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ABSTRACT

This study investigates the flexural behavior of Ultra-High Performance Fiber Reinforced
Concrete (UHPFRC) with hybrid steel fiber referencing the ASTM standard C 1609. Two
types of end-hooked fibers in macro fiber concretes and one type short straight fiber in micro
fiber concretes were used in mono and hybrid forms. In order to determine the flexural
response of UHPFRC, a series of prismatic beam specimens with a dimension of
100 x 100 x 400 mm were tested under the four-point loading and following parameters were
compared and discussed in terms of the first cracking load and pattern, flexural strength,
deflection capacity, toughness and residual strength capacity under bending loads. The test
results showed that as the fiber amount of specimens with the mono fiber increases, in
general, better flexural behavior may be ensured. It should be also noted that the hybrid use
enhanced the flexural behavior compared to the macro fiber usage.
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Improvement of Flexural Performance of UHPFRC with Hybrid Steel Fiber

1. INTRODUCTION

Over the last two decades, the production of Ultra-High Performance Concrete (UHPC) has
become possible with new developments in concrete technology. This concrete is produced
with high density matrix, very low water/binder ratio and special treatments such as curing
under heat/pressure. Though these types of special concretes possess high compressive
strength, their behavior is more brittle [1-3]. In order to decrease brittleness and to ensure
high amount of energy absorption and ductility as well as bearing capacity for these types of
special concretes, steel fibers are added to the concrete mixture. This type of concrete is
widely known as the Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) [4]. The
UHPFRC has various advantages over conventional concrete and fiber reinforced concrete
such as higher durability, ductility and strength because of its low porosity, dense matrix,
high tensile/compressive strength and ductile tensile behavior [5]. This kind of concrete
responds very high durability through the high density and crack-bridging of steel fibers.
Thus, this material is classified as the Ultra-High Performance Fiber Reinforced Concrete
(UHPFRC) or High Performance Fiber Reinforced Cement Composite (HPFRCC).

The UHPFRC doesn’t have a widespread use due to its difficult and high cost production.
For this reason, low cost and easily producible UHPFRC studies (with ordinary raw
materials, standard curing conditions and mixers) have gained momentum in the recent years
and successful results have been achieved [4, 6-12]. Therefore, it has become possible and
widespread to use the UHPFRC in conventional reinforced concrete construction.

Even though several studies were carried out, there is no authority or standard to classify the
term “high performance”. However, some conditions for this classification, such as the uni-
axial compressive strength and pseudo strain-hardening under tension or bending, are
expected to be improved in some way [13-16]. The pseudo strain-hardening response can be
ensured with a good amount of fiber content. However, insufficient fiber volume fraction
and/or low concrete compressive strength may lead to softening response under tension or
bending types of loading [17].

Almost all fibrous concretes used commercially today involve the use of a single fiber type.
Clearly, a given type of fiber can only be effective in a limited range of crack opening and
deflection. In order to improve the performance of UHPFRC, one of the promising methods
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 on the length and diameter of fibers. In
hybrid fiber reinforced concrete, the micro fibers improve the strength and stiffness in the
pre-peak region since crack widths are still small. The macro fibers limit the formation of
wide (major) cracks occurring at the point where a single crack widens due to crack
localization. The micro fibers also improve pull-out response of the macro fibers and thereby
produce composites with high strength and toughness [5, 18-21].

The inclusion of steel fibers at high dosages has potential disadvantages due to poor
workability and increased cost. The cost of steel fiber of 1.0% by volume applied in the
UHPFRC is generally higher than that of matrix. Hence, it is important to minimize the fiber
amount without sacrificing the superior performance of UHPFRC [5]. Taking into account
the cost/performance ratio for this kind of material, it is necessary to optimize its industrial
use.
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In recent studies regarding the impact of hybrid fiber use to mechanical properties of the
UHPFRC, different sized steel fibers [5, 18-25] and usage of both steel and synthetic fibers
[2, 26-32] were combined in the concrete mixtures. It can be summarized from these studies
that hybrid fiber use leads to an increase in the energy absorption capacity and it improves
the cracking response in comparison to mono fibers. Thus, new research on the impact of
different configurations are needed in order for them to be used in the UHPFRC matrix.

