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Abstract: Fiber-reinforced cement mortar (FRCM) has been widely used since it has many advantages
compared to plain mortar (PM), and various fibers are highly applicable as repair and reinforcement
materials for concrete. In the present paper, an experimental study was planned to investigate the
properties, such as flexural performance (flexural strength and toughness), compressive strength,
and impact resistance of mono fiber-reinforced cement mortar (MFRCM) containing only steel fiber
(SF) or carbon fiber (CF), as well as hybrid fiber-reinforced cement mortar (HyFRCM) containing
different combinations of SF and CF. The fiber content was used in five levels (0.0, 0.25, 0.5, 0.75,
and 1.0%) at a total volume fraction of 1.0% by volume. The results show that HyFRCM containing
0.75% SF and 0.25% CF improved compressive strength, flexural strength, and impact resistance
compared to MFRCM and other HyFRCM, resulting in a synergistic effect of hybrid reinforced fibers.
It is noted that, in the case of HyFRCM containing 0.5% SF and 0.5% CF, the flexural strength was
slightly lower, but the highest flexural toughness was obtained, which led us to judge that the result
shown in this investigation can be the optimal fiber combination to improve toughness and energy
absorption capacity.

Keywords: fiber-reinforced cement mortar; steel fiber; carbon fiber; flexural toughness; impact resistance

1. Introduction

Cement-based composites have been widely used worldwide as some of the most
frequently employed construction materials for buildings and civil structures, owing to
their excellent quality and durability in comparison with the cost [1,2]. Nevertheless,
cement-based composites have well-known disadvantages, such as weak flexural and
tensile strength, and low performance in terms of strain capacity, ductility, toughness, and
fatigue. As a means to improve these drawbacks, fiber-reinforced cement mortar (FRCM)
has been developed by inputting chopped fibers in cement composites irregularly and
discontinuously dispersed [3-5]. In general, fibers are used to improve the shrinkage
cracking, flexural performance (flexural strength and toughness) and impact resistance
of cement composites [6-8]. In mono fiber-reinforced cement mortar (MFRCM), which
contains one type of fiber, it is difficult to expect a synergistic effect of fiber reinforcement
over a certain level within a limited range [9-12]. However, a hybrid fiber-reinforced
cement mortar (HyFRCM) in which two or more different fibers are properly incorporated
can achieve much improved mechanical properties and impact resistance because different
fibers share their roles in it [13-16].

The most commonly applied fibers in the construction of concrete structures are classi-
fied into micro and macro fibers according to their size (length and diameter). Micro-fibers
have a length of 5 to 10 mm and a diameter of 7 to 30 pm and, according to the material,
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they are classified into carbon fiber (CF), glass fiber (GF), and basalt fiber (BF) [17-20]. On
the other hand, macro-fibers have a length of 25 to 60 mm and a diameter of 0.2 to 0.8 mm,
in such types as steel fiber (SF) and polyvinyl alcohol fiber (PVAF) [21-23].

Figure 1 shows the action of the hybrid fibers of different sizes in relation to crack
bridging occurring in the cement matrix. As seen in Figure 1, the micro-fibers are cross-
linked at the stage of micro-cracks, and at the stage where these micro-cracks develop into
macro-cracks, the macro-fibers cross-linked in the cracks, which is expected to improve
flexural performance and impact resistance. In other words, short micro-fibers more
effectively control micro-cracks, while relatively long macro-fibers more effectively control
large cracks [24-26].

fttt fttt
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Figure 1. Bridging action of the hybrid with different size; (a) first phase of loading, and (b) second
phase of loading.

Although MFRCM has been used only for a single fiber, various studies have been
conducted recently on HyFRCM, which can maximize the effect that a single fiber cannot
exert if two or more fibers with different material properties are used in an appropriate
ratio. Even in the case of HyFRCM containing different combinations of SF and CF, it
is considered to be very effective in terms of improving mechanical properties, such as
impact resistance, flexural performance, and compressive strength, but the problem is that
information on fiber combinations is too limited. In consideration of constructability and
economic feasibility particularly, fibers with a fiber combination of 1.0% or less are widely
applied to the construction of concrete structures, but research on this is necessary.

