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This paper presents the results of an experimental investigation conducted to evaluate the mechanical properties, including strength
and flexural toughness of hybrid fiber-reinforced mortar (FRM) containing various combinations of steel and carbon fibers with
different material characteristics. The mortar specimens were mixed with steel and carbon fibers in the mix proportions of 100 + 0%,
75 +25%, 50 + 50%, 25 + 75%, and 0 + 100% by volume at a total volume fraction of 1.0%. The flexural performance (flexural strength
and toughness) of the mortar specimens was obtained using the third-point loading arrangement stipulated in the test methods of
ASTM C 1609/C 1609/M and KS F 2566. In addition, compressive strength was also measured according to the KS F ISO 679 test
method. Their mechanical properties were examined and compared with plain mortar (PM) at the age of 28 days. The test results
showed the highest compressive and flexural strengths in the hybrid FRM reinforced with 75% steel fibers +25% carbon fibers,
confirming the synergistic reinforcing effect of the steel and carbon hybrid fibers. However, the hybrid FRM reinforced with 50% steel
fibers + 50% carbon fibers has obtained slightly low flexural strength but owned the highest flexural toughness and hence can be judged
as the most appropriate combination to be employed in hybrid FRM to improve the flexural toughness. Moreover, the fractured FRM
surface was also observed via scanning electron microscopy (SEM) after platinum coating in vacuum. These results would be of great
help in establishing the microstructural mechanism of hybrid reinforcing fibers in the cement matrix.

1. Introduction

Cement-based composites, due to their excellent compres-
sive strength, have been widely used worldwide as major
construction materials for civil engineering structures and
buildings [1-3]. However, cement-based composite mate-
rials have two well-known weaknesses: they not only are
vulnerable to the flexural-tensile strength but also have low
deformation performance [4-7]. To compensate for these
shortcomings, fiber-reinforced cement composites (FRCC),

in which discontinuous and chopped fiber materials are
irregularly dispersed in cement composites, have been de-
veloped and are increasingly applied [8-14].

Fibers employed in FRCC are classified into microfibers
and macrofibers according to their size (length and diam-
eter). Generally, microfibers have a length of 5 to 10 mm and
a diameter of 7 to 30 ym, and depending on the material,
they are classified into carbon fibers [15-19], glass fibers
[20-22], and basalt fibers [23-25]. On the other hand,
macrofibers are 25~80mm long and 0.2~0.8mm in
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diameter, and they are divided into steel fiber [6, 26-30] and
synthetic fiber [31-36] by size. The microfiber is stronger
and stiffer and provides reasonable first crack strength and
ultimate strength, whereas the macrofiber is relatively
flexible and leads to improved toughness and strain capacity
in postcracking zone.

Figure 1 shows structures of large and short fibers
controlling the crack propagation in a cement matrix
[37-39]. As shown in Figure 1, microfibers can greatly
improve the flexural strength, short and soft microfibers
control microcracks, and relatively large and strong mac-
rofibers more effectively control macrocracks. It is expected
that the flexural and tensile performance of FRCC will be
improved.

In general, however, FRCC has been used limitedly with
single fibers, and various studies are being carried out on
hybrid FRCC that maximizes the effects that a single fiber
cannot by mixing two or more types of fibers with different
material characteristics in an appropriate ratio [40-46]. In
case of a hybrid fiber reinforcement with different material
characteristics, effects that cannot be expected with a single
fiber reinforcement only can be obtained, which not only
controls cracking effectively but also increases the strength
and flexural toughness at the same time, thereby improving
mechanical performance. Mortars reinforced with steel-
carbon hybrid fibers are effective in terms of increasing
strength and flexural toughness, but information on the
proper mixing ratio of these fibers is still too limited.
Currently, hybrid fiber-reinforced mortar (FRM) is mainly
applied to concrete structures using fibers whose fiber
mixing ratio is less than 1.0% considering the improvement
of construction efficiency and economic feasibility, although
studies on hybrid FRM are somewhat insufficient actually
[47-49]. 1t is thus the ultimate purpose of this study to
develop an excellent hybrid FRM that can simultaneously
improve the strength and flexural toughness of mortar
reinforced with steel-carbon hybrid fibers having different
material characteristics with a view to obtain a synergistic
effect, which cannot be gained with that of single fibers.

Therefore, this is why, in this study, the mechanical
properties, including strength and flexural toughness of
single FRM reinforced with either steel or carbon fiber and
hybrid FRM reinforced with both steel and carbon fibers,
were examined and compared with plain mortar (PM). In
addition, after the strength test, the SEM images of the
fractured FRM surface were analyzed.

2. Experimental Program

2.1. Experimental Plan. In this study, an experimental plan
was worked out to evaluate the mechanical properties, in-
cluding strength and flexural toughness of a single FRM
reinforced with only steel or carbon fiber and a hybrid FRM
reinforced with steel and carbon fibers. To examine the effect
of hybrid, mortar specimens were divided into five levels of
mortar mixed and used in the ratio of 100 + 0%, 75 + 25%,
50+50%, 25+75%, and 0+100% by volume at a total
volume fraction of 1.0% and into plain mortar. For this
purpose, 3 cubic specimens were prepared with the size of
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FIGURE 1: Structures of large and short fibers controlling the crack
propagation.

