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Abstract. This paper investigates the effects of micro-steel fibers (MSF) and macro-polyolefin fibers (MPF) on
the flexural behavior and impact resistance of high-strength concrete (HSC). For this purpose, eleven mix
compositions with four different volume fractions of MPF (0.25%, 0.5%, 75% and 1%), four volume fractions of
MSF (0.25%, 0.5%, 75% and 1%), and also three mixes with the combination of micro-steel and macro-polyolefin
fibers at a total fiber volume fraction of 1.0% were designed. The compressive strength, post-crack behavior, flexural
behavior, and impact resistance were studied. The highest equivalent flexural strength ratios were achieved in hybrid
mixes combining MSF and MPF, reaching up to 79.1% for the M25-75 mix, indicating the synergistic benefits of
fiber hybridization. Moreover, the flexural performance test indicated that the energy absorption capacity was
significantly larger for the hybrid mixes. The results showed that while MPF mixes exhibited higher impact
resistance at the first crack for a given fiber volume fraction, the hybrid fiber mixes displayed the best overall impact
resistance at failure.

Keywords: flexural behavior; high strength concrete; impact resistance; macro-polyolefin fibers; micro-
steel fiber

1. Introduction

Normal strength concrete has significant limitations in terms of achieving today's performance
and durability standards (Xue et al. 2020, Mazloom 2023). Modern advancements in civil
engineering construction have made a critical need for new types of concrete that should have
better properties, including high-strength, toughness, and durability. (Farnam et al. 2010,
Breitenbuecher 1999). The use of high-strength concrete (HSC) has become increasingly popular
in recent years due to its exceptional compressive strength and durability properties (Shen et al.
2019, Shen et al. 2020). However, high-strength concrete exhibits some disadvantages, such as its
brittle behavior and susceptibility to cracking. This can lead to a reduction in the flexural behavior
and long-term durability of structures.

Many studies have proposed the use of different types of fiber in HSC. Actually, the addition of
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fibers helps overcome the low tensile strength of concrete. Furthermore, when concrete cracks, it
becomes more ductile since the presence of multiple cracks prevents the effective transfer of
tensile stresses. Obviously, the dosage, type, and shape of the fibers have a significant impact on
how concrete behaves (Ganesan and Shivananda 2000, Fallah and Nematzadeh 2017). Today, the
most commonly used fibers are steel, glass, carbon, and synthetic (mostly polypropylene) fibers.
Fibers can be categorized into two groups of macro-synthetic and micro-synthetic. Micro-synthetic
fibers have a diameter up to 0.3mm, while macro-synthetic fibers have a diameter greater than
0.3mm (ACI 544.3R 2008). The plastics industry facilitates the development of a novel generation
of synthetic fibers. These fibers exhibit no chemical reactivity when exposed to alkaline conditions,
making them suitable for use in concrete. The manufacturing process entails converting a homo-
polymeric resin into a monofilament form, resulting in the production of polyolefin fibers (Alberti
et al. 2019, Alberti et al. 2020). Among various types of fibers, steel fibers are the most widely
utilized in concrete reinforcement (Sorelli et al. 2006, Cuenca, et al. 2015). Additionally, over the
past decade, macro-synthetic fibers have undergone substantial improvements, enabling them to
impart significant toughness and durability to concrete matrix (Navas et al. 2018, Conforti et al.
2017).

Altalabani et al. (2020) stated that incorporating macro-polypropylene fibers or a combination
of micro and macro-polypropylene fibers into self-compacting lightweight concrete significantly
enhanced impact and flexural performance when compared to using micro fibers alone. Self-
compacting concrete (SCC) is famous for its exceptional flowability and resistance to aggregate
segregation (Mazloom et al. 2020, Mazloom et al. 2019, Mazloom et al. 2015, Nikzad et al. 2024,
Mazloom and Charmsazi 2024). In research conducted by Hadeed et al. (2023), a combination of
glass fibers and polypropylene fibers was used in the production of HSC and lightweight concrete
(LWC) mixes. Their findings revealed that incorporating 0.7% glass fibers led to the greatest
improvements in compressive strength, tensile splitting strength, and flexural strength for both the
HSC and LWC mixtures. Moreover, when assessing the performance through compressive
strength tests, tensile splitting tests, and flexural strength tests, the glass fibers exhibited better
results and led to greater improvements in strength properties compared to the polypropylene
fibers.