The primary objective of this study is to investigate the flexural behavior of UHPFRC with
hybrid steel fiber content and to compare it with the mono form. Another purpose of the study
is to produce the UHPFRC under standard curing conditions and with standard mixers. In the
hybrid mixtures, the high-strength micro steel fiber which is commonly used in UHPFRCs,
and two types of macro steel fibers which have lower strength and cost (almost half of the
micro fiber in cost), were used together. In the research study, various prismatic beam
specimens, which have different fiber volume fractions in the mono as well as the hybrid
forms, were produced and tested under the four-point loading in conformity with the ASTM
standard C 1609 [33]. Test parameters including the first cracking load, cracking pattern,
flexural strength, deflection capacity, toughness values and residual strength capacity were
discussed on the mono and hybrid fiber specimens. In addition, the compressive strengths
and elastic modulus (young’s modulus) values of cubic and cylinder samples were
determined for different fiber configurations.

2. EXPERIMENTAL STUDY
2.1. Material and Specimen Preparation

The cement (C) used in this study was Portland cement CEM I 42.5 R. However, two
different types of supplementary cementitious materials were used, the names of which are
well-known ground granulated blast-furnace slag (GGBS) and silica fume (SF). The chemical
and physical properties of the C, GGBS and SF are presented in Table 1. Two sizes of quartz
sand, the particle sizes in the range of 0 to 0.8 mm (QS1) and 1.0 to 3.0 mm (QS2), were
chosen as aggregate. The gradings and cumulative curves for each aggregate and the total
mixture are given in Figure 1. The specific gravities of 0-0.8 mm and 0-3 mm quartz sands
were respectively 2.68 g/cm?® and 2.66 g/cm?. A polycarboxylate ether-based superplasticizer
(SP) with the density of 1.08-1.14 kg/litre was used to ensure good workability. The final
proportions for each fiber volume fraction and the fresh state properties of UHPFRC mixtures
are summarized in Table 2.

In the study, two types of end-hooked steel fibers (aspect ratios: 30/0.55 and 60/0.75) in the
macro mixtures and one type short straight steel fiber (aspect ratio: 13/0.16) in the micro
mixtures were considered for the mono and hybrid forms. The brass coated high-strength
steel having a smooth surface was used for the micro-sized fibers. However, the macro fibers
have end-hooked geometry to improve the interfacial bond stress between the steel fiber and
cementitious matrix. In addition, the macro fibers are cheaper and have longer bond length,
but have lower tensile strength compared to the micro-sized fibers.

A standard pan mixer with a 90 litre capacity was used to prepare the test specimens. The C,
GGBS, SF and QSs were mixed for about 3 minutes. Water and half of the SP were added
into the mixture and mixed for another 5 minutes. Then the rest of SP was added and mixed
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for additional 5 minutes. Later on, the fibers were dispersed carefully into the mixture and
mixed until homogenously distributed.

Table I - Chemical composition of cementitious materials

Composition (%) C SF GGBS
Si0, 19.80 90-93 41.49
ALOs 5.47 0.4-09 1634
Fe,05 3.46 1.0-2.0 0.61
CaO 64.44  0.2-0.7  29.26
MgO 1.30 0.9-1.3 7.68
SOs 2.67 - 1.90
Na,O 0.40 0.2-0.6 0.80
K,0 0.67 1.0-1.3 1.10
Cl 0.012 - 0.01
Fe,05 - 1.0-2.0 -
Specific surface (m%/kg) 380 20000 -
Density (g/cm®) 3.13 2.10 -
100 100
g 8 B
§ 0 g w0
g 20 f; 20
[} - 12s 250 “00 1000 2000 4000 0 o 12 250 00 1000 2000 4000
(a) Sieve size (micron) (b) Sieve size (micron)
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Fig. I - The grading and cumulative curve for the aggregates; a) OS1, b) OS2, c) mix

The prismatic beam specimens corresponding to total of 18 mixtures were produced to study
the effect of different fiber contents. As summarized in Table 3, nine of the configurations
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consist of the mono form while eight of them are in the hybrid form. The remaining one is
the reference specimen without the steel fiber to see the contribution of the fiber content.