40 x 40 x 160 mm for a compressive strength test and 3 beam
specimens with the size of 100 x 100 x 400 mm for a flexural
performance test. For an experimental plan, it was planned
to measure the compressive strength at the age of 28 days
and to check the flexural toughness and behavior through
the flexural performance test. After the strength test, SEM
photographs of the fractured single FRM surface and hybrid
FRM surface were taken.

2.2. Materials. The cement used in this study was S com-
pany’s Ordinary Portland Cement (OPC) type I, with a
specific gravity of 3.13 and a specific surface area of
3,860 cm”/g. For fine aggregate, Jumunjin Standard Sand
collected in Jumunjin-eup, Gangneung-si, Gangwon-do, was
used to make uniform mortar. The specific gravity of fine
aggregate in the surface dry saturated condition was 2.65.
The admixture was a polycarboxylic acid-based product
made by D company in Korea, and a light yellow high-
performance AE water-reducing agent with a specific gravity
of 1.04 and a pH of 5.0 £ 1.5 was used. The steel fiber used in
this study has a diameter of 0.5 mm, a length of 30 mm, and a
tensile strength of 1,100 MPa. As a steel fiber, the hooked-
end type made by K company in Korea with hooks at both
ends was used to increase the adhesion to the mortar, and the
bundle type made by attaching several strands to each other
to facilitate material input was employed. On the other hand,
carbon fiber, which was made from raw material of poly-
acrylonitrile (PAN) by T company in Japan, has a diameter
of 0.007 mm and a length of 6 mm, and its tensile strength
and elastic modulus are 4,900 MPa and 230 GPa, respec-
tively. In case of carbon fiber, the tensile strength is con-
siderably higher than that of steel fiber, and the fiber length is
short, but the aspect ratio is characteristically large. The
physical properties of the steel and carbon fibers used in this
study are shown in Table 1, and Figure 2 is a photograph
taken to show the shape of the fibers used in this study.
Meanwhile, Figure 3 shows a picture of steel fibers and
carbon fibers taken using SEM. Figures 3(a) and 3(b) display
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TaBLE 1: Physical properties of fibers.

Properties Steel fiber (SF) Carbon fiber (CF)
Shape Hooked-end Straight
Length, I (mm) 30 6
Diameter, d (mm) 0.5 0.007
Aspect ratio (I/d) 60 857
Density (kg/m?) 7,850 1,800
Tensile strength (MPa) 1,100 4,900
Elastic modulus (GPa) >210 230
Elongation (%) >3.5 2.1

(a) (b)

FiGURE 2: Pictures of fibers. (a) Steel fibers. (b) Carbon fibers.

LR 4
bk sl A
SEM HV: 5.0 kV 'WD: 20.30 mm MIRA3 TESCAN| SEM HV: 10.0 kV 'WD: 10.00 mm 111 MIRA3 TESCAN|

SEM MAG: 150 x Det: SE 500 pm SEM MAG: 50 x Det: SE 1 mm

SEM HV: 10.0 kV WD: 9.97 mm | MIRA3 TESCAN| SEM HV: 5.0 kV WD: 21.26 mm
SEM MAG: 10.00 kx Det: SE SEM MAG: 500 x Det: SE

FIGURE 3: SEM images of the steel and carbon fibers with a magnification of (a) steel fiber (150x), (b) steel fiber (50x), (c) carbon fiber
(10,000x), and (d) carbon fiber (500x).



SEM pictures taken at 150 times and 50 times magnification
of the steel fiber used in this study. As shown in Figure 3(a),
the diameter of the steel fiber is about 561.72 ym, and the
fiber surface is somewhat rough. Such rough surface of a
steel fiber as seen here is expected to exhibit excellent ad-
hesion performance because it has an effect of increasing
adhesion in the cement matrix. However, Figures 3(c) and
3(d) show the surface morphology photographed at 10,000
times and 500 times magnification of the microcarbon fiber,
revealing that as seen in Figure 3(c), the diameter of the
carbon fiber is about 7.03 ym and surface morphology of
fiber is very soft, indicating that the adhesion to the cement
matrix is very poor.

2.3. Mix Proportions. Table 2 shows the mortar mix pro-
portions for single fiber and hybrid fiber. The water:cement
ratio (W/C) was set to be 0.46, and mortar was mixed in a
ratio (mass ratio) of cement: standard sand:number of
mixtures=1:2:0.46. The amount of the admixture added
was 1.5% of the mass of cement, and a separate admixture
was not used for plain mortar.

