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Abstract: In the presented paper, the impacts of steel fiber use and tensile reinforcement ratio on
shear behavior of Ultra-High Performance Concrete (UHPC) beams were investigated from the point
of different tensile reinforcement ratios. In the scope of the experimental program, a total of eight
beams consisting of four reinforcement ratios representing low to high ratios ranged from 0.8% to
2.2% were casted without shear reinforcement and subjected to the four-point loading test. While half
of the test beams included 30 mm end-hooked steel fibers (SF-UHPC) with 2.0 vol%, the remaining
beams were produced without the fiber to show possible effectiveness of the fiber use. The shear
performances were discussed in terms of the load—deflection response, cracking pattern and failure
mode, first cracking load and ultimate shear strength. In this sense, all the non-fiber beams were
failed by shear with a dramatic load drop, regardless of the tensile reinforcement amount, before the
yielding of reinforcement and they produced no deflection capability. The test results showed that
while the inclusion of steel fibers to the UHPC mixture with low reinforcement ratios changed the
failure mode from the shear to flexure, it significantly enhanced the ultimate shear strength in the
case of higher reinforcement ratio through the SF-UHPC’ superior mechanical properties and fibers’
crack-bridging ability.

Keywords: steel fiber ultra-high performance concrete; reinforced concrete beam; shear behavior;
end-hooked steel fiber

1. Introduction

The Steel Fiber-Reinforced Ultra-High Performance Concrete (SF-UHPC) is an advanced type of
concrete having the superior mechanical and durability properties. This type of special concrete is
used in many areas to eliminate the disadvantages in traditional reinforced concrete member design
due to its very high compressive strength and pseudo post-cracking tensile response. While this
response can be ensured with a good amount of steel fiber, insufficient fiber volume fraction and/or low
concrete compressive strength may lead to softening response [1]. In order to increase the workability
of concrete, there is a need to use the superplasticizers through their water reduction ability. It is seen
that the new-generation polycarboxylic ether-based superplasticizer can achieve up to 40% water
reduction [2,3].

The randomly dispersed steel fibers added to the concrete mixture, which may be in straight,
end-hooked, twisted or other forms, improve the capacity in many different ways, such as the ductility,
energy absorption capacity and strength. When compared to the conventional normal-strength fibrous
concrete (NSFC), the SF-UHPC has very high compressive and tensile strengths, strain capacity and
durability through its high-density matrix [4-8]. Hence, the SF-UHPC’s superior characteristics allow
the use of higher reinforcement ratios than the limits stipulated in the several design codes.
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All material and structural behaviors of the SE-UHPC members are distinct from that of the
normal-strength concrete and its use gains many advantages in terms of shear or/and flexural behavior.
It is important to note that the current prediction methods of shear strength cannot be directly applied
to the SF-UHPC members because of the post-cracking behavior under tension. Regarding the shear
behavior of I-shaped SF-UHPC beams, when the principal tensile stress in the web region exceeds
tensile stress of concrete, some possible shear failures (such as diagonal tension, shear compression,
shear tension, or combination of two or more) come into existence in a very brittle manner depending
on the compressive and tensile strengths of concrete, fiber content, shear-span-to-depth (a/d) ratio
and tensile reinforcement ratio. In this sense, the optimum steel fiber content compatible with the
reinforcement ratio may be able to replace or reduce the stirrups and/or shear reinforcement with the
help of the excellent mechanical properties of the concrete and the crack-bridging ability of steel fibers
and hence, formation and propagation of the cracks [9-14].

