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In the present study, SiO2 particles were coated on the surface of carbon fibers by means of chemical reaction of silane coupling
agent (glycidoxypropyl trimethoxysilane, GPTMS) and colloidal SiO2 sol to improve the interfacial bonding force between fibers
and matrix in cement matrix. -e surface of the modified carbon fibers was confirmed through a scanning electron microscope
(SEM). -e mechanical properties of SiO2-coated carbon fiber mortar and uncoated carbon fiber mortar with different fiber
lengths (6mm and 12mm) and fiber volume fractions (0.5%, 1.0%, 1.5%, and 2.0%) were compared and analyzed. -e ex-
perimental results show that the flow values of the carbon fiber mortar were greatly disadvantageous in terms of fluidity due to the
nonhydrophilicity of fibers and fiber balls, and the unit weight decreased significantly as the fiber volume fractions increased.
However, the air content increased more or less. In addition, regardless of whether the fibers were coated, the compressive
strength of carbon fiber-reinforced mortar (CFRM) composite specimens tended to gradually decrease as the fiber volume
fractions increased. On the other hand, in case of the SiO2-coated CFRM composite specimens, the flexural strength was
significantly increased compared to uncoated CFRM composite specimens and plain mortar specimens, and the highest flexural
strength was obtained at 12mm and 1.5%, particularly. It can be seen that the new carbon fiber surface modification method
employed in this study was very effective in enhancing the flexural strength as cement-reinforcing materials.

1. Introduction

Fiber-reinforced cement composites (FRCCs) are manu-
factured by incorporating short fibers, which can suppress
the opening and propagation of cracks due to the bridging
action of fibers. It not only increases ductility in tension and
compression but also provides improved safety performance
for dynamic load, impact·explosion, etc. [1–6]. Currently,

the main reinforcing materials of fiber-reinforced cement-
based composite materials are steel fiber, polypropylene
fiber, polyvinyl alcohol (PVA) fiber, carbon fiber, glass fiber,
basalt fiber, and cellulose fiber [7–10].

Figure 1 shows the roles of fibers embedded in cement
matrix: (a) cracking occurs in cement matrix, (b) cracking is
suppressed due to the increased bond between fibers and
matrix, (c) the phenomenon of “strain-softening” or “strain-
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hardening” by suppressing crack propagation owing to
bridging action between fibers and matrix is shown after
cracking in cement matrix, (d) fibers are pulled-out from
cement matrix, and (e) the performance of FRCC is de-
graded by fiber failure. As seen above, it has been reported
that the mechanical performance of cement-based com-
posites can be improved by effectively preventing the
propagation of cracks by stress through bonding between
fibers and matrix as well as by controlling crack propagation
by means of fiber bridging, fiber debonding, fiber pull-out,
fiber failure, etc. [11–16]. Moreover, it is noted that the bond
performance between fibers and matrix is very closely re-
lated to the performance of FRCC and that the material and
surface shape of fibers, matrix strength, etc. play a vastly
important role in the interfacial bonding force between fi-
bers and matrix [17, 18]. Such interfacial properties of fibers
are directly connected with effective improvement of the
flexural performance (flexural strength or toughness) of the
cement-based composites and exercise a substantial influ-
ence on the flexural and tensile fracture behaviors of FRCC
[1, 6, 19, 20].

Recently, carbon fiber (CF) has been drawing wide at-
tention in industries such as ships, automobiles, civil en-
gineering, and construction as well as aerospace due to its
lightweight and high mechanical properties [21, 22]. It was
once already reported that carbon fiber is very effective in
improving the flexural, tensile, and shear strengths when
used as cement-reinforcing materials, owing to its high
physical properties and chemical stabilities [23–26]. How-
ever, when carbon fiber is applied as a construction material,
there are some problems to consider despite the excellent
mechanical properties it will provide.-e carbon fiber, when
used cement-reinforcing materials, has an effect of im-
proving the mechanical performance by being uniformly
dispersed in cement matrix and inducing bond between
fibers and matrix. In particular, a decrease in compressive,
flexural, and shear strengths may rather result if carbon fiber
is not fully adhered to the cement matrix [27–29]. -erefore,
the interfacial bonding force between fibers and matrix is so
important that lots of studies on CFRM composites have
been conducted and advanced worldwide. To improve the

interfacial bonding force between fibers and matrix, sizing
treatment of carbon fibers is performed in this regard.

