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Abstract: Steel-microfiber-reinforced concrete has been proven to be an effective type of hybrid
fiber-reinforced concrete (HyFRC). The microfiber used in these concretes generally include microfilament
steel (MS) fibers and synthetic fibers, such as polypropylene (PP), polyvinyl alcohol (PVA),
and polyacrylonitrile (PAN) fibers. This study aims to obtain the optimal type of steel-microfiber HyFRC,
with low fiber content, which can be easily used in engineering projects without special fabrication
procedures, thus achieving the concept of sustainability. Four types of HyFRC that blend steel (S) fiber with
MS, PP, PVA and PAN were studied. These HyFRC were compared through a systematic experimental
campaign in which the fiber dispersion, mixture workability, and concrete mechanical properties were
investigated. The experimental results of the fiber dispersion and mixture workability indicate the
following qualitative relationship: MS > PVA ≈ PP > PAN. For the mechanical properties of the concretes,
the S-MS, and S-PVA HyFRCs generate an overall higher enhancing effect than those of the S-PP and
S-PAN HyFRCs and show a positive hybridization effect for most properties. The S-MS HyFRC is superior
in strength, and the S-PVA HyFRC has a significantly improved toughness. Because PVA has relatively
good dispersion and workability properties, and toughness is the most important and effective mechanical
property in the fiber-reinforced concrete, this study recommends that the S-PVA HyFRC is the optimal
type of steel-microfiber HyFRC.
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1. Introduction

Concrete is the most widely used material in civil engineering and consumes a large amount
of energy every year. Unfortunately, concrete is also a type of brittle material and is easy to crack
under tensile or flexure force. To reduce the energy consumption and achieve a sustainable design,
two innovative concretes are being developed. One is recycled aggregate concrete [1,2], which uses
crushed concrete as a coarse aggregate to reuse the material; the other one is high performance
concrete [3–5], which reduces the chance of concrete replacement by enhancing the mixture properties,
especially the tensile/flexure performances. This study focuses on the latter method.

Hybrid fiber-reinforced concrete (HyFRC) has been demonstrated to be a high performance
concrete that mixed fibers of different types or sizes into the concrete simultaneously [6,7]. Compared to
mono fiber-reinforced concrete (FRC), the HyFRC is more effective because it can control the crack
propagation in multi-phase and multi-level. Generally, concrete mixture with high fiber content
usually produces better mechanical properties, but increases time to consolidate [8]. Therefore, special
fabrication procedures are needed, such as using customized mix machines and performing strict
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mixing processes. The additional special care regarding the fabrication procedures limits the material’s
application in engineering. To solve this problem, Hossain et al. [9] and Jen et al. [10] developed
an appealing method by adding viscosity modifying admixture (VMA) into the mixture to increase
its workability. However, this would further complicate the fabrication process and increase the
material cost. Another method to achieve a balance is to optimize the mechanical properties with an
acceptable reduction in workability, leading to a low fiber content. The American Concrete Institute
(ACI) report ACI 544.1R-96 [11] recommended an allowable fiber content less than two percent by
volume. Jen et al. [10] noted that even under these restrictions, extra care must be given to ensure
satisfactory consolidation during concrete pouring. Therefore, HyFRCs with a total of 1.1% fiber
content are used in this study. Although the mechanical properties of the low-fiber-content HyFRCs
may be less attractive than HyFRC mixtures with higher fiber contents, the HyFRCs studied in this
paper are more economically efficient, consumes less energy, and are much simpler to fabricate in
engineering applications, thus approaching the concept of sustainability.

Development in the fiber-reinforcement industry has provided various fiber types. The most
commonly used fibers to reinforce concrete are steel fibers (S), carbon fibers (C) and synthetic fibers [12],
which include polypropylene fibers (PP), polyvinyl alcohol fibers (PVA), and polyacrylonitrile
fibers (PAN). Many studies have been conducted on the hybridization of these fibers.
Blunt and Ostertag [8] developed a deflection hardening mixture by combining steel fiber and PVA
fiber. Xu et al. [13] conducted an orthogonal experiment of S-PP HyFRC and found that the enhancing
effect of hybrid fiber is much better than that of a single fiber. Park et al. [14] studied the behavior
of HyFRCs with macro steel fiber mixed with microfilament steel fiber (MS). Although a positive
hybridization effect is observed with various fiber combinations, they may have different efficiencies,
which raises the issue of determining the optimal fiber combination for HyFRC.

