and numerically. Twelve doubly reinforced concrete
beams were casted with four different reinforcement ratios representing low to excessive levels. The beams were
produced in three groups to study the effects of mono and hybrid steel fiber usages. The first group beams of four are
non-fiber beams while the second group contains only short-straight fiber of 13mm. The last group is composed of
hybrid form where the short-straight fiber of 13mm and the long-hooked fiber of 60mm were blended together. The
beams were subjected to four-point loading, and the parameters of deflection and curvature ductilities, flexural
stiffness, flexural moment capacity, cracking behavior and compressive strain were discussed. The test results in-
dicated that the UHPFRC beams with high reinforcement ratios above the limits in current design codes provide
remarkable benefits through the fibers’ contribution. It can be deduced that the hybrid fiber usage showed better
flexural performance, in general, comparing to the mono form. In addition, two numerical approaches were proposed
to predict nominal moment capacity of the UHPFRC beams in the mono or hybrid form.

1. Introduction

Over the last two decades, the production of Ultra-High Performance
Fiber Reinforced Concrete (UHPFRC) has become possible with the new
developments in concrete technology. The term UHPFRC is commonly
used when the concrete compressive strength exceeds 150MPa and
strain-hardening response is ensured with sufficient fiber content. When
compared to normal and high strength concrete, the UHPFRC has ex-
cellent compressive and tensile strength, high deformation capacity as
well as durability and long-term stability through high density matrix,
very low water/binder ratio and special treatments such as curing under
heat/pressure. However, tensile properties of the UHPFRC are distinct
from others in consequence of the post-cracking capacity of concrete
matrix and the crack bridging behavior of steel fibers [1]. Thus, the
UHPFRC provides various advantages over the conventional non-fiber
and fibrous concrete such as higher ductility and strength.

The use of UHPFRC in various structural applications including in-
dustrial structures, bridges, viaducts, piers, impact-resistant structures as
well as repairing and strengthening works has attracted high interest from
the research community [2–4]. Beside the compressive strength of
UHPFRC is much greater than that of the conventional concrete, its high
elastic modulus permits use of members having smaller cross-sectional

dimensions. Also, higher flexural and shear capacity gained through the
steel fibers make it attractive to use in structural members. The most of
experimental and numerical studies have focused on beam members since
the use of UHPFRC provides significant advantages in terms of flexural
and shear behaviors. It can be also noted that balanced reinforcement ratio
for the UHPFRC beam section is much greater than those of the normal
and high strength fibrous concretes due to the excellent compressive
strength. Thus, ductile flexural failures can be ensured even if excessive
tensile reinforcements are used in the section [5,6].

Inclusion of steel fibers to the concrete mixture enhances the beam’s
moment capacity, stiffness and cracking behavior, but the ductility re-
duces due to the crack localization effect where the deformation of
longitudinal reinforcement is concentrated, and the crack also widened
at single point. It should be noted that this event may occur in structural
member including normal and high strength fibrous concretes. Some
studies point out to its negative effect on the flexural ductility for very
low reinforcement ratios [6–12]. Depending on the fiber content, how-
ever, mechanical properties of the UHPFRC exhibits wide diversities so
that the fiber amount and shape, fiber distribution and orientation in the
concrete matrix, member dimensions can lead to differences in overall
structural behavior. Numerous studies at material level were conducted
to investigate effects of fiber type, amount, orientation and curing
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conditions on the flexural behavior of UHPFRC [13–21]. The current
studies over the UHPFRC beams indicated that the fiber type and amount
significantly affects the flexural capacity, stiffness and cracking pattern,
but the flexural ductility largely depends on reinforcement ratio
[6–8,22–32]. Unlike from the conventional concrete, the ductility capa-
city remains at low-level for low reinforcement ratios because the fibers
directly change cracking behavior, but it shows an increasing trend for
higher reinforcement ratios through offering pretty good compressive
strength and deformation capacity. It can be drawn from the studies that
the fiber content and reinforcement ratio should be compatible with each
other to get the maximum flexural performance in the UHPFRC beams.
Noted that researches on the structural behavior of UHPFRC beams were
relatively limited for high reinforcement ratios.

Despite many investigations were conducted on the flexural behavior
of UHPFRC beams, some important issues are needed to investigate both
experimentally and numerically. One such issue is the hybrid fiber usage
of two or more steel fiber types in the concrete mixture rather than one
type. In order to improve the flexural performance of UHPFRC beams,
one of the promising methods is to blend the fiber types in micro and
macro forms since they differently contribute to member behavior de-
pending upon the fiber length and diameter. In the hybrid UHPFRC
mixtures, the micro fibers improve the strength and stiffness responses
prior to or just after the cracking since crack widths are still small while
the macro fibers limit the formation of wide (major) cracks. The micro
fibers also enhance pull-out response of the fibers and thereby allow the
production of members with high strength and ductile behavior
[14,34–36]. In recent material-based studies regarding to impact of the
hybrid fiber usage on the mechanical properties of UHPFRC, the different
sized steel fibers (straight, hooked, twisted so on) were combined in the
concrete mixtures [14,35–38]. It was also seen that the steel fibers were
combined by non-metallic fibers in the hybrid form [39–50]. The results
showed that the hybrid fiber usage leads to an increase in the energy
absorption capacity and it improves the post-cracking member response
in comparison to the mono fiber usage. For instance, the addition of non-
metallic fibers improved the durability of UHPFRC with decreasing
shrinkage or preventing spalling under elevated temperature.

Another important issue for the UHPFRC beams is related to the
application of numerical design procedure in the hybrid fiber usage.
The design concept for conventional concrete, where the tensile
strength is ignored, cannot be directly applied to the flexural design of
UHPFRC members. The member behavior with UHPFRC is more com-
plicated than that of the conventional concrete since the compressive
and post-cracking tensile behaviors majorly depend on the fiber char-
acteristics [51]. Researches by others [6–8,29,30,52–54] and some
design guidelines [55–58] proposed analytical models, in which some
of them use the well-known equivalent stress block, in order to de-
termine the moment capacity of UHPFRC beams. It can be deduced that
some of these procedures gave good results under certain assumptions
(i.e., member dimension, fiber content, reinforcement ratio and yield
strength). However, another remarkable question arises that how to
adopt the design approaches proposed for the flexural design of
UHPFRC beams with the mono fiber (only short, long, single or double-
hooked and twisted so on) to members containing the hybrid fibers.
When the proposed numerical approaches are checked up on, the fiber

contribution in tension region of strain profile is only considered for
one fiber type. But there is no approach to consider the multiple fiber
usage in determining the flexural capacity of UHPFRC beams.