Although FRCC has been reviewed in the previous
domestic and foreign studies, research studies to manu-
facture the carbon fiber with improved bond performance
and developments to improve the mechanical performance
of CFRM composites are still more or less insufficient
[30, 31]. In Korea, the research data which specifically
reviewed the bond properties between the carbon fiber and
cement matrix are very limited [32]. In fact, there is a need to
develop a method to improve the interfacial bonding force
by coating the surface of carbon fiber with SiO2, inducing by
this reaction with limestone or Ca(OH)2 in cement matrix
and eventually increasing calcium silicate hydrate (C-S-H)
gel.

-erefore, the main objective of this study is to develop
CFRM composites that can improve the bond performance
of carbon fiber and ultimately enhance the mechanical
performance of mortar. -is study provides a method for
producing carbon fiber coated with SiO2 in order to improve
the interfacial bonding force between fibers and matrix in
cement matrix, and the mechanical properties of SiO2-
coated CFRM composites and uncoated CFRM composites
with different fiber lengths (6mm and 12mm) and fiber
volume fractions (0.5%, 1.0%, 1.5%, and 2.0%) are compared
and analyzed in this study. -en, after the strength test, the
fracture surface of the hardened CFRM composites was
observed by an SEM.

2. Materials and Methods

In this study, it was found from checking the mechanical
properties of SiO2-coated CFRM composites and uncoated
CFRM composites that the lengths of fibers were 6mm and
12mm, and the fiber volume fractions varied from 0.5 to
2.0% by 0.5%. -is was compared and reviewed with plain
mortar. -e flow, air content, and unit weight were mea-
sured in the fresh mortar state, while the compressive and
flexural strengths were measured in the hardened mortar
state. Besides, the surface of the carbon fiber was observed by
SEM imaging.

2.1. Materials

2.1.1. Cement. -e cement used in this study is Ordinary
Portland Cement (OPC) produced by S Co., Ltd., with a
specific gravity of 3.13 and a powder density of 3,860 cm2/g.
-e chemical composites of cement are shown in Table 1.

2.1.2. Fine Aggregate. -e standard sand produced by
Jumunjin was used as fine aggregate to make uniform
mortar. -e specific gravity of fine aggregate in the dry
saturated state of the surface was 2.65, and the physical
properties of fine aggregate are shown in Table 2.

2.1.3. Carbon Fiber. -ehigh-strength carbon fiber based on
polyacrylonitrile (PAN) used in this study wasmanufactured
by T company in Japan, which has a tensile strength of

(a)(b)(c)(d)(e)

Figure 1: -e roles of fiber embedded in cement matrix: (a) matrix
cracking, (b) fiber/matrix debonding, (c) fiber bridging, (d) fiber
pull-out, and (e) fiber failure.
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4,900MPa and an elastic modulus of 230GPa. To secure a
uniform carbon fiber length, fibers were cut into the average
lengths of 6mm and 12mm prior to use. In order to secure
the length of the carbon fiber uniformly, it was cut from the
long fibers to 6mm and 12mm in average length. -e
physical properties of carbon fiber are shown in Table 3.