Table 2 - Mixture proportions of the UHPFRC by weight (kg/m’) and fresh state properties

Slump 500
Fiber content C SF  GGBS 0S1 0S2 Water SP flow i

(mm) (sm)

Reference 690 138 276 542 542 199 17.25 900 2.1

o 13(1.0) 780 2.7

g 30(1.0) 690 138 276 530 530 199  17.25 805 3.1

60(1.0) 840 33

o 13(1.5) 760 32

g 30(1.5) 690 138 276 525 525 199 1725 775 32

60(1.5) 800 3.5

13(0.5)30(1.0) 771 33

:E 13(1.0)30(0.5) 767 32
2 690 138 276 525 525 199  17.25

= 13(0.5)60(1.0) 780 3.4

13(1.0)60(0.5) 773 3.2

o 13(2.0) 750 4.1

g 30(2.0) 690 138 276 520 520 199  17.25 755 3.9

60(2.0) 770 3.4

13(1.0)30(1.0) 755 3.9

E 13(1.5)30(0.5) 758 4.0
= 690 138 276 520 520 199  17.25

= 13(1.0)60(1.0) 751 3.8

13(1.5)60(0.5) 753 4.0

V. Fiber volume fraction, Water/binder= 0.18, Water/cement= 0.29

13(1.0)
- -
Mono Fiber Fiber length «—— L Fiber ratio
\Specimens :> (mm) (%)
13(1. 0)60(0 5)
11
Fiber length « Fiber ratio
Hybrid Fibef (mm) %
\Specimens
Fiber ratio Fiber length
(%) (mm)

Fig. 2 - Specimen notations

The fiber volume fractions of 1.0, 1.5 and 2.0% were chosen to obtain deflection hardening
behavior as well as ensure good workability. In the study, the specimen definitions were
classified in terms of the considered fiber types and volume fractions. The notations of test
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specimens indicating the mono and hybrid forms are shown in Figure 2. For example, 13(1.0)
denotes the test specimen including the micro steel fiber of 13 mm with 1% by volume in the
mono form, while the 13(1.0)60(0.5) shows the hybrid specimen containing the micro fiber
of 13 mm (1% by volume) and the macro fiber of 60 mm (0.5% by volume).

For each mixture, six cubic samples with size of 100 mm, two cylinder samples with 100 mm
diameter by 200 mm height as well as three prismatic beams with a square section of 100
mm x 100 mm and length of 400 mm were casted as shown in Figure 3a. The mixture was
placed into the prismatic molds from one end to other by means of a plastic bucket. During
the placement process, no vibration was conducted to prevent fiber gravitation. In the study,
a more workable UHPFRC mixture was produced than those of presented in the previous
studies [6-9]. As shown in Table 2, the slump flow value for the non-fiber mixture was
measured as 900 mm. However, this value for the micro, macro and hybrid mixtures were
measured in the range of 750 to 780 mm, 770 to 850 and 760 to 840 mm, respectively.

Table 3 - Fiber contents, compressive strengths and elastic modulus of the specimens

Fiber Fiber volume content (%)  Compressive Elastic
Specimen strength modulus
content 13/0.16 30/0.55  60/0.75 (MPa) (GPa)
Non-fiber ~ Reference - - - 90 38
13(1.0) 1.0 - - 120 42
13(1.5) 1.5 - - 134 45
13(2.0) 2.0 - - 132 42
30(1.0) - 1.0 - 117 45
Mono fiber 5, 5, ; 1.5 - 121 4
specimens
30(2.0) - 2.0 - 114 41
60(1.0) - - 1.0 114 40
60(1.5) - - 1.5 121 42
60(2.0) - - 2.0 119 44
13(0.5)30(1.0) 0.5 1.0 - 121 45
13(1.0)30(0.5) 1.0 0.5 - 114 44
13(1.0)30(1.0) 1.0 1.0 - 128 45
Hybrid fiber 13(1.5)30(0.5) 1.5 0.5 - 132 41
specimens  13(0.5)60(1.0) 0.5 - 1.0 114 40
13(1.0)60(0.5) 1.0 - 0.5 123 43
13(1.0)60(1.0) 1.0 - 1.0 129 41
13(1.5)60(0.5) 1.5 - 0.5 136 43