Song and Wang (2004) investigated the effects of incorporating steel fibers into high-strength
concrete mixtures. They varied the steel fiber dosage from 0.5% to 2.0% by volume fraction. Their
results showed that when 1.5% steel fibers were added, there was a 15.3% increase in the
compressive strength of the concrete. At the highest dosage of 2.0% steel fiber volume fraction,
they observed improvements in both the splitting tensile strength and the flexural strength of the
fiber-reinforced high-strength concrete compared to the plain concrete without fibers. Antarvedi et
al. (2023) investigated the effects of two different types of steel fibers (crimped steel fibers and
hooked-end steel fibers) into concrete mixes, using each type of steel fiber separately in
combination with polypropylene fibers. Their findings revealed that the inclusion of steel fibers
was more efficacious in enhancing the flexural strength characteristics of the concrete and
impeding the propagation of cracks, compared to when only polypropylene fibers were used.

Fracture energy is the energy required to propagate a crack per unit area of the crack surface
(Ahmadi et al. 2024a, Ahmadi ef al. 2024b, Mazloom and Mirzamohammadi 2021, Mazloom et al.
2021). Mazloom et al. (2023) studied the effects of macro-polyolefin fibers on the fracture energy
of high strength concrete. Their result indicated that the fracture energy of high-strength concrete
highly depended on the dosage of macro-fibers. Karamloo et al. (2020) investigated the effects of
different amount of macro-polyolefin fibers on the size effect and fracture behavior of self-
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compacting lightweight concrete. In a study by Doostmohamadi et al. (2020), they assessed how
the inclusion of macro- polyolefin fibers influences the bonding between glass fiber-reinforced
polymer bars (GFRP) and self-compacting lightweight concrete. Their findings indicated that these
fibers have the capability to restrict the formation of longitudinal cracks running parallel to the
GFRP bars.

Polypropylene fibers are widely used in different kinds of cementitious composites (Karimpour
and Mazloom 2023, Karimpour and Mazloom 2022). The study by Karimipour et al. (2021)
looked at how silica fume and polypropylene fibers affected the properties of HSC in both
hardened and fresh states. Their findings showed that increasing the amounts of nano-silica and
silica fume powder resulted in reduced workability. Furthermore, silica fume had a more
pronounced negative effect on workability compared to nano-silica. On the other hand,
incorporating silica fume and polypropylene fibers led to increases in both compressive and tensile
strengths of HSC. Hakeem et al. (2022) investigated how adding micro-steel fibers influenced
both the workability and strength characteristics of ultra-high-performance concrete (UHPC)
mixes that also contained nano-silica particles. Their study found that while the compressive
strength of the UHPC was not significantly impacted by the inclusion of the micro-steel fibers,
several other key mechanical properties were enhanced. Specifically, they reported that the
modulus of elasticity, flexural strength, and tensile strength of the UHPC were improved by
incorporating the micro-steel fibers into the mix design.

While previous studies have examined how various fiber types influence concrete (Abna and
Mazloom 2022, Mazloom et al. 2023, Mazloom et al. 2024, Mirzamohammadi and Mazloom
2021), there appears to be limited research on the flexural behavior and impact resistance of HSC
containing micro-steel fibers (MSF) and macro-polyolefin fibers (MPF). This research focuses on
MSF and MPF, exploring their effects on the flexural behavior and impact resistance of HSC. The
objective of this study is to provide a comprehensive evaluation and comparison of the mechanical
behavior of HSC reinforced with different types and dosages of fibers.

2. Experimental program
2.1 Material properties

In this research, type-II ordinary Portland cement was used. Furthermore, silica fume was
utilized as a cement replacement material. Table 1 displays the chemical and physical properties of
these materials. Crushed gravel with a maximum nominal size of 12mm and river sand with a
fineness modulus around 3 were used as coarse and fine aggregates, respectively. To achieve the
desirable workability, a kind of superplasticizer based on polycarboxylate was utilized. In addition,
micro-steel fibers with high carbon alloy and macro-polyolefin fibers were utilized. The used
fibers are shown in Fig. 1 and the properties of fibers are shown in Table 2.