2.1.4. Surface Modification of Carbon Fiber. In order to coat
the surface of carbon fiber with a sizing agent, the reagents
and materials used in this study are colloidal SiO2 sol (ss-sol
30a, 30%, S-Chemtech Co., Ltd.) in which nano-SiO2 par-
ticles having a size of 10 nm are dispersed, and nitric acid
(HNO3, 60%, Samchun Chemical) was used as a catalyst.
GPTMS (99.9%, Sigma-Aldrich) was employed as a silane
coupling agent, EDA (99.9%, Sigma-Aldrich) as a hardener,
and ethanol (EtOH, 99.0%, Samchun Chemical) as a solvent,
respectively. -e reagent was used as such without purifi-
cation and chemical treatment. SiO2 sol was effective for
consistently synthesizing high-purity SiO2 particles at low
temperatures. Based on the reinforcing mechanism of the
modified carbon fiber, the SiO2 particles produced on the
surface of carbon fiber react with the hydration product
Ca(OH)2 in cementmatrix, forming by thus a C-S-H gel which
could improve the interfacial bonding force between fibers and
matrix. After removing first all impurities attached to carbon
fiber using acetone, the carbon fiber was oxidized by im-
mersing it in a nitric acid solution for 24 hours to increase the
surface activity, and the oxidized carbon fiber was washed with
distilled water and dried in an oven at the temperature of
110°C. -en, the dried carbon fiber was dipped in the hy-
drophilic SiO2-coating solution synthesized through the above
process for 3 hours to adhere the SiO2 particles to the surface of
the carbon fiber in order to surface-modify the carbon fiber
with hydrophilicity. Subsequent to being hardened in an oven
at 80°C for 1 hour, the carbon fiber was washed again with
distilled water and dried at 120°C for 2 hours in the final
process. Figure 2 shows the SiO2-coated carbon fiber and
uncoated carbon fiber used in this experiment.

2.2. Methods

2.2.1. Mix Proportions and Preparation of Specimens. -e
mix proportions of mortar applied in this experiment are
shown in Table 4. -e water-cement ratio (W/C) was kept
constant (equal to 0.5) for all mixtures according to the test
regulations of KS L ISO 679 [33], and the ratio (mass ratio)
of cement:standard sand:water� 1 : 3 : 0.5 was fixed. At this

time, coarse aggregate was not used. -at is, the amount of
each batch material in the mixing ratio corresponds to
450± 2 g of cement, 1,350± 5 g of sand, and 225± 1 g of
water. -e target flow value was mixed to be more than
190mm or more. -e amount of admixture added was
adjusted to 1.0% of the cement mass, and in case of plain
mortar, no particular admixture was added. -e admixture
used to ease the fluidity of carbon fiber is light yellow liquid,
high-performance AE water reducing agent having a specific
gravity of 1.04 and pH 5.0± 1.5 in a series of polycarboxylic
acid manufactured by D Co., Ltd., in Korea. Figure 3 shows
the main experimental process and casting progress of each
step for manufacturing of CFRM composite specimens. As
for the mixing method, cement and fine aggregate were
added first and then mixed, dried for 90 seconds. In order to
secure dispersibility of fibers, carbon fibers were added and
mixed for 60 seconds. -en, the blended water and ad-
mixture were added and immediately mixed for 90 seconds.
Following the 30-second pause, the attached mortar was
removed and finally a mixer was operated again for further
60 seconds. -e total mixing time was about 5 minutes. -e
specimens were demolded after 24 hours and immersed in a
water tank with the temperature maintained at 20± 2°C
constantly to perform underwater curing for 28 days of age.

2.2.2. Test of Flow and Unit Weight. In order to evaluate the
fluidity performance of mortar, a flow test was conducted
according to the test method of the “testing method for

Table 1: Chemical composites of cement (%).

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 F-CaO Ignition loss
21.47 6.21 3.70 59.24 2.08 0.13 1.08 2.48 0.57 2.87

Table 2: Physical properties of fine aggregate.

Size (mm) Unit mass (kg/m3) Density (g/cm3) Fineness modulus (FM)
2≤ 1,490 2.65 2.78

(a) (b)

Figure 2: Shapes of carbon fibers used in this experiment: (a) SiO2-
coated carbon fibers (6mm and 12mm) and (b) uncoated carbon
fibers (6mm and 12mm).

Table 3: Physical properties and shapes of carbon fiber.

