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This study evaluated the bond properties of polypropylene (PP) fiber in plain cementitious composites (PCCs) and styrene
butadiene latex polymer cementitious composites (LCCs) at different nanosilica contents. The bond tests were evaluated according
to JCI SF-8, in which the contents of nanosilica in the cement were 0, 2, 4, 6, 8, and 10wt%, based on cement weight.The addition of
nanosilica significantly affected the bond properties between macro PP fiber and cementitious composites. For PCCs, the addition
of 0–2wt% nanosilica enhanced bond strength and interface toughness, whereas the addition of 4wt% or more reduced bond
strength and interface toughness.The bond strength and interfacial toughness of LCCs also increased with the addition of up to 6%
nanosilica.The analysis of the relative bond strength showed that the addition of nanosilica affects the bond properties of both PCC
and LCC.This result was confirmed via microstructural analysis of the macro PP fiber surface after the bond tests, which revealed
an increase in scratches due to frictional forces and fiber tearing.

1. Introduction

Recently, a wide variety of high-performance and high-
durability cementitious composites have been developed
by improving structural functionality through the use of
admixture materials such as nanomaterials [1–4]. Nanoma-
terials are currently attracting intense attention for their
broad applicability to cementitious composites. Nanomate-
rials can produce tougher interfaces between aggregates and
cement particles [5–8]. Such properties are advantageous for
improving mechanical properties and long-term durability
in cementitious composites [1–8]. Despite these advantages,
introducing nanomaterials may increase the brittleness of
composites; improved strength can lead to more cracking,
especially if the particle size of the admixture is much smaller
than that of the cement [1–4]. To resolve this problem,
reinforcing fibers can be added [2, 9–15].

The ductile fracture of reinforcing fibers results from
controlling the generation and growth of cracks in cemen-
titious composites [9, 10, 12–15]. The degree of increase in

energy-absorbing capacity attributable to fiber reinforcement
of cementitious composites is determined by the bond-
ing mechanism between the fibers and the cementitious
composites, including fiber bridging, fiber debonding, fiber
pullout, and fiber fracture when cracks occur [9, 12–15]. Bond
characteristics are influenced by a variety of factors, such
as the morphological shape and length of the reinforcing
fiber, the surface properties, the interface between the cement
composite and the reinforcing fiber, and the strength of the
cement composite [9, 10, 12–15].

Nanomaterials consist of very small particles. As the
material fineness increases, the increase in surface area leads
to an increase in moisture absorption, which decreases the
workability of the material [1–4]. More water can be added to
ensure sufficient workability, but adding water also increases
the risk of crack formation during drying. Mechanical
properties, such as strength and long-term durability, may
also be negatively affected by the addition of water. There-
fore, in general, it is important to increase the workability
without increasing the unit water content. Latex polymer is
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Table 1: Properties of latex polymer.

Solids
content (%)

Styrene
content (%)

Butadiene
content (%) pH Density

(g/mm3)
Surface tension
(dyne/cm)

Particle
size (A)

Viscosity
(cps)

49 34 ± 1.5 66 ± 1.5 11.0 1.02 30.57 1700 42

Table 2: Physical properties of cement.

Surface area (cm2/g) Density (g/mm3) Stability (%) Setting time Compressive strength (MPa)
Initial (min) Final (min) 3 days 7 days 28 days

3,200 3.15 0.02 220 400 20 30 38

a semitransparent, milky liquid containing organic polymer
colloidal microparticles (0.5–5.0𝜇m diameter) [16–19]. The
particles, coated by surfactant, are dispersed in the solute, and
the surfactant enables the formation of single-polymer cells
via chain polymerization of the monomers. The surfactant
delays solidification, stabilizes the particles, and increases
the workability at a low water/cement ratio, while the latex
polymer particles form a film during hydration [16–24].
Therefore, latex polymer may be used to resolve the problem
of decreased workability of nanocementitious composites.
The decrease in the amount of water used to secure the
workability of nanocementitious composites can improve
their mechanical properties and durability. In particular,
in fiber-reinforced cementitious composites, the bonding
performance of the reinforcing fibers can be improved by
strengthening the interface between the fibers and cementi-
tious composite.

This study evaluated the bond properties of macro
polypropylene (macro PP) fibers in plain cementitious com-
posites (PCCs) and styrene butadiene latex polymer cemen-
titious composites (LCCs) containing varying amounts of
nanosilica. Styrene butadiene latex polymer (latex polymer)
replaced some (15 wt%) of the binder, and 0–10wt% of the
binder was replaced with nanosilica.

2. Experimental Procedure

2.1. Materials. Latex polymer was obtained from Jungang
Polytech, Korea. Table 1 lists its properties. Tables 2 and 3 list
the properties ofASTMType 1 cement andnanosilica, respec-
tively. Macro PP fiber is a hydrophobic material widely used
for cementitious composites. The fibers used in this study
were straight, smooth monofilaments made of noncorrosive
PP. Table 4 lists their properties.

2.2. Mix Proportions and Mixing Procedure. Table 5 lists the
mix proportions of nanosilica used in this study to evaluate
the bond properties between LCCs and macro PP fibers.
The nanosilica contents ranged from 0 to 10% of the binder
weight; latex polymer was used at 15% of the binder weight,
and the water-to-binder ratio was 0.47. The latex polymer
used in this study was dispersion of 49wt% solid polymer
particles with the balance as water and surfactants.The “total
latex polymer addition” noted in Table 5 refers to the amount
of latex polymer used, that is, the combined solid and liquid
contents. Latex polymer solid polymer particleswere added at

Table 3: Properties of nanosilica.

