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Abstract: The rheological properties of ultra-high-performance fiber-reinforced concrete (UHPFRC)
according to the amount of water reducing admixture (WRA) and their effects on the fiber distribution
and the tensile performance of UHPFRC were investigated. Four types of mixtures with a high
compressive strength over 150 MPa were designed according to the amount of WRA and the
flowability, rheological properties, compressive strength, flexural performance, and fiber distribution
were measured. Test results showed that the amount of WRA influences both the freshly mixed and
hardened properties. It was also revealed that the flexural strength has a strong correlation with
rheological properties, compressive strength, and fiber distribution.

Keywords: UHPFRC; water reducing admixture; rheological properties; tensile performance;
fiber distribution

1. Introduction

Concrete and other cement-based materials are widely used as construction materials due to their
remarkable economic efficiency and durability [1–4]. However, they are prone to cracking due to their
low tensile strength and low strain capacity at fracture, and the inherently brittle nature may cause
unexpected failure at the ultimate state. These drawbacks are traditionally overcome by introducing
the concept of reinforced concrete with embedded reinforcing steel bars, which are continuous and
designed to be specifically located in the structure to optimize its performance.

Fiber reinforced concrete (FRC) with discontinuous short fibers was also developed as
an alternative for the same purpose. FRC is a competitive and useful construction material because
fibers in the FRC resist crack propagation with the help of stress transfer from the matrix to the fiber
and furthermore its fabrication process is flexible and simple. Since the first major investigation of steel
fiber reinforced concrete (SFRC) was conducted in the early 1960s in order to improve its brittleness [5],
numerous studies on the SFRC and its applications have been carried out [6–9]. Among various kinds
of SFRCs developed to date, ultra-high-performance fiber-reinforced concrete (UHPFRC) exhibits
excellent mechanical performance [10–13]. It has extremely high compressive strength over 150 MPa
with a very low water-to-binder ratio as well as excellent toughness and energy absorption capacity by
adding less than 2 vol% of steel fibers [14–18].

The mechanical properties of general SFRC are dependent on the fiber properties (geometry, volume
fraction, tensile strength, orientation, etc.) [19–23], the concrete properties (strength, elastic modulus,
aggregate size, etc.) [23–26], and the properties of the interface between the fiber and the matrix [27–29].
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When the concrete properties are constant, the tensile performance of SFRC is primarily dependent on
the geometry, volume fraction, and distribution of fiber. The general tensile strength of steel fibers
used for SFRC is sufficiently high to avoid rupture, and thus the effect of tensile strength is usually
negligible. Consequently, the analytical models for the tensile strength or principal characteristics of
the tensile behavior of SFRC are generally expressed as a function of the fiber volume, the aspect ratio
(defined as the ratio of the fiber length to the diameter), and the fiber orientation [23,30–32]. The first
two parameters are determined in the step of mix design, whereas the other is related to the form
geometry and the placing method.

With regard to ultra-high-performance fiber-reinforced concrete (UHPFRC), there have been
extensive studies on the effect of fiber orientation on the tensile performance [20,21,33–37]. The effect
of fiber orientation is much more significant in UHPFRC than in normal SFRC. This is mainly due
to its high homogeneity with a composition of fine solid particles with a maximum particle size of
0.5 mm and sufficient flowability enough for self-consolidating. To produce highly flowable UHPFRC
with a very low water to binder ratio, water reducing admixture is inevitably required in the mix.

The rheological properties of UHPFRC are controlled by to the amount and type of the
water reducing admixture (WRA) [38,39], and they have a significant influence on the fiber
distribution determined during the process of placing and flowing of UHPFRC [40–42]. This sequential
influence is eventually connected to the mechanical performance of the composites [35–37].
Meanwhile, fresh UHPFRC shows considerably higher viscosity than normal SFRC or plain concrete,
which may have a positive effect of improving the fiber distribution as well as a negative effect of
worsening workability such as handling, delivering, and placing. This means that it is necessary to
control the rheological properties of UHPFRC for balancing a better fiber dispersion with an acceptable
workability. Furthermore, a high amount of WRA may influence the strength of UHPFRC, and the fiber
distribution is influenced by the placing method of UHPFRC. In this light, it is needed to investigate
the effect of the amount of WRA on the fresh property, mechanical properties, and fiber distribution
more systematically. Therefore, this study was performed to investigate systematically the relationship
between the rheological properties, fiber distribution, compressive strength, and flexural strength of
UHPFRC under controlled fabrication of the material.