Diameter
(μm)

Density
(kg/m3)

Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Elongation
(%)

7± 2 1,800 4,900 230 2.1
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compressive hydraulic cement mortar” in KS L 5105-2007
using the flow table specified in the “flow table for use in tests
of hydraulic cement” in KS L 5111-2017, and a unit weight
test was also performed according to the “standard test
method for unit weight and air content of fresh concrete” in
KS F 2409-2016.

2.2.3. Test of Air Content. Air content was measured using a
cylindrical vessel capable of securing 400± 1mL of water at
23°C, having a diameter of 76± 1.5mm and a depth of 88mm
according to the test method specified in the “testing method
for air content of hydraulic cement mortar”in KS L 3136-2005:

air content (%) � 100 − ω
182.7 + p

2000 + 4p
 , (1)

where ω is the mass (g) of 400mL mortar and p is the
percentage of mixed water on the basis of cement.

2.2.4. Test of CFRM Composite Mechanical Properties.
-e compressive and flexural strength test of mortar was
performed by preparing a mold according to the test method
of KS L ISO 679 [33], and the strengths were all measured at

28 days of age. -e cured cubic specimens of
40× 40×160mm were tested using a universal tester with a
capacity of 100 kN (MTDI Co., Ltd., Korea, UT-100F). -e
flexural strength test was carried out on the basis of a three-
point loading, and the specimen of 120mm in length and
40mm in height was loaded at a speed of 50N/s. After the
flexural strength test, a compressive strength test was con-
ducted with a cut specimen. In the compressive strength test,
the load area was 1,600mm2, and the speed was 2,400N/s.

2.2.5. SEM Observation. SEM images were photographed to
confirm whether the SiO2 particles were coated on the
surface of carbon fiber. -e equipment used for analysis was
MIRA LMH high-resolution SEM model of TESCAN. Be-
sides, after the fibers obtained by pulverization of CFRM
composite specimens were dried and coated with platinum
in a vacuum state, it was observed whether the SiO2 particles
remained still attached to the surface of carbon fiber.

3. Results and Discussion

3.1. Surface Topography of SiO2-Coated Carbon Fiber.
Figure 4 shows a photograph of the surface topography for
SiO2-coated carbon fiber measured by the SEM. Figure 4(a)

Table 4: Mix proportions of mortar.

Type of mortar W/C (%) C : S ratio Fiber volume fractions (%, in vol) Fiber lengths (mm) Content of SP (cement× 1.0%)

CC

50 1 : 3

0.5

6, 12 1.0

1.0
1.5
2.0

UC

0.5
1.0
1.5
2.0

p — — —
CC is the SiO2-coated carbon fiber mortar, UC is the uncoated carbon fiber mortar, p is the plain mortar, C : S is the cement to fine aggregate ratio, and SP is
the superplasticzer

(a) (b) (c) (d) (e)

(f ) (g) (h) (i) (j)

Figure 3: Main experimental process and casting progress of each step for manufacturing of CFRM composite specimens: (a) material
metering, (b) fiber mixing, (c) finish mixing, (d) compaction, (e) flow test, (f ) unit weight test, (g) air content test, (h) finish of specimens, (i)
compressive test, and (j) flexural test.
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shows an uncoated carbon fiber, Figure 4(b) shows a carbon
fiber pretreated with nitric acid, and Figure 4(c) shows a
carbon fiber coated with SiO2, observed by the SEM, re-
spectively. -e uncoated carbon fiber surface was neat and
smooth, with a diameter of approximately 7 μm as shown in
Figure 4(a). Compared to uncoated carbon fiber of
Figure 4(a), the carbon fiber pretreated with nitric acid in
Figure 4(b) has a string in the axial direction, increasing the
surface roughness of carbon fiber. -e objective of the
pretreatment with nitric acid as shown in Figure 4(b) is to
intensify roughness and to increase the number of COOH or
-OH functional groups on the surface of carbon fibers by
means of oxidation reaction in order to make SiO2 particles
easily attached to it. As shown in Figure 4(c), it can be seen
that, in case of SiO2-coated carbon fiber, particles of several
tens of nanometers in size are spread entirely and attached to
the surface of carbon fibers.