2.4. Mixing and Curing Procedure. For preparation of all the
plain mortar and FRM specimens, the mortar was first
mixed with cement and fine aggregate, and mixture was
carried out at a low speed for 30 seconds. To ensure dis-
persibility of fibers, they were added and mixed further for
90 seconds in a way of dry mixture. Immediately after water
and admixture were added, they were mixed for 90 seconds.
After stopping mixing for 30 seconds, the adhered mortar
was removed, and finally, the blender was operated again to
mix at a high speed for 60 seconds. The total mixing time was
approximately 5 minutes. After leveling the surface layer to
make a uniform mixture, the side of the mold was struck
about 30 times with a wooden hammer until the surface was
sufficiently compacted without irregularities. After the
mortar molds were fabricated, all the specimens were
wrapped with a plastic sheet to prevent sudden moisture loss
from them. They mold was demolded within 48 hours and
kept in a curing water room maintained at 20 + 2°C for 28
days before testing.

2.5. Experimental Methods

2.5.1. Compressive Strength Test. For a compressive strength
test, a mold was fabricated according to the test method of
KS L ISO 679 [50], and the compressive strength was
measured at the age of 28 days. The cured cubic specimens
with the size of 40 x 40 x 160 mm was measured for com-
pressive strength using a 100 kN universal testing machine
(MTDI Co., Ltd, Korea, UT-100F), and a constant loading
speed was applied under the conditions of loading speed of
2400 N/s.

2.5.2. Flexural Performance Test. For a flexural performance
test, the beam specimens with the size of 100 x 100 x 400 mm
as stipulated by ASTM C 1609/C 1609/M [51] and by the
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domestic regulation of KS F 2566 [52] was prepared, and the
test was performed all at the age of 28 days. Figure 4 shows
the specimen and setup of the test equipment by the third-
point loading method for the flexural performance test. To
measure the applied load, all the beam specimens were tested
for flexural performance using an INSTRON 5597 (EI-F3)
universal testing machine. Figure 4(a) shows the geometry of
the test specimen and the test setup, and Figures 4(b) and
4(c) show the data measurement system and an example of a
deflection measuring device at the loading point,
respectively.

The flexural performance test of the beam specimens was
applied at third-point loading method, and the deflection
and failure load were measured using two linear variable
displacement transducers (LVDT) installed at the center of
both sides of the specimen. At this time, the deflection rate
was controlled at a constant load rate of 0.2 mm/min until
the specimen was destroyed by displacement control in the
range of 1/1,500 to 1/3000 of span length per minute, and the
load was measured through a load cell with a capacity of
850kN. By means of the third-point loading method, the
flexural strength at the maximum load can be obtained as in

PL
fr=p2 (1)
where f, is the flexural strength (MPa), P is the maximum
load (N), L is the span length (mm), b is the average width of
the specimen at the fracture (mm), and A is the average
height of the specimen at the fracture (mm).

Flexural toughness, otherwise called energy absorption
capacity, is calculated by the total area under the load-de-
flection curve up to a deflection of 1/150 of the span length as
stipulated in ASTM C 1609/C 1609/M [51] and KS F 2566
[52] of the domestic regulation. The total area under the
load-deflection curve measured as flexural toughness is
calculated from Equation (2) and used to evaluate the
equivalent flexural strength. The equivalent flexural strength
using third-point loading method is calculated as follows:

! Ab L
f r 8tb X bhz’ (2)
where f is the equivalent flexural strength (MPa), 8, is the
deflection at 1/150 of the span length (mm), L is the span
length (mm), b is the average width of the specimen at the
fracture (mm), and h is the average height of the specimen at
the fracture (mm). A, is the area from the load-deflection
curve to &y. (J, kKN * mm).

Therefore, the equivalent flexural strength is expressed as
the average flexural strength at a given deflection (1/150 of
the span length) in the load-deflection curve and is used as
an indicator to evaluate the flexural toughness or a load-
carrying capacity by behavior of strain softening or strain
hardening after the maximum flexural strength.

2.5.3. Evaluation Methods of Flexural Performance.
Because there are a lot of difficulties in determining the
first crack and measuring accurate deflection in ASTM C
1018 [53] for evaluating flexural performance, this
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TaBLE 2: Mix proportions of mortar.
Fiber mix
. proportion . . . Unit weight (kg/m?)
Mix ID by volume Total volume fraction (%)  W/C ratio  C/S ratio SP (Cx %)
(%)
SF CF W C S
100% SF 100 0
75% SF+25% CF 75 25
50% SF +50% CF 50 50 1.5
5% SF +75% CF 25 75 1.0 0.46 1:2 297 645 1,290
100% CF 0 100
PM — — —
"W/C: water/cement, C/S: cement/sand, SP: superplasticizer, SF: steel fiber, and CF: carbon fiber.
LVDT holding screw

Linear variable differential

Aluminum bar or Transference (LVDT)
steel bar /\

1 n Jr——
T W
Pins Angle pieces

()

FIGURE 4: Testing apparatus of the specimens and setup. (a) Test specimen and setup. (b) Data measurement system. (c) Example of a

deflection measuring device at the loading point.