The existing studies on the shear behavior of SF-UHPC can be summarized under two groups.
The first group studies were relevant to the importance of steel fiber use on the shear behavior
considering the fiber volume fraction, compressive and tensile strengths, shear reinforcement type,
tensile reinforcement ratio, a/d ratio as well as the prestressing conditions. The other group studies
focused the feasibility of steel fiber use in place of shear reinforcement. It can be noted that a great
majority of these studies intensively focused on the importance of fiber amount on the shear strength
and failure mechanisms under the constant tensile reinforcement ratio. In spite of prior valuable studies
on the shear behavior, there is a remarkable lack of knowledge about the impact of reinforcement ratio
on the SF-UHPC beams’ shear response. Kamal et al. [15] studied the shear behavior of SE-UHPC beams
for two tensile reinforcement ratios as well as with and without web reinforcement configurations.
Independent of the reinforcement ratio, the steel fibers were more efficient in increasing both initial
and ultimate loads. They also indicated that the presence of steel fibers without web reinforcement in
the beams was more critical in terms of the ultimate shear strength. El-Dieb et al. [11] investigated
the shear response of self-compacting SF-UHPC beams for two fiber volume fractions. The results
denoted that the inclusion of steel fibers significantly increased the shear capacity depending on the
fiber amount. It was interestingly stated that the effectiveness of steel fiber for the normal- strength
concrete was greater than that of the SE-UHPC use. It was also stated that the adding of steel fibers
with proper volume fraction could be used in place of the stirrups. Pourbaba et al. [13] studied effects
of concrete type, a/d ratio and reinforcement ratio on the shear behavior. The parametric tests on
prism specimens showed that while the normalized shear strength of SE-UHPC beams was averagely
77% greater than those of normal- strength beams, the reinforcement ratio had a limited effect on
the shear capacity. Mészoly and Randl [14] revealed that not only the increase of stirrups had less
effect on the shear strength rather than both 1 and 2 vol% of fibers, but also the fiber use was more
impactful for the case without the shear reinforcement. Ngo et al. [16] conducted a parametric study
on prism specimens to investigate the shear strength of SE-UHPC as well as to find a correlation
between the shear and tensile strengths. As in other studies, the increased fiber contents enhanced the
shear strength. They reported that the shear strength of SE-UHPC beams was particularly influenced
by the tensile strength of concrete and a/d ratio. So the shear strengths of test beams were about 1.6
times greater than the direct tensile strengths, and the a/d ratio was inversely proportional to the shear
strength. This outcome was highlighted at almost all studies considering different a/d ratios [12,17,18].
Ciprian et al. [19] differently studied the hybrid fiber use in the shear behavior of SF-UHPC beams
for different volume fractions. The experimental comparisons pointed out that the hybrid fiber use
in the SF-UHPC beams provided better performance, regardless of volumetric fraction, with regard
to the ultimate shear strength and deformations compared to the mono fiber. Voo et al. [17] carried
out a testing program to investigate the impact of steel fiber content and a/d ratio on prestressed
SF-UHPC beams. The test results showed the shear cracking occurred through the web region prior to
the formation of major crack. It was also noted that the fiber content did not significantly affect the
cracking load while an increase in volume fraction of steel fiber led to an apparent increase in the shear
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strength. Baby et al. [20] emphasized an important situation so that even though the use of stirrups in
the UHPC beams rather than the steel fiber improved the ultimate shear strength of prestressed and
reinforced beams, the association of fiber and shear reinforcement affected them in a negative manner.
Baby et al. [10] conducted the material- and structural- scaled shear tests on I-shaped SF-UHPC girders
having some types of shear reinforcement with/without the prestressing. The results demonstrated that
the shear capacity depended on both the tensile behavior and effect of fiber orientation, prestressing
force and cross-sectional geometry.

On the other hand, the feasibility of steel fibers in place of shear reinforcement or shear link
on the SF-UHPC members was intensively investigated by some researches. The main outcomes
of these studies [15,21-23] pointed out that the replacement of shear reinforcement by the steel
fibers was applicable to the moderate shear levels and also, the inclusion of steel fiber by 0.75 vol%
to the high-strength concrete mixture can be used in place of the minimum shear reinforcement.
Zagon et al. [23] investigated the shear behavior of I-shaped SF-UHPC beams with or without web
openings. The study reported that the replacement of stirrups by steel fiber was feasible with and
without the combination of an additional shear link. However, the test results of eleven T-shaped
SF-UHPC beams in Qi et al. [12] showed that the steel fiber use positively affected the post-cracking
shear strength and deformability of SFE-UHPC beams. Based on the observations, the failure mode of
some beams with high reinforcement ratio changed from the shear to shear-flexure. This indicates that
the fibers are more impactful in enhancing the shear strength than flexural strength. Yavas et al. [9]
investigated the effects of different fiber type and amounts on the shear behavior. While the steel
fiber use has no notable impact on the cracking load for low volume fractions, regardless of fiber
type, the cracking load shows an increasing trend for high fiber volume fractions. The test results
also indicated the applicability of steel fiber as the shear reinforcement. Hasgul et al. [24] recently
studied the feasibility of steel fibers in place of shear reinforcement in the I-shaped SF-UHPC beams.
Even though no shear reinforcement is provided in the test beams in contrast with the requirements in
design codes, the inclusion of steel fibers of 1.5 vol% is sufficient to guarantee the flexural behavior.

The aim of this experimental study is to investigate the impacts of steel fiber use and tensile
reinforcement ratio on the shear behavior of I-shaped SF-UHPC beams. In this sense, the total of
eight beams consisting of four reinforcement ratios (in a range of 0.8% to 2.2%) were casted without
shear reinforcement and subjected to the four-point loading test. While half of the test beams included
30 mm end-hooked steel fibers with 2.0 vol%, the remaining beams were produced without the fiber to
show possible effectiveness of the fiber use. Based on the non-fiber beam configurations, the shear
performances of SF-UHPC beams were discussed in terms of the load-deflection response, cracking
pattern, first cracking strength and ultimate shear strength. In addition, the well-known code equations
(ACI 318 [25], Eurocode 2 [26], NZS 3101 [27] and Model Code 2010 [28]) in relation to the nominal
shear capacity were discussed by referring to the experimental results of the non-fiber reference beams.
In the second part of numerical investigations, the flexural capacity of test beams except for the shear
dominant beams were numerically predicted and compared with the experimental results.