2.2 Mix proportions and mixing procedure

In this research, the effects of MSF and MPF on the flexural behavior and impact resistance of
high-strength concrete were investigated. To achieve this, eleven mix compositions were designed,
each with varying volume fractions of MPF (0.25%, 0.5%, 0.75%, and 1%), MSF (0.25%, 0.5%,
0.75%, and 1%), and a combination of both MPF and MSF at a total fiber volume fraction of 1.0%.
Table 3 displays the mix proportions of the specimens.
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Table 1 Chemical and Physical properties of the used cement and silica fume

Cement Silica fume
Chemical analysis (%)
Si0, 20.4 95.1
CaO 62.3 0.6
Fe,03 3.7 0.4
AlO3 5.1 1.32
SO; 1.9 0.6
MgO 2.3 1
K20 0.7 1
Na,O 0.4 -
LO. 1 1.7 -
Specific surface area (cm?/g) 3300 200
Specific gravity (gr/cm’) 3.15 2.5
Table 2 The properties of the used fibers
Properties Shape Ig:ll[gnt)h Di(z::lnnel;er Aspect ratio s'f::lf;t; [Il:j(:?l?ltlll‘;s g‘;’:;:g
(MPa) (GPa)
Macro-Polyolefin fibers — Twist 54 0.4 135 550 5 0.91
Micro-Steel fibers Straight 16 0.25 64 2720 210 7.8

(a) Macro-polyolefin fibers (b) Micro-Steel fibers
Fig. 1 Shape of the used fibers

The mixing procedure for all the mix designs followed the same protocol. The mixing process
involved several steps as follows. To produce high-strength fiber-reinforced concrete, first, the
aggregate materials, including sand and gravel, were mixed in a mixer for one minute. Then, the
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Table 3 Mix proportions
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kg/m3 % kg/m3 % kg/m3 %
MIX0 460 50 163 902 836 0 0 0 0 0.9
M25-00 460 50 163 899 833 025  19.6 0 0 1
M50-00 460 50 163 895 830 0.5 39.3 0 0 1.2
M75-00 460 50 163 892 827 075 589 0 0 1.25
MI100-00 460 50 163 889 823 1 78.5 0 0 1.35
M50-50 460 50 163 889 823 0.5 39.3 0.5 4.55 1.35

fibers were added to the aggregate materials, and mixing continued at high speed until the fibers
were fully mixed. In the hybrid mixes, first, MSF were added, and after one minute, MPF were
added. Then, cement was gradually added to the mixer, and in the final step, a solution of water,
superplasticizer, and silica fume that had been previously prepared was gradually poured into the
mixer over a period of 30 seconds. The final mixture was mixed in the mixer for two minutes.

2.3 Testing methods

The slump and fresh unit weight tests were performed in accordance with ASTM C143 and
ASTM C138, respectively (ASTM C 143 2020, ASTM C 138 2014). The mechanical properties of
hardened concrete were tested using the following methods. The 28-day compressive strength of
each mixture was obtained using three 150 mm cube specimens in accordance with BS1881: Part
116(BS 1881, 1983). The flexural behavior test of fiber-reinforced concrete beams was conducted
through a three-point bending test in accordance with the ASTM C 1609C/C1609M standard
(ASTM C 1609 2012). This test aimed to record the flexural behavior (Fig. 2) and obtain the
flexural modulus under various conditions, including maximum load, first crack, ultimate load,
and energy absorption after the appearance of the first crack until final failure. Three identical
specimens of each mix design were tested. The average result was recorded as the final outcome

According to ACI 544.9R.17 (2017) the following parameters are determined to describe the
flexural properties of high strength fiber reinforced concrete using Egs. (1) and (2):

a) Residual load values (P, Ps) at 8 = L/600 and L/150 of the span length L, (N).
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Fig. 2 Schematic load-deflection curve and related parameters (ASTM C1609 2012)

b) Residual strength values (fQo, fi2o) using P2, and PP, in Eql, (MPa).
¢) TL, toughness, area under the P- curve up to 8 =L/150 of the span length L, (J).
d) Equivalent flexural strength ratio (%) using Eq. (2).