2. Materials and Methods

2.1. Materials and Mixture Proportions

To investigate the effect of the rheological properties of fresh UHPFRC on the fiber distribution
and the mechanical properties of hardened UHPFRC, four types of UHPFRC mix proportions were
considered, where the proportions were designed to obtain different rheological properties by adding
different dosages of WRA. The mix proportions of UHPFRC are listed in Table 1. The water-to-binder
ratio of the UHPFRC mix design was set as 0.2. Type I Portland cement and undensified silica fume
were used as the cementitious material. Quartz sand was used as a fine aggregate. It has a grain size
distribution with a maximum diameter of 0.5 mm and a density of 2.62 g/cm3. The filler used for
improving the strength and workability had a mean grain size of approximately 4 µm, density of
2.62 g/cm3, and crystalline SiO2 over 98%. Two types of straight steel fibers with lengths of 16.3 mm
and 19.5 mm were incorporated. The tensile strength, density, and diameter of the steel fibers were
2,500 MPa, 7.5 g/cm3, and 0.2 mm, respectively. The amount of fiber with a length of 16.3 mm was
1 vol% and the amount of fiber with a length of 19.5 mm was also 1 vol%. A polycarboxylate-based
superplasticizer was used for the WRA. Its density was 1.01 g/cm3 and the solid content was 30%.
Four different amounts of WRA were applied for the mix design. The weight percentage of solid
content of WRA to cement was designed to be 1.2%, 1.8%, 2.4%, and 3.0% for Mix 1 to Mix 4. Unit water
content was decreased as the amount of WRA was increased in the mix design.
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Table 1. Mix proportion of ultra-high-performance fiber-reinforced concrete (UHPFRC).

Mixture
Unit Weight (kg/m3)

Cement Silica Fume Filler Sand Water
Admixtures

Anti-Foamer Steel Fiber
WRA * EA ** SRA ***

Mix 1

771 193 231 848

165 30.8

57.8 7.70 1.40 156
Mix 2 160 46.3
Mix 3 156 61.7
Mix 4 151 77.1

* WRA: Water reducing admixture; ** EA: Expanding admixture; *** SRA: Shrinkage reducing admixture

2.2. Rheological Tests

The flowability and the rheological properties of four types of UHPFRC mixtures were evaluated.
The flowability, the mini-slump flow, was measured using a mini-slump cone specified in ASTM C
1437 [43], and the rheological properties were obtained by using a rotational rheometer with a vane-type
spindle, which was adopted to prevent segregation of the fibers from the cementitious matrix during
measurement. Figure 1 shows the rheometer and the protocol of the rheology test. After a 20 second
pause, the rotational speed was increased from 0 to 19 rpm (rotation per minute) with an increment of
1.9 rpm every 20 seconds. After reaching the highest rotational speed, it was decreased to zero with the
same step and interval. From the rheology test, flow curves, which are expressed as a relation between
shear stress (τ) and shear rate (

.
γ), were obtained. The viscosity (µ) and yield stress (τ0) were then

calculated by a linear regression analysis using the Bingham model (τ = τ0 + µ
.
γ), which is chosen

because it is generally appropriate to characterize the flow behavior of cement-based material [44].
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Figure 1. (a) Rheometer (Brookfield DV-III ULTRA) and (b) rotational speed protocol applied for
rheometer test.

To estimate the effect of the amount of water reducing admixture on the mechanical performance
of UHPFRC, compressive strength and flexural tests were performed. The compressive strength was
measured with cylindrical specimens with a diameter of 100 mm and a height of 200 mm according to
ASTM C 39 [45]. The flexural test was carried out with 100 × 100 × 500 mm3 beam specimens. When the
beam specimens were fabricated, fresh UHPFRC was placed at one end of the form and flowed itself
toward the other end, inducing shear flow of the matrix as shown in Figure 2. This consistency in
placing is important to avoid variation of the flexural performance according to differences in the
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placing method, and consequently to precisely investigate the effect of rheological properties on
the flexural performance. All the prepared specimens were cured in air at room temperature for
48 h and demolded. They were then cured in hot water with a temperature of (90 ± 3) ◦C for 72 h.
The specimens were subsequently stored in water with a temperature of (20 ± 3) ◦C until testing.
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Figure 2. Placing method adopted for fabricating beam specimen. (A) Device; (B) Material flow.