Existing research comparing different types of HyFRC focuses on limited mechanical properties.
For example, Lawler et al. [15] investigated the flexural behavior of S-MS and S-PVA HyFRCs;
Yao et al. [16] compared C-PP, C-S, and S-PP HyFRCs with identical total fiber fractions in terms of their
compression, splitting tensile and flexural behavior; Kim et al. [17] studied the flexural behavior of four
types of S-MS HyFRC with different types of steel fiber. In particular, very little information is available
about the fiber dispersion, despite the fact that uneven distribution would result in an increase in the
initial defects or induce negative effects on the base concrete properties [18,19]. In addition, because the
direct tensile test has been found to be challenging [20], most research on HyFRC uses splitting tensile
strength test or a flexure test to indirectly evaluate the mixture tensile property. Therefore, the existing
research cannot convincingly provide an optimal combination among the many options, and a more
comprehensive experimental study is needed and consequently investigated in this study.

Among the various fiber types, steel fiber has been proven in many studies to be effective in
improving the concrete behavior [21–25], especially tensile properties [26,27]. Further, micro synthetic
fibers have become more favorable in recent years [28]. PP, PVA and PAN are three synthetic fibers
that were recommended in the Chinese technical specification CECS 38: 2004 [29]. The results of Park
and Kim’s work [14,17] also indicate that a mixture of macro steel fiber and microfilament steel fiber
increases the mechanical performance of concrete.

In this research, the following four types of HyFRCs were considered in an experimental study:
S-PP HyFRC, S-PVA HyFRC, S-PAN HyFRC, and S-MS HyFRC. Five corresponding mono FRCs and
two plain concretes were also used to obtain baseline results for this systematic study. The synthetic
fibers and MS used in this study are microfibers. This study aims to find the most effective type
of steel-microfiber HyFRC for engineering applications by comparing the fiber dispersion, mixture
workability and concrete mechanical properties of the tested concretes. The mechanical properties
considered in this study are as follows: cubic compressive strength, prism compressive strength,
splitting tensile strength, direct tensile strength, elastic modulus, compressive stress–strain curve,
and tensile stress–strain curve.
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2. Experimental Details

2.1. Materials and Test Groups

Normal Portland cement with a compressive strength of 45 MPa at 28 days of curing and an apparent
density of 3015 kg/m3 was used as the base paste material. The coarse aggregate (crushed stone) had
sizes of 5~20 mm and an apparent density of 2620 kg/m3. River sand with a fineness modulus of 2.8 and
an apparent density of 2640 kg/m3 was used as the fine aggregate. A polycarboxylic water-reducing
agent with a 20% water-reducing rate was used in this study, and the recommended dosage was 0.6% to
1.0% by cement mass.

Table 1 shows the abbreviations and properties of the fibers that were used in this research.
Three synthetic fibers and an MS fiber were compared according to their effects on the concrete
performance under the following two conditions: used alone and blended with S fiber. The lengths of
the four fibers were approximately 12 mm to achieve the objective of variable control. The S fibers had
end hooks and lengths of 35 mm. The MS is smooth with no end hooks. The designed aspect ratios of
the S and MS were both 65. The shape and dimensions of the fibers in this study are shown in Figure 1.

Table 1. Fiber abbreviations and properties.

Fiber Type Steel Fiber
(3D 65/35BG)

Microfilament Steel
Fiber (OL 13/2.0)

Polypropylene
Fiber

Polyvinyl
Alcohol Fiber

Polyacrylonitrile
Fiber

Abbreviation S MS PP PVA PAN
Diameter (mm) 0.55 0.2 0.025 0.04 0.012
Length (mm) 35 13 12 12 12

Density (g/cm3) 7.8 7.8 0.91 1.28 1.18
Tensile strength (MPa) 1345 2850 579 1560 600
Elastic modulus (GPa) >200 >200 3.6 41 12
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Table 2 shows the mix proportion of all the test groups in this study. P1 and P2 denote the two
plain-concrete test groups. The volume content of the S fiber was 1%. For the MS, PP, PVA, and PAN,
the volume content was 0.1% in both the FRC and HyFRC. The mix proportion of the benchmark
concrete, P1, was designed according to a standard mix design method to guarantee good workability.
To reduce slump loss induced by S fiber, the binary superposition method [30–33] was used for the mix
proportion design for the test groups that included S fiber. The binary superposition method divides
the steel FRC into the following two parts: (a) S fiber with added cement paste and (b) base concrete.
Furthermore, this method considers the S fiber as another type of course aggregate in the calculation
of the sand ratio to consider the effect of the S-fiber volume on the sand ratio [30]. Because of the
difference in the mix matrix with and without S fiber, the groups were classified into the following
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two categories: (a) test groups without S fiber, which included P1, MS, PP, PVA, and PAN, and (b) test
groups with S fiber, which included P2, S, S-MS, S-PP, S-PVA and S-PAN. P1 was used as a control for
those without S fiber. P2 and the S group had identical base mix matrices, but P2 had no fiber. In the
mix proportion design, the volumes of the synthetic fiber and MS are also considered course aggregate
in the sand ratio formula [34]. However, their effect on the mix matrix is insignificant because of their
minor volume content.