Therefore, it is intended in this study to evaluate such properties as flexural perfor-
mance, compressive strength, and impact resistance of HyFRCM containing SF and CF
with the goal of developing FRCM containing fibers with different material properties to
obtain a synergistic effect that cannot be achieved with single fibers alone. In addition,
their performance is compared and reviewed with plain mortar (PM). For this objective,
the optimal fiber combination of HyFRCM incorporated with SF and CF was examined.

2. Materials and Methods
2.1. Materials

The cement used in this investigation was Ordinary Portland Cement (OPC) man-
ufactured by Company S, with a specific gravity of 3.13 and a fineness of 3860 cm?/g.
For fine aggregate, Jumunjin standard sand produced in Jumunjin-eup, Gangneung-si,
Gangwon-do was used in order to make a homogeneous mortar mixture. The specific
gravity of the fine aggregate with a dry and saturated surface was 2.65. The admixture
used is a polycarboxylic acid-based product manufactured by Company D in Korea, and a
light yellow, high-performance water reducing agent with a specific gravity of 1.04 and pH
5.0 £ 1.5. In this investigation, two types of fibers (SF and CF) with different properties
were used. Table 1 shows the physical properties of the SF used in this investigation. The
SF has a diameter of 0.5 mm, a length of 30 mm, and a tensile strength of 1100 MPa.
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Table 1. Physical properties of SF.

Length Diameter Aspect Ratio Density Tensile Strength Elongation Elastic Modulus
(mm) (mm) (L/D) (g/cm®) (MPa) (%) (GPa)
30 0.5 60 7.85 1100 >3.5 >210
In addition, the physical properties of CF used in this investigation are shown in
Table 2. CF has a diameter of 7 um and a length of 6 mm, and the tensile strength and
modulus of elasticity are 4900 MPa and 230 GPa, respectively. It is manufactured by
Japanese company T, which uses acrylic nitrile (polyacrylonni-trile, PAN) as a raw material.
Figure 2 is a photographic representation of the SF and CF used in this investigation.
Table 2. Physical properties of CF.
Length  Diameter AspectRatio  Density  Tensile Strength  Elongation  Elastic Modulus Carbon Content
(mm) (um) (L/D) (g/cm?3) (MPa) (%) (GPa) (%)
6 7 857 1.8 4900 2.1 230 >92

Figure 2. Morphology of fibers; (a) SF, and (b) CF.

2.2. Mix Proportion and Mixing Procedure

The mixture designations and proportions used in this investigation are summarized
in Table 3. As seen in Table 3, a mixture of six types of cement mortars was prepared. The
water:cement ratio (W/C) was set to be 0.46, and the cement mortar was mixed in a ratio
(mass ratio) of cement:fine aggregate:water = 1:2:0.46. Specimens were prepared by adding
0.5% to 1.5% of SP (super-plasticizer) based on the mass of cement in order to secure a
certain fluidity while mixing. In the case of PM or SF, SP was not added separately. As
for the mixing method, cement and fine aggregate were put first, and dry mixing was
performed at a low speed for 30 s. Subsequently, 1/3 of the mixing water was added to the
mixture and further mixed for 30 s. In order to secure the dispersibility of the fibers, fibers
were added and mixed at a medium speed for 1.5 min. Then, the remaining water and
SP were added and mixed for 30 s immediately. Following the stop for 30 s, the attached
cement mortar was removed and, finally, the mixer was operated again and mixed at a high
speed for 2 min. The total mixing time was about 5 min. Compaction of cement mortars
was achieved by using a vibrating table, and the vibration times varied depending on the
stiffness of the mixtures. After the mold was completed, all specimens were covered with
a plastic sheet for 36 h to prevent moisture evaporation, and the molds were demolded
and cured in water until the age of 28 days in a curing tank in which the temperature was
maintained at 20 £+ 2 °C.
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Table 3. Mixture designation and used materials proportions.
) . Fiber Mix Proportion by Mixture Proportions
Des1g}1at10n Fiber Type Volume (Vy) Total Yolume (Unit Weight, kg/m?) SP
of Mixtures Fraction (%) (C X %)
(%) (kg/m®) w C FA
SPO (plain) 0 0.0 0.0 0.0 297 645 1290 -
SF 1.0 78.5
s5Cl CF 0.0 0.0
SF 0.75 58.87
SC2 CF 025 13.50 1.0 297 645 1290 0.0~1.5
SF 0.5 39.25
SC3 CF 0.5 9.00
SF 0.25 19.62
SCd CF 075 450
SF 0.0 0.0
G5 CF 1.0 18.0