2. Experimental Program

2.1. Material Properties and Mixture Design

In the study, two concrete mixtures were designed with and without steel fiber. Here, the first
one is the plane mixture without the steel fiber, which can be classified as the Ultra High Performance
Concrete (UHPC), the second one is the SE-UHPC mixture showing the post-cracking behavior under
bending thanks to the steel fibers. In the plain mixture, Portland cement (C), silica fume (SF) and
blast-furnace slag (BFS) were used as the binder part of concrete. Two different sizes of quartz sand
(QS) were combined for the aggregate. A very low water-to-binder ratio (W/B) of 0.18 was used for
both concrete mixtures. In order to ensure the adequate workability for the considered W/B ratio,
the polycarboxylate ether superplasticizer (°PCE) was used as a high range water reducing admixture.
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In the SF-UHPC mixture, the end-hooked steel fiber of 30 mm long and 0.55 mm in diameter were
used of 2.0 vol%. The specified tensile strength of fibers was 1345 MPa. The material quantities in 1 m3
volume by weight are presented for each concrete mixture in Table 1. The sizes, densities and surfaces
of considered materials can be found in the references [7] and [9].

Table 1. Mixture proportions per unit weight (kg/m?3).

. Qs1 Qs2 Steel
Mixture C SF BFS (0-0.8 mm) (1-3 mm) Water PCE Fiber
UHPC 690 138 276 542 542 199 17.25 —
SF-UHPC 690 138 276 535 535 199 17.25 2.0 vol%

The casting stages are summarized in Figure 1la—d. A horizontal pan mixer was used for the
preparation of all concrete mixtures, and it allows different rotational speeds (Figure 1a). Firstly, all the
binder materials and aggregates were dry mixed for about three minutes with the help of a pan mixer.
Later on, all of the water and half of the plasticizer were added to the dry mixture and were mixed
for at least another three minutes. The remaining plasticizer was slowly introduced to the mixture of
plastic consistency. Thus, the sufficient fluidity was ensured after approximately five more minutes
(Figure 1b). Finally, the steel fibers, if any, were added gradually to the mixture, and the mixing
procedure was terminated after a stable and homogenous form was obtained within an average of ten
minutes. A specially designed rail pouring car was used for the concrete casting (Figure 1c). In order to
ensure the fiber orientation in the longitudinal direction of beam, the pouring was carried out at several
stages by moving from one end of the beam mold to the other, as shown in Figure 1c. The mixtures
have largely self-compacting characteristic and no vibration was applied during casting to avoid the
fiber gravitation. After the casting stage, the beams were covered with a plastic sheet (Figure 1d,e) to
prevent the surface evaporation and autogenous shrinkage cracks. The specimens were demolded
after 24 h and stored in the laboratory at ambient temperature until the test day. It should be noted
that the plastic sheet was removed after the demolding.

Figure 1. (a) Horizontal pan mixer, (b) Pouring, (c) Casting process, (d) After casting, (e) Covered beam.
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2.2. Material Based and Resistant Features

The mechanical properties of UHPC and SF-UHPC mixtures were evaluated by means of the
compressive, tensile and flexural responses. In determination of the compressive strength (f.”) in
relation to each mixture, six cubic specimens with 100 mm edge were prepared and subjected to the
uni-axial compression tests [29]. The tests were conducted using a 3000 kN load capacity hydraulic
press under the loading rate of 1 MPa/s.

The tensile strengths with respect to the mixtures were obtained from the splitting tensile tests
in accordance with the ASTM C 496 [30]. The six cylinder specimens were prepared with 100 mm
diameter and 200 mm height for each mixture. By means of the hydraulic press, the compressive
load was applied to the diametrical along the transverse direction of specimen (Figure 2a). After that,
the splitting tensile strength (fs,) of the specimens was calculated by Equation (1), where the P is the
maximum applied load, I and D are the length and diameter, respectively.

(dimensions in mm)

Figure 2. (a) Splitting tensile test setup, (b) Flexural test setup.

Not only to show the deflection hardening characterization in relation to the mixtures, but also
to show the energy absorption capacity of material, the flexural tests were performed on simply
supported prismatic specimens with a square section of 100 x 100 mm? and length of 400 mm in
accordance with the ASTM C 1609 standard [31]. The geometric properties of test specimen and
loading scheme are presented in Figure 2b. The average mid-span deflections were determined from
two linear variable displacement transducers (LVDT) fixed on both sides of the specimen. In this way,
the effect of possible settlements at the supports were eliminated (Figure 2b). The tests were conducted
under the displacement control using the servo-hydraulic machine with 500 kN capacity. The load
increment rate for the deflection was taken as 0.02 mm/min. The 24-channel data acquisition system,
with the sampling rate of 8 Hz per channel, was used to record the signals related to the load and
deflection. The flexural performances of UHPC and SF-UHPC mixtures were discussed by the flexural
strength (f,) and toughness values (energy dissipation capacity). The strengths were also calculated by
Equation (2) in the ASTM C 1609. In Equation (2), P denotes the applied load, b, d and L are the width,
depth and span length of test specimen, respectively. In calculation of the toughness values (T) in
relation to the total area under the load-deflection curve, the deflection limit of /150 is based on [31].