The slump-flow tests showed that the fiber content (amount and type) had a significant effect
on the flow ability of UHPFRC (Table 2). As the fiber amount increases, the spread values
decrease for all fiber types. For the mono form, the spread values obtained for the macro
fibers were greater than the micro fiber use. Although there was no significant trend in the
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hybrid form, the spread values showed a decreasing trend with increasing fiber amount. It
was seen from the 7500 values that the viscosity of concrete increased with respect to the mono
form as a result of multiple fiber use in the mixture (Table 2).

After casting, the specimens were covered by plastic sheets and stored at room temperature.
Twenty-four hours later, the specimens were taken out of their molds and stored in a water
tank at approximately 20°C until the test day. All specimens were tested at 28 days.

For each prepared mixture, the cubic and cylinder samples were tested separately to measure
the compressive strength and elastic modulus, respectively. The compression tests were
conducted by a testing machine with a maximum load capacity of 3000kN. In addition, the
values of elastic modulus were determined using a compressometer which measures the
average compressive strain of two linear voltage differential transformers (LVDTs) as shown
in Figure 3b. The average compressive strengths and elastic moduli corresponding to the non-
fiber, mono and hybrid fiber specimens are given in Table 3.

Fig. 3 - Test specimens and set-ups,
a) test specimens, b) compression test set-up and c) flexural test set-up

2.2.1. Flexural test

The flexural behavior of fiber reinforced concretes has two distinctive regions, which consist
of the deflection hardening and softening behaviors depending on load carrying capacity after

10385



Improvement of Flexural Performance of UHPFRC with Hybrid Steel Fiber

first cracking [5]. Figure 4 illustrates a sample load-deflection curves denoting all calculation
parameters. Referring to Figure 4, the peak load (P,) is greater than the first-peak load (P))
in the deflection hardening behavior whereas both the peak loads are at the same point for
the softening behavior. The first-peak load is defined as the value of load corresponding to
the first point on the load-deflection curve where the slope is zero. The peak load is defined
as the maximum value obtained prior to reaching the end-point deflection on the load-
deflection curve. Thus, the peak and first-peak strength values can be calculated by the
formula (Equation 1) for modulus of rupture in ASTM C 1609 [33]:

PL

f=.7 (1)

where f denotes the strength, P is the load; b, d and L are the width, depth and length of
specimen, respectively.

2 Deflection Hardening
) [ Behavior
Pp ¢-1---%®
|
<--
P1 v/
] 1
| |
1 1
1 1
1 1
P AN— Deflection Softening
i B o R R -
150 : : Behavior 1
1 ' !
1 1 '
1 1 H
1 1 H
1 1 '
i | Pi=First-Peak Load :
- | P°is0=Residual Load at net deflection of L/150 !
- \  Pe=Peak Load [
! | 8:=First-Peak Deflection !
: ' &e=Peak Deflection NET DEFLECTION |
—t !
v v v
81 & L/150

Fig 4 - Calculation parameters on a sample load-deflection curve [33]

The deflection limit of L/150 is based on calculation of the energy dissipation capacity
(toughness) related to the total area under the load-deflection curve, as shown in Figure 4.
The peak load deflection (Jp) is the net deflection value, measured at the mid-span of beam
specimen, corresponding to the peak load on the load-deflection curve.