W, water; C, cement; FA, fine aggregate; SP, super-plasticizer.

2.3. Test Methods
2.3.1. Flexural Performance Test

For the flexural performance test, beam specimens of 100 x 100 x 400 mm?® suggested
by ASTM C1609/C1609M [27] and the Korean regulations of KS F 2566 [28] were fabricated,
and tests of all specimens were performed at the age of 28 days. Figure 3 shows the
set-up of the test equipment installed by the third-point loading method for the flexural
performance test. It is the test equipment of a universal testing machine (UTM) with a
capacity of 2500 kN.

Figure 3. View of specimens and set-up for flexural performance test.

Meanwhile, deflection and applied load were measured using two linear variable
displacement transducers (LVDTs) set up in the center of both sides of the specimen. The
loading rate was controlled at a constant speed of 0.2 mm/min until the specimen was
destroyed at L/1500 per minute, and the flexural load was recorded by using a load cell
with a capacity of 850 kN. The flexural strength (f;) in the third-point loading method is
calculated by Equation (1) at the maximum load [27,28].

PL
fr = lez (1)

where, P is the maximum load (N), L is the span length (mm), b is the width of the specimen
(mm), and & is the height of the specimen (mm).
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Equivalent flexural strength is defined as the average flexural strength at a given
deflection (L/150) in the load-deflection curve obtained from the flexural performance
test. The equivalent flexural strength in the third-point loading method is calculated as in
Equation (2) [27,28].

A L
! b
= — X — 2
U @

where, f'/, is the equivalent flexural strength (MPa), J;, is the deflection (mm) of L/150, L
is the span length (mm), b is the width of the specimen (mm), and # is the height (mm) of
specimen, and Ay is the area (J, kKN-mm) from the load-deflection curve to dy,.

2.3.2. Evaluation Methods of Flexural Performance

Figure 4 is a graph presented in ASTM C1609/C1609M [27] and the domestic reg-
ulation of KS F 2566 [28], showing a typical load-center point pure deflection curve to
obtain the flexural performance of a beam specimen. As evidenced in Figure 4, the flexural
toughness evaluates the energy absorption capacity by accumulating the sum of the area
under the load-deflection curve until the deflection reaches L/600 and L/150. In this study,
the respective load values Py and Pis59 are read from the load-deflection curve for the
deflection values corresponding to L/600 and L/150, and then f409 and f150 are obtained by
substituting the values into the flexural strength Equation (1). Thus, the flexural toughness
measured at 0.5 mm with a deflection of L /600 is Tggg, and that measured at 2.0 mm with a
deflection of L/150 is T15p.

AL
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L/150

Figure 4. Definition of flexural toughness according to ASTM C1609/C1609M and KS F 2566; (a) when
the maximum load and the first peak load match, and (b) when the maximum load and the first peak
load are different.