_ pl
h=r (1)
150T2
RB1so = 22050 x 100 @

where / is span length (mm), b is width (mm), d is depth (mm), P; is first peak load (N), P, is peak
load (N), J;1s net deflection at first peak load (mm), dp is net deflection at peak load (mm), f;is
first peak strength (MPa) and f, is peak strength (MPa).

Repeated Blows Drop-Weight Impact (RBDWI) test method was used to evaluate the impact
resistance. The RBDWI test is known as the easiest method to measure the impact resistance of
fiber reinforced concrete. This test was conducted on six disc-shaped specimens for each mix
design, with 155 mm diameter and 64 mm thickness, following the recommendations outlined in
Section 9.2.1 of ACI544.9R-17 (2017). The average results from the six identical specimens of
each mix design were recorded as the final outcome. In this test, as shown in Fig. 3, a disk
specimen was placed inside a metal quadrangular frame on the bottom surface, and the space
between the frame and the specimen was filled with elastic foam to prevent the specimen
movement during the test. Then, a steel ball with a diameter of 57 mm was placed on the specimen.
Multiple blows were inflicted on the steel ball by free fall of a 5.5 kg weight from a height of 550
mm. The number of blows until the appearance of the first visible crack was recorded for each
specimen (N;). After the creation of the first crack, the elastic foams between the frame and the
specimen were removed, and according to the previous process, multiple blows were continued
until the sample was destroyed. The number of blows required to destroy the sample was recorded
as N for each sample. Then the impact energy at the first crack (W1) and the impact energy (W2)
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Fig. 3 Set up configuration of impact resistance test

at failure were obtained from Eq. (3) and Eq. (4). Also, the ductility index (), which represents the
resistance of concrete against deformation caused by impact after the first crack (or initial failure),
was obtained from Eq. (5).

W1 = Nl.mg (3)
N,—N.
ﬁ — ( ZN1 1) (5)

where N; is number of blows at first crack, N, is number of blows at failure, m is the mass of steel
ball, 4 is drop-height, and g is the gravity acceleration.

3. Results and discussion
3.1 Fresh state properties

The slump and fresh unit weight results of HSC mixes are shown in Table 4. The results
indicate that to achieve the same workability, the amount of superplasticizer consumed for the
concrete samples containing fibers is higher than the control samples. Also, it can be inferred that
as the fiber volume ratio and superplasticizer content increased, the slump loss remained relatively
constant. This indicates that an increase in the fiber volume ratio reduced the workability. This
decrease in workability was due to the lateral surface area of the fibers absorbing a greater amount
of the cement paste, leading to a lower measured slump value (Guo et al. 2019).
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Fig. 4 Compressive strength of HSC with different percentages of MSF and MPF

Table 4 The slump and fresh unit weight results

Mix ID Slump Fresh unit weight Superplasticizer
mm kg/m3 %
MIX0 60 2401 0.9
MO00-25 50 2410 1
M25-00 55 2430 1
MO00-50 50 2400 1.2
M50-00 45 2445 1.2
MO00-75 60 2400 1.25
M75-00 50 2460 1.25
MO00-100 60 2399 1.35
M100-00 55 2472 1.35
M25-75 40 2424 1.35
M50-50 60 2440 1.35
M75-25 65 2459 1.35

3.2 Mechanical properties of hardened concrete

3.2.1 Compressive strength

Fig. 4 displays the 28-day compressive strength results of HSC. The results revealed that with
increasing the percentage of MPF, the compressive strength of concrete specimens slightly
decreased. The highest decrease of compressive strength was in the mixes with 1% of MPF.
Increasing the MPF by 1% reduced the compressive strength by 10.5%. On the other hand, with
the increasing the percentage of MSF, the compressive strength of samples increased. Increasing
MSF by volume fraction of 0.25%, 0.5%, 0.75% and 1%increased the compressive strength of
HSC by 5.1%, 6.7%, 7.9% and 12.2%, respectively. The highest compressive strength was for



Flexural behavior and impact resistance of high-strength concrete containing micro-steel... 219

(c) Sample with 0.25% (d) Sample with 0.25%
MSF MPF

(a) Control Sample (b) Control Sample

Fig. 5 Specimens after failure after compressive strength test

hybrid mixes with 0.5% MSF and 0.5% MPF, which increased by 16.5% compared to the control
sample.