3.2. Properties of Fresh Mortar

3.2.1. Fluidity of Mortar. Figure 5 shows the test results of
flow values of SiO2-coated carbon fiber mortar and uncoated
carbon fiber mortar with different fiber lengths and fiber
volume fractions compared to plain mortar. -e flow values
were calculated from the average values measured in four
directions, and the flow value for mixture of plain mortar was
192mm, which satisfies more than the target flow value of
190mm. On the other hand, the flow value for mixture of
SiO2-coated carbon fiber mortar was 114 to 160mm, while
that of uncoated carbon fiber mortar was measured to be
103∼146mm. As shown in Figure 5, the variation in flow
value at the lengths of fibers (6mm, 12mm) was insignificant
but tended to decrease significantly as the fiber volume

fractions increased. When carbon fibers were mixed in the
ratio of 2.0% particularly, their flow was drastically reduced
and fluidity was very disadvantageous as far as fluidity of fire
balls and nonhydrophilicity of the fibers are concerned.-ese
results are due to the fiber balls caused by increase in the
viscosity of mortar and by partial absorption of the mixed
water during the mixing process, which is considered to show
a lower flow value than the plain mortar. Figure 6 shows
pictures that compare flows of SiO2-coated carbon fiber
mortar, uncoated carbon fiber mortar, and plain mortar,
respectively. -e uncoated carbon fiber mortar was not
sufficiently mixed, and some fibers were exposed to the
surface.When the reinforced fibers are uniformly dispersed as
the flow value increases, it may be evaluated that the flow
value of amortar increases accordingly. As a consequence, the
optimum dispersibility and workability could be obtained. In
dry mixing, fiber balls and maldistribution of fibers would
occur, and even in wet mixing, there was a tendency to make
smooth dispersibility difficult; entanglement between each
fiber could easily occur due to the increased amount of mixed
fibers, by thus affecting workability adversely.

3.2.2. Unit Weight of Mortar. Figure 7 shows the test results
of unit weight of SiO2-coated carbon fiber mortar and
uncoated carbon fiber mortar with different fiber lengths
and fiber volume fractions compared to plain mortar. As
shown in Figure 7, regardless of whether the fibers were
coated, variation in the unit weight was slight in fiber lengths
of 6mm and 12mm but tended to decrease significantly as
the fiber volume fractions increased. Compared to plain
mortar, the unit weight was significantly reduced.-is is due
to the difference in the density of cement and carbon fiber,
and it is thought that the unit weight is reduced due to the

(7μm)

(a) (b)

(c)

Figure 4: Surface topography of carbon fibers (20000 times): (a) uncoated carbon fiber, (b) nitric acid-treated carbon fiber, and (c) SiO2-
coated carbon fiber.
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large amount of incorporated carbon fibers with a relatively
smaller density than cement. Regardless of whether the fi-
bers were coated or not, the unit weight of carbon fiber
mortar could be reduced by about 4∼ 5% as fiber volume
fractions increased and by about 18∼ 20% of plain mortar.

3.2.3. Air Content of Mortar. Figure 8 shows the test results
of air content of SiO2-coated carbon fiber mortar and un-
coated carbon fiber mortar with different fiber lengths and
fiber volume fractions compared to plainmortar. As shown in
Figure 8, regardless of whether the fibers were coated or not,
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Figure 5: Flow test results with different fiber lengths and fiber volume fractions: (a) SiO2-coated carbon fiber and (b) uncoated carbon fiber.

(a) (b) (c)

Figure 6: Flow test of mortar samples: (a) SiO2-coated carbon fiber mortar, (b) uncoated carbon fiber mortar, and (c) plain mortar.
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Figure 7: Unit weight test results with different fiber lengths and fiber volume fractions: (a) SiO2-coated carbon fiber and (b) uncoated
carbon fiber.
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variation in the air content was slight when the lengths of
fibers were 6mm and 12mm but tended to increase a little as
the fiber volume fractions increased. Compared to plain
mortar, air content increased for both. -e test results esti-
mated that the effect on the air content in the case of carbon
fibermortar was not somuch, and the air content did not vary
significantly in line with the increasing rate of fiber mixture.