Table 2. Fiber abbreviations and properties.

Test
Group

Water
(kg/m3)

Cement
(kg/m3)

Coarse
Aggregate

(kg/m3)

Fine
Aggregate

(kg/m3)

Steel
Fiber

(kg/m3)

Micro
Fiber

(kg/m3)

Water-Binder
Ratio

Sand
Ratio
(%)

Steel Fiber
Volume
Content

Micro Fiber
Volume
Content

P1 178.0 404.5 1086.5 694.7 0.0 0.00 0.44 39.0 - -
MS 177.8 404.1 1082.4 692.6 0.0 7.80 0.44 39.0 - 0.1%
PP 177.8 404.1 1085.0 694.3 0.0 0.91 0.44 39.0 - 0.1%

PVA 177.8 404.1 1084.9 694.3 0.0 1.28 0.44 39.0 - 0.1%
PAN 178.8 404.1 1084.9 694.3 0.0 1.18 0.44 39.0 - 0.1%

P2 198.8 451.8 981.7 677.6 0.0 0.00 0.44 40.8 - -
S 198.8 451.8 981.7 677.6 78.0 0.00 0.44 40.8 1% -

S-MS 198.6 451.4 977.6 675.5 78.0 7.80 0.44 40.9 1% 0.1%
S-PP 198.6 451.4 980.2 677.2 78.0 0.91 0.44 40.9 1% 0.1%

S-PVA 198.6 451.4 980.1 677.1 78.0 1.28 0.44 40.9 1% 0.1%
S-PAN 198.6 451.4 980.1 677.1 78.0 1.18 0.44 40.9 1% 0.1%

Note: P1 and P2 denote the two plain-concrete test groups. MS, PP, PVA, PAN denote the four microfiber FRC test
groups. S denotes the steel FRC test group. S-MS, S-PP, S-PVA and S-PAN denote the four HyFRC test groups.

2.2. Mix Procedure

The raw materials were stirred using a 60-L-capacity forced mixer. The mixing procedure is as
follows: (1) add the coarse aggregate and steel fiber into the mixer and stir for 30 s~1 min; (2) add the
fine aggregate and cement into the mixture and stir for 30 s~1 min; (3) add the PVA fiber in two batches
and stir each batch for 30 s; and (4) add the solution of water and water-reducing agent into the mixture
and stir for 1~2 min. A total of 30 L of concrete was stirred for each mixture. A shaking table was used
to vibrate the concrete specimens.

2.3. Experimental Setup

2.3.1. Test Setup for Fiber Dispersion

Fiber dispersion can be evaluated using a wash-out test [35], X-ray analysis [36], and image
technique [37], et al. Because X-ray analysis is only feasible for steel fiber and the image technique
requires advanced equipment, this study adopts a wash-out test to measure the fiber dispersion.
A wash-out test is easy to conduct but needs elaborate work, otherwise large errors can occur. Therefore,
a detailed wash-out test process for the HyFRC is developed, as shown in Figure 2.

For each test group, three samples of fresh concrete were collected; then, the wash-out test was
immediately conducted to determine the fiber content in each sample. The test process for HyFRC
groups was in strict accordance with the workflow in Figure 2. The resultant volume fraction of fiber
for each sample was calculated as the ratio of the fiber volume to the volume of the sample concrete.
To further reduce the errors, the coefficient of variation (CV) was used to represent fiber dispersion.
The CV of a test group is calculated as the standard deviation of the three samples divided by the
mean value. As the CV increases, the fiber would have more uneven distribution, reflecting a poorer
fiber dispersion. Photos of the test are shown in Figure 3. The test process of the FRC groups is similar,
but is a simplified process in relation to HyFRC groups.
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Figure 3. Dispersion study using the wash-out test.