2.3.3. Impact Resistance Test

The impact resistance test of the specimens was performed in compliance with the
Korean regulations KS F 2221 [29]. Figure 5 indicates a schematic diagram of a cement
mortar specimen for impact resistance test as well as the test equipment used. The size
of all the specimens was 400 x 300 mm (width x length), and the thickness was 30 mm.
A total of 18 specimens were prepared and measured at the age of 28 days. For a blow,
the specimen was placed horizontally so as to be supported on the entire surface of the
sand, and a 1.0 kg steel ball (41 mm in diameter) was allowed to naturally drop from a
height of 900 mm above the center of the surface of the specimen. Then, the number of
blows until the first crack appeared and the number of blows until the final fracture of the
specimen were measured. Equation (3) was adopted to calculate the energy absorption at a
specific height.

E;=(N)mgh (3)

where, E; is the impact energy (N-m), N is the number of blows, m is the mass of drop hammer
(N), g is the gravitational acceleration (9.80 m/ s%), and I is the height of drop hammer (m).
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Figure 5. Impact resistance test; (a) schematic diagram for specimen fabrication, and (b) used
apparatus for implementation of impact resistance test.

2.3.4. Compression Test

For the compression test, a mold was manufactured according to the test method of
KS L1ISO 679 [30], and the compressive strength was measured at the age of 28 days. The
compressive strength of the specimens cut from 40 x 40 x 160 mm? size was measured by
using a universal testing machine (UTM, Korea, UT-100F, MTDI, Daejeon City, Republic
of Korea) with a capacity of 100 kN, and the loading rate was applied at a constant speed
under the conditions of 2400 N/s.

3. Results and Discussion
3.1. Properties of Mechanical
3.1.1. Flexural Strength Test Results

Figure 6 presents the average flexural strength test results of MFRCM and HyFRCM
compared to PM. As is clear from Figure 6, the average flexural strength of PM at the age
of 28 days was 3.09 MPa. The average flexural strength of MFRCM containing only CF or
SF was 4.96 MPa and 5.85 MPa, respectively, which was about 60.5~89.3% compared to
PM. According to the results, HyFRCM containing 0.75% SF and 0.25% CF had the highest
average flexural strength of 7.68 MPa, revealing the highest flexural strength improved
by about 148.5% compared to PM. It also turns out that the average flexural strength of
HyFRCM containing 0.75% SF and 0.25% CF or 0.5% SF and 0.5% CF increased by about
31.3% and 28.2%, respectively, compared to the flexural strength of MFRCM containing
only SE. This is thought to be because the incorporated fiber plays a cross-linking role in
preventing cracks from growing and improving flexural strength through redistribution
of stress. That is, it is considered that the performance is improved by controlling the
rather macro-cracks of the relatively long steel fibers while the short carbon fibers control
the micro-cracks [31]. Once SF and CF are used in an appropriate fiber combination, a
synergistic effect could be obtained by increased flexural strength even in the low fiber
volume fraction range. Since the optimal fiber combination to obtain the maximum flexural
strength is found to be 0.75% SF and 0.25% CF in this experimental investigation, it is
believed to be the most appropriate mixing ratio to improve flexural strength.
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Figure 6. Flexural strength of MFRCM and HyFRCM versus PM.

3.1.2. Compressive Strength Test Results

Figure 7 shows the average compressive strength test results of MFRCM and HyFRCM
compared to PM. As shown in Figure 7, the average compressive strength of PM at the age of
28 days was 45.9 MPa, and the average compressive strength of MFRCM containing only SF
or CF was 45.3 MPa and 35.6 MPa, respectively. However, the average compressive strength
of HyFRCM containing 0.75% SF and 0.25% CF was 46.9 MPa, the highest compressive
strength that was ever obtained in this experimental investigation. The reason for the
increase in compressive strength is that it is reinforced with micro-CF, which is relatively
small compared to SE. In the case of MFRCM containing only CF, however, the average
compressive strength was 35.6 MPa, a decrease by about 22.4% compared to PM. This
seems to be because the compressive strength was lowered as the interfacial bonding force
between the fibers and the matrix after curing became weak due to the non-hydrophilicity
of the fiber surface [32]. If a large amount of CF was used, particularly, the dispersibility
was lowered, and the workability and compressive strength were greatly affected due to
the fiber balls phenomenon. Therefore, considering that the HyFRCM containing 0.75% SF
and 0.25% CF was shown as the optimum fiber combination for obtaining the maximum
compressive strength in this experimental investigation, it is considered to be the most
appropriate mixing ratio to improve the compressive strength.