The flexural tests were conducted under four-point loading on the simply supported beam
specimens with a clear span of 300 mm, according to the ASTM C 1609 [33], as shown in
Figure 3c. Three beams were considered to determine the flexural behavior of each mixture.
The test was conducted on a servo hydraulic testing machine having a capacity of 200 kN.
The test machine is controlled by displacement during the whole process to obtain the load
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versus deflection behavior. The speed of applied displacement increments throughout the
entire test program was 0.1 mm/min. The load was divided into two equal loads, providing a
distance of 100 mm between them through a spreader beam. Later, the load was measured
with a load cell which was placed between the cross head and spreader beam. To obtain the
average mid-span deflection, two LVDTSs were attached on the both sides of specimen with
the help of a steel frame excluding the beam settlements at the supports. The applied loads
and mid-span deflections were recorded through the data acquisition system during the test
procedure. The detailed test procedure can be found in the ASTM C 1609.

In order to minimize the influence of non-uniform fiber distribution, the top or the bottom
surface of the specimen was rotated to the side in order to take measures prior to the bending
test. Note that all specimens showed uniform fiber distribution.

3. RESULTS
3.1. Compressive Strength and Elastic Modulus

Test results of average compressive strengths and elastic modulus values are presented in
Table 3. Here, the compressive strength values were obtained from the cubic samples and the
elastic moduli were obtained from the cylinder samples. The results showed that macro fiber
use increased the compressive strength by an average of 31% compared to the non-fiber
mixture. Similarly, use of micro and hybrid fiber increased the compressive strength by 43%
and 39%, respectively. Regardless of the fiber content, it is apparent that the compressive
strengths for both the mono and hybrid forms are much greater than that of the non-fiber
mixture, as would be expected. It was also noted that use of micro fiber was more impactful
to the relation between macro fibers and compressive strength. Although the compressive
strength tends to increase as the volumetric fraction changes from 1.0% to 1.5%, when the
fiber fraction increases further, such as from 1.5% to 2.0%, the compressive strength may
decrease somewhat. But, this deduction for the hybrid fiber samples is distinctive since the
average compressive strength showed increasing tendency when all amount of the fibers were
considered (Table 3). The test results on cylinder samples also showed that the fiber content
has no significant effect on the elastic modulus so that the average elastic modulus for all
specimens containing the steel fiber were determined as about 42.6 GPa.

3.2. Flexural Behavior

In the study, three beam specimens corresponding to each fiber configuration were tested
under the four-point loading and their load-midspan deflection behavior was obtained. The
intermediate one among the three responses in terms of the flexural strength and toughness
was chosen for the purpose of comparisons and evaluations [34]. The standard deviations
related to these quantities for each fiber type considering three specimens and the
characteristic values for the intermediate specimens are summarized in Table 4. For each
volume fraction, the load versus midspan deflection responses corresponding to the selected
specimens having the mono fiber forms are shown in Figures 5a-5c.
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Fig. 5 - Load-deflection curves of UHPFRC specimens with mono steel fiber;
a) 1.0% volumetric fraction, b) 1.5% volumetric fraction, c) 2.0% volumetric fraction
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Fig. 6 - Load-deflection curves of UHPFRC specimens with hybrid steel fiber;
a) 1.5% volumetric fraction, b) 2.0% volumetric fraction

It is apparent from Figures 5a-5c that use of mono fiber provided significant gain in strength
and deflection hardening capacity. These parameters show an increasing trend when the
volume fraction goes up from 1.0% to 1.5%. It was also noted that as the fiber amount
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increases further, up to 2.0% by volume, the performances of specimens with micro fiber
remains limited as shown in Figure 5a-5c. However, the test specimens with the macro fiber
sustained their increasing trend.

As shown from the load-deflection responses with the hybrid fiber (Figures 6a-6b), a small
increment in the fiber volume fraction from 1.5% to 2.0% may lead to an increase in the
strength and toughness capacities of the specimens.