The main purpose of this study is to investigate the flexural behavior
of mono and hybrid UHPFRC beams and to develop a numerical pro-
cedure to determine the flexural moment capacity consistent with the
test results. In this context, total of twelve doubly reinforced concrete
beams were produced for different reinforcement ratios which re-
present low to excessive levels (ρ=0.009, 0.019, 0.028 and 0.043).
The first four beams consist of only short-straight fiber of 13mm (1.5%
by volume) to compare the mono and hybrid fiber usages while other
quartet group includes the hybrid fiber usage where the short-straight
fiber of 13mm (1.0%) and the long-hooked fiber of 60mm (0.5%) were
blended together in the concrete mixture. Remaining group of four are
the non-fiber reference beams to show the fiber contributions in the
mono and hybrid forms. After conducting the four-point loading tests
for all beams, the structural behaviors were discussed in terms of the
load-deflection behavior, deflection and curvature ductilities, flexural
stiffness, flexural moment capacity, cracking behavior and compressive
strain. In the study, two numerical approaches, in which one of them
uses the various fiber parameters in the matrix and other is based on the
direct tensile test results, were proposed to predict the flexural capacity
of UHPFRC beams in the mono and hybrid forms.

2. Experimental program

In the test program, total of twelve UHPFRC beams were produced
which represent low to excessive tensile reinforcement ratios. After
conducting of four-point loading tests, the parameters of load-deflection
behavior, deflection and curvature ductilities, flexural stiffness, flexural
moment capacity, cracking behaviors at the specific deflection values
and compressive strain were discussed.

2.1. Material properties and test specimens

Three concrete mixtures were designed for the non-fiber reference
beams as well as mono and hybrid UHPFRC beams. The concrete
compressive strength of minimum 150MPa and self-compacting char-
acteristics were intended for the UHPFRC mixtures. The proportional
amounts by weight of the cementitious materials, aggregates and su-
perplasticizer are given in Table 1 for the non-fiber, mono and hybrid
mixtures. However, water-to-binder ratio was kept constant as 0.18 for
all mixtures. The specific material properties such as density, size and
surface as well as preparation and casting procedure can be found in
Hasgul et al [32]. Preparing the mono and hybrid UHPFRC mixtures,
two types of steel fiber were used which are in short-straight and long-
hooked forms (Fig. 1). The properties of steel fibers are listed in Table 2.

2.2. Material test specimens and setups

The compressive strengths of non-fiber and UHPFRC mixtures were
obtained from uniaxial compression tests using the 100×100×
100mm3 cube specimens. The compression tests were conducted by means
of a hydraulic press under the loading rate of 1MPa/s (Fig. 2a). However,

Table 1
Mixture proportions by weight (kg/m3).

Mixture C SF GGBS QS1 QS2 Water SP Steel fiber

Type Amount*

Non-fiber 690 138 276 542 542 199 17.25 — —
Mono fiber 690 138 276 525 525 199 17.25 Short-straight 1.5%
Hybrid fiber 690 138 276 525 525 199 17.25 Short-straight

Long-hooked
1.0%
0.5%

C: cement, SF: silica fume, GGBS: ground granulated blast-furnace slag, QS: quartz sand, SP: superplasticizer, *: Volumetric ratio.
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the tensile tests were conducted using the dog-bone shaped specimens
(width: 68mm, height: 240mm, thickness: 30mm and gauge length:
80mm). An uniaxial load was applied to the specimen by the universal
testing machine through displacement control at a rate of 0.1mm/min
(Fig. 2b). Beside these, the mechanical properties of each reinforcement
group were determined by of the steel test coupons (Fig. 2c).

2.3. Test beams and structural test setup

In the study, eight UHPFRC beams and four non-fiber reference
beams having four different tensile reinforcement ratios (ρ=0.009,
0.019, 0.028 and 0.043) were tested. All beams were designed as doubly
reinforced in order to investigate whether the UHPFRC usage can prevent
the reinforcement buckling, or not. The compression reinforcements
were chosen as roughly half of the tensile reinforcements. In order to
guarantee the flexural failure, the stirrups with a diameter of 8mm were
provided except for the constant moment zone. This configuration re-
moves the confinement effect of stirrups in the mid-region and also

allows the investigation of buckling on the test beams. The geometric
sizes and reinforcement details on a typical test beam are given in Fig. 3.

The beams were produced in three groups to study the flexural
behaviors of mono and hybrid steel fibers. The first group beams of four
were casted without fiber in order to show the effectiveness of the mono
and hybrid fibers. While the second quartet group was produced by the
mono UHPFRC mixture containing only short-straight fiber of 13mm
(1.5% by volume), the last group UHPFRC beams include the hybrid
steel fibers consisting of the short-straight fiber of 13mm (1.0%) and
long-hooked fiber of 60mm (0.5%).

The reinforcement ratios and fiber contents for the test beams are
presented in Table 3. In Table 3, the notation B denotes beam and the
notations NF, MF and HF point out the non-fiber, mono fiber and hybrid
fiber, respectively (Table 3). Here while the beam B1 has the lowest
tensile reinforcement ratio of 0.009, the beam B2 is almost correspond
to the maximum reinforcement ratio in the Turkish Design Code [59].
The beams B3 and B4 represent the excessive reinforcement ratios
going beyond the design codes. Thus, the wide range of reinforcement
ratios could be evaluated in terms of the considered test parameters.

The static four-point loading procedure was performed for the flex-
ural tests of beams using a servo hydraulic testing machine with max-
imum load capacity of 500 kN (Fig. 4). The load was divided two equal
loads by a spreader beam and a distance of 700mm between the loads. A
potentiometric transducer was mounted under the mid-span of beam in
order to measure vertical deflection. Determining the local curvature
over the mid-span, a curvature meter setup consisting of two transducers
placed on the upper and bottom sides of the beam was used as shown in

Fig. 1. Steel fibers used in the study; a) short-straight, b) long-hooked.

Table 2
Properties of steel fibers.