Although the compressive strength of M25-75 mixture is slightly higher than the control
sample, and also the compressive strength of the M75-25 mixture is slightly less than the control
sample, the difference between the compressive strength of these two mixtures and the control
sample is insignificant. It can be concluded that the addition of MSF either individually or in
combination with MPF in the volume fractions mentioned in this research causes a slight increase
in compressive strength. Some studies have reported that the use of fibers in concrete has an
increasing role in compressive strength, but it has also been found in some research that the
addition of fibers in concrete has reduced the compressive strength.  Alberti et al. (2020) reported
that the effects of 3, 4.5, 6 and 10 kg/m3 of MPF on the compressive strength of normal concrete
were insignificant. Hakeem e al. (2022) stated that the influence of micro-steel fibers on the
compressive strength of the UHPC was not significant.

Fig. 5 shows some specimens after failure under the compressive strength tests. The samples
without any fiber reinforcement exhibited a brittle failure mode, meaning they fractured in a
sudden and abrupt manner. In contrast, failure of samples contained fiber was ductile. In samples
with 0.25% MSF, the number of cracks were visually less than specimen with 0.25% MPF.

3.2.2 Flexural behavior
3.2.2.1 Load-deflection curve and related parameters
Fig. 6 displays the load deflection curves of HSC mixes reinforced with different volume
fractions of MSF and MPF. Table 4 shows the flexural parameters based on ASTM C1609. As can
be seen in Figs. 6 and 7, the failure of the control sample (Mix0) occurs abruptly and immediately
after the formation of the first crack, exhibiting a clear brittle failure mode. However, the failure
mechanism of mixes containing fibers was ductile (Fig. 7(b)). Typically, during these flexural
behavior tests on simply supported beams, two distinct responses can be observed: (a) deflection-
hardening or (b) deflection-softening. If the fiber-reinforced concrete can bear higher loads even
after the initial cracking occurs, this phenomenon is referred to as deflection-hardening. On the
other hand, if the load-bearing capacity decreases after the initial cracking, it is known as
deflection-softening (Shi et al. 2020). It is apparent from Figs. 6(a)-6(c) that:
e After initial cracking, in HSC mixes reinforced with MPF, the load bearing capacity
decreased (deflection-softening) but in HSC mixes with MSF or hybrid mixes, the load
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bearing increased (deflection-hardening). This different behavior could be due to the fact
that MSF has a higher Young's modulus in compare with MPF.
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Fig. 6 Load deflection curves of HSC mixes
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(a) Mix0 (b) Mix00-75

Fig. 7 Failure mechanism under flexural load

Table 5 The flexural parameters based on ASTM C1609

S R f 8 Phe fhw Phe fr The R

8 kN MPa mm kN MPa kN MPa J %

MIX0 36.7 49 0.86 324 43 0.0 0.0 16.1 14.6
MO00-25 317 42 0.69 7.3 1.0 5.4 0.7 25.5 26.8
M25-00 30,0 4.0 0.75 29.9 4.0 9.2 1.2 473 52.6
MO00-50 260 3.5 0.61 9.5 1.3 9.2 1.2 31.6 40.4
M50-00 42.9 5.7 1.32 31.8 4.2 19.6 2.6 83.8 72.7
MO00-75 36.1 4.8 0.62 31.7 4.2 11.6 1.5 40.6 37.4
M75-00 53.1 7.1 1.5 34.5 4.6 29.9 4.0 99.5 74.9
MO00-100 355 4.7 0.85 32.7 4.4 22.2 3.0 55.0 51.5
M100-00 536 7.2 1.42 33.5 4.5 29.9 4.0 107.2 69.8
M25-75 38.5 5.1 1.03 29.1 3.9 29.6 3.9 91.4 79.1
M50-50 50.3 6.7 1.57 30.4 4.1 28.5 3.8 104.1 74.4
M75-25 483 64 1.48 31.2 4.2 27.4 3.7 99.7 68.8

e The incorporation of MPF did not enhance the peak load capacity. In fact, the mixes
containing 0.25% and 0.5% MPF exhibited a reduced peak load compared to the control
sample without any fibers. However, in the case of hybrid mixes, which combined MPF
with MSF, and mixes containing only MSF, the peak load exceeded that of the control
sample.