2.3.2. Test Setup for Workability

Slump test is conducted to determine the workability of the test groups. For the groups without
S fiber, slump was studied with a water reducer at dosages of 0.7% and 0.9% by cement mass. For the
groups with S fiber, 0.6% and 0.9% dosages were used. Three replicated samples are used for each test
group and their average value is calculated to present the mixture workability.
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2.3.3. Test Setup for Mechanical Properties

The mechanical properties were studied with a series of tests to determine whether the HyFRC
with a combination of S fiber and synthetic or MS fiber improves the mechanical performance of the
concretes over the performance of the corresponding mono FRCs. For each test group, four cubic
specimens with a side length of 150 mm were used for the cubic compressive strength test and
the splitting tensile strength test, respectively. Eleven prismatic specimens with a dimension of
150 mm × 150 mm × 300 mm were casted for each test group, in which four specimens were used
to measure the prism compressive strength, three specimens were used to measure the compressive
elastic modulus and another four specimens were used to obtain the compressive stress–strain curves.
For the tensile stress–strain curve test, six dog-bone specimens with a peripheral dimension of
160 mm × 100 mm × 350 mm were casted for each test group and a universal hinge loading device
was used, which have been demonstrated to perform satisfactory control in an earlier study [38].
The mechanical property test setups are shown in Figure 4.
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3. Experimental Results and Discussion

3.1. Fiber Dispersion

For each FRC and HyFRC test group, the CV is calculated for its fibers. Figure 5a shows the CV of
the microfibers in FRC groups and HyFRC groups. The CV trends in both categories indicate that the
dispersion follows a priority order of MS > PVA > PP > PAN. Specifically, the MS fiber has the lowest
dispersion CV. The PVA and PP fibers show a slightly more uneven distribution. For the PAN groups,
the CV dramatically increases to 14.6% for the FRC group and 16.6% for HyFRC. An explanation for
these results is that the hardness of the PAN fiber is relatively low, particularly in comparison with the
MS and PVA fibers. Soft fibers easily yield to pressure and cluster, which causes an uneven distribution.
The PAN fiber is also soluble in a limited number of polar liquids [28], which affects its dispersion in
the complex matrix. Figure 5b shows the CV of the S fiber in steel-fiber FRC group and HyFRC groups
and it is shown that the S fiber has relatively low and stable CV values between 4.1% and 5.4%.
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Another interesting phenomenon of the fiber dispersion results is that the fibers usually show
poorer dispersion in HyFRC groups than in FRC groups. Only the MS fiber has different performance.
This is because the S fiber and synthetic fiber become entangled during the stirring processes, the chance
of clustering for both fiber types increases, increasing the CV values of the HyFRC relative to the FRC.
However, because the MS is much harder than the synthetic fibers, it is the only type of microfibers
that would not bend and entangle itself with the steel fiber, resulting in a much better dispersion
performance. Therefore, this study shows that the fiber dispersion usually becomes poorer in HyFRC
than in FRC, but as long as the fibers are hard enough, this negative effect can be eliminated.

3.2. Slump

Figure 6a shows the slump test results for groups without S fiber, Figure 6b shows the slump test
results for groups with S fiber. The data for the plain concrete with 0.9% water reducer are not shown
because that concrete exhibited disintegration. The slump values decrease in the following sequence:
MS, PP, PVA, and PAN, except one counter-example where the slumps for the PP and PVA cements are
60 mm and 65 mm, respectively, for the test groups without S fiber and a 0.7% dosage of water reducer.
The synthetic fibers helped to adsorb water. PP has the weakest ability to adsorb water among the
three synthetic fibers because of its hydrophobic surface [28]. With the hydrophile group on PAN’s
surface, PAN has a considerably more negative effect on the workability relative to the PP and PVA
fibers, explaining the significant decrease in the slump values for the PAN groups. MS and S fibers do
not have an adsorptive capacity, but they can impede the flow of concrete by overlapping with each
other to form a “canopy frame”. According to this study, the reducing effect of the “canopy frame” of
the S and MS fibers is not as strong as that caused by the hygroscopicity in the synthetic fibers.

A comparison of Figure 6a,b shows a difference in the efficiency of the water reducer on the
slump values. With a larger difference in the amount of water reducer (0.6–0.9%) for the groups with
S fiber, the slump values increase less than those of the groups without S fiber, whose difference in the
amount of water reducer is only 0.2% (0.7–0.9%). For example, the slump increase for the S-PP group
is 5 mm (water reducer difference: 0.3%), whereas the index for the PP group is 30 mm (water reducer
difference: 0.2%). This phenomenon indicates that the water reducer is more efficient in the FRC than
in the HyFRC.
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Figure 6. Slump results: (a) groups without S fiber; (b) groups with S fiber.