Table 4 - The parameters related to flexural strength of specimens

Standard deviation for

Notation (lflll) (151:1) (r::n) PhisolPy (N{;a) (kNmm) (hree responses
Std(f)  Std (D)
Reference - 45.98 0.06 - 13.29 2.1 1.51 -
13(1.0) 15.8 70.47 0.66 0.74 21.14 122 0.27 6.03
13(1.5) 27.0 87.58 0.61 0.78 26.27 159 2.94 16.46
13(2.0) 26.8 87.81 0.61 0.73 26.34 148 2.80 17.62
30(1.0) * 48.78 0.26 0.58 14.63 76 1.51 8.62
30(1.5) 25.0 62.33 0.46 0.58 18.70 93 1.57 3.51
30(2.0) * 65.05 0.44 0.70 19.52 109 2.36 16.17
60(1.0) * 58.88 0.28 0.26 17.66 85 0.83 2.52
60(1.5) 232 74.88 0.66 0.63 22.46 118 2.77 14.05
60(2.0) 28.0 83.45 1.40 0.85 25.04 138 2.82 15.87
13(0.5)30(1.0) 26.0 74.49 0.65 0.81 22.35 127 2.31 13.20
13(1.0)30(0.5) 24.8 76.24 0.50 0.67 22.87 127 0.79 17.35
13(1.0)30(1.0) 254 90.51 0.56 0.63 27.15 146 1.83 2.08
13(1.5)30(0.5) 23.5 87.78 0.37 0.71 26.33 179 1.89 15.10
13(0.5)60(1.0) 24.0 82.74 0.80 0.73 24.74 142 2.52 14.64
13(1.0)60(0.5) 25.5 75.72 1.02 0.77 22.72 133 2.76 17.90
13(1.0)60(1.0) 21.3 96.42 0.86 0.72 28.39 168 2.39 14.19
13(1.5)60(0.5) * 99.15 0.58 0.34 29.75 163 2.09 17.79

*: Could not be determined

3.2.1. First Cracking Load and Cracking Pattern

The first cracking loads (P;) related to the test specimens were determined from the load-
deflection curves. In this way, the specific point where the initial stiffness of curve changes,
was taken as the cracking point. It is interesting to note that whereas this point was directly
captured for many specimens, some load-deflection curves did not show this point distinctly.
The numerical results regarding to the first cracking loads are summarized in Table 4.

e The first cracking loads of specimens with micro fiber, as expected, were higher
than those of the macro fiber specimens, because the crack widths were very small
prior to the peak load.
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e The cracking response of the hybrid specimens could differ depending on the
amount of micro and macro fibers considered in the mixture. The hybrid specimens
containing the macro fibers of 30 mm showed better performance than that of the
60 mm macro fibers, in terms of the first cracking load. The greatest value for this
parameter was obtained when the steel fiber content was increased to 2.0% by
volume.

13(1.5

13(1.0)30(0.5)

13(1.060(0.5)

]:3(0.5)60(1.0)

Fig. 8 - Cracking patterns of UHPFRC specimens with hybrid steel fiber

It is apparent that use of micro fiber is more successful in preventing crack formation
compared to macro fibers. Similarly, as the volumetric ratio of micro fibers increases in the
hybrid specimens, the first crack initiated at higher loads. It was also noted that an increase
in the volume fraction governs the crack response due to the crack-bridging ability of steel
fibers. After the first cracking point, a large number of closely-spaced micro cracks, which
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are not easy to see with naked eyes until the peak load, formed at the mid-span region of
specimens. In all UHPFRC specimens, a major crack initiated at the point where a single
crack widened due to crack localization over the half of the span. Consequently, flexural
failure occurred as a result of this crack. Regardless of mono or hybrid usage, this
phenomenon is distinctive for conventional fibrous concretes and it was observed from this
study that the fiber content has no specific effect on this behavior. In the study, the mono and
hybrid specimens’ failure patterns were given for only volume fraction of 1.5% in Figures 7
and 8, for sake of brevity.