Type Length
(mm)

Diameter
(mm)

Aspect ratio Tensile strength
(MPa)

Short-straight 13 0.16 81 2500
Long-hooked 60 0.75 80 1225

Fig. 2. Material test specimens and setups; a) uniaxial compression test setup, b) direct tensile setup, c) coupon test of reinforcement.
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Fig. 4. The beams were loaded with constant displacement increments to
control the mid-span deflection. Thus, the beams were loaded with a rate
of 0.2mm/s up to the peak load. Later on the displacement rate of
0.5mm/s was used to reduce the testing time. Three strain gauges were
installed to the top surface of beam to measure the compression strain of
concrete (Fig. 4). The crack patterns were highlighted over the beam and
the crack widths were determined with a crack width microscope.

3. Test results and discussion

3.1. Material tests

The compressive and tensile strength as well as elastic modulus of
test specimens are summarized for each group in Table 4. While an
average compressive strength of 145MPa was obtained for the non-
fiber beams, the compressive strengths increased 9% and 13% for the
mono and hybrid fiber usages, respectively. The use of hybrid fibers did

not provide a significant contribution in terms of the elastic modulus
while the mono fiber increased it up to 7%. However, the average
tensile strength for the non-fiber beams was determined as 4.8MPa and
this value increased to 9.32 and 11.18MPa with the mono and hybrid
UHPFRC usages, respectively. It can be noted that the hybrid fiber
usage increased the tensile strength of concrete roughly 20% in com-
parison to the mono form (Table 4).

3.2. Structural tests

After conducting the four-point loading of all test beams, their
load–deflection behaviors are given for the considered each reinforce-
ment ratio in Fig. 5. Since all beams are under-reinforced, the ductile
flexural failures were observed in the test beams, as would be expected.
Noted that the steel fibers in the mono or hybrid form apparently in-
creased the beams’ initial stiffnesses and load-carrying capacities in
comparison with the non-fiber versions.

As seen from the load-deflection curves presented for the mono and
hybrid UHPFRC beams in Fig. 6, a deflection hardening (DH) behavior,
which arise between the yield point of tensile reinforcement and peak
load, was observed since the fiber use delayed the widening of flexural
cracks through the fibers’ bridging contribution and consequently the
moment capacity increased for the beams. However, the hardening
behavior ended with the fiber debonding (FD) in the tension region.
The FD occurs when the load carried by one fiber exceeds the bond
strength of concrete matrix. At the peak load, the fibers at a section on
the beam commenced to pull out and, the strength degradations oc-
curred after this point due to high stress in the related crack. The FD
was visually observed during the tests. The FD zones are shown be-
tween the peak load and the first concrete crushing point determined by
the strain gauges at the outermost compression surface of beam (Fig. 6).
The fiber length and geometry are effective parameters on the FD be-
havior at the post-peak area where the crack width excessively enlarged
due to the crack localization. It should be noted that the FD zone for the
mono fiber beams decreases with increasing reinforcement ratios due to
the reduced efficiency of fibers. But no specific trend could be found for
the hybrid use.

Fig. 3. Beam geometries and reinforcement details.

Table 3
Reinforcement and fiber content of test beams.

Test beam Tensile
reinforcement

Compression
reinforcement

Fiber content

B1-NF 2ϕ14
(ρ=0.009)

2ϕ10
(ρ′=0.005)

—
B1-MF 13/0.16 (1.5%)
B1-HF 13/0.16

(1.0%)+ 60/0.75 (0.5%)
B2-NF 2ϕ20

(ρ=0.019)
2ϕ14
(ρ′=0.009)

—
B2-MF 13/0.16 (1.5%)
B2-HF 13/0.16

(1.0%)+ 60/0.75 (0.5%)
B3-NF 2ϕ24

(ρ=0.028)
2ϕ16
(ρ′=0.012)

—
B3-MF 13/0.16 (1.5%)
B3-HF 13/0.16

(1.0%)+ 60/0.75 (0.5%)
B4-NF 4ϕ20

(ρ=0.043)
2ϕ20
(ρ′=0.019)

—
B4-MF 13/0.16 (1.5%)
B4-HF 13/0.16

(1.0%)+ 60/0.75 (0.5%)
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The concrete crushing (CC) failure took place along a wide region at
the constant moment zone for the non-fiber beams, as shown in Fig. 7.
In the non-fiber beams with low reinforcement ratios (ρ=0.009 and
0.019), the reinforcement buckling was observed in the compression
region shortly after the concrete crushing due to the lack of the con-
finement effect of stirrups. When further reinforcement ratios
(ρ=0.029 and 0.043) were considered, the concrete compressive block
increases with going up the neutral axis depth. Thus, the stresses on
compressive reinforcements reduced. On the other hand, the reduction
of length to the diameter ratio of compressive reinforcement is another
factor prevent the buckling. However, for the UHPFRC beams, regard-
less of the mono or hybrid fiber usage, the deformation of tensile re-
inforcement concentrated at the point where one major crack was wi-
dened on the beam. This crack width intensely enlarged as against other
cracks as shown in Fig. 7. Despite the concrete crushing occurred in the
case of UHPFRC beams, the concrete cover remained intact through the
confinement effect of fibers and they did not allow buckling of the
compressive reinforcement. All the UHPFRC beams failed as a result of
the tensile reinforcement rupture (RR) for all reinforcement ratios.

3.2.1. Deflection and curvature ductility
The ductility values of non-fiber and UHPFRC beams were compared

to each other to show the flexural performance of mono and hybrid fiber

usages. The deflection ductility (μΔ) is determined by proportioning the
ultimate deflection (Δu) to yield deflection (Δy). The yield deflection was
obtained from the bi-linearized load-deflection behavior, which is one of
the methods recommended in Park [60]. This deflection point corre-
sponds to the displacement at the intersection of the secant stiffness at
75% of the peak load (Pp) with the peak load level (Fig. 8).

All UHPFRC beams maintained their stability pretty good even at the
deflections up to strength decreasing of 20% after the peak load. After this
point, some stability problems might occur on the beams. It should be
noted that the non-fiber beams have no deflection capacity after the peak
load due to the concrete crushing. On the other hand, Park [60] proposed
some procedures to specify the ultimate deflection (Δu) of experimental
load-deflection behavior. One of these procedures, which is known as 20%
load reduction method and is widely used to determine the ultimate de-
flection point, was based on in the study. The deflection ductilities and
other characteristic values for the mono and hybrid UHPFRC beams are
presented in Fig. 9a and Table 5. Moreover, the ductilities calculated for
the UHPFRC beams were proportioned to those of the non-fiber beams to
see effectiveness of different fiber usages (Fig. 9b).