e The area under the load-deflection curve, which represents the energy absorption capacity,
was significantly larger for the hybrid mixes and the mixes containing only MSF when
compared to the mixes reinforced solely with MPF.

e The volume fraction of fibers incorporated into HSC substantially impacts its load-
deflection behavior. The quantity of fibers plays a pivotal role in determining the post-
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peak load-carrying capacity of the concrete specimens. In other words, the dosage of
fibers added to the concrete mix significantly influences its performance and load-bearing
ability after reaching the maximum load.

3.2.2.2 Flexural strength

Fig. 5 presents the flexural strength results of high-strength concrete (HSC) mixes with
different volume fractions of MSF and MPF. The results demonstrate that all mixes containing
only MPF exhibited lower flexural strength than the control mix; however, at higher volume
fractions, this difference was insignificant. On the other hand, mixes containing only MSF in
volume fractions greater than 0.25% demonstrated the best performance in increasing flexural
strength. In the mixtures containing only MSF at volume fractions of 0.50%, 0.75%, and 1.0%,
respectively, an increase in flexural strength of 16%, 45%, and 47% was observed. Flexural
strength also increased in hybrid mixes, though this increase was less than the similar mix design
containing 0.1% MSF but higher than the similar mix design containing 0.1% MPF. Overall, the
mix designs M100-00, M75-00, M50-50, and M75-25 exhibited the best performance in increasing
the flexural strength, with increases of 47%, 45%, 37%, and 31%, respectively. Additionally, the
mix designs M00-50 and MO00-25 demonstrated the worst performance in reducing flexural
strength, with reductions of 27% and 14%, respectively. Song and Hwang showed that the addition
of steel fibers up to 0.2% by volume increases flexural strength; the amount of this increase
depends on the volume fractions of the fibers and ranges from 28% to 127% (Song et al. 2004).

3.2.2.3 Flexural toughness

Flexural toughness characterizes the energy dissipation potential of fiber-reinforced composites
under flexural loading conditions. It ( TXsq ) refers to the total area under the load-deflection
curve up to a net deflection of L/150 of the span length. The results of flexural toughness of HSC
mixes with different volume fractions of MSF and MPF are shown in Table 5 and Fig. 9. As can be
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Fig. 8 Flexural strength of HSC mixes with different volume fractions of MSP and MPF
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seen, a significant growth in Tl1)50 was observed by increasing the volume fractions of fibers.
The flexural toughness of mixes containing only MSF in volume fractions of 0.25%, 0.50%,
0.75% and 1.0% were 2.93, 5.2, 6.18 and 6.65 times that of the control sample, respectively.
Whereas, the flexural toughness in mixes containing only MPF in the same volume fractions of
0.25%, 0.50%, 0.75% and 1.0% were about 1.6, 1.96, 2.51 and 3.41 times that of the control
sample, respectively. Mixes containing hybrid fibers also showed good performance in terms of
improving flexural toughness. The flexural toughness in three hybrid mixes of M75-25, M50-50
and M25-75 were 5.67, 6.46 and 6.2 times that of the control mix, respectively.

3.2.2.4 Equivalent flexural strength ratio

Equivalent flexural strength ratio ( R?,150 ) primarily depends on the first peak strength and
flexural toughness. In calculating the equivalent flexural strength ratio by dividing the toughness
by first peak strength, it is possible to eliminate the effect of this strength on the reduction or
increase of energy absorption. The results of the equivalent flexural strength ratio of HSC mixes
with different volume fractions of MSF and MPF are shown in Table 5 and Fig. 10. As can be seen,
the equivalent flexural strength ratio of HSC mixes containing MSF was higher than that of mixes
containing MPF at the same volume fractions. The equivalent flexural strength ratios of mixes
containing only MSF in volume fractions of 0.25%, 0.50%, 0.75%, and 1.0% were 52.6%, 72.2%,
74.9%, and 69.8%, respectively. Whereas, the equivalent flexural strength ratios of mixes
containing only MPF in the same volume fractions of 0.25%, 0.50%, 0.75%, and 1.0% were about
26.8%, 40.4%, 37.4%, and 51.7%, respectively. The hybrid mixes of MSF and MPF led to better
equivalent flexural strength ratios. For the three hybrid mixes of M25-75, M50-50, and M75-25,
the equivalent flexural strength ratios were 79.1%, 74.4%, and 68.8%, respectively.
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Equivalent flexural
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Fig. 10 Equivalent Flexural strength ratio of HSC mixes with different volume fractions of MSP and MPF