To evaluate the flexural performance, a three-point bending test was conducted with a notch at
the midspan of the specimen. The span length for the test was 300 mm. The depth of the notch was
10 mm and the width was 3 mm. A loading rate of 0.3 mm/min was applied for the test. During the
test, the crack mouth opening displacement (CMOD) at the notch was measured by a clip gauge and
the central deflection was measured using a linear variable differential transducer. Figure 3 shows the
three-point bending test set-up with the notched beam.
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2.3. Fiber Distribution Evaluation

A quantitative evaluation of the fiber distribution including the fiber dispersion and fiber
orientation was also carried out to investigate the effect of the rheological properties on the fiber
distribution. If there is a flow velocity gradient, as shown in Figure 4, rigid fibers submerged in the
fluid rotate due to the velocity gradient. The velocity profile of a fluid is obviously dependent on the
rheological properties of the fluid, and then the rotational movement is naturally influenced by the
rheological properties of the fluid [46,47]. The fiber dispersion indicates whether the change in the
rheology according to the amount of WRA causes any sediment or agglomeration of fibers.
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The fiber dispersion and orientation were evaluated using an image analysis technique [35].
After finishing the flexural test, the tested beam specimens were seen at locations near the flow starting
point and near the midspan. The former is 35 mm away from the end of specimen where fresh
UHPFRC was placed and the latter is 220 mm away from the end. To obtain a sound section without
cracks, which are supposed to be formed along the notch in the flexural test, the images at the midspan
section were not used for the analysis.

The fiber dispersion was quantified with the coefficient (α f ) defined as follows [40]:

α f = exp

−

√
∑(xi − 1)2

n f

, (1)

where n f denotes the total number of fibers detected on the image and xi describes the number of
fibers detected in the i-th sector when the whole image area was divided into several sectors of an
equivalent square area. α f close to 1 indicates a homogeneous dispersion of fibers, and 0 for α f means
a deeply biased dispersion of fibers.

For the evaluation of the fiber orientation distribution, the fiber orientation coefficient (ηθ) was
introduced. The fiber orientation distribution was first measured by calculating the inclination of each
fiber on the image. The coefficient was then calculated by the following equation [48]:

ηθ =
∫ π/2

0
p(θ) cos2 θ dθ, (2)

where p(θ) is the measured fiber orientation distribution. If all the fibers are perfectly aligned in a
direction, the fiber orientation coefficient (ηθ) to the direction is equal to 1.

3. Results and Discussion

3.1. Rheological Properties

Figure 5 shows the mini-slump flow test results of each mixture. As expected, Mix 1, which has
the smallest amount of WRA, showed the minimum flow value. On the other hand, other mixtures
showed flowabilty higher than 200 mm and the amount of WRA had little influence on the flowability.
For all the mixtures, segregation was not observed. The tendency in the flow test results was found
to be very similar in the rheological properties measured from the rheology test. Figure 6 shows the
measured yield stress and plastic viscosity of each mixture. The yield stress of Mix 1 was 185 Pa
and its plastic viscosity was 166 Pa s, whereas the yield stress values of Mixes 2–4 were in a range of
0–18.5 Pa and their plastic viscosity values were between 51 Pa s and 55 Pa s. Comparing the measured
rheological properties of all the mixes, it can be clearly found that both the yield stress and plastic
viscosity of Mix 1 were much higher than those of the other mixes, and Mixes 2–4 showed no noticeable
difference in the rheological properties. These results indicate that the positive effect of increasing
the amount of WRA on the flowability. In addition, a higher dosage of WRA reduces the rheological
properties of fresh UHPFRC and the effect is limited at a certain dosage of WRA. A higher amount of



Appl. Sci. 2019, 9, 29 6 of 13
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3.2. Compressive Strength

Three specimens for each mixture were prepared for the compressive strength test. The test results
are presented in Figure 7. Comparing Mix 1 and Mix 2, which were corresponded to the cases with
1.2 wt.% and 1.8 wt.% WRA solid content to the cement, the difference in the compressive strength
was negligible. However, in the comparison of Mix 2 to 4, which corresponded to the cases with
1.8, 2.4, and 3.0 wt.% WRA solid content to cement, it can be seen that the compressive strength
decreased as the amount of WRA increased. These results means that adding WRA up to a certain
amount does not adversely affect the compressive strength while providing a beneficial effect on the
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workability. However, an excessive amount of WRA has a negative influence on the compressive
strength of UHPFRC.Appl. Sci. 2018, 8, x FOR PEER REVIEW 7 of 13 
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3.3. Flexural Behavior