For the non-fiber beams, the deflection ductility decreased from 8.14
to 2.11 with increasing of the tensile reinforcement ratio, as expected
(Table 5 and Fig. 9a). For the UHPFRC beams in the mono form, where
only 13mm straight-fiber is used, although the deflection ductility for

Fig. 4. Four-point bending test setup.

Table 4
The reinforcement properties and concrete strengths.

Test beam Reinforcement Concrete

Tension Compression Compression Tension Elastic modulus

ρ fy
(MPa)

fu
(MPa)

ρ′ fy
(MPa)

fu
(MPa)

fc′
(MPa)

σt

(MPa)
E
(GPa)

B1-NF 0.009 458 588 0.005 473 554 145 4.80 42
B1-MF 453 567 464 554 158 9.32 45
B1-HF 445 564 464 554 164 11.18 43
B2-NF 0.019 462 654 0.009 449 571 145 4.80 42
B2-MF 467 653 449 571 158 9.32 45
B2-HF 469 654 447 562 164 11.18 43
B3-NF 0.028 492 606 0.012 489 596 145 4.80 42
B3-MF 451 591 473 584 158 9.32 45
B3-HF 460 586 473 584 164 11.18 43
B4-NF 0.043 468 657 0.019 460 659 145 4.80 42
B4-MF 462 650 462 651 158 9.32 45
B4-HF 455 565 455 565 164 11.18 43
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the lowest reinforcement ratio of 0.009 decreased 2.3 times in compar-
ison with the non-fiber beam, the ductility values and fiber effectiveness
significantly increased as the reinforcement ratio increases. In a similar
manner, the ductilities for the hybrid beams showed an increasing trend
with the reinforcement ratio. For the non-fiber test beams, the flexural
cracks in the constant moment zone widened almost uniform as in the
conventional normal or high strength reinforced concrete. It was ob-
served that these beams failed by concrete crushing at the compression
zone after the reinforcement yielding. Thus, the concrete crushing oc-
curred at lower deflection values due to the increased reinforcement
ratio. Hence, the deflection ductility showed a decreasing trend, as would
be expected. Despite that, the deformation of longitudinal reinforcement
for the UHPFRC beams was concentrated at the point where a single
crack widened due to the crack localization. Later on, the reinforcement
rupture occurred prematurely prior to the concrete failure. It was also

noted that the rupture failure occurred at higher deflections, despite the
crack localization, with the increase of reinforcement ratios through the
excellent deformation capacity of UHPFRC under compression. Conse-
quently, the ductility increased for the UHPFRC beams.

It can be noted that the ductility values of hybrid beams are greater
than those of the mono beams for each reinforcement ratio. However, even
when the excessive reinforcement ratios were used in the mono and hybrid
fiber beams, the ductility values increased 3.33 and 4.35 times in com-
parison with the non-fiber beams, respectively (Fig. 9b). The highest
ductility among the test beams was achieved for the beams B3-MF and B3-
HF having the reinforcement ratio of 0.028. This ratio is well above the
limits in many design codes. It can be deduced that higher reinforcement
ratios can be used to benefit from the UHPFRC’s excellent compressive and
deformation capacities. The hybrid fiber usage in the UHPFRC beams gives
better performance in terms of the deflection ductility.

Fig. 5. Load–deflection relationships; a) ρ=0.009, b) ρ=0.019, c) ρ=0.028, d) ρ=0.043.

Fig. 6. Deflection hardening and fiber debonding responses of UHPFRC beams.
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In the test program, the moment-curvature relationships were also
determined from the measurements at the constant moment zone of
beams. The moment-curvature curve for the beam B4-NF early

terminated because of the damage caused by the crushing on the beam’s
top surface. Moreover, because the major crack on the beam B1-HF
developed out of the curvature-meter, the measurement could not be
completed after the peak load (Fig. 10).

The curvature ductility (μϕ) and flexural stiffness (EIeff) of the
UHPFRC beams were determined by the moment–curvature curves for
the considered each reinforcement ratio. The curvature ductilities (μϕ)
were determined by proportioning the ultimate curvature (ϕu) to yield
curvature (ϕy). The idealization procedure used in calculation of the
deflection ductility was considered again for these characteristic values.
The curvature ductilities and other characteristics values are presented
in Table 6. The variation of ductilities with the reinforcement ratios are
also given in Fig. 11a.

As shown from the Fig. 11a and Table 6, the curvature ductilities for
the non-fiber beams decreased from 8.26 to 4.67 for the increasing
reinforcement ratios. Due to the crack localization behavior, overly
high curvature ductilities were obtained for the UHPFRC beams. The
curvature ductilities for the mono and hybrid beams showed a variation
in a range of 11.07 to 25.06 and 14.98 to 33.11, respectively.

Despite the curvature ductility for the mono fiber beam (B3-MF)
with ρ=0.028 somewhat decreased, the ratios gained an increasing
tendency with the mono and hybrid fiber usages (Fig. 11a). The

Fig. 7. Failure patterns of the non-fiber and UHPFRC beams.

Fig. 8. Bi-linear idealization of load-deflection behavior [60].

Fig. 9. a) Variation of deflection ductilities, b) Effectiveness of steel fibers on ductility.
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maximum curvature ductilities were obtained for the beams B4-MF and
B4-HF including the highest reinforcement ratio (ρ=0.043). It can be
also noted that the hybrid beams showed better performance in com-
parison with the mono usage as in the deflection ductility.

However, the effective flexural stiffness (EIeff), which is the ratio of the
peak moment (Mp) to the yield curvature (ϕy) on the idealized elasto-
plastic response, was calculated by using ascending branch of the moment-
curvature curves (Table 6 and Fig. 11b). While a significant stiffness in-
crease was determined for the mono and hybrid UHPFRC beams with the
lowest reinforcement ratio, this change remained limited for the further
ratios. It can be also noted that the flexural stiffnesses obtained from the
mono fiber beams were slightly more than the hybrid form (Fig. 11b).

3.2.2. Flexural moment capacity
In order to determine the effectiveness of steel fiber to the flexural

moment capacities of beams produced in the mono or hybrid form, the

moment capacities (Mp) were proportioned to those obtained from the
non-fiber beams. The increases of 6–41% in the moment capacities were
obtained through the different contribution of fibers compared to the
non-fiber beams. The greatest increase was obtained for the beam B4-
MF having the mono fiber and the highest reinforcement ratio.
However, the moment capacities of the hybrid beams are slightly
smaller than the mono beams since the volumetric ratio of short fiber in
the hybrid mixture is less and it governs the strength and stiffness re-
sponses prior to the cracking. It can be also noted that as the tensile
reinforcement ratio increases, the fiber contribution on the moment
capacity decreased for both fiber usages as shown in Fig. 12.