The aim of this study is to optimize the HyFRC type with enhancing mechanical properties,
but still has acceptable workability. The slump results indicate that, with the fiber content used in this
study, S-MS, S-PP and S-PVA HyFRC show acceptable workability, but S-PAN HyFRC causes much
lower slump and requires extra care to apply in engineering.

3.3. Mechanical Properties

To quantitatively investigate and compare fibers’ effects on the base concrete, the enhancing
coefficient is defined. The enhancing coefficient for a group without S fiber is equal to its test value
divided by the test value of the P1 group; the enhancing coefficient for a group with S fiber is equal
to its test value divided by the test value of the P2 group. An enhancing coefficient greater than 1
indicates that the added fiber has a positive effect on the mechanical properties.

3.3.1. Compressive Strength

The enhancing coefficients of the cubic and prism compressive strength do not follow similar patterns,
as shown in Figure 7. In the groups without S fiber, PP has the highest cubic strength enhancing coefficient
(1.076). Only PAN causes a negative effect, with a 9.1% decrease in the cubic strength. For the prism
strength, PP and PAN increase the concrete strength by 3.9% and 2.3%, respectively. Only PVA causes
a negative effect, with a 4.9% decrease in the prism strength. The enhancing coefficients of the MS group
are approximately 1.05 for both the cubic and prism strengths.
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In the groups with S fiber, the S group reduces the base concrete cubic strength by 18.4%,
which indicates that the S fiber alone negatively affects the cubic strength. The enhancing coefficients of
the S-MS, S-PP, S-PVA, and S-PAN groups are 1.036, 0.931, 0.894 and 0.921, respectively. Although only
the S-MS group has an enhancing coefficient greater than 1, all the tested groups show a clear
improvement compared to the S group. For the prism strength, all the tested groups have an enhancing
coefficient greater than 1, with the exception of the S-PP group (0.970). The inclusion of S and MS
shows the most positive effect, with a 9.1% improvement in the prism strength.

The effect of the S fiber on the concrete can be described by using two opposing theories. On one
hand, the S fiber helps to transfer stress over cracks, similar to a “bridge”, and to reduce the extent
of the stress concentration at the tip of the cracks. Thus, it changes the crack direction and delays
the growth rate of the cracks [39,40], leading to a higher compressive strength. On the other hand,
the incorporation of S fiber generates a weakness in the interfacial transition zone. This initial weakness
in the matrix can significantly reduce its strength. In this study, we can conclude that the effect of the
weakness caused by the S fiber outweighs its bridging effect in the cubic test, whereas the bridging
effect is more superior in the prism test. The reason for this phenomenon is that, with a smaller
specimen dimension, a crack initialized from the weak interfacial transition zone is much easier
to develop through the specimen, resulting in a decrease in the specimen strength. Because most
components in an engineering project are larger than the 150 mm × 150 mm × 300 mm prismatic test
specimen, the effect of steel fiber shall better refer to the prim strength. However, if the cubic strength
is used as the compressive strength indicator, a more conservative design can be adopted.

Despite the fact that the effect of different microfibers varies in the two compressive tests, one can
still tell that the S-MS HyFRC has a greater compressive strength than those of the other HyFRC groups.

3.3.2. Compressive Elastic Modulus

The blue dash dot line in Figure 7 compares the enhancing coefficients of the elastic modulus
for all the test groups. In the groups without S fiber, the MS, PP and PVA fiber increase the matrix
elastic modulus by 3.5%, 4.4% and 4.4%, respectively. The PAN fiber reduces the elastic modulus by
1.7% because of its poor dispersion property. In the groups with S fiber, the incorporation of the S fiber
decreases the elastic modulus by 7.2%. When the S fiber is blended with the MS, PP, PVA, and PAN
fibers, the concrete modulus recovers back to 96.4%, 94.3%, 93.8%, and 97.0% of that for the plain
concrete, respectively.

We can see from Figure 7 that the effect of the fibers on the concrete elastic modulus is minor,
but the following conclusion can be drawn: the macro S fiber decreases the matrix elastic modulus,
while the microfibers increase the matrix elastic modulus in both the FRCs and HyFRCs. The cause of
this phenomenon may be related to the different porosities caused by the macro S fiber and microfibers.