The measured flexural behaviors for each mixture were presented by load-deflection curves,
as shown in Figure 8. All mixtures clearly showed deflection hardening behavior until the peak
load, which could be obtained only when a proper amount of fibers was added with good dispersion.
Each mixture also showed a clear difference in the peak load and corresponding CMOD, and the
deviations between specimens with identical mixture proportions were not significant compared to
those between mixtures with different mixture proportions. This proves that the placing method
adopted in this study provided a consistent fiber distribution and thus eliminates the influence of the
placing method on the fiber distribution and the consequent mechanical performance. Therefore, it is
possible to compare the pure effect of the rheological properties related to the amount of WRA.

The flexural test results are summarized in Table 2. The test results were obtained from three
specimens for each mixture. The flexural tensile strength was calculated from the following equation.

fr =
3PmaxL

2bh2
e

, (3)

where Pmax is the peak load measured in the test, L and b are the span length and the width of the
beam specimen respectively, and he corresponds to the total height minus the notch depth.

Table 2. Flexural test results.

Mixture Peak Load (kN) Flexural Strength
(MPa)

Deflection at Peak
Load (mm)

CMOD at Peak
Load (mm)

Mix 1 81.97 ± 2.31 45.54 ± 1.29 0.81 ± 0.05 0.94 ± 0.11
Mix 2 71.42 ± 0.86 39.68 ± 0.48 0.87 ± 0.26 0.85 ± 0.12
Mix 3 67.83 ± 2.77 37.68 ± 1.54 0.84 ± 0.34 0.73 ± 0.14
Mix 4 57.28 ± 1.17 31.82 ± 0.65 0.66 ± 0.09 0.48 ± 0.09

Comparing the flexural strengths and behaviors of Mix 1 to 4, it can be found that the
flexural strength and the CMOD at peak load decreased as the amount of WRA increased.
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When both the flexural strengths and the compressive strengths with different mixtures are compared,
Mixes 2–4 present a close relationship between the flexural strength and compressive strength;
however, the comparison between Mix 1 and Mix 2 shows discordance in the strength according
to the amount of WRA. The flexural strength of Mix 1 was approximately 10% higher than that of Mix
2, whereas the compressive strengths obtained from Mixes 1 and 2 presented little difference with each
other. Previous studies reported that the compressive strength of UHPFRC is noticeably not influenced
by the fiber distribution characteristics [38,49–51]. Its compressive strength is mainly governed by the
strength of the matrix. It can be thought that the flexural strength due to the amount of WRA might
influence on the fiber distribution, resulting in the difference in the flexural strength, even though
there was little difference in the compressive strength.Appl. Sci. 2018, 8, x FOR PEER REVIEW 8 of 13 
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3.4. Fiber Distribution

Figures 9 and 10 show representative sectional images of Mix 1 and Mix 2. Figure 10 corresponds
to the section images obtained at the distances of 35 mm and 220 mm from the end near where the
placement was taken for Mix 1, and Figure 10 presents the images obtained for Mix 2. The coefficients
of fiber dispersion and orientation distribution for each mixture are presented in Figure 11.
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At the section 35 mm away from the end, which is very close to the placing point, the fiber
orientation coefficients were not influenced by the amount of WRA and the consequent rheological
properties. On the other hand, at the section 220 mm away after considerable flowing, it can be found
that the fiber orientation coefficients are much higher than those 35 mm away for each mixture and that
Mix 1 presents a higher coefficient compared to Mixes 2–4. Relatively higher orientation coefficients
220 mm away than at 35 mm can be explained by the rotational movement of a fiber immersed in a
fluid based on hydrodynamics, as already mentioned. The placing process adopted in fabricating the
beam specimens in this study induced a shear flow, as can be seen in Figure 2, forming a parabolic
flow velocity profile. This induced gradual rotation of the fibers and the fibers to be aligned to the flow
direction. The fiber orientation coefficients obtained 220 mm away were in a range of 0.52–0.57. If the
fibers were all aligned to the flow direction after a long flow distance, the coefficient would be equal to
1. However, the interference among fibers that commonly occurs when the volume fraction of fibers
(Vf ) is concentrated, that is Vf ≥ r2