3.2.3. Cracking behavior
The cracking patterns and crack widths of the mono and hybrid

fiber beams were compared to the non-fiber versions to show the ef-
fectiveness of fibers on the cracking behavior. The cracking behaviors

Table 5
Characteristic values for the load–deflection behavior.

Test beam Δy (mm) Py (kN) Δp (mm) Pp (kN) Δu (mm) Pu (kN) μΔ Failure mode

B1-NF 12.96 91.25 79.27 106.80 105.49 102.31 8.14 CC
B1-MF 10.22 142.63 11.19 150.78 36.13 120.69 3.54 RR
B1-HF 11.78 128.76 21.56 137.58 65.64 110.66 5.57 RR
B2-NF 16.66 177.06 53.74 208.65 54.15 206.14 3.25 CC
B2-MF 13.28 229.62 26.97 250.58 76.83 208.99 5.79 RR
B2-HF 14.98 216.23 43.49 242.33 115.76 212.23 7.73 RR
B3-NF 18.57 249.98 46.51 271.39 48.68 270.31 2.62 CC
B3-MF 15.63 302.23 23.55 319.16 127.70 266.92 8.17 RR
B3-HF 16.28 284.52 35.99 306.37 157.25 257.71 9.66 RR
B4-NF 19.89 295.21 39.70 324.81 42.00 320.93 2.11 CC
B4-MF 17.16 328.62 25.46 363.93 120.70 333.48 7.03 RR
B4-HF 17.54 319.14 26.81 343.38 161.18 284.06 9.19 RR

Py: yield load, Pp: peak load, Pu: ultimate load, Δy: yield deflection, Δp: deflection of the peak load, Δu: ultimate deflection, μΔ: deflection ductility, CC: concrete
crushing, RR: reinforcement rupture.

Fig. 10. Moment–curvature relationships; a) ρ=0.009, b) ρ=0.019, c) ρ=0.028, d) ρ=0.043.
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were investigated at the specific deflections of L/250 and L/70. While
the value L/250 corresponds to the serviceability limit state (SLS) in
elastic region, the value L/70 represents the ultimate limit state (ULS)
representing significant inelastic deformations [32]. The crack widths
and cracking patterns for both limit states are shown in Figs. 13, 14 and
15, respectively.

It was observed for the SLS that the total number of cracks in the
mono fiber beams significantly decreased and this fiber usage limited
the crack widths ranged from 20% to 58% in comparison with the non-
fiber beams. However, the hybrid fiber beams could not show good
performance comparing to others for this limit state (Figs. 13 and 14).
The main reason is that the amount of micro fiber in the mixture (1.0%

by volume) is not sufficient to limit the crack widths and the long fibers
are not already activated. The authors think that if more short fiber in
the hybrid mixture would be considered, better cracking behavior could
be achieved for this limit state.

For the ULS after the peak load, the maximum crack widths for the
mono fiber beams considerably increased range from 3.8 to 6.8 times.
While the straight fibers were not able to restrict the formation of major
crack due to their short length, the hybrid fiber usage significantly
limited to the crack widths for the reinforcement ratios of 0.019 and
above since the long-hooked fibers effectively bridged the major cracks
and the most of short-straight fibers already pulled out. Consequently,
while the combined use of short and long fibers is effective for both
limit states, the mono fiber usage can be effective for only one de-
pending on the length of fibers.

3.2.4. Concrete strain response
The compressive strain response of concrete is important for the

flexural design of reinforced concrete members. However, the UHPFRC
exhibits more ductile behavior under compression by means of con-
tribution of steel fibers and it has a large deformation capacity after the
peak. It should be noted that the design limits corresponding to the
normal strength concrete are not compatible with both high strength
fiber reinforced concrete and UHPFRC. Hereat, the compressive strain
limit should be investigated taking into account the fiber parameters.
Therefore, the concrete strains were measured at the outermost com-
pression surfaces of the beam mid-region (Fig. 16a-b). As shown from
the load-strain behaviors, the strain values continue to increase until
the first concrete crushing. Later on, the values measured by the strain
gauges begin to decrease because the stresses in compression region
decrease. It was observed that the characteristic responses of

Table 6
Characteristic values for moment-curvature behavior.

Test beam ϕy (1/m) My (kNm) ϕp (1/m) Mp (kNm) ϕu (1/m) Mu (kNm) μϕ EIeff (kNm2)

B1-NF 0.0231 31.73 0.1909 37.38 0.1909 35.53 8.26 1618
B1-MF 0.0178 50.11 0.0191 52.77 0.1971 42.17 11.07 2963
B1-HF 0.0184 45.26 0.0525 48.15 xxx xxx xxx 2617
B2-NF 0.0227 60.98 0.1112 73.03 0.1117 72.15 4.92 3217
B2-MF 0.0207 78.51 0.1035 87.70 0.4122 73.38 19.91 4237
B2-HF 0.0248 75.41 0.1217 84.82 0.3715 74.47 14.98 3420
B3-NF 0.0223 86.42 0.0898 94.99 0.1041 92.72 4.67 4259
B3-MF 0.0216 101.13 0.0803 111.71 0.3013 99.98 13.95 5172
B3-HF 0.0230 96.16 0.0814 107.23 0.7555 90.20 32.85 4662
B4-NF 0.0269 99.04 0.0956 113.68 xxx xxx xxx 4226
B4-MF 0.0261 110.06 0.0727 127.38 0.6540 116.95 25.06 4880
B4-HF 0.0271 106.44 0.0664 120.18 0.8974 99.32 33.11 4435

My: yield moment, Mp: peak moment, Mu: ultimate moment, ϕy: equivalent yield curvature, ϕp: curvature of the peak moment, ϕu: ultimate curvature, μϕ:curvature
ductility, EIeff: effective flexural stiffness.

Fig. 11. a) Variation of curvature ductilities, b) Variation of effective flexural stiffnesses.

Fig. 12. Flexural capacities of the test beams.
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compressive strains are regardless of the reinforcement ratio and fiber
usage. While an average concrete strain of 0.0033 was obtained for the
non-fiber beams, this value was nearly 0.004 for the mono and hybrid
UHPFRC beams. This result is quite consistent with the strain limits
suggested in the ACI 544 [61].