3.3.3. Tensile Strength

Figure 8 shows the enhancing coefficient of the splitting tensile strength and direct tensile strength.
The direct tensile strength is obtained from the tensile stress–strain curve test (direct tensile test).
The two tensile strengths show obvious correlation with the incorporation of microfiber, but the
effect of S fiber on the mixture is opposite. In the groups without S fiber, PP produces the largest
improvement in the splitting strength and direct strength, 17.4% and 20.2%, respectively. PVA also
has a considerable enhancing effect on the tensile strength. MS has a slightly positive effect on the
splitting strength, increasing the strength by 1.0%. However, for the direct strength, the enhancing
coefficient of the MS group reaches 1.080. The PAN group has a lower splitting tensile strength than
the plain concrete (P1), consistent with its poor dispersion property (see Figure 5). In the groups with
S fiber, Figure 8 clearly shows that the incorporation of S fiber significantly increases the splitting
tensile strength, although the direct tensile strength decreases in the S group. However, for both tensile
strength indicators, blending microfiber with S fiber can improve the tensile behavior relative to the
steel FRC. For the splitting strength, the enhancing coefficients of the S-MS, S-PVA, and S-PAN groups
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are 1.642, 1.604 and 1.559, respectively. Although PP ranks first in enhancing the splitting tensile
strength in the groups without S fiber, it is the least effective microfiber when blended with S fiber.
For the direct strength, the HyFRC groups show the same priority sequence, with S-MS, the most
improved group, increasing the strength by 15.2% and S-PP, the least improved group, increasing the
strength by 8.8%.
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The difference in the effect of the macro S fiber and microfiber on the splitting tensile strength and
direct tensile strength can be attributed to the crack propagation and fiber crack-control mechanism.
In the splitting tests, the cracks propagating from one point through the entire section allows the S fiber
buffer to perform bridging effect. In the direct tests, the microcracks are evenly developed within
the specimen. Once a macrocrack is formed, the specimen quickly losses its strength. Because the
S fiber cannot control microcracks and generates weak interfacial transition zones, the direct tensile
strength in the S group is less than that of the P2 group. However, in a real engineering application,
most of the reinforced concrete components only bear a flexure moment instead of direct tension,
which is more similar with the splitting tensile test. On the other hand, the microfibers control
the microcracks in both the tensile tests, but the enhancing mechanism differs between the FRCs
and HyFRCs. In the groups without S fiber, the microfibers are the main elements in the material
that bear tension. The material reaches its maximum tensile strength after the bond effect of these
fibers loses its strength [41]. Although MS has a much higher elastic modulus and tensile strength
than those of the synthetic fibers, it is smooth with no end hooks, producing the poorest bond effect.
Meanwhile, synthetic fibers have much stronger bonds with the cement paste because of their relatively
rougher surface and bendability. The bond effect of the MS and synthetic fibers explains the different
performances of the specimen groups without S fiber. The poor behavior of the PAN is attributed to its
inferior dispersion property. In the groups with S fiber, the macro S fiber helps to transfer most of the
tension across the macrocracks. Thus, the microfibers can more effectively transfer stress across the
microcracks. Due to this mechanism, the enhancing effect of the microfibers on the tensile strength
is proportional to their modulus of elasticity. This observation is verified by comparing the tensile
strength results with the elastic modulus in Table 1 because both properties show a relative order of
MS > PVA > PAN > PP.

3.3.4. Stress–Strain Curve and Toughness

The compressive stress–strain curves and tensile stress–strain curve tests were conducted for all
the test groups. However, only the stress–strain curves of the groups with S fiber are shown in Figure 9.
Figure 9a illustrates the compressive stress–strain curves with each curve representing the average
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results of the four tests that were conducted at identical concrete ages and conditions. The strain
measurement was limited to 1.1%. Figure 9b illustrates the tensile stress–strain curves with each curve
representing the average results of the six tests. The strain measurement was limited to 0.4%. In the
tensile stress–strain curve test, the descending stages of the microfiber FRC groups are not available,
because the microfibers cannot transfer stress across the macrocracks and the specimen quickly losses
its tensile capacity after forming a major crack. The plain concrete has the same problem. Therefore,
the descending stage of the P2 curve in Figure 9b was computed in accordance with GB 50010-2010 [42].
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To quantitatively describe the concrete post-cracking performance, the toughness ratio (TR) was
defined. For the compressive test, the TR was obtained by dividing the area under the stress–strain
curve up to a 1% strain by the area of the rectangle determined by the peak stress and 1% strain. For the
tensile test, the maximum considered strain was 0.4%. Only the tensile TRs of the groups with S fiber
are calculated. Figure 10 shows the enhancing coefficients of the compressive TR and the tensile TR.
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Figure 10. Toughness ratio (TR) enhancing coefficient.