3.2.2. Flexural Strength, Deflection Capacity, Toughness and Residual Load Ratio

For each test specimen, the flexural strength, toughness, peak load, as well as the deflection
capacity at the peak load were determined from the load-deflection curves (Table 4). The
importance of fiber type and amount on retaining load carrying capacity after the peak load
was studied through the term “residual load ratio”, which represents the residual capacity and
strength loss on a load-deflection relationship. This ratio was calculated by dividing PP;so to
P, and was presented for all test beams in Table 4.

35 200
CFlexural Strength ===Toughness

20 180
A~

- A A -

/ ‘ / \/ 140

_’/’ 120

100

N
«

N\

N
o
N\

[
[

80

60

Flexural Strength (MPa)
-
o
]
2l
Toughness (kNmm)

40

20

I e

N\ \d ISR N
F LKL
XA A A Y N N W

L A A AR T )

Fig. 9 - Comparison of the flexural strength and toughness performances of specimens

Table 5 - Statistical results for each volumetric fiber ratio

v Flexural strength Toughness

s

(%) H Std CoV ’ Std CoV
(MPa) (kKNmm)

1.0 17.81 3.26 0.18 81 6.67 0.08

1.5 22.87 2.34 0.10 129 15.24 0.12

2.0 26.15 3.34 0.13 150 23.11 0.15
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The toughness values for all specimens were calculated using the total area under the related
load-deflection curve. The variations of flexural strength and toughness values with the fiber
contents are shown in Figure 9. The mean (u), standard deviation (S?d) and coefficient of
variation (CoV) were also calculated for each volume fraction (Table 5).

After conducting a series of tests, the performances related to flexural strength and toughness
are discussed as follows:

e  Comparing the flexural strengths of the mono and hybrid specimens to the non-fiber
specimen, use of micro and macro fiber increased the strength by a range of 59% to
%98 and 10% to 88%, respectively. It was shown, however, that hybrid fiber use
increased the strength by up to 124% depending on the fiber content.

e The toughness performances of the test specimens showed a great variety. While the
toughness values of the micro fiber specimens increased by a range of 58 to 76 times
compared to the non-fiber form, these changes were smaller for the macro fiber
specimens (ranged from 36 to 66 times). It can be noted that use of hybrid fiber use
increased these ratios by 60 to 85 times.

e The best performance among the test specimens with the mono fiber was obtained
when 2.0% micro fiber was included in the UHPFRC mixture. However, the best
performance from the point of macro fiber use was obtained for the steel fiber of 60
mm. But the lowermost performance was obtained for the specimen containing the
30 mm macro fiber with 1.0% by volume.

e The test results showed that the best performance for the hybrid fiber specimens was
obtained when the volume fraction of 2.0% was used. Among those, the specimens
having the macro fiber of 60 mm showed, in general, better performance.

e  When the hybrid fiber specimens were compared to those with macro fibers in the
mono form, apparent improvements were seen on the flexural strength and
toughness for all fiber contents.

e The specimens containing 1.5% micro fiber showed better performance compared
to the hybrid specimens with the same content. In contrast to this behavior, the
hybrid fiber specimens (especially those containing macro fibers of 60 mm) with
2.0% fiber content showed better performance compared to the micro fiber
specimens.

Consequently, inclusion of micro fibers in the UHPFRC mixture resulted in better
performance than the macro fibers, in terms of the flexural strength and toughness of the
specimens. It was also observed that even higher values can be obtained by using hybrid
fibers compared to using micro and macro fibers in the mono form.

Since first-cracking occurred at small load values, the deflection capacities of the specimens
are same with the ultimate deflections on the hardening region after the cracking load.
Referring to Table 4, when the performances of the specimens are evaluated in terms of their
deflection capacities, the following discussions can be made.

e The best deflection capacity among the test specimens with the mono fiber was
obtained when the macro steel fiber of 60 mm was used with the volume fraction of
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2.0%. On the other hand, the lowermost performance was obtained for the mono
specimens containing 60 mm macro steel fibers of 1.0% by volume.

e The hybrid specimens containing the 60 mm macro fiber showed considerably better
performance than those with 30 mm, in terms of the deflection capacity.