4. Numerical calculation of flexural moment capacity

In the current design codes, the design principles developed for the
conventional reinforced concrete structures have been introduced and
used in practice successfully. However, these principles cannot be di-
rectly applied to the flexural design of UHPFRC members since the
compressive, tensile and strain-hardening behaviors of the concrete are
distinct from the conventional concrete. Although some recommenda-
tions [55–58] were presented with regard to flexural moment capacity
of members with the UHPFRC, these approaches have not been in-
cluded yet in a design standard and code such as ACI, IBC and Euro-
code. However, numerous models were proposed to describe the non-
linear behavior of UHPFRC [6–8,25,28,51,54]. These studies are prin-
cipally based on moment-curvature analysis and they require the use of
stress-strain relationships in the compression/tension as well as addi-
tional material tests which are difficult to apply for the design purpose.
Thus, developing of the design oriented-simplified methods became
important to predict the moment capacities of beams. Many efforts
were made for the members with both high strength and ultra-high
strength fiber reinforced concrete investigating the shape of concrete
stress block, ultimate strain capacity, fibers’ geometrical properties
(such as, material, type, aspect ratio), volumetric ratio, orientation,
bond stress as well as other parameters affecting the tensile stress

distribution [12,24–26,52–54,62,63]. It should be noted that these
studies just focused on the mono fiber usage and no numerical approach
or recommendation has been presented for the hybrid fiber usage where
two or more fiber types are blended together in the concrete mixture.

In this study, two numerical approaches were proposed to predict
the nominal moment capacity of UHPFRC beams produced in the mono
or hybrid form. Both approaches are essentially same, but the calcula-
tion procedures for the tensile strength of UHPFRC are different. The
analysis procedure is based on the model proposed for the normal
strength fibrous concrete beams in ACI 544 [61]. Here the use of
equivalent stress block was maintained for the compression and tension
regions. However, some improvements were made on the existing
model in order to be compatible with the test results. For example,
although the strain limit at the outermost compression surface was
given 0.003, it was noted that the strain value 0.004 can be taken for
the members containing the fibers of 1.0–3.0% by volume. Thus, the
proposed approach assumes this limit value. This assumption is quite
consistent with the experimental strain behaviors of the mono and
hybrid UHPFRC beams in this study (Fig. 16).

In the proposed first approach, the tensile strength of concrete is
calculated by considering some fiber parameters (such as, fiber type,
aspect ratio, orientation and volumetric ratio so on) and bond strength
between the fiber and concrete matrix. The second approach uses final
tensile strength obtained from direct tensile test in order to eliminate
uncertainties in determining the fiber parameters. The parameters re-
lated to the tensile strength of UHPFRC were optimized to ensure that
both approaches are compatible with each other as well as the ex-
perimental results. Both approaches were applied to the UHPFRC test
beams and the results were compared to the test results. In addition, in

Fig. 13. Maximum crack widths; a) L/250, b) L/70.

Fig. 14. Cracking patterns at the L/250.
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order to investigate applicability of these approaches in member design,
they were applied to various UHPFRC beams previously studied in lit-
erature.

Approach 1: The ACI 544 [61] procedure is commonly used in many
studies [12,52,53,62,63] for predicting the nominal moment capacity
of singly reinforced fibrous concrete beams. This model uses the
equivalent stress block at the compression and tension regions of con-
crete as shown in Fig. 17. The tensile strength (σt) is calculated by Eq.
(1). Assumed that the yield condition of tensile reinforcement governs
the ultimate capacity.

=
l
d

F0.00772t
f

f
f be

(1)

Here, l and df denote the fiber length and diameter, ρ f is the volumetric
fiber ratio and Fbe is the bond efficiency of fibers.

The Eq. (1) proposed for the tensile strength (σt) is based on fiber-
matrix bond strength (τf) of 2.3MPa for the normal strength concrete
[61]. For the high strength fibrous concretes, this value should be
greater than that of the normal strength concrete due to their dense
matrix. Naaman and Najm [64] stated that the bond strength value is in
a range of 1–9 depending upon the concrete compressive strength and
fiber characteristics. For high strength concrete, Imam et al. [53] used
the bond strength value of 4.15MPa recommended by Al-Ta'an and Al-
Feel [65]. Accordingly, the coefficient 0.00772 in the Eq. (1) was
modified as 0.02 and the tensile strength expression was transformed to
Eq. (2).

=
l
d

F0.02t
f

f
f be

(2)

Khalil and Tayfur [52] modified the Eq. (1) in the form of Eq. (3) for
the UHPFRC beams. The bond strength parameter (τf) in Eq. (3) is
7.7MPa for the average compressive strength of 136MPa.

=
l
d

0.85t f f
f

f (3)

In the current study, a parametrical study was conducted in ac-
cordance with the test results of UHPFRC beams, and consequently the
bond strength value was optimized to 8.15MPa for the mono and hy-
brid beams. In the approach 1, the tensile strength of UHPFRC (σt1) is
calculated by Eq. (4) which is firstly proposed by Ahmed and Pama [66]
and later modified by Kahlil and Tayfur [52]. This equation considers
various fiber characteristics such as fiber orientation, adherence,
length, amount, aspect ratio and bond strength. In accordance with the
ACI 544, the tensile stress block begins a distance of e from the outer-
most compression surface (Fig. 17) and the length e can be calculated
by Eq. (5).

= V
l
d

2t o b l f f
f

f
1

(4)

= +e fibers c[ ( ) 0.004]
0.004s (5)

In the Eq. (4), efficiency factors η0 and η l representing the fiber or-
ientation and length in the concrete matrix are taken as 0.86 and 0.41,
respectively [67,68]. The bond efficiency factor (η b) is 1.0 and 1.2 for the
straight and hooked fibers, respectively [61]. It can be noted that these
factors are regardless of the normal strength or high strength concrete
usage and they mostly depend on the fiber characteristics in the matrix.

Fig. 15. Cracking patterns at the L/70.