70

Average 45.9 MPa
60

50 A

40 -

30 4

20 A

Compressive strength (MPa)

10

SCO SC1 sC2 SC3 S5C4 SC5

Figure 7. Compressive strength of MFRCM and HyFRCM versus PM.
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Equivalent flexual strength (MPa)

3.1.3. Comparative Review of Equivalent Flexural Strength and Residual Flexural Strength

In Korea, the flexural toughness specification requires that the equivalent flexural
strength be 68% or more of the maximum flexural strength until the deflection becomes
2 mm through the flexural performance test for the beam specimen, and the maximum
flexural strength is required to satisfy the design flexural strength (4.5 MPa). The maximum
flexural strength, equivalent flexural strength, the ratio of equivalent flexural strength,
residual flexural strength, and the ratio of residual flexural strength for each specimen
are summarized in Table 4, and the calculation results of equivalent flexural strength and
residual flexural strength of each specimen are shown in a graph in Figure 8. As can be
seen from Table 4 and Figure 8, the MFRCM containing only PM or CF was difficult to
make a relative comparison due to its rapid brittle behavior after initial cracking, and it
was destroyed before the deflection reached 0.5 mm for L/600 and 2.0 mm for L/150.
However, MFRCM containing SF only and HyFRCM containing SF and CF failed at
a deflection of 2.0 mm or more due to their ductile behavior. In the case of HyFRCM
containing 0.5% SF and 0.5% CF especially, it exhibited the highest equivalent flexural
strength, which could mean that the CF bears the stress, such as the SF when the initial crack
occurs, and the SF bears the stress after the crack occurs, resulting in higher equivalent
flexural strength by relieving the stress concentration borne by SF. On the other hand,
the residual flexural strength of the MFRCM containing only PM or CF could not be
obtained, while the HyFRCM containing 0.5% SF and 0.5% CF featured the highest residual
flexural strength. It was made clear that the SF has a higher crack suppression effect
and strain capacity compared to the CF when the specimen is broken. When MFRCM
and HyFRCM were compared with PM, both maximum flexural strength and equivalent
flexural strength tended to increase significantly, and the equivalent flexural strength of
HyFRCM containing 0.5% SF and 0.5% CF increased by about 25.3 times. Therefore, as
demonstrated in Tables 4 and 5, the application of equivalent flexural strength is judged
to be a rather conservative evaluation, given that it has a predetermined residual flexural
strength and a large amount of flexural toughness even under a deflection of 2.0 mm
or more.

7
Design flexural strength 3.0 MPa —_ Design flexural strength 3.0 MPa
& 6 A
=
£ 51
I 24
g ..
w)
S 3 . 3
>
Q2
- 2 -
3
T
‘w1 1
@
[
- 0
SCO sC2 sSC3 SC4 SC5 SCO SC1 SC2 SC3 SC4 SC5

(a) (b)

Figure 8. Variation of calculation results of (a) equivalent flexural strength, and (b) residual
flexural strength.
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Table 4. Calculation results of equivalent flexural strength and residual flexural strength.