2P

fop = D 1)
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2.3. Preparition of Test Beams and Four-Point Loading Tests

In the experimental program, four tensile reinforcement ratios representing low to high ratios
ranged from 0.8% to 2.2% were considered to discuss different shear demands of the UHPC beams
with/without the steel fiber. In this sense, the total of eight simply supported reinforced concrete
beams, in which half of the beams were made from the SF-UHPC and the remaining beams were
produced without the fiber to show the possible effectiveness of fiber use, were casted and subjected to
the four-point loading test.

The I-shaped beam cross-sections comprised of 150 mm flange width, 60 mm flange thickness,
50 mm web thickness and 250 mm height. The total length of beams is 2500 mm, as shown in
Figure 3. The singly reinforced beams have several sizes of deformed reinforcing steel bars. However,
all beams had the concrete cover of 20 mm and hence, effective depths became variable. The tensile
reinforcements and mixture types are presented in Table 2. It is important to note that the considered
reinforcement ratio of 2.2% almost corresponds to the upper limits stipulated in the several design
codes such as, TS-500 [32], ACI 318 [25] and Eurocode-2 [26]. The yield and ultimate strengths of tensile
reinforcements were determined by means of the uni-axial tension tests on the reinforcement coupons
of 300 mm [33], and the average values of 470 and 593 MPa were determined, respectively. In Table 2,
the notations P and F denote the absence or presence of steel fiber, respectively. The reinforcement
ratios were added to the beam codes as a percentage. For instance, while the code F-1.7 denotes the
test beam including the tensile reinforcement ratio of 1.7% and the end-hooked steel fibers of 2.0 vol%,
the P-1.7 indicates the plain beam with same reinforcement ratio. In order to prevent pullout in the
beams, the both ends of tensile reinforcements were welded by a steel plate. No shear reinforcement
was placed to the test beams to show the potential advantages of fiber use.

The four-point loading scheme results in a shear-span of 700 mm as shown in Figure 4. The a/d
ratio was chosen larger than 2.5 (roundly 3.1) in order to reduce any contribution from arch action
to the shear strength for all beams. A load cell with 500 kN capacity was placed on the actuator to
measure the applied load (P). The P was transferred to the test beam as two-point loads of P/2 by means
of a steel spreader beam (Figure 4). The mid-span deflections were determined from the potentiometric
transducer with the capacity of 250 mm. All measurements were recorded simultaneously by using a
data logger system with the 24-channel and sampling rate of 8 Hz per channel.

Section A-A

Steel plate

150

: ; ; k‘ b 130
(dimensions in mm) ’

Figure 3. A typical singly reinforced concrete test beams.
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Table 2. Reinforcement and concrete contents of test beams.

Beam Tensile Reinforcement Reinforcement Ratio (p) Concrete Mixture Steel Fiber
P-0.8 2¢10 0.8%

P-1.2 2412 1.2% _
P-1.7 2614 1.7% UHPC

P-2.2 2¢16 2.2%

F-0.8 210 0.8%

F-12 2612 1.2% o
E17 2014 Lo SF-UHPC 2.0 vol%
F-2.2 2¢16 2.2%

Hydraulic jack

B

-

Spreader beam

(dimensions in mm)
Figure 4. The four-point loading setup.
3. Test Results and Discussions

3.1. Material Test Results

The results from six cubic and cylinder specimens for each mixture were averaged to determine
the compressive and tensile strengths (Table 3). While the steel fiber use increased the compressive
strength by 18% in comparison to the non-fiber mixture, it enhanced the tensile strength 3 times. Here,
the impact of fiber use became more prominent on the tensile behavior.

Table 3. Mechanical properties of the mixtures.

Mixture fc' (MPa) fsp (MPa) fp (MPa) T (kNmm)
Mean Std Mean Std Mean Std Mean Std
UHPC 121 1.8 5.70 0.15 9.98 0.33 1.71 0.04
SF-UHPC 143 1.9 17.10 0.21 17.88 0.63 152.9 11.06

The load-deflection curves obtained from the four-point loadings of prismatic specimens and
their average responses are illustrated in Figure 5. While the SE-UHPC specimens exhibited a higher
load-carrying capacity after the first crack, which characterizes the deflection hardening response in the
flexure, the non-fiber specimens failed without providing any additional capacity just after cracking.
It can be clearly seen from Figure 5 that the steel fibers not only increased the load capacity, but also
allowed large deflection capability after the peak load. The average flexural strength of SF-UHPC
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was obtained 79% higher rather than the non-fiber mixture. It was observed that when the ultimate
deflection of L/150 was reached, an evident amount of strength loss could be seen on the load-deflection
curve. It should be noted that the steel fiber use extremely increased the deflection capacity and hence,
the energy dissipation capacity extremely improved (Table 3).