Fig. 16. Compressive strains behaviors of the beams; a) Non-fiber, b) UHPFRC.
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When the numerical models are checked up on for the normal, high and
ultra-high strength reinforced concretes, the fiber contribution in strain
profile is considered for only single fiber type. Hence, there is no answer to
the question of how to adopt the current tensile strength equations de-
veloped for the mono fiber concrete to the hybrid UHPFRC. Therefore, an
approach was conducted to calculate the parameters which depends on
fiber length in tensile strength of the hybrid concrete. In this context, the
fiber length, diameter and bond efficiency factor were determined by
proportioning the volumetric ratio of each fiber type in the mixture to the
total fiber ratio (Eqs. (6)–(8)). For instance, the related parameters for a
hybrid mixture containing the short-straight fiber 13/0.16 (1.0%) and long-
hooked fiber 60/0.75 (0.5%) can be calculated as; lf=13x(1.0/1.5)+60x
(0.5/1.5)=28.67mm, df=0.16x(1.0/1.5)+0.75x(0.5/1.5)=0.36mm,
ηb=1.0x(1.0/1.5)+1.2x(0.5/1.5)=1.07

= + + +l l
V
V

l
V
V

l
V
Vf f

f

f
f

f

f
fn

fn

f
1

1
2

2

(6)

= + + +d d
V
V

d
V
V

d
V
Vf f

f

f
f

f

f
fn

fn

f
1

1
2

2

(7)

= + + +
V
V

V
V

V
Vb b

f

f
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f

f
bn

fn

f
1

1
2

2

(8)

Here lf1, lf2,…,lfn; db1, db2,…,dbn; ηb1, ηb2,…, ηbn and Vf1, Vf2,…, Vfn

denote, respectively, the fiber length, fiber diameter, bond efficiency
factor and volumetric ratio for each fiber type.

Approach 2: The second proposed approach is essentially same with
the approach 1, but it uses direct tensile test results in order to eliminate
possible uncertainties in the fiber parameters specified in Eq. (4). The use
of equivalent stress block for the compression and tension regions as well
as the stress and strain profiles are still maintained. However, the tensile
strengths (σt,exp) must be reduced by a coefficient to get equivalent ten-
sile block as in the compression block (Fig. 17) [26]. In this context, the
strength reduction factor (k) was parametrically investigated on the test
beams and was optimized to 0.75 as shown in Eq. (9).

= kt t exp2 , (9)

The calculation procedures for the specified two approaches were
coded through the Matlab platform to determine the flexural moment
capacities of UHPFRC beams in the mono or hybrid form. So firstly, the
tensile strength of UHPFRC is calculated by Eqs. (4) or (9). Then, the
neutral axis depth (c) is determined by controlling the equilibrium of
forces in the compression and tensile regions depending on the strain and
the stress profiles in the Fig. 17. Finally, the moment capacity of beam is
calculated by taking a moment of forces about the neutral axis location.

Both approaches were applied to the doubly reinforced UHPFRC test
beams, and the calculated moment capacities (Mp,cal) were proportioned

to the experimental capacities (Mp,exp) to show how the proposed
methods give results. The comparison results and statistical evaluation
parameters, such as mean, standard deviation (Std) and coefficient of
variation (CoV) for Mp,cal/Mp,exp values, are given in Table 7.

As shown in Table 7, both procedures are highly compatible with
each other even though one of them uses the fiber parameters in the
UHPFRC matrix and other uses the direct tensile test results. However,
the numerical capacities calculated for the mono and hybrid UHPFRC
beams are in good agreement with the test results for the reinforcement
ratios of 1.9% and above, but they overestimate the capacities for the
lowest reinforcement ratio, as would be expected. Nevertheless, it can
be deduced that both approaches can determine the flexural moment
capacities of UHPFRC beams in a band of 10%.

The proposed approaches were also applied to UHPFRC beams
previously tested in research by others [6,8,26,32,33] to see applic-
ability of them in member design. The cross-sectional dimensions,
longitudinal reinforcement details and mechanical properties, fiber
contents, concrete and tensile strengths used in these studies are sum-
marized in Table 8. The total of 24 singly reinforced test beams were
analyzed using the approaches 1 and 2, and the numerical results were
compared to the test results in Fig. 18a-b and Table 8.

It is evident from these results that the proposed approaches can
determine the moment capacities of UHPFRC beams within a band
of± 15% even though the dimensions, reinforcement ratios, yield
strengths compressive/tensile behaviors are quite different as well as
they were produced probable different casting techniques.

5. Conclusions

In this study, the flexural behavior of Ultra-High Performance Fiber

Fig. 17. Strain and stress distributions for proposed approaches.

Table 7
Summary of numerical analyses for the mono and hybrid UHPFRC beams.

Approach 1 Approach 2

Test beam Mp,exp (kNm) Mp,cal (kNm) Mp,cal
Mp,exp

Mp,cal (kNm) Mp,cal
Mp,exp

B1-MF 52.77 61.58 1.17 61.57 1.17
B2-MF 87.70 90.60 1.03 90.56 1.03
B3-MF 111.71 110.94 0.99 110.93 0.99
B4-MF 127.38 130.43 1.02 130.42 1.02
B1-HF 48.15 62.82 1.30 66.45 1.38
B2-HF 84.82 92.62 1.09 96.08 1.13
B3-HF 107.23 114.24 1.07 117.61 1.10
B4-HF 120.18 130.92 1.09 134.18 1.12
Mean 1.10 1.12
Std 0.10 0.12
CoV 0.09 0.11
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Reinforced Concrete (UHPFRC) beams produced in mono and hybrid
forms were investigated experimentally and numerically. For this pur-
pose, total of twelve doubly reinforced concrete beams were produced
for different reinforcement ratios which represent low to excessive le-
vels (ρ=0.009, 0.019, 0.028 and 0.043). The test beams were sub-
jected to the four-point loading and the results were discussed below in
terms of the many parameters. In addition to the test program, two
numerical approaches were proposed to predict nominal moment ca-
pacity of the UHPFRC beams in the mono or hybrid form. The ap-
proaches were applied to the current test beams and various UHPFRC
beams previously studied in the literature.