Fiber Mix Proportion by
. Volume (%) Total Volume fr f'r f'ilfr Ry Rlfr
Mixture ID ‘o (MPa) (MPa) (2)/(1) (MPa) (3)/(1)
Fraction (%)
SF CF (u})] 2) 3
SCO0-1 294 (0.21) (0.07) - -
SC0-2 0 0 0 3.24 (0.15) (0.05) - -
SC0-3 3.09 (0.18) (0.06) - -
Average 3.09 (0.18) (0.06)
SC1-1 5.79 3.97 0.69 2.88 0.50
SC1-2 1 0 597 441 0.74 3.30 0.55
SC1-3 5.79 4.08 0.70 2.94 0.51
Average 5.85 4.15 0.71 3.04 0.52
SC2-1 8.16 4.76 0.58 3.12 0.38
SC2-2 0.75 0.25 7.20 4.40 0.61 2.88 0.40
SC2-3 7.68 4.51 0.59 3.09 0.40
Average Lo 7.68 4.56 0.59 3.03 0.39
SC3-1 ' 7.50 4.41 0.59 2.96 0.40
SC3-2 0.5 0.5 7.44 5.36 0.72 3.51 0.47
SC3-3 7.56 4.95 0.65 3.45 0.46
Average 7.50 491 0.65 3.31 0.44
SC4-1 6.42 2.93 0.46 1.44 0.22
SC4-2 0.25 0.75 5.34 2.33 0.44 1.32 0.25
SC4-3 5.88 2.76 0.47 1.26 0.21
Average 5.88 2.67 0.46 1.34 0.23
SC5-1 4.83 (1.28) (0.26) - -
SC5-2 0 1 5.10 (1.19) (0.23) - -
SC5-3 4.95 (1.23) (0.25)
Average 4.96 (1.23) (0.25)
fr, maximum flexural strength; f',, equivalent flexural strength; f',/f;, equivalent flexural strength ratio; R,, residual
flexural strength; R,/f;, residual flexural strength ratio; values in brackets indicate the value destroyed ones when
the span did not reach L/150 (2 mm).
Table 5. Test results of flexural performance indices using ASTM C 1609 and KS F 2566.
Fiber Mix Proportion by
Mixture Volume (%) Total Volume Peoo P159 fe00 f1s50 Te00 T1s50
ID Fraction (%) (kN) (kN) (MPa) (MPa) ()] ()]
SF CF
SCO0-1 - - - - - -
SC0-2 0 0 0 - - - - - -
SC0-3 - - - - - -
Average
SC1-1 18.4 9.60 5.52 2.88 5.01 26.5
SC1-2 1 0 18.5 10.8 5.55 3.24 5.99 294
SC1-3 18.9 9.80 5.67 294 5.50 27.2
Average 10 18.6 10.1 5.58 3.02 5.50 27.7
SC2-1 ' 253 10.5 7.59 3.15 5.05 31.7
SC2-2 0.75 0.25 21.9 9.91 6.57 297 495 29.3
SC2-3 22.9 10.2 6.87 3.06 4.99 30.1

Average 234 10.2 7.01 3.06 5.00 30.4
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Table 5. Cont.
Fiber Mix Proportion by
Mixture Volume (%) Total Volume Peoo P10 fe00 f1s0 Te00 T150
ID Fraction (%) (kN) (kN) (MPa) (MPa) ()] ()]
SF CF
SC3-1 243 9.79 7.29 2.93 7.71 294
SC3-2 0.5 0.5 23.6 11.7 7.08 3.51 8.50 35.7
SC3-3 24.0 11.5 7.20 3.45 8.11 33.0
Average 24.0 11.0 7.19 3.30 8.11 327
SC4-1 18.2 4.80 5.46 1.44 4.75 19.5
SC4-2 0.25 0.75 124 4.30 3.72 1.29 4.15 15.5
SC4-3 15.9 4.20 477 1.26 4.60 18.4
Average 15.5 4.43 4.65 1.33 4.50 17.8
SC5-1 15.2 - 4.56 - 4.59 -
SC5-2 1 15.3 - 4.59 - 4.44 -
SC5-3 15.2 - 4.56 - 4.50 -
Average 15.2 4.57 4.51

Flexural toughness (J)