stipulation was replaced with ASTM C 1609/C 1609/M
[51] and KS F 2566 [52]. Therefore, in this study, ASTM C
1609/C 1609/M and KS F 2566 [52] were applied to de-
termine flexural performance of FRM. Figure 5 is a dia-
gram presented in ASTM C 1609/C 1609/M [51] and the
domestic regulation of KS F 2566 [52], showing the load-
deflection curve to obtain the flexural performance of a
beam specimens. As seen in Figure 5, the flexural
toughness can evaluate energy absorption capacity by
accumulating the sum of the area under the load-de-
flection curve when the deflection reaches 1/600 and 1/150
of the span length and is expressed as a flexural strength
coeflicient. In this study, fsoo and fiso were determined by
reading the load values of Py and P;sq from the load-
deflection curve corresponding to the deflection values of
1/600 and 1/150 of the span length and substituting them
into the flexural strength equation (1). The flexural
toughness of Tgoy was measured at the deflection of
0.5 mm, which is 1/600 of the 300 mm clear span length,
and the flexural toughness of Tjs, was measured at
2.0 mm, which is 1/150 of the 300 mm clear span length.

2.5.4. SEM Observation. In the present paper, SEM image
analysis was performed to observe the fiber distribution state
of the fractured FRM surface, and the equipment used was
TESCAN’s MIRA LMH high-resolution SEM model. The
fractured specimens were cut to obtain a surface area of
20 mm x 20 mm (without affecting the fracture surface), the

f, = P,LIbd*

fls)oo = Pgooubd2

d
1
I
I
I
1
Fo <=7 o = Pl /b
5o <t it
I | '
1 1 |
1 1 |
I | !
0 : ! ‘>
ov v Net deflection \4 Deflection
6 =96, 1/600 L/150

FIGURE 5: Definition of flexural toughness according to ASTM C
1609/C 1609/M and KS F 2566.

test specimens were cleaned and dried; then, the fracture
surface was coated with a thin platinum coating (conductive
material) and scanned to obtain the images of SEM. In this
study, these images are described as the scanning electron
micrograph (SEM).

3. Results and Discussion

3.1. Compressive Strength. The compressive strength test
results of single and hybrid FRM were compared with plain
mortar and are summarized in Table 3 and Figure 6. As can
be found in Table 3 and Figure 6, the average compressive
strength of plain mortar at the age of 28 days was 45.9 MPa,



Advances in Civil Engineering

TaBLE 3: Compressive strength test results of FRM and plain mortar.

Fiber mix
proportion by

volume (%) Total volume fraction (%)

Compressive strength at 28 days (MPa)

% increase

SF CF 1 2 3 Ave.
100 0 45.0 46.4 444 45.3 -1.3
75 25 46.1 47.5 47.1 46.9 2.2
50 50 1.0 43.0 47.6 46.5 45.7 -0.4
25 75 38.6 414 40.7 40.2 -12.4
0 100 37.6 33.8 35.5 35.6 -22.4
— — 0.0 47.5 44.5 45.8 45,9 0
60
50
<
ay
= 40
=}
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g
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FIGURE 6: Average compressive strength of FRM in different fiber combinations and plain mortar.

and the average compressive strength of a single FRM
reinforced with only steel or carbon fibers was measured to
be 45.3 MPa and 35.6 MPa, respectively. However, the av-
erage compressive strength of the hybrid FRM reinforced
with 75% steel fibers+25% carbon fibers was 46.9 MPa,
which was the largest in this experiment. The reason for this
increase in the compressive strength was that carbon fibers
were used to reinforce the microcarbon fibers, which were
relatively small in size compared with steel fibers. As a
consequence, all the FRM except for hybrid FRM reinforced
with 75% steel fibers +25% carbon fibers showed a some-
what lower compressive strength than plain mortar, and the
strength tended to decrease considerably as the carbon fiber
increased. The average compressive strength of a single FRM
reinforced with carbon fiber alone was 35.6 MPa, and as a
result, the average compressive strength was significantly
reduced by about 22.4% compared with plain mortar. It is
judged that the compressive strength decreased because the
interfacial bonding strength between the fibers and matrix in
the mortar after hardening was weak due to the non-
hydrophilic material on the fiber surface. The results of this

kind were also reported in previous studies [54, 55], which
pointed out that when a large amount of fiber was used, the
dispersibility of fibers decreased, generating in more and
more fiber balls as a result, which greatly affected to decrease
the compressive strength. In this experiment, therefore, the
optimum fiber combination to obtain the maximum com-
pressive strength is 75% steel fibers +25% carbon fibers.
Consequently, the hybrid FRM reinforced with 75% steel
fibers +25% carbon fibers is considered to be the most
appropriate mixing ratio in terms of securing the com-
pressive strength. The percentage increase/decrease in
compressive strength of FRM compared with plain mortar is
presented in Figure 7.