70

SF-UHPC |
(Average)
S !

60 -

Load (kN)
_ h
[—] [(—}

w
=
e

[
>
—

UHPC
- (Average)

k.
=
L

0 0.5 1 1.5
Deflection (mm)

N

25 3

Figure 5. Load-deflection curves of prismatic specimens with and without steel fiber.

Based on the material test results, the inclusion of steel fibers to the UHPC mixture considerably
improved the mechanical properties of concrete. The main reason is that the steel fibers inhibited the
crack propagation and width through the fibers’ crack-bridging ability [9-14]. Consequently, the fiber
use considered in the volume fraction provided superior compressive and tensile strengths as well as
the flexural responses in comparison to the non-fiber configuration.

3.2. Structural Test Results

3.2.1. Load-Deflection Relationships

Figure 6 shows the measured load—deflection responses for each reinforcement ratio. Noted that
all test beams exhibited almost linear behavior until the first crack occurrence. Later on, the slope of
curves and hence, lateral stiffness reduced. After this point, even though all UHPC beams failed by the
shear before the yielding of reinforcement without any deflection capability, two responses for the
SF-UHPC beams showed up according to the failure type as the shear or flexure (Figure 6 and Table 4).

Table 4. The main deflection and load results.

Beam Acr (mm) P, (kN) Ay (mm) P, (kN) Vi (kN) Failure Mode
P-0.8 121 15.43 10.92 45.69 22.85 Shear (DT)
P-12 1.23 15.62 6.52 43.12 21.56 Shear (DT)
P-17 0.76 9.96 7.54 50.60 25.30 Shear (DT + ST)
P-2.2 0.85 10.28 9.22 66.81 33.40 Shear (DT + ST)
F-0.8 1.98 24.77 11.01 73.52 — Flexure (RR)
F-12 1.26 19.78 17.56 99.78 — Flexure (RR)
F-17 1.22 16.03 26.33 125.31 62.65 Fi‘;’;‘;e (DT + ST)
F-22 0.89 13.38 12.97 120.18 60.09 Shear (DT + ST)

At Cracking deflection, Per: Cracking load, Ap: Peak deflection, Pp: Peak load, Vy: Shear capacity. DT: Diagonal
tension, (DT + ST): Combination of diagonal tension and shear tension, RR: Reinforcement rupture.
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Figure 6. Load-deflection curves of test beams, (a) p = 0.008, (b) p = 0.012, (c) p = 0.017, (d) p = 0.022.
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The comparisons regarding the failure modes of beams for each reinforcement ratio are shown
in Figures 7 and 8. All UHPC beams, which did not include the steel fibers and shear reinforcement,
behaved in a similar manner with multiple vertical cracks formed at first in the constant-moment
region and extended towards to the compression zone. Later on, the governing diagonal crack showed
up in the mid-depth of the web region. Immediately afterwards, it rapidly propagated towards the
support and the loading point. Finally, the beams failed by shear after this crack formation (Figure 7).
This type of failure can be described as the diagonal tension (DT) failure. However, the DT failure of
some UHPC beams (P-1.7, P-2.2 and F-2.2) with high reinforcement ratios combined with the shear
tension (ST) where the diagonal crack propagated along the longitudinal reinforcement level resulting

from the bond loss,

Figure 7. Comparison of failure modes for the test beams with low reinforcement ratios.

as shown in Figure 8.
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Figure 8. Comparison of failure modes for the test beams with high reinforcement ratios.

Referring to Figure 7, the addition of steel fibers was able to prevent the shear failure without need
to the shear reinforcement for SE-UHPC beams with low reinforcement ratios (F-0.8 and F-1.2). In this
response, the fibers particularly prevented the crack formation as well as restricted the propagation
of diagonal cracks due to their bridging ability. It should be also noted that only well disturbed
flexural cracks propagated towards the compression zone (Figure 7). After with further load increment,
the deformation of tensile reinforcement with respect to these beams concentrated at the point where
one major crack widened. This crack width intensely enlarged against other cracks due to the crack
localization phenomenon, as shown in Figure 7. Hence, the reinforcement ruptured (RR) prior to the
concrete crushing in the compression region. It should be noted that this event may also occur in
structural member including normal- and high- strength fibrous concretes. As parallel to this outcome,
some studies pointed out the crack localization and its negative effect on the flexural ductility for very
low reinforcement ratios [6,7,34—40].