3.3. Properties of Hardened Mortar

3.3.1. Properties of the Compressive Strength. Figure 9 shows
the test results of the compressive strength of SiO2-coated
CFRM composite specimens and uncoated CFRM com-
posite specimens with different fiber lengths and fiber
volume fractions compared to plain mortar specimens. -e
compressive strength of plainmortar specimens at 28 days of
age was measured to be 30.6MPa in average. As shown in
Figure 9(a), the compressive strength was reduced compared
to plain mortar specimens, except for the CFRM composite
specimens with 0.5% of fibers and SiO2-coated carbon fiber.
Whether or not fibers were coated, the compressive strength
of the CFRM composite specimens showed an overall de-
crease in strength as the fiber volume fractions increased.
-is is thought to be caused by the carbon fiber, and the
strength of which is lowered because the interfacial bonding
force between fibers and matrix in the mortar was weakened
after hardening due to the nonhydrophilic material on the
surface of carbon fibers. -ese results were also reported in
the previous studies [34, 35], which revealed that the dis-
persibility of fibers decreased and more agglomeration was
caused since the fiber volume fractions become higher from
a certain amount, which resulted in decrease of the com-
pressive strength. As the flow value decreased due to fiber
volume fractions, the quality of material that could affect the
compressive strength was uneven and, as a consequence, the
compressive strength decreased accordingly. Regardless of
whether the fibers were coated or not, the compressive

strength tended to decrease rapidly due to high fiber volume
fractions when fibers were mixed in the ratio of 1.5% and
2.0%. In the event fibers were mixed with 2.0%, particularly,
it was difficult to uniformly disperse the fibers in cement
matrix. Moreover, fiber balls occurred and the compressive
strength was rapidly reduced due to insufficient dispersion.
When the lengths of fibers are 6mm and 12mm, and they
are mixed at 0.5% and 1.0%, the compressive strength was
almost the same or slightly different, but when mixed at
2.0%, the compressive strength of fibers was reduced
drastically by approximately 29.7∼ 55.3% more than plain
mortar specimens. Meanwhile, the use of 12mm fibers was
seen to be more efficient than that of 6mm ones. -erefore,
in case of the CFRM composite specimens, 0.5% and 1.0%
are considered to be the most appropriate fiber volume
fractions in terms of securing the compressive strength while
maintaining the maximum workability. Concerning the
tendency for the compressive strength to decrease rapidly
due to high fiber volume fractions, it is required to conduct
further studies to improve the strength.

3.3.2. Properties of the Flexural Strength. Figure 10 shows
the test results of the flexural strength of SiO2-coated CFRM
composite specimens and uncoated CFRM composite
specimens with different fiber lengths and fiber volume
fractions compared to plain mortar specimens. -e flexural
strength of plain mortar specimens at 28 days of age was
measured to be 3.1MPa in average. As shown in Figure 10,
the flexural strength of SiO2-coated CFRM composite
specimens demonstrated fairly higher value compared to the
plain mortar specimen in all types except for uncoated
CFRM composite specimens mixed with fibers of 6mm
length and in the ratio of 0.5%. In particular, the SiO2-coated
CFRM composite specimens with fiber length of 12mm and
mixture of 1.5% had the highest flexural strength of about
4.9MPa. It was analyzed that the flexural strength increased
by 10.4% and 58.1%, respectively, compared to uncoated
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Figure 8: Air content test results with fiber lengths and fiber volume fractions: (a) SiO2-coated carbon fiber and (b) uncoated carbon fiber.
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CFRM composite specimens and plain mortar specimens.
-ese results are judged to be because added fibers have a
bridging effect to prevent the growth of cracks and improve
the flexural strength through redistribution of stress. -e
flexural strength improved until the fiber volume fractions
reached up to 1.5%, but the increasing effect would not be so
great if the fiber volume fractions were greater than that.
Actually, however, it was laid bare that the fibers with a
length of 6mm and mixing ratio of 2.0% had the least
flexural strength because dispersibility and finishing per-
formance were not favorable due to the high fiber volume
fractions. Moreover, when the length of the fiber was 6mm,

it could be confirmed that the flexural strength was lower
than that of 12mm.-is is thought to be due to the bridging
action between the fibers that could not be obtained suffi-
ciently because the length of the fibers was reduced by 50%
compared to the 12mm fibers.