In general, use of micro fiber appears to be better at increasing the deflection capacity. It was
also noted that the deflection capacity improved as the fiber length in the hybrid specimens
increases. This result was also well-supported by the experimental study of Ye et al. [35].

When the ultimate deflection of L/150 was reached, an evident amount of strength loss could
be seen on the load-deflection curve. Here, the strength loss can be expressed using the term
residual load ratio. A high level of this ratio denotes small amount of strength loss for the
related specimen. It also means there is a substantial capacity beyond the deflection of L/150.
The residual load behavior of specimens having different steel fiber contents are discussed
as follows:

e  While the best performance in terms of the residual capacity was achieved for the
60 mm macro fiber with 2.0%, the specimens containing the 13 mm micro fiber
showed more stable behavior after the peak load for all volume fractions. At the
same time, the lowermost performance was obtained for the specimens containing
the 60 mm macro fiber of 1.0% by volume.

e The hybrid fiber specimens having 60 mm macro fiber demonstrated much better
performance than the specimens with 30 mm. However, while the hybrid fiber
specimens containing 60 mm macro fiber showed better performance than that of
the mono form of 60 mm fibers of 1.5% by volume, they didn’t show this
improvement for the volume fraction of 2.0%.

4. CONCLUSIONS

In the presented research paper, the flexural behavior of Ultra-High Performance Fiber
Reinforced Concrete (UHPFRC) with hybrid steel fibers was investigated experimentally.
Prismatic beam specimens containing mono and hybrid steel fibers were produced and tested
under four-point loading in accordance with the ASTM standard C 1609. The parameters,
which directly define the flexural behavior, were compared and the performances of different
fiber contents were discussed. In addition, the effects of fiber content on the compressive
strength and elastic modulus were evaluated. The test results with respect to the UHPFRC
specimens are summarized follow:

e Regardless of mono or hybrid form, the compressive strengths of all UHPFRC
specimens are much greater than that of the non-fiber specimen. It was noted that
use of micro fiber is more impactful than macro fibers in relation to compressive
strength. The test results also indicate that the use of different fiber types has no
specific effect on the elastic modulus.

e  The first cracking loads of the specimens with micro fiber were obtained as higher
values in the mono fiber specimens. However, the cracking response of hybrid
specimens could differ depending on the fiber contents of micro and macro fibers.
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The best flexural performance among the test specimens was obtained for the hybrid
specimens having a steel fiber of 2.0% by volume. The use of hybrid fiber in the
mixture significantly improved the flexural performance of UHPFRC matrix
relative to use of macro fiber. This is because the macro fibers can enhance the post-
peak behavior and ductility while micro fibers improve the flexural strength and
stiffness of concrete. It is important to note that the hybrid specimens including
longer macro fibers showed better flexural performance. Therefore, the macro fiber
of 60 mm provided better performance compared to that of the 30 mm.

Regardless of the fiber amount, use of micro fiber exhibited a more stable behavior
after the peak load. The best performance in terms of the residual load capacity was
achieved for the macro fiber of 60 mm with 2.0% by volume in mono form. It should
be noted that the hybrid specimens having the 60 mm macro fiber showed much
better performance than the hybrid specimens with 30 mm macro fiber.

As aresult of the use of raw materials such as SF"and GGBS, it is possible to produce
UHPFRC with relatively low cement content and without the need of either special
treatments or mixers. The experimental outcomes indicate that the fiber content had
a significant effect on the flow ability of UHPFRC. As the fiber amount increases,
the spread values decrease for all fiber types. As a result of the multiple fiber use in
the mixture, the viscosity of concrete is higher than compared to fiber use in mono
form. It can be deduced from the test results that the produced UHPFRC matrix is
highly workable and suitable for cast in place reinforced concrete members.
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Symbols

b : Width of specimen

CoV  : Coefficient of variation

d : Depth of specimen

f : Strength

fr : Flexural strength

L : Span length

P : Load

Py : The peak load

P : The first-peak load (cracking load)
PPiso  : The residual load at net deflection of L/150
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: Net deflection at the peak load
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