At high reinforcement ratios of 1.7% and 2.2%, the fibers were insufficient to prevent the shear
failure of the SF-UHPC beams. However, it should be clarified that the beam F-1.7 resulted in a
mixed failure mode as the flexure-shear where a diagonal crack was accompanied by the concrete
crushing after the yielding condition (Figure 8). Unlike the UHPC beam, many fine inclined cracks
occurred in the beams F-1.7 close to the main diagonal crack which indicates the bridging ability of
randomly dispersed fibers. This beam also reached to remarkable flexural capacity before the shear
failure. When the normal-strength concrete instead of the UHPC was considered, such a deflection
ductility wouldn’t be possible because of higher tensile reinforcement ratio. The fiber use provided
exceptional contribution to the SF-UHPC beams without the shear reinforcement. However, the fibers
could not prevent the shear failure for the beam F-2.2. Even so, the fibers delayed the formation of
governing shear crack and hence, the shear strength increased about 2 times in comparison to the
non-fiber condition.

3.2.3. The First Cracking Load

For the considered test beams, the initial cracking loads were determined based on the point at
which the first slope changes in the load-deflection curve. In order to discuss the impacts of fiber
use and reinforcement ratio on the cracking behavior, the cracking loads (P.r) and corresponding
deflections (A.) are listed in Table 4. Regardless of the fiber presence in the test beams, the cracking
loads have a decreasing trend as the reinforcement ratio increases. While the first cracking points with
respect to the beams P-0.8 and F-0.8 with the lowest reinforcement ratio developed at the loads of
15.43 kN and 24.77 kN, respectively, in conjunction with the highest reinforcement ratio of 2.2%, these
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values decreased to 10.28 kN and 13.38 kN. It should be noted that even though the first cracking load
is expected to slightly increase as the reinforcement ratio increases for the conventional concrete, this
behavior has a reverse situation for the UHPC members due to the dense matrix as well as very high
bond strength between the fiber and concrete matrix. However, all the SF-UHPC beams had notably
higher cracking load than the UHPC beams. In this sense, the fiber use increased the cracking load up to
1.6 times depending upon the reinforcement ratio. This proves that the steel fiber use has a remarkable
influence on the cracking behavior of SF-UHPC beams with the help of the crack-bridging ability.

3.2.4. Ultimate Shear Capacity

In order to show the influences of fiber presence and different reinforcement ratios on the shear
capacity, the ultimate shear strengths (V) of test beams are presented in Table 4. Here, the V,, was
taken as half of the peak load (Py) obtained in the shear dominant beams (Table 4). Referring to
Table 4, the shear strength of UHPC beams showed, in general, an increasing trend with the increase of
tensile reinforcement ratio. While the beam P-0.8 with the lowest reinforcement ratio had the shear
strength of 22.85 kNN, the P-2.2 exhibited 1.5 times more shear resistance. Since the tensile strength of
concrete is one of the most influential features in terms of the shear strength, the capacities of SE-UHPC
beams extremely improved through the crack-restriction ability of fibers. Accordingly, the shear
strengths of 62.65 kN and 60.09 kN were determined for the SE-UHPC beams having the reinforcement
ratios of 1.7% and 2.2%, respectively. We want to draw attention to the fact that the steel fiber use
increased the shear strength by 1.8 and 2.5 times in comparison to the plain configuration with the
same reinforcement ratio.

4. Numerical Predictions of the Shear and Flexural Capacities

Regarding the nominal shear capacity of normal- and high-strength reinforced concrete beams,
some equations were stipulated in well-known design codes such as, ACI 318 [25], Eurocode 2 [26], NZS
3101 [27] and Model Code 2010 [28]. These equations can be applied up to an upper limit of compressive
strength of 90 MPa. However, it is unknown whether or not these practical equations are applicable for
the beams made from the non-fiber UHPC. In the current study, the nominal shear capacities of UHPC
beams (P-0.8, P-1.2, P-1.7 and P-2.2) without the shear reinforcement were calculated by different code
equations, and the results were discussed by referencing the experimental capacities.

On the other hand, although some recommendations [1,41-43] were presented with regard to
the flexural moment capacity of the SE-UHPC members, these approaches have not been included
in a design code yet. Many efforts were conducted to practically predict the capacities of SE-UHPC
beams investigating the shape of concrete stress block, ultimate strain capacity, fibers” geometrical
properties, volumetric ratio, orientation, bond stress as well as other parameters affecting the tensile
stress distribution [44-52]. In the second part of numerical investigation, the flexural capacities of test
beams, except the shear dominant beams, were numerically predicted based on the model proposed in
ACI 544 code [53] and adaptation in Imam et al. [48] for the calculation of equivalent concrete tensile
strength. The numerical predictions were compared and discussed with the experimental results.

4.1. Prediction of the Nominal Shear Strengths

As noted above, the nominal shear strengths of all UHPC beams without the shear reinforcement
were calculated by means of Equations (3)—(11), which are given in the ACI 318, Eurocode 2, NZS 3101
and Model Code 2010, respectively.