3.2. Flexural Strength. Table 4 and Figure 8 summarize the
flexural strength test results of single FRM and hybrid FRM
compared with plain mortar. As shown in Table 4 and
Figure 8, the average flexural strength of plain mortar at the
age of 28 days was 3.09 MPa and that of a single FRM
reinforced with only steel or carbon fibers was measured to
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FIGURE 7: Percentage of increase in average compressive strength of FRM over that of plain mortar.
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TaBLE 4: Flexural strength test results of FRM and plain mortar.

Fiber mix

proportion by
volume (%)

Total volume fraction (%)

Flexural strength at 28 days (MPa)

% increase

SF CF 1 2 3 Ave.

100 0 5.79 5.97 5.78 5.85 89
75 25 8.16 7.20 7.69 7.68 149
50 50 1.0 7.20 7.44 7.85 7.50 143
25 75 6.42 5.34 5.89 5.88 90
0 100 483 5.10 4.96 4.96 61

— — 0.0 2.94 3.24 3.10 3.09 0

be 5.85MPa and 4.96 MPa, respectively. The percentage of
increase/decrease in flexural strength of FRM compared
with plain mortar is presented in Figure 9. The average
flexural strength of hybrid FRM reinforced with 75% steel
fibers +25% carbon fibers was 7.68 MPa, revealing the
highest flexural strength, which was an improvement by
about 149% compared with plain mortar. At the same time,
the flexural strength of a hybrid FRM reinforced with 75%
steel fibers +25% carbon fibers as well as 50% steel fiber-
s+ 50% carbon fibers increased by about 31.3% and 28.2%,
respectively, compared with the flexural strength of a single
FRM reinforced with only steel fiber. It is considered that the
flexural strength is improved by controlling the microcracks
of the relatively large fibers, while the short fibers control the
microcracks. However, the average flexural strength of a
hybrid FRM reinforced with 25% steel fibers + 75% carbon
fibers was measured to be 5.88 MPa, and the average flexural
strength of a single FRM reinforced with only carbon fiber
showed a little decrease. Such a result as this was also re-
ported in previous studies [54, 55], and it is thought because
reinforced fibers prevented growth of cracks by playing a
crosslinking role and, by thus, improved the flexural

strength by means of redistribution of stress. It is possible to
obtain a mutual synergy effect of fiber reinforcement by
combining macrosteel fibers having large length and di-
ameter with microcarbon fibers having small length and
diameter because the flexural strength would increase once
fibers are mixed in an appropriate ratio even when the
portion of mixed fibers is small. In particular, it is judged
that the microcarbon fibers are effectively functioning the
role of the microcrack control prior to the maximum load. In
this experiment, therefore, the optimum fiber combination
to obtain the maximum flexural strength is 75% steel
fibers +25% carbon fibers. Consequently, the hybrid FRM
reinforced with 75% steel fibers+25% carbon fibers is
considered to be the most appropriate mixing ratio in terms
of securing the flexural strength.

3.3. Energy Absorption Capacity (Flexural Toughness). The
results from flexural toughness measurement of single and
hybrid FRM compared with plain mortar are shown in
Table 5 and Figure 10. As can be seen from Table 5 and
Figure 10, the average flexural toughness of plain mortar the
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FIGURE 8: Average flexural strength of FRM in different fiber
combinations and plain mortar.
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FIGURE 9: Percentage increase in average flexural strength of FRM
over that of plain mortar.

age of 28 days was 1.2] due to brittle fracture behavior after
the maximum load, and the average flexural toughness of a
single FRM reinforced with only steel or carbon fiber was
measured 27.7 ] and 8.2], respectively. On the other hand,
the average flexural toughness of a hybrid FRM reinforced
with 50% steel fibers+50% carbon fibers was the highest
with 32.77, and about 27.2 times, 4 times and 1.2 times
higher, respectively, compared with plain mortar and a
single FRM reinforced with only carbon fiber or steel fiber.

Advances in Civil Engineering

TaBLE 5: Flexural toughness measurement results of FRM and plain
mortar.

Fiber mix

proportion Lvol Flexural toughness at 28 days
by volume Tota .vo uéne 0

(%) fraction (%)

SF CF 1 2 3 Ave.
100 0 26.5 29.4 27.2 27.7
75 25 31.7 29.3 30.1 30.3
50 50 1.0 294 35.7 33.0 32.7
25 75 20.4 14.6 18.4 17.8
0 100 (83) (79 (84) (82)
— — 0.0 1.4) 1.0) 1.2) 1.2)

*Values in brackets indicate the value destroyed when the span did not
reach 1/150 (2.0 mm).
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FIGURE 10: Average flexural toughness of FRM in different fiber
combinations and plain mortars.