In the groups without S fiber, the overall increase in the compressive TR is not significant.
The most effective fiber is the MS fiber, whose enhancing coefficient is 1.068. The PAN fiber has almost
no effect on the compressive TR (0.5% increase). In the groups with S fiber, the experimental results
show a much higher compressive TR, and the tensile post-cracking performance is also significantly
improved. For the compressive test, the incorporation of the S fiber improves the TR by 37.5%.
When the S fiber is blended with the PP and PVA fibers, the enhancing coefficient of the TR becomes
1.409 and 1.466, respectively. However, unlike the case when they are mixed alone, MS and PAN
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reduce the compressive TR at the base of the S group to 1.319 and 1.258, respectively. For the tensile
test, the S-PVA group has the highest TR, followed by the S-PAN, S-PP, and S-MS groups. All the
HyFRCs show considerable increases in the tensile TR compared to that of the S group.

3.4. Hybridization Effect

A notable question in HyFRC technology is whether different types of fibers work more effectively
together than separately. This effect is called the hybridization effect for two fibers, A and B, and can
be measured using the hybrid coefficient HCA-B:

HCA−B =
ECA−B

ECAECB
(1)

where EC is the enhancing coefficient. A HCA-B greater than 1 indicates a positive hybridization effect.
The hybridization coefficients of the HyFRCs are shown in Figure 11. The hybridization coefficient in
terms of tensile TR is not incorporated.
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4. Optimal HyFRC Type Determination

In this section, the mixture properties are further rated into a six dimensional grading system
including: fiber dispersion, mixture workability, strength enhancing effect, toughness enhancing effect,
strength hybridization effect, and toughness hybridization effect. The steps are as follows:

(1) Calculate the performance index (PI) for fiber dispersion of each type of HyFRC, PIdisp.

PIdisp =
√

CV2
S + CV2

microfibre (2)

where CVS is the CV for steel fiber and CVmicrofiber is the CV for the microfiber.
(2) Calculate PI for mixture workability of each type of HyFRC, PIwork.

PIwork = (Slump0.6 + Slump0.9)/2 (3)

where Slump0.6 is the slump for the HyFRC mixtures with 0.6% water-reducer and Slump0.9 is the
slump for the HyFRC mixtures with 0.9% water-reducer.

(3) Calculate PI for strength enhancing effect of each type of HyFRC, PIEE,strength.

PIEE,strength =
√

EC2
fcc + EC2

fpc + EC2
fpt + EC2

fdt + EC2
E (4)
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where ECfcc, ECfpc, ECfpt, ECfdt, ECE are the enhancing effects of cubic compressive strength,
prism compressive strength, splitting tensile strength, direct tensile strength, and elastic
modulus, respectively.

(4) Calculate PI for toughness enhancing effect of each type of HyFRC, PIEE,toughness.

PIEE,toughness =
√

EC2
CTR + EC2

TTR (5)

where ECCTR, ECTTR are the enhancing effects of compressive TR and tensile TR, respectively.
(5) Calculate PI for strength hybridization effect of each type of HyFRC, PIHE,strength.

PIHE,strength =
√

HC2
fcc + HC2

fpc + HC2
fpt + HC2

fdt + HC2
E (6)

where HCfcc, HCfpc, HCfpt, HCfdt, HCE are the hybridization effects of cubic compressive
strength, prism compressive strength, splitting tensile strength, direct tensile strength, and elastic
modulus, respectively.

(6) Calculate PI for toughness hybridization effect of each type of HyFRC, PIHE,toughness.