In Equation (3), p denotes the longitudinal reinforcement ratio; a, d and b, are the shear span,
effective depth and width of beam, respectively [33]. In Equation (4), k is the aggregate size factor
(=1 + (200/d)??) [34]. In Equations (5) and (6), k; represents the influence of member depth on the
shear strength. If the d < 400 mm, k; = 1.0; d > 400 mm, k; = (400/d)*?>. k, is an impact factor for
the maximum aggregate size (d;). If the d, > 20 mm, k, = 1.0; d, < 10 mm, k, = 0.85. Note that the
d should be in mm in calculation of the coefficients k and k;. The value of v, can be calculated by
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linear interpolation of 200 mm < d <400 mm [35]. In the Model Code 2010, the level III approximation
was considered for calculating the shear resistance attributed to the concrete (Vr;.) (Equation (8)).
In Equations (8)—(11), z is the effective shear depth, y, is the partial safety factor for concrete and k,
denotes the strength reduction factor. The k, value is calculated by Equation (9) and includes the
longitudinal strain (ey) in the mid-depth at the control section by using Equation (10). The limit of
shear strength (Vg 4x) is calculated by Equation (11) to prevent the premature concrete crushing.
Mg, and Vg are the design moment and shear force in the control section, respectively, Es and A
represent the modulus of elasticity and area of the longitudinal reinforcement. Here, the inclination of
compressive stress field (0) should be between 20° + 10,000¢, and 45° [28].

ACI318 : V, = [\/E+ 120;{%)]% (MPa) ©)
Eurocode 2 : Vg, = [0.18k(100pfr)"*bud (MPa) @)
NZS 3101 : V. = kgk,vpbypd d > 400 mm (MPa) (5)
V.= max[Eq.(3a);0.17k,1 \/ﬁbwd] d <200 mm (6)
v, = min(0.07 + 10p) v/fer ;02+/fer | 2 0.08 \/for @)
Model Code 2010 : Vg = ko( vfer /7¢)2bu (8)
0.4 VEg ]
= - >0 9)
S+ 1500ex>[ VR max (Omin) (
Ex = (MEd/Z + VEd)/(ZEsAs) (10)
fer, .
VRd max = kcy—bwz sin 6 cos O (11)
Cc

Referring to Table 5, the calculated shear capacities (V") were proportioned to the experimental
capacities (V,,*F) to show the performances with respect to the code equations. It can be deduced
that all code equations conservatively predicted the shear strength with the errors varying in range of
4% to 54%. However, the relative error for the highest reinforcement ratio is more apparent. While
the best predictions among all approaches were obtained by the Eurocode 2 equation with the errors
varying ranged from 4% to 24%, the worst results were obtained from the Model Code 2010. It was
noted that the error rates for other three approaches increased up to 55%, especially at the highest
reinforcement ratio. Although the considered code equations were in different forms, all of them gave
close predictions especially for the beams P-0.8 and P-1.2. It is seen from the results that unlike the
conventional concrete, considering the features such as very small aggregate diameter and very high
compressive strength, these approaches should be improved to apply in the UHPC members. It can
be also seen from the limited results obtained from the study that the effect of reinforcement ratio on
shear strength for this high class of concrete, which allows the use of high reinforcement ratios under
flexure, should be investigated.

4.2. Prediction of the Flexural Moment Capacities

The flexural design principles developed for the normal-strength fibrous concretes cannot be
directly applied to the SF-UHPC members since the compressive and tensile responses are distinctive
due to the strength and post-cracking behavior. In the second part of analyses, the moment capacities
of SE-UHPC beams showing the flexural behavior were predicted by using the approaches proposed
in ACI 544 [53] and Imam et al. [48]. Working with this model, the use of well-known equivalent stress
block was maintained for the compression and tension regions, as shown in Figure 9.
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Table 5. Nominal shear strengths of ultra-high performance concrete (UHPC) beams.

Beam Design Code V. (kN) v, (kN) v,calyy, exp
ACI 318 22.85 18.18 0.80
P08 Eurocode 2 22.85 18.06 0.79
e NZS 3101 22.85 17.62 0.77
Model Code 22.85 13.10 0.57
ACI 318 21.56 18.43 0.85
P-1.2 Eurocode 2 21.56 20.68 0.96
NZS 3101 21.56 18.14 0.84
Model Code 21.56 15.81 0.73
ACI 318 25.30 18.74 0.74
P-1.7 Eurocode 2 25.30 23.22 0.92
NZS 3101 25.30 18.28 0.72
Model Code 25.30 16.23 0.64
ACI 318 33.40 19.05 0.57
P-2.2 Eurocode 2 33.40 25.31 0.76
NZS 3101 33.40 18.28 0.55
Model Code 33.40 15.05 0.45
£,=0.004 0.85f."
h 4

's.bars

o
Strain Equivalent stress
Cross-section profile profile

Figure 9. The strain and stress distributions relation to numerical model [53].