Compared with plain mortar, all the FRM showed signifi-
cantly higher flexural toughness. However, the flexural
strength of a hybrid FRM reinforced with 75% steel fiber-
s+25% carbon fibers was the highest, but its flexural
toughness was slightly lower due to decrease in the load-
carrying capacity in postcracking strength. On the contrary,
the flexural strength of a hybrid FRM reinforced with 50%
steel fibers +50% carbon fibers was slightly lower, but its
flexural toughness was greatly improved in postcracking
strength, indicating that the load-carrying capacity turned
out to be the highest. This signifies that the less the amount
of microcarbon fiber is used and the more the macrosteel
fiber is used, the greater the flexural toughness becomes,
ascertaining that the macrosteel fiber has a greater effect on
improving the flexural toughness than the microcarbon fi-
ber. In this experiment, therefore, the optimum fiber
combination to obtain the maximum flexural toughness is
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50% steel fibers + 50% carbon fibers. As a result, it is judged
that the hybrid FRM reinforced with 50% steel fibers + 50%
carbon fibers is the most appropriate mixing ratio in terms of
securing the flexural toughness. Hybrid FRM with such high
energy absorption capacity are believed to be much more
efficient if properly reinforced for use of the structures re-
quiring dynamic loads, such as earthquake, impact or ex-
plosion loads, wind loads, etc.

3.4. Equivalent Flexural Strength/Ratio and Residual Flexural
Strength/Ratio. The equivalent flexural strength is defined
as the average flexural strength at a given deflection (1/150
of the span length) on the load-deflection curve obtained
from the flexural performance test. The equivalent flexural
strength ratio refers to the value obtained by dividing the
equivalent flexural strength by the maximum flexural
strength. The residual flexural strength is the flexural
strength that the cross section of a specimen can withstand
after cracking occurs, and the stress measured at 1/150 of
the span length on the load-deflection curve is called the
residual flexural strength against deflection. The residual
flexural strength ratio means the value obtained by dividing
the residual flexural strength by the maximum flexural
strength. To obtain the equivalent flexural strength and
residual flexural strength, the calculation formula stipulated
in ASTM C 1609/C 1609/M [51] and in the domestic
regulation KS F 2566 was used [52]. Equation (1) was ap-
plied to obtain the maximum flexural strength and residual
flexural strength, whereas Equation (2) was employed to get
the equivalent flexural strength, which is the average
strength up to 2.0 mm deflection (1/150 of the span length).
From these calculations, the average values of equivalent
flexural strength/ratio and residual flexural strength/ratio
against the maximum flexural strength and residual flexural
strength were obtained and compared and are summarized
in Table 6. As indicated in Table 6, a single FRM reinforced
with only carbon fiber and the plain mortar failed to reach
2.0mm of deflection but was fractured due to brittle be-
havior, whereas a single FRM reinforced with only steel
fiber and a hybrid FRM reinforced with steel and carbon
fibers were destroyed further than 2.0 mm from deflection
due to the ductile behavior. In particular, the hybrid FRM
reinforced with 50% steel fibers + 50% carbon fibers dem-
onstrated the highest equivalent flexural strength and
equivalent flexural strength ratio, seemingly because, when
the initial cracking occurs, the microcarbon fiber bears
stress together with the macrosteel fiber and, after reaching
the crack strength, the macrosteel fiber alone bears stress,
thereby the stress concentration borne by the steel fiber is
relieved, which results in higher equivalent flexural
strength. The residual flexural strength of a single FRM
reinforced with only carbon fiber and the plain mortar
could not be obtained, but it has been showed that the
residual flexural strength increased highly in case of single
FRM reinforced with only steel fiber and hybrid FRM
reinforced with 75% steel fibers +25% carbon fibers and
with 50% steel fibers+50% carbon fibers. This led us to
understand that the macrosteel fiber has a higher crack

restriction effect and energy absorption capacity than the
microcarbon fiber when the specimen is destroyed. When
comparing single FRM and hybrid FRM with plain mortar,
both the maximum flexural strength and the equivalent
flexural strength showed a tendency to increase signifi-
cantly, and the equivalent flexural strength of a hybrid FRM
reinforced with 50% steel fibers+50% carbon fibers in-
creased about 27.3 times. Meanwhile, the equivalent flexural
strength ratio was evaluated as 0.71 for a single FRM
reinforced with only steel fiber, and 0.45~0.65 for a hybrid
FRM reinforced with steel and carbon fibers. Particularly,
the equivalent flexural strength ratio was found to be the
highest in case of a single FRM reinforced only with steel
fiber. On the other hand, in case of a single FRM reinforced
with only carbon fiber, the equivalent flexural strength ratio
was evaluated as 0.25, and the plain mortar was evaluated as
the lowest with 0.06. Thus, the reason why the equivalent
flexural strength has a smaller value than the maximum
flexural strength is because the area under the load-de-
flection curve is calculated only up to given deflection (1/150
of the span length) as stipulated in the test method of ASTM
C1609/C 1609/M [51] and domestic regulation of KS F 2566
[52]. As can be seen from Table 6, it is judged that applying
the equivalent flexural strength is a rather conservative way
of evaluation because it receives a predetermined residual
load even in the state of deflection by 2.0 mm or more and
has a large amount of flexural toughness.