PIHE,toughness = HCCTR (7)

where HCCTR is the hybridization effect of compressive TR.
(7) Scaling the six PIs into a grading system from score 1 to score 5, where the score 5 indicates the best

behavior and the score 1 indicates the worst behavior. Equation (8) shows the scaling methodology
for each PI, where the PIS-microfiber represents the PI for a type of S-microfiber HyFRC.

maxPI = max(PIS−MS, PIS−PP, PIS−PVA, PIS−PAN)

minPI = min(PIS−MS, PIS−PP, PIS−PVA, PIS−PAN)

ScoreS−microfibre =

{
− PIS−microfibre−minPI

maxPI−minPI × 4 + 5 for PIdisp
PIS−microfibre−minPI

maxPI−minPI × 4 + 1 for the rest PIs

(8)

The results of Equation (8) are used in Figure 12 to intuitively illustrate HyFRCs’ behavior.
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The following evaluations of the four types of HyFRC can be extracted from Figures 5–12.
For groups with PAN fiber, poor behaviors are observed in most of the properties, so the S-PAN
is excluded from the candidate optimal HyFRC types. Although the PP fiber, when added alone,
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performs quite well in terms of the fiber dispersion, mixture workability, and mechanical properties,
the S-PP HyFRC shows an ineffective enhancing effect and negative hybridization effect for most of the
mechanical properties. For the groups with MS fiber, good fiber dispersion and mixture workability
and strength are observed. However, the S-MS HyFRC shows the lowest scores in the both toughness
enhancing effect and toughness hybridization effect. Because the post-cracking toughness is the most
important mechanical property in fiber-reinforced concrete, MS cannot be recommended for use in
the optimal type of concrete. Finally, the PVA fiber shows moderate to good behaviors in all the
properties, generating an efficient enhancing effect and hybridization effect, especially in terms of
the post-cracking toughness. Therefore, this study recommends that S-PVA is the optimal type of
steel-microfiber HyFRC.

5. Conclusions and Remarks

5.1. Conclusions

Steel-microfiber reinforced concrete with low fiber content is one of the concrete mixtures that
generates both high performance and acceptable workability. A systematic experimental study on
the optimization of the HyFRC type is presented in this study. Various properties are investigated,
including the fiber dispersion, mixture workability, and concrete compressive strength, spitting tensile
strength, direct tensile strength, elastic modulus, compressive toughness, and tensile toughness,
to achieve a comprehensive comparison. Three to six specimens per group are fabricated for each test
property to ensure experimental accuracy. Test results show that the HyFRC mixtures generate overall
higher performance than the mono FRC mixtures, and the steel fiber and microfiber are usually more
efficient in HyFRCs than in FRCs because of the positive hybridization effects found in most cases.
Therefore, the HyFRC mixtures have engineering application potential. In terms of the optimization of
the HyFRC type, the following conclusions can be drawn:

1. A detailed wash-out test procedure for fiber dispersion studies is provided. Among all the fibers
tested in this study, the MS fiber has the best dispersion index, followed by PVA, S, PP, and PAN.
The S fiber and synthetic fibers in the HyFRC show a worse dispersion than those in the FRC
because of the entanglement among different types of fibers.

2. The slump experimental results in the groups both without and with S fiber follow the same trend.
The slump values have the following sequence: MS > PP > PVA > PAN. In addition, the water
reducer is more efficient in improving the slump in the FRC than in the HyFRC.

3. In terms of the mechanical properties, the PAN fiber has the worst performance. The PP fiber
generates high enhancing coefficients in the FRC but has poor hybridization with the S fiber.
The MS group has a superior strength. However, a poor toughness performance is observed in
the S-MS HyFRC. The PVA groups show moderate to good behaviors for all the properties in
both FRC and HyFRC.

4. By estimating the performance of the four steel-microfiber reinforced concretes by testing the
fiber dispersion, mixture workability, and mechanical properties, this paper recommends that the
S-PVA HyFRC is the best type of steel-microfiber HyFRC.

5.2. Recommendations for Future Work

The issue to optimize HyFRC is a typical multi-factor and multi-objective optimization problem.
The factors include fiber type, fiber content, and fiber size, et al. The objectives include fiber dispersion,
mixture workability, and mechanical properties, et al. This paper investigated the influence of fiber
type on the multi objectives by keeping the other factors identical (or similar) over the four HyFRCs,
such as fiber content and fiber size. However, the optimized type of HyFRC stated in this paper might
not be accepted in mixtures with different fiber contents or fiber sizes, because the interactions between
factors can significantly affect mixture properties. Another test design methodology for obtaining the
optimal type of HyFRC is to compare the HyFRC mixtures based on their optimized mixture design.
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Yet, in that method, the fiber type, fiber content, and fiber size vary in each mixture and it is difficult to
quantify the effects of the fiber type.

Therefore, to obtain the optimal type of steel-microfiber HyFRC in a larger range of fiber contents
and fiber sizes, future research is required to investigate the interactions between factors. This can be
done by designing an orthogonal experiment in which the fiber type, fiber content, fiber size, and their
interactions are incorporated.
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