f , does not allow such an ideal orientation distribution [52]. Here r f
means the aspect ratio of fiber expressed as a ratio of the fiber length to the fiber diameter. Considering
the experimental results of viscosity and yield stress according to the amount of WRA, it could be seen
that higher viscosity and yield stress provided a higher fiber orientation coefficient. This means that
the rheological properties of the mortar may affect the velocity profile and the interaction among fibers.
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With regard to the fiber dispersion, Mix 1 presented a slightly higher coefficient than the other
mixes. When this result is compared with the rheological test results, it is seen that the fiber dispersion
is better in a mix with a higher viscosity and yield stress. However, recalling that it is generally accepted
that lower viscosity decreases the fiber segregation resistance, it is more reasonable to state that the
mixtures considered in this study did not show any meaningful variation in the fiber dispersion in
UHPFRC. The absence of noticeable deterioration in the fiber dispersion even with a large amount of
WRA is related to UHPFRC retaining high viscosity for all mixtures. The lowest viscosity measured in
this study with the largest amount of WRA was 51.1 Pa s, which is dozens of times higher than the
viscosity of normal FRC and several times higher than high viscosity self-compacting concrete (SCC)
with steel fibers [40,42]. A much higher amount of cement and a much lower water to cement ratio of
UHPFRC induced relatively much higher viscosity even with a large amount of WRA. In addition,
unlike the fiber orientation coefficient, there was no difference in the dispersion coefficient between the
results 35 mm and 220 mm away. This means that the fiber dispersion did not change according to the
flow distance and none of the mixtures caused any sediment or segregation of fibers along the flow.

The correlations of properties of UHPFRCs investigated in this study are listed in Table 3.
Although the data in this study are limited, the strong correlations were observed between fresh
properties, i.e., flow, yield stress, and plastic viscosity, and the flexural strength has a strong correlation
(Pearson’s linear correlation coefficient over 0.76) with all other properties under controlled fabrication
of the material.

Table 3. Correlation of properties of UHPFRCs.

Properties WRA Flow Plastic
Viscosity

Yield
Stress

Compressive
Strength

Flexural
Strength

αf ηθ

WRA 1 - - - - - - -
Flow 0.75 1 - - - - - -

Plastic viscosity −0.79 −1.00 1 - - - - -
Yield stress −0.72 −1.00 0.99 1 - - - -

Compressive strength −0.88 −0.39 0.43 0.34 1 - - -
Flexural strength −0.98 −0.79 0.82 0.76 0.87 1 - -

α f −0.87 −0.95 0.97 0.95 0.52 0.86 1 -
ηθ −0.96 −0.80 0.82 0.76 0.86 0.99 0.83 1
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From this analysis of fiber dispersion and orientation distribution, it can be said that the flexural
behaviors of four different mixtures depended in part on the compressive strengths of the matrices
and in part on the fiber orientation distributions due to the rheological properties.

4. Conclusions

This paper presents an experimental and analytical study on the effects of the amount of
WRA on the rheological properties of UHPFRC and the relationship between the rheological
properties, fiber distribution, and mechanical behavior of UHPFRC. A series of experiments including
a mini-slump flow test, rheology test, compressive strength test, flexural test, and image analysis were
performed. From the test results, the following conclusions were drawn:

1. The flowability and rheological properties were measured for the fresh UHPFRC, and the results
revealed that the positive effect of increasing the amount of WRA on the flowability as well as
the rheological properties of fresh UHPFRC could be achieved only with an amount less than
a threshold, and a higher amount of WRA exceeding the threshold contributed little to improving
the flowability and the rheological properties.

2. The compressive strength test results revealed that adding WRA up to a certain amount did not
adversely affect the compressive strength while providing a beneficial effect on the workability,
whereas an excessive amount of WRA had a negative influence on the compressive strength
of UHPFRC.

3. The flexural performance showed that the flexural strength and the CMOD at peak load decreased
as the amount of WRA increased. Through the comparison between the tendency of the
compressive strength and flexural strength, it could be surmised that the flexural strength
due to the amount of WRA might be influenced by the fiber distribution.

4. A quantitative investigation using the image analysis of the fiber distribution proved that the
flexural behaviors with four different mixtures depended in part on the compressive strengths of
the matrices and in part on the fiber orientation distributions due to the rheological properties.
Furthermore, it was observed that the effect of the rheological property on the fiber orientation is
more significant than that on the fiber dispersion.
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