3.5. Evaluation of Flexural Performance. To find the pa-
rameters for flexural performance of beam specimens,
several evaluation methods have been developed, and pa-
rameters have been obtained using various evaluation
methods [51-53, 56]. In this study, the third-point loading
method was applied to evaluate the flexural performance of
beam specimens in compliance with the test method stip-
ulated in ASTM C 1609/C 1609/M [51] and the domestic
standard of KS F 2566 [52]. Table 7 shows the data from
comparison and summary of the average flexural perfor-
mance test result for parameters, such as Py, Py50, fs00» 1505
Te00» and Tiso. As evidenced from Table 7, a relative com-
parison was difficult due to rapid brittle fracture behavior
after initial cracking in case of plain mortar, and deflection
was destroyed before it reached 0.5 mm or 1/600 and 2.0 mm
or 1/150 of the span length. Also, a single FRM reinforced
only with carbon fiber was destroyed before reaching
2.0 mm, which is 1/150 of the span length deflection. But in
case of a single FRM reinforced with only steel fiber and a
hybrid FRM reinforced with steel and carbon fibers, they
were destroyed at deflection of more than 2.0mm. Its
flexural toughness at Ty turned out to be the lowest with
4.47. On the other hand, in case of 50% steel fibers + 50%
carbon fibers, the flexural toughness at Tgo and T;5o was the
highest with 8.1 and 32.7], respectively. After reaching the
crack strength, the flexural toughness was greatly improved
and the load-carrying capacity was found to be the highest.
In case of a single FRM reinforced with only steel fiber,
however, the flexural toughness at Tgoy and T;5, was slightly
reduced to 5.5] and 27.7 ], respectively.
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TABLE 6: Average values of equivalent flexural strength/ratio and residual flexural strength/ratio.
Fiber mix
proportion
by volume Total volume fraction (%)  f, (MPa) (1) £l (MPa) (2) fllf, /1) R, (MPa) (3) R/f, (3)/Q1)
(%)
SF CF
100 0 5.85 4.15 0.71 3.42 0.59
75 25 7.68 4.54 0.59 3.72 0.48
50 50 1.0 7.50 491 0.65 3.45 0.46
25 75 5.88 2.67 0.45 1.26 0.21
0 100 4.96 (1.23) (0.25) — —
— — 0.0 3.09 (0.18) (0.06) — —

*f,: maximum flexural strength, f,: equivalent flexural strength, f,/f,: equivalent flexural strength ratio, R,: residual flexural strength, and R/f,: residual
flexural strength ratio. Values in brackets indicate the value destroyed when the span did not reach 1/150 (2.0 mm).

TABLE 7: Average flexural performance indices using ASTM C 1609/C 1609/M and KS F 2566.

Fiber mix

proportion

by volume Total volume fraction (%) Pgoo (kN) P15 (kN) Seoo (MPa) fis0 (MPa) Teoo0 () Tis0 (J)

(%)

SF CF
100 0 18.0 12.2 5.40 3.66 4.8 27.7
75 25 24.8 11.5 7.44 3.45 5.7 30.3
50 50 1.0 23.9 13.0 7.17 3.90 6.0 32.7
25 75 15.0 4.2 4.50 1.26 4.8 17.8
0 100 14.0 — 4.20 — 4.4 —
— — 0.0 _ — — — — —

3.6. Behavior of Load-Deflection Curves. Figure 11 presents
the average flexural load-deflection curves of single and
hybrid FRM specimens compared with plain mortar spec-
imen. In case of the plain mortar specimen as shown in
Figure 11, rapid brittle fracture and flexural crack occurred
simultaneously, so that there was little deflection after the
maximum load. In the meantime, a single FRM specimen
reinforced with carbon fiber only failed to reach a deflection
of 2.0 mm and was destroyed while the stress decreased to a
certain level after the maximum load. On the other hand, a
single FRM specimen reinforced with only steel fiber and a
hybrid FRM specimen reinforced with 75% steel fibers + 25%
carbon fibers, 50% steel fibers + 50% carbon fibers, and 25%
steel fibers +25% carbon fibers were all destroyed due to
ductile behavior at the deflection of more than 2.0 mm. So, it
became evident that as the amount of steel fiber used in-
creases, it still maintains a large amount of flexural
toughness even after 2.0 mm of deflection. This is thought to
be because the macrosteel fibers crosslink between the
macrocracks and have an excellent effect on the pullout of
fibers through adhesion between the fibers and matrix
interface.