• The deflection ductility of non-fiber beams decreased from 8.14 to
2.11 with increasing of the tensile reinforcement ratio. Although the
deflection ductility for the mono UHPFRC beam decreased 2.3 times
in comparison to the non-fiber beam with the lowest reinforcement
ratio, the ductility values and fibers’ effectiveness significantly in-
creased as the reinforcement ratio increases. In a similar manner,
the ductility values for the hybrid beams showed an increasing trend
with the reinforcement ratio. It can be noted that the ductility values
of the hybrid fiber beams are greater than those of the mono use for
each reinforcement ratio. The highest ductility among the test
beams was achieved for the beams with the reinforcement ratio of
0.028. This ratio is well above the limits in the current design codes.
From the curvature measurements, overly high curvature ductilities

were obtained for the test beams due to the formation of major
crack. The maximum curvature ductilities were obtained for the
highest reinforcement ratio (ρ=0.043).
• Since no confinement effect was provided by the stirrups in the mid-
region of beams, the reinforcement buckling was observed shortly
after the concrete crushing in the non-fiber beams with low re-
inforcement ratios. Due to the effectiveness of steel fibers with re-
spect to the confinement, despite the concrete crushing, the concrete
cover remained intact and the fibers did not allow buckling in the
case of UHPFRC beams for same reinforcement ratios.
• While a significant flexural stiffness increase was obtained for the
mono and hybrid UHPFRC beams with the lowest reinforcement
ratio, this change remained limited for the further ratios. However,
the flexural stiffnesses of the mono fiber beams were slightly more
than the hybrid beams for all reinforcement ratios due to the fiber
content considered in the mixture.
• The UHPFRC use provides additional moment capacities through the
contribution of fibers in the compression and tension regions in
comparison with the non-fiber conditions. As the tensile reinforce-
ment ratio increases, the fiber contribution on the capacity de-
creased for both fiber usages. Noted that the moment capacities of
hybrid beams are slightly smaller than the mono beams since the
volumetric ratio of short fiber in the hybrid mixture is less and it
governs the strength and stiffness responses beams prior to the
cracking.

Table 8
Summary of beam properties and calculated/experimental moment capacities.

Approach 1 Approach 2

Test
beam

b
(mm)

h
(mm)

d
(mm)

As (mm2) fy (MPa) lf/df

(mm)
ρf

(%)
Mp,exp (kNm) Mp,cal (kNm) Mp,cal

Mp,exp
Mp,cal (kNm) Mp,cal

Mp,exp

Yang et al. (2010), fc′=194 MPa, σt = 11.6 MPa
R12-1 180 270 235 253 500 13/0.20 2.0 87.01 74.85 0.86 83.63 0.96
R12-2 253 83.28 74.85 0.90 83.63 1.00
R13-1 380 97.52 88.70 0.91 97.33 1.00
R13-2 380 106.56 88.70 0.83 97.33 0.91
R14-1 507 116.50 102.41 0.88 110.90 0.95
R14-2 507 116.84 102.41 0.88 110.90 0.95
R22-1 253/253 107.00 97.24 0.91 105.73 0.99
R22-2 253/253 105.71 97.24 0.92 105.73 1.00
R23-2 380/380 131.65 121.72 0.92 129.93 0.99

Mean: 0.89 0.97

Chen et al. (2018), fc′=141.5 MPa, σt = 12.0 MPa
B-1 150 220 188 308 461 13/0.20 2.0 43.30 49.81 1.15 54.30 1.25
B-2 184 760 417 71.40 77.00 1.08 81.07 1.14
B-3 182 982 456 90.40 95.81 1.06 99.56 1.10
B-4 182 982/360 456 105.90 114.95 1.09 117.37 1.11

Mean: 1.10 1.15

Yoo et al. (2017), fc′=197 MPa, σt = 10.9 MPa
UH-0.53 200 270 240 253 523 13/0.20 2.0 97.91 82.09 0.84 86.65 0.88
UH-1.06 507 118.65 111.66 0.94 116.09 0.98
UH-1.71 380 130.99 133.64 1.02 137.93 1.05

Mean: 0.93 0.97

Hasgul et al. (2018), fc′=162 MPa, σt = 9.32 MPa
B1-F 150 250 223 308 453 13/0.16 1.5 52.59 60.06 1.14 60.05 1.14
B2-F 220 628 463 89.76 89.87 1.00 89.85 1.00
B3-F 218 905 456 111.91 111.73 1.00 111.72 1.00
B4-F 220 628/628 465 134.35 132.39 0.99 132.39 0.99

Mean: 1.03 1.03

Turker et al. (2019), fc′=163 MPa, σt = 11.18 MPa
K1-F 150 250 223 308 445 13/0.16

60/0.75
1.0
0.5

51.31 61.39 1.20 65.34 1.27
K2-F 220 628 471 88.61 91.49 1.03 95.08 1.07
K3-F 218 905 460 106.29 114.24 1.07 117.73 1.11
K4-F 220 628/628 471 127.60 134.97 1.06 138.23 1.08

Mean: 1.09 1.13
Mean: 0.99 1.04
Std : 0.10 0.10
CoV : 0.11 0.09
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• The test results also showed that the cracking behaviors were af-
fected differently by the fiber usage at the serviceability (SLS) and
ultimate limit states (ULS). The total number of cracks in the mono
fiber beams for the SLS significantly decreased and this fiber usage
limited the crack widths in comparison with the non-fiber condition.
However, the hybrid beams could not show good performance
comparing to others because the long fibers in the matrix are not
already activated to limit the cracks. The authors think that if more
short fiber in the hybrid concrete mixture would be considered,
better cracking behavior could be achieved for this limit state. On
the other hand, for the ULS after the peak load, the hybrid fiber
usage significantly limited to the crack widths for especially higher
reinforcement ratios since the most of short fibers already pulled out
and the long fibers in the concrete matrix were activated.
• It was observed that the characteristic responses of compressive
strains are regardless of the reinforcement ratio and fiber usage.
While an average concrete strain of 0.0033 was obtained for the
non-fiber beams, this value was nearly 0.004 for the mono and
hybrid UHPFRC beams.
• The proposed numerical approaches, in which the first one uses
many fiber parameters in the UHPFRC matrix and other uses the
direct tensile test result to determine the tensile strength of the
concrete in mono or hybrid form, were applied to the doubly re-
inforced test beams. The calculated numerical capacities are in good
agreement with the test results for the reinforcement ratio of 1.9%
and above, but they can overestimate the capacities for the lowest
reinforcement ratio. The approaches were also applied to the total of
24 singly reinforced UHPFRC beams previously studied in the lit-
erature. It is evident from these results that both approaches can be
sufficiently determine the moment capacities within a band
of± 15% even though dimensions, reinforcement ratios, yield
strengths and compressive/tensile behaviors are quite different and
they were produced probable different casting techniques.

The current results presented in the study show that the use of
UHPFRC provides remarkable benefits in terms of ductility, flexural
capacity, stiffness and cracking control. However, higher reinforcement
ratios above the well-known design limits can be used to benefit from
the UHPFRC’s excellent compressive and deformation capacities. This
can allow the production of slender members having higher load-car-
rying capacity. Hence, more aesthetic, economic and long-lasting de-
sign applications can be possible with the UHPFRC use. It should be also
noted that the hybrid fiber usage in the UHPFRC may allow more ef-
ficiency in terms of flexural behavior.

6. Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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