10

3.2. Evaluation of Flexural Performance

Flexural performance is an important parameter in evaluating the effect of fibers
on the post-peak behavior of FRCM. To obtain the flexural performance properties of
FRCM, various methods have been developed, and intensive studies have been carried
out [33-35]. Therefore, in order to evaluate the flexural performance of the specimen in
this study, tests were performed using the third-point loading method according to the test
method specified in ASTM C 1609/C 1609/M and Korean regulation KS F 2566. Table 5
summarizes the flexural performance test data with parameters such as Pgoo, P150, f600,
f150, Te00, and T1sp, and Figure 9 shows the flexural toughness measurement results of
MFRCM and HyFRCM at L/600 and L/150. As shown in Table 5, in the case of MFRCM
containing only CF, the flexural toughness could not be measured at Ty59, and the average
flexural toughness at T was the lowest 4.51 J. On the other hand, in the case of HyFRCM
containing 0.5% SF and 0.5% CF, the average flexural toughness at T¢oy and T159 was the
highest 8.11 ] and 32.7 J, respectively, and the flexural toughness significantly improved the
post-cracking, indicating that it had the highest load-carrying capacity. It is judged that the
flexural toughness is improved as the SF controls the macro-cracks relatively, while the CF
controls the micro-cracks.

SCO

40
_ 35 -
= 30 ] 1!
2 25
=
I ®
I 2 20 A
T 15 A
=
>
= 10 4
5 -
0
sci 5C2 sc3 sca sC5 SCO SC1 SC2 SC3 SC4 SC5
(a) (b)

Figure 9. Flexural toughness of MFRCM and HyFRCM; (a) when the deflection is L/600 (0.5 mm),
and (b) when the deflection is L/150 (2.0 mm).



Appl. Sci. 2022, 12, 9439

11 of 15

3.3. Evaluation of Impact Resistance

In Table 6, the test results for the impact resistance of each specimen are summarized
and Figure 10 also shows the number of blows for the first crack and the number of blows
for final failure. As seen in Table 6 and Figure 10, it is obvious that the impact resistance
is greatly improved compared to the PM specimen if SF and CF are incorporated. The
improvement of the impact resistance can be mainly due to the randomly distributed fibers
in the cement matrix. These fibers, each acting as a miniature energy-absorbing mechanism,
support a certain percentage of the load during each impact event. Thus, MFRCM and
HyFRCM specimens can bear more impact blows and improve the impact resistance to
the first crack compared to PM specimens. After the first crack occurs and is followed by
the others, the fibers across these cracks act not only as energy-absorbing mechanisms but
also as load transfer mechanisms. The mechanisms may defend the cracked MFRCM and
HyFRCM disks against the tendency to fall into different pieces, therefore, improving the
failure impact resistance. However, SF showed better performance than CF, having smaller
dimensions and the same volume fraction (%) due to higher elastic modulus and tensile
stress. The impact resistance of the PM specimen turned out to be about 1 to 2 blows from
the first crack to the final failure, revealing that the impact ductility in the specimen had
little effect. On the other hand, although there was a slight difference depending on the
amount of SF and CF mixture in the case of MFRCM and HyFRCM specimens, the average
number of blows from the first crack to final failure reached 39 times in the case of HyFRCM
specimen containing 0.75% SF and 0.25% CF, showing that the fiber and impact ductility
acted on the specimen even after the first crack occurred, resulting in a slight increase of
the number of blows. Therefore, it is judged that the HyFRCM specimen containing 0.75%
SF and 0.25% CF is dispersed throughout the specimen due to the cross-linking action of
the fibers, and the time from the first crack to the final failure is delayed.

Table 6. Results obtained from the impact resistance test.