3.3.3. Relationship between the Compressive and Flexural
Strengths. Table 5 summarizes the test data results of the
compressive and flexural strengths of SiO2-coated CFRM
composite specimens, uncoated CFRM composite speci-
mens, and plain mortar specimens. For SiO2-coated CFRM
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Figure 9: Relationships between compressive strengths of the CFRM composite specimens with different fiber lengths and fiber volume
fractions: (a) SiO2-coated carbon fiber and (b) uncoated carbon fiber.
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Figure 10: Relationships between flexural strengths of CFRM composite specimens with different fiber lengths and fiber volume fractions:
(a) SiO2-coated carbon fiber and (b) uncoated carbon fiber.
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composite specimens at 28 days of age, the ratio of the
flexural strength to the compressive strength was within the
range of 1/5.3∼1/8.7. On the other hand, the ratio of un-
coated CFRM composite specimens was shown to be in the
range of 1/5.2 to 1/9.3, indicating that the flexural strength
increased a little compared to the 1/9.9 level of the plain
mortar specimen. -ese results are assumed to be because
the mixed fibers prevented crack propagation due to the
bridging role and the flexural strength was improved
through redistribution of stress. Regardless of whether the
fibers were coated or not, the flexural strength was improved
when fibers were mixed up at 1.5%, but the increasing effect
was not so great when more fibers were mixed. In case of
uncoated CFRM composite specimens having a fiber length
of 6mm and a mixture of 2.0%, it can be seen that the
flexural strength was the lowest because of poor dispersion
and finishing performance caused by high mixing ratio.

3.3.4. Flexural Stress-Displacement Relationship Curves.
Figure 11 shows the flexural stress-displacement relationship
curves of a representative specimen based on a three-point
loading test. In case of plain mortar specimens, the flexural
stress increased linearly, and there was little displacement
after reaching the maximum stress due to rapid brittle
fracture at the same time as the flexural crack occurred. On
the other hand, the CFRM composite specimens showed a
behavior in which the stress decreased after arriving at the
maximum stress, displacement increased to a certain extent,
and then the descending slope fell down gradually, while
displacement increased. In case of uncoated CFRM com-
posite specimens, it can be seen that the displacement is
subject to stress up to 1.7mm, and the displacement of SiO2-
coated CFRM composite specimens was found to resist up to
2.0mm due to ductile properties. -erefore, the amount of
displacement increased in the flexural stress and the

displacement curve was found to be the largest for SiO2-
coated CFRM composite specimens in the order of SiO2-
coated CFRM composite specimens> uncoated CFRM
composite specimens> plain mortar specimens.

3.4. SEM Observation. Figure 12 shows the microstructure
of the fiber surface observed by using SEM after the strength
test of SiO2-coated CFRM composite specimens and un-
coated CFRM composite specimens. In general, the bond
performance of reinforced fibers is affected by the interfacial
bonding force between fibers and cement matrix. -erefore,
to improve the interface bonding force between the fibers
and matrix in the cement composites, sizing treatment of

Table 5: Results of strength tests with different fiber lengths and fiber volume fractions.