The ACI 544 [53] proposed a numerical model to predict the nominal moment capacity of singly
reinforced fibrous concrete beams. The equivalent tensile strength (o;) is calculated by Equation
(12). It is assumed that the yield condition of tensile reinforcement governed the ultimate capacity.
Equation (12) is essentially based on the fiber bond strength (7¢) of 2.3 MPa for the normal-strength
concrete. However, this value for high strength fibrous concretes should be greater than that of the
normal-strength concrete due to their dense matrix. Naaman and Najm [54] stated that the bond
strength value is in a range of 1-9 MPa depending upon the concrete compressive strength and fiber
characteristics. For high strength concrete, Imam et al. [48] used the bond strength value of 4.15 MPa.
Accordingly, the Equation (12) was transformed to Equation (13). In the Equations (12) and (13), (I¢/ dy)
denote the fiber aspect ratio, py is the volumetric fiber ratio and Fy, is the bond efficiency of fibers.

I
f
o = 0.00772(—)p Fpe (12)
de )t
o = 0.02 i p¢Fy (13)

The Equation (13) was applied to the test beams showing the flexural behavior, and the calculated
moment capacities (MpC”l ) were proportioned to the experimental capacities (M,“¥), as shown in Table 6.
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It is apparent that the moment predictions for considered SF-UHPC beams are highly compatible with
the test results, regardless of the reinforcement ratio. Referring to Table 6, the errors are in a small band
less than 5%. It can be deduced that the practical approach can satisfactorily determine the flexural
moment capacities of SF-UHPC beams.

Table 6. Numerical analysis results of the Steel Fiber-Reinforced (SF)-UHPC beams.

Beam M,*? (kNm) M, (kNm) M, [M,exp
F-0.8 25.7 262 1.02
F-12 349 33.1 0.95
F-1.8 4338 411 0.94

5. Conclusions

In the presented study, the impacts of steel fiber use and tensile reinforcement ratio on the shear
behavior was experimentally investigated on I-shaped UHPC beams. In this sense, the total of eight
beams consisting of four reinforcement ratios (ranging from 0.8% to 2.2%) were casted without shear
reinforcement and subjected to the four-point loading test. The shear performances were discussed
in terms of the load-deflection response, cracking pattern, first cracking strength and ultimate shear
strength. In addition, the nominal shear and flexural capacities of test beams were numerically
predicted and separately discussed with the experimental results. The following outcomes can be
deduced from the experimental and numerical investigations:

Based on the material test results, the inclusion of steel fibers to the UHPC mixture considerably
improved the mechanical properties of concrete. The main reason is that the steel fibers inhibited the
crack propagation and width through the fibers’ crack-bridging ability. However, the steel use in the
considered volume fraction provided the superior compressive and tensile strengths as well as the
flexural responses in comparison to the non-fiber configuration. It can be also noted that the impact of
fiber use became more prominent on the tensile behavior.

Whereas all UHPC beams failed by the shear before the yielding of reinforcement without any
deflection capability, two responses for the SF-UHPC beams showed up according to the failure type as
the shear or flexure. The addition of steel fibers was able to prevent the shear failure without need to
the shear reinforcement for SF-UHPC beams with low reinforcement ratios since the fibers particularly
prevented the crack formation as well as restricted the propagation of diagonal cracks due to their
bridging ability. However, at high reinforcement ratios of 1.7% and 2.2%, the fibers were insufficient to
prevent the shear failure of the SF-UHPC beams. However, the fibers delayed the formation of shear
crack and, hence, the shear strength increased about 2 times in comparison to the non-fiber condition.

Regardless of the fiber presence in the test beams, the cracking load has a decreasing trend as
the reinforcement ratio increases. However, the SF-UHPC beams had notably higher cracking load
than the UHPC beams. This proves that the steel fiber use had a remarkable influence on the cracking
behavior of SF-UHPC beams. From the point view of the shear strength, an increasing trend was
determined with the increasing of tensile reinforcement ratio. This observation is very similar to those
reported in research by others [13,55,56]. The fiber use increased the shear strength by 1.8 and 2.5 times
in comparison to the plain configuration with same reinforcement ratio.

When the numerical predictions for the non-fiber beams were discussed, the ACI 318, Eurocode
2, NZS 3101 and Model Code 2010 equations conservatively determined the shear strength with
the errors in the range of 4% to 55%. However, the relative error is more apparent for the highest
reinforcement ratio. It is thought that these equations should be improved by considering the specific
properties of mixture, very high compressive strength as well as different a/d and the reinforcement
ratios. The moment predictions of considered SF-UHPC beams are highly compatible with the test
results, regardless of the reinforcement ratio. It should be highlighted that the errors are in a small
band less than 5%. It can be deduced that the practical approach can satisfactorily determine the
flexural moment capacities of SE-UHPC beams.
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One of the promising methods to improve the shear and flexural performances of SF-UHPC
members is to blend together two or more steel fiber types in a matrix since the micro and macro steel
fibers play a role at two different levels depending upon the fiber length. In the hybrid fiber reinforced
concrete, while the micro fibers improve the strength and stiffness in the pre-peak area since the crack
widths are still tight, the macro fibers limited the major cracks and its propagation. The investigation
of hybrid fiber use on mechanical properties of the SE-UHPC will provide remarkable knowledge and,
hence, it has potential to change the mono fiber use by the multiple use.
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