Table 6 The results of RBDWI test

Mix ID N, N, Average W, W, B
Ny N, ] J %

MIX0 3¢3¢2¢32¢ 4 6¢4¢4¢504¢8 3 5 90.8 151.3 0.7
MO00-25 T¢7¢2:3¢25 24¢75¢42¢75¢ 71 9 57 272.3 1724.3 53
M25-00 3¢14¢3¢ 4¢5:3 20¢ 35¢24¢30¢ 28¢ 23 9 27 151.3 816.8 4.4
MO00-50 27¢13¢ 48¢ 6¢ 64¢ 19 150¢ 149¢ 203 <134 <124 <93 30 142 907.5 4295.5 3.7
M50-00 12¢6¢5¢7¢ 8¢ 7 41¢57¢42¢35¢34¢ 38 8 41 242.0 1240.3 4.1
MO00-75 23¢10¢ 72¢ 61¢ 56 152¢309¢ 226¢ 273« 189 44 230 1331.0  6957.5 2.3

M75-00 91¢24¢21¢29¢15¢28  242¢ 166¢ 192¢ 256¢ 123¢ 139 35 186 1058.8  5626.5 43
MO00-100 16¢ 5¢26¢31¢23¢36  105¢ 137¢ 115¢ 245¢163¢213 23 163 695.8 4930.8 6.1
M100-00 15¢32¢21¢17¢27¢9 211¢239¢ 93¢ 117¢ 146¢ 53 20 143 605.0 4325.8 6.2
M25-75 18¢9¢ 10¢ 17¢ 13 243¢ 260¢ 286¢ 296¢ 209 13 259 3933 7834.8 189
M50-50 13¢33¢29¢22¢37¢28  276¢ 177¢ 385¢ 340¢< 407¢ 433 27 336 816.8 101640 114
M75-25 18¢ 8¢ 9¢ 12¢ 15¢ 34 171¢ 80¢ 188¢ 183¢ 161¢ 157 16 157 484.0 47493 8.8

3.2.3 Impact resistance

The results of impact resistance based on RBDWI test method are shown in Table 6 and Fig. 11.

The impact resistance of all mixes containing fiber were much better than the control sample.
The impact energy at the first crack (W1) for HSC Specimens with 0, 0.25%, 0.5%, 0.75% and 1%
MSF were 90.8, 151.3, 242, 1058.8 and 605 J, respectively, while their corresponding values at
failure (W2) were 151.3, 816.3,1240, 5626.5 and 4325.8J, respectively. The impact energy at the
first crack (W1) for HSC Specimens with 0, 0.25%, 0.5%, 0.75% and 1% MPF were 90.8,
272.3,907.5, 1331, and 695J] respectively, while the impact energy at failure (W2) were 151.3,



Flexural behavior and impact resistance of high-strength concrete containing micro-steel... 225

mmmm Number of blows at first crack mmssss Number of blows at failure --e--Ductility index

400
350
300
250
200
150
100

50

Number of blows (N)

Ductility index (B)

Fig. 11 Number of blows at first crack, Number of blows at failure and ductility index of HSC mixes with
different volume fractions of MSP and MPF

1724.3, 4295.5, 6957.5 and 4930.8 J, respectively. As can be seen, in mixes with one type of fibers
and the same volume fraction ratio, the impact energy at the first crack and failure for specimen
with macro-polyolefin fibers was higher than specimen with micro-steel fibers. In hybrid mixes,
the impact energy at the first crack even in the best case (M50-50) was lower than mixes with