3.7. A Close Observation under the Flexural Performance Test.
Figure 12 shows the close observation results of a typical
crack surface for macrocracks in the FRM specimen during
the flexural performance test. As shown in Figure 12(a), in
case of a single FRM specimen reinforced with only steel
fibers, the steel fibers were distributed at very wide intervals

along the cracked surface, and a mixture of pullout for steel
fibers was observed. On the contrary, in case of a single FRM
specimen reinforced with only carbon fibers as shown in
Figure 12(b), the carbon fibers were distributed at narrow
intervals, and a mixture of pulling and breaking of the
carbon fibers was observed. In case of a hybrid FRM
specimen reinforced with steel and carbon fibers.
Figure 12(c) features that steel fibers are widely distributed
along the crack surface, whereas carbon fibers are distributed
at narrow intervals. As shown in Figure 12, the fracture
mechanism on the crack surface is not merely a breaking of
fibers but is pullout phenomenon of fibers caused due to
lowered adhesion strength. It is also seen that the crack
width is noticeably widened, maintaining a macrocrack.
Unlike plain mortar specimens, all the FRM specimens reach
macrocracks and failure under load, whereas reinforced
fibers restrain cracks and transmitted tensile force to fibers,
increasing the strength and letting them reach the maximum
load. As a result, fibers began to be pulled out one by one
near the tensile area, and the tensile strength gradually
decreased. This seems because fibers inhibited the internal
cracks that occurred among the cement matrices, and at the
same time, they acted as a crosslinking role that transmitted
tensile strength across the cracks, thereby inhibiting the
growth of cracks.

3.8. Analysis of SEM Images. Figure 13 shows an analysis of
SEM images of the fractured single FRM surface and hybrid
FRM surface after the strength test. In case of mortar in
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FIGURE 12: A close observation of the fiber bridges. (a) Steel fibers. (b) Carbon fibers. (c) Steel and carbon hybrid fibers.

general, the thickness between the aggregate and cement
interface is reported to be as high as about 10 ym or 50 ym at
the maximum, and it is reported that the thickness of this
interface affects the strength and durability of the mortar
[15, 57, 58]. In Figures 13(a) and 13(b), we can observe that
large and small cement hydration products of oval shape are
formed on the surface of the steel fiber, almost completely
covering the entire surface area. It can be seen that the in-
terfacial bonding strength between the fibers and matrix is
fairly improved due to formation and increase of the cement

hydration products. Relatively C-S-H gel (calcium silicate
hydrate-white gel-like hydration product) was observed. For
evidence, refer to Figures 13(b) and 13(f). However, as shown
in Figures 13(c) and 13(d), it is evident that the surface of
carbon fiber in a round circular shape looks very clean and
quite smooth. It seems that fiber balling and clumping have
occurred because a carbon fiber is difficult to crystallize the
cement hydrate and has low affinity, so that the interfacial
bonding force between the fibers and matrix is low. Here, we
can see pullout and debonding of fibers or transverse cracks
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(150x), (d) carbon fiber (500x), (e) steel + carbon hybrid fibers (50x), and (f) steel + carbon hybrid fibers (150x).

across fibers. As shown in Figure 13(d), all the failure
mechanisms were observed, but pullout and debonding of
fibers were more predominant. On the other hand, it became
obvious that, as shown in Figures 13(e) and 13(f), hybridized
fibers form lumps in which carbon fibers are entangled with
each other in a thin form like a needle and that the shape of
steel fibers is slightly curved in a flexed shape. This phe-
nomenon is judged to be considerably advantageous com-
pared with a single FRM reinforced with only steel fiber or
carbon fiber in terms of the interfacial bonding force between
the fibers and cement matrix. The reason is because fibers
inhibit occurrence and growth of microcracks at the interface
between the fibers and cement matrix, and at the same time,

fibers suppress occurrence and growth of macrocracks by
playing a role of transmitting tensile stress across the cracks
through the crosslinking effect of fibers. The failure mecha-
nism of FRM testifies to the fact that such phenomenon as
pullout or debonding of fibers is occurring rather than the
fiber breakage.

4. Conclusions

In this article, the mechanical properties, including strength
and flexural toughness of single and hybrid FRM, were
examined and compared with plain mortar, and the results
might be summarized as follows:
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(1) The hybrid FRM reinforced with 75% steel fiber-
§+25% carbon fibers showed no significant im-
provement of compressive strength compared with
plain mortar but exerted high improvement in
flexural strength by about 149%.

(2) Although the flexural strength of a hybrid FRM
reinforced with 50% steel fibers + 50% carbon fibers
was slightly low, it demonstrated the highest flexural
toughness, confirming, furthermore, a synergistic
reinforcing effect that improved flexural perfor-
mance by hybridized steel and carbon fibers.

(3) Compared with plain mortar, both single and hybrid
FRM have greatly improved the maximum flexural
strength, flexural toughness, and equivalent flexural
strength. In particular, it is judged to be a rather
conservative evaluation to apply the equivalent
flexural strength because it has a predetermined
residual load and a large amount of flexural
toughness even in the state of deflection of 2.0 mm or
more.

(4) While, in case of plain mortar specimens, the load-
deflection relationship curve showed a strong ten-
dency to brittle fracture behavior, all the FRM
specimens displayed stable ductile fracture behavior
after the maximum load.

(5) In the analysis of SEM images of the fractured FRM
surface, observed was mainly pullout or debonding
of fibers. But in case of a single FRM reinforced with
only carbon fibers, many carbon fibers got close to
each other, resulting in fiber balling and clumping.

We think that, in the future studies, the chemical
treatment effect of carbon fibers on the properties of cement
composites reinforced with hybrid fibers should be addi-
tionally reviewed.
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