Type of mortar Fiber volume fractions
(%, in vol)

Fiber lengths
(mm)

Mortar strength
(MPa) fc/fr

fc fr

SiO2-coated carbon
fiber (CFRM)

0.5 6 31.4 3.6 8.7
12 30.4 3.7 8.2

1.0 6 30.5 4.3 7.1
12 30.0 4.6 6.5

1.5 6 27.1 4.5 6.0
12 27.3 4.9 5.6

2.0 6 21.6 4.1 5.3
12 23.6 4.3 5.5

Uncoated carbon
fiber (CFRM)

0.5 6 29.6 3.2 9.3
12 28.6 3.4 8.4

1.0 6 28.5 3.9 7.3
12 28.0 4.2 6.7

1.5 6 25.3 4.1 6.2
12 24.8 4.5 5.5

2.0 6 19.7 3.7 5.3
12 20.7 3.9 5.2

Plain mortar — — 30.6 3.1 9.9
fc is the average of the compressive strength measured at 28 days, and fr is the average of the flexural strength measured at 28 days.
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Figure 11: Flexural stress-displacement relationship curves.
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carbon fibers is performed. If the interfacial bonding force is
large, the bond performance is excellent, whereas the bond
performance is poor, if the interfacial bonding force is small.
It is reported that the thickness between fibers and cement
matrix interface is about 10 to 50 μm, and this interface
thickness is known to affect strength and durability [36, 37].
As revealed in Figure 12(a), it can be seen that, in case of the
SiO2-coated CFRM composite specimens, large and small
C-S-H gels are uniformly distributed in a rough shape on the
surface of fibers, and almost no pores can be observed.
However, microcracks are shown to be occasionally oc-
curring, though. It is thus made clear that the interfacial
bonding force between fibers and matrix was improved
owing to formation and increase of the cement hydration
product. On the other hand, it was observed from
Figure 12(b) that the fiber surface of uncoated CFRM
composite specimens looked very clean and quite smooth
and that a number of pores were formed. -is is because the
cement hydration product is difficult to crystallize and has a
low affinity, so the interfacial bonding force between fibers
and cement matrix is low. It appears therefore that fiber balls
have occurred. As such, the SiO2-coated CFRM composite
specimens showed better interfacial bonding force than the

uncoated CFRM composite specimens owing to the im-
proved interfacial bonding force between fibers and cement
matrix.

4. Conclusions

In the present study, carbon fibers coated with SiO2 as
cement-reinforcing materials were manufactured, and the
mechanical properties of SiO2-coated CFRM composites
and uncoated CFRM composites with different fiber lengths
and fiber volume fractions were compared and analyzed.-e
outcomes of the study may be summarized as follows:

(1) -e target flow value of plainmortar was satisfactory,
but the flow values of SiO2-coated carbon fiber
mortar and uncoated carbon fiber mortar decreased
significantly as fiber volume fractions increased. In
this regard, there is a need for a means to insure
fluidity with increasing carbon fiber volume frac-
tions. In addition, compared to plainmortar, the unit
weight decreased by about 1820% as the fiber volume
fractions increased, while the air content increased a
little bit.

(a)

(b)

Figure 12: SEM images of CFRM composite specimens after strength tests (5000 or 1000 times): (a) SiO2-coated carbon fiber and (b)
uncoated carbon fiber.
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(2) Regardless of whether the fibers were coated, the
compressive strength of CFRM composite specimens
decreased somewhat compared to plain mortar
specimens, and there was a strong tendency that the
more the fiber volume fractions increased, the more
the compressive strength decreased. In particular,
when the fiber length was 6mm and mixed at 2.0%,
the compressive strength was significantly reduced.

(3) -e flexural strength of SiO2-coated CFRM com-
posite specimens was higher than that of uncoated
CFRM composite specimens and plain mortar
specimens by 10.4% and 58.1%, respectively. Par-
ticularly, when the fiber length was 12mm and
mixed at 1.5 %, the highest flexural strength could be
obtained.

(4) -e ratio of the flexural strength to the compressive
strength is approximately 1/5.3∼1/8.7 and 1/5.2∼1/
9.3 for SiO2-coated CFRM composite specimens and
uncoated CFRM composite specimens, respectively,
confirming that the flexural strength increased sig-
nificantly compared to the 1/9.9 level of plain mortar
specimens.

(5) -e SEM observation result showed that, in case of
SiO2-coated CFRM composite specimens, a number
of crystals of the cement hydration product were
formed on the surface of the carbon fiber, which
pushed the interfacial bonding force higher than that
of the uncoated CFRM composite specimens.
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