0.75% macro polyolefin fibers and mixes with 0.75% and 0.5% micro steel fibers. However,
hybrid mixes had a good performance in the impact energy at failure, so that M50-50 and M25-75
had the highest impact energy at failure among all the mixes. In terms of ductility index, micro
steel fibers showed better performance than the mixes containing polyolefin fibers, except in
volume ratio of 0.25%. However, in high volume ratio, such as 0.1%, this difference in ductility
index was insignificant. The ability of fibers to enhance the impact resistance of concrete is
primarily due to the significant amount of energy absorbed during the processes of fiber de-
bonding, stretching, and being pulled out from the concrete matrix as cracks form and propagate.
When cracking initiates in the concrete, the evenly dispersed fibers become engaged and act to
restrict further crack growth and propagation. As a result, the strength and ductility of the fiber-
reinforced concrete are both increased (Feng et al. 2018).

The fracture patterns of the specimens in the laboratory show that control specimens had
significantly lower impact resistance than those reinforced with MSF and MPF. The failure of the
control specimens occurred abruptly immediately after the creation of the initial crack, leading to
the appearance of a diagonal cracking pattern. This type of brittle failure with a diagonal crack is
the most commonly observed failure mode for plain concrete, which aligns with previous studies
(Nili and Afroughsabet 2011, Ding ef al. 2017, Mastali et al. 2017).

On the other hand, specimens containing MSF and MPF displayed a different behavior where
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the impact resistance was meaningfully improved due to fiber presence. Due to the ability to
withstand a greater number of impact blows, a circular fractured region developed centrally under
the area struck by the steel ball. As the quantity of blows increased, the size of this fractured zone
expanded. The MSF specimens predominantly failed by breaking into three pieces, while the MPF
specimens failed either into three pieces (for M00-25 and M00-50 mixes) or four pieces (for M0OO-
75 and M00-100 mixes). This different behavior between specimens with MSF and MPF arises
from the fact that higher impact loads (a greater number of blows) are necessary to initiate the first
crack and failure in the MPF specimens.

4. Conclusions

This study concentrates on investigating the influences of micro-steel fibers (MSF) and macro-
polyolefin fibers (MPF) on the flexural performance and impact resistance of high-strength
concrete (HSC). Based on the findings obtained from the current research, the following
conclusions can be derived:

o The addition of both MSF and MPF fibers reduced the workability of fresh concrete. The
effects of MSF and MPF on compressive strength were insignificant. The highest compressive
strength was for hybrid mixes with 0.5% MSF and 0.5% MPF, which increased by 16.5%
compared to the control sample.

o The area under the load-deflection curve, representing the energy absorption capacity, was
significantly larger for the hybrid mixes and mixes containing only MSF when compared to
those reinforced solely with MPF.

e The incorporation of MPF alone did not enhance the peak load capacity of HSC. However, a
significant improvement in peak load was observed in hybrid mixes combining MPF with
MSF and in mixes containing only MSF compared to the control sample.

o The flexural strength and toughness of HSC are substantially influenced by the type and
volume fraction of fibers incorporated. Mixes containing MSF, particularly at higher volume
fractions (above 0.25%), exhibited superior flexural strength and toughness compared to the
control mix and mixes containing only MPF. The flexural toughness increased by up to 6.65
times for 1.0% MSF, while the maximum improvement for 1.0% MPF was only 3.41 times
compared to the control sample.

e The volume fraction of fibers incorporated significantly governed the load-deflection behavior
and post-peak load-carrying capacity of HSC. Higher fiber dosages, particularly in the case of
MSF, led to improved load-bearing ability and enhanced performance after reaching the
maximum load. This emphasizes the crucial role of fiber quantity in tailoring the post-cracking
response and ductility of HSC, enabling better energy dissipation and crack resistance.

e The highest equivalent flexural strength ratios ( RIT),150) were achieved in hybrid mixes
combining MSF and MPF, reaching up to 79.1% for the M25-75 mix, indicating the
synergistic benefits of fiber hybridization on flexural performance.

e The impact resistance based on the RBDWI test method demonstrated the significant
enhancement of incorporating fibers. MSF and MPF substantially improved the impact energy
at the first crack and failure compared to the control mix. While MPF mixes exhibited higher
impact resistance at the first crack for a given fiber volume fraction, the hybrid fiber mixes
displayed the best overall impact resistance at failure, notably the M50-50 and M25-75 mixes.
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