Mixture ID No. of Blows for No. of Blows for Increased Absorbed Energy Absorbed Energy
First Crack (1) Final Failure (2) 2) - @ (First Crack) (N-m) (Final Failure) (N-m)
SCO0-1 1 3 2 8.82 26.46
SCO0-2 2 3 1 17.64 26.46
SCO0-3 2 4 2 17.64 35.28
Average 2 3 2 14.70 29.40
SC1-1 93 124 31 820.26 1093.68
SC1-2 96 129 33 846.72 1137.78
SC1-3 98 133 35 864.36 1173.06
Average 96 129 33 843.78 1134.84
SC2-1 101 138 37 890.82 1217.16
SC2-2 104 142 38 917.28 1252.44
SC2-3 104 145 41 917.28 1278.90
Average 103 142 39 908.46 1249.50
SC3-1 87 117 30 767.34 1031.94
SC3-2 81 113 32 714.42 996.66
SC3-3 72 105 33 635.04 926.10
Average 80 112 32 705.60 984.90
SC4-1 40 67 27 352.80 590.94
SC4-2 35 57 22 308.70 502.74
SC4-3 32 51 19 282.24 449.82
Average 36 58 23 314.58 514.50
SC5-1 13 18 5 114.66 158.76
SC5-2 12 17 5 105.84 149.94
SC5-3 12 16 4 105.84 141.12
Average 12 17 5 108.78 149.94
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Figure 10. Number of blows for specimens; (a) first crack, and (b) final failure.

Meanwhile, Figure 11 shows the crack and fracture patterns of the fractured surface
after the impact resistance test. As is clear from Figure 11, the specimen exhibited a brittle
fracture pattern at the same time as the occurrence of abrupt micro-cracks in the vertical
direction in the case of the PM specimen, whereas the MFRCM and HyFRCM specimens
containing SF and CF showed cracking in the vertical or diagonal direction. It is analyzed
here that the impact resistance increases as the fibers in the cement matrix exert a tensile
force against the impact transmitted to the outside. As a consequence, it seems that after
the first crack appearance, CF could not bridge on macro-cracks due to their short length.
On the other hand, SF bridged on macro-cracks and arrested them.

Figure 11. Failure surface of specimens under impact resistance; (a) PM, (b) MFRCM (SF), (¢) MFRCM
(CF), and (d) HyFRCM (SF and CF).
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4. Conclusions

In this study, the properties, such as flexural performance, compressive strength,
and impact resistance of MFRCM and HyFRCM, were investigated. From the obtained
experimental study, the following conclusions can be drawn:

1 The compressive strength of MFRCM and HyFRCM did not improve significantly
compared to PM, whereas the flexural strength showed a high improvement effect of
about 60.5~148.5%.

2 The mechanical properties of HyFRCM with high SF content were relatively higher
than those with low SF content, and HyFRCM containing 0.75% SF and 0.25% CF
featured higher strength and impact resistance than other HyFRCM and MFRCM.

3 Although the flexural strength of HyFRCM containing 0.5% SF and 0.5% CF was
slightly low, the maximum effect was exhibited in terms of flexural toughness, and
the effect of improving flexural toughness by hybridization of SF and CF could
be confirmed.

4  Compared to PM, both MFRCM and HyFRCM significantly improved flexural per-
formance, such as maximum flexural strength, flexural toughness, and equivalent
flexural strength. In the case of HyFRCM, the application of equivalent flexural
strength is judged to be a rather conservative evaluation since it has a predetermined
residual flexural strength and a large amount of flexural toughness even under a
deflection of 2.0 mm or more.

5  The flexural toughness test results showed that the average flexural toughness of
T600 and T150 in HyFRCM containing 0.5% SF and 0.5% CF was 8.1 ] and 32.7 ],
respectively. After cracking, flexural toughness was greatly improved, which was the
most effective in terms of load-carrying capacity.

6  From the impact resistance test, the number of blows from the first crack to the final
fracture of the PM specimen is found to be about 1 to 2, whereas, in the case of
MFRCM and other HyFRCM specimens, there was a slight difference depending on
the amount of SF and CF incorporated but, HyFRCM specimen incorporated with
0.75% SF and 0.25% CF showed the utmost impact resistance. It is thus believed that
the effect of increasing the impact ductility by SF and CF is large.
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