Mean diameter (nm) Surface area (cm2/g) SiO
2
(%)

10 5,000,000 >99.8

Table 4: Properties of macro polypropylene fiber.

Property Polypropylene fiber
Elastic modulus (GPa) 4.7
Density (g/mm3) 0.91
Fiber length (mm) 30
Fiber diameter (mm) 1
Tensile strength (MPa) 470
Surface Hydrophobic

a weight ratio of latex polymer to binder of 15% (i.e., 90.9 kg =
606 kg × 15/100 (%)). The amount of water contained was
94.61 kg/m3, and the added mixing water was 190.39 kg/m3.
However, the total amount of water was maintained at a
constant level of 285 kg/m3, and the water/binder ratio for the
entire mixing process was maintained at a constant level of
0.47. For the process of material mixing, cement, nanomate-
rials, and fine aggregates were added and dry-blended with
a mixer for 30 minutes. Generally, mixing water was added
over a period of 2 minutes and 30 seconds. Since the decrease
of fluidity caused by the addition of nanomaterials makes
thorough mixing difficult, an extra 5-minute blending time
was used after adding all of the materials, to ensure sufficient
blending of the mixture.

2.3. Slump Test. The slump test was carried out according to
the ASTMC 143 standard to investigate how the added nano-
silica affected the workability of the composite. Typically,
when coarse aggregates are not used, the standard test
method for flow of hydraulic cement mortar, ASTM C 143, is
applied to measure composite workability. However, because
latex polymer was used in this study, ASTMC 1437 could not
be applied; the flowability was too high if nanosilica was not
used. Therefore, the slump test was conducted according to
ASTM C 143 instead.

2.4. Flexural Test. Flexural tests were conducted in accor-
dance with the KS L ISO 679 standard [25]. Testmortar prism
specimens measuring 40 × 40 × 160mm were cured in water
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Table 5: Mix proportions.

Number of mix W/B∗ (%)
Unit weight (kg/m3)

Cement Water Fine aggregate Nanosilica Latex polymer
Total water∗∗ Water Total Solid Water

Number 1

47

606.00

285 285

0.00

0.00 0.00 0.00

Number 2 593.88 12.12
Number 3 581.76 24.24
Number 4 569.64 36.36
Number 5 557.52 48.48
Number 6 545.40 1363 60.60
Number 7 606.00

285 188.59

0.00

185.51 90.90 94.61

Number 8 593.88 12.12
Number 9 581.76 24.24
Number 10 569.64 36.36
Number 11 557.52 48.48
Number 12 545.40 60.60
∗Total water/(biner = cement + nanosilica).
∗∗Water + water from the latex polymer.

at 23±2∘C. Each test was performed on six specimens that had
been cured for 28 days. However, when nanosilica was added,
it became difficult to cast and compact the test specimens
due to increased viscosity and reduced workability. Thus, the
mixing time was increased to 5 minutes after all materials
were added, and compaction was carried out using vibrating
table and rods. Each test was performed on six specimens that
had been cured for 28 days.

2.5. Bond Test. Bond tests were conducted in accordance
with the Japan Concrete Institute (JCI) SF-8 standard for
fiber-reinforced concrete [26]. Bond tests were performed
using a 50 kN universal testing machine at a displacement
rate of 0.5mm/min in the displacement-controlled mode.
Figure 1 presents a schematic diagram of the preparation of
specimens.

Tests were based on the assumption that the bond
strength was distributed equally over the embedded length of
the macroscale synthetic fiber. Therefore, (1) is not represen-
tative of the local bond stresses that occur over differing bond
lengths.Thepullout strength of themacroscale synthetic fiber
was calculated according to [9, 20–22]

𝜏max =
𝑃max
𝜋𝐷𝐿

, (1)

where 𝜏max is the maximum pullout strength, 𝑃max is the
maximum pullout load, 𝐷 is the fiber diameter, and 𝐿 is the
embedded fiber length.

Interface toughness is critical for enhancing the ductility
of reinforcing fibers in cementitious composites. This prop-
erty is usually defined as the mechanical energy consumed
during fiber pullout and can be determined by integrating
the area under the pullout curve. The displacement required
to measure the interface toughness in the JCI SF 8 standard
is 2.5mm. The results of the pullout performance tests are
presented as the mean values for six specimens.

Partitioning board

Fiber

L1: embedment length
L2: anchored length

Lf: fiber length

L1

L2

Lf

t

t: thickness of partitioning board (1mm)

Figure 1: Arrangement of the partitioning board and fiber and
setting in the mold.

2.6. Microstructure Analysis. To evaluate how the addition
of nanosilica and latex polymer affected the behavior of
the adhesion interface between the macro PP fiber and
the cement matrix, the pullout resistance mechanism was
analyzed using scanning electronmicroscopy (SEM) analyses
of themacro PP fiber surface after the pullout test. After com-
pleting the pullout test, SEM images (100x magnification) of
the fiber pulled out of the cement matrix were obtained, and
the influence of the added nanosilica and latex polymer on
the friction resistance during the fiber pullout was analyzed
based on the scratches observed on the fiber surface.

3. Results and Discussion

3.1. Slump. Figure 2 presents the results of slump testing of
PCCs and LCCs as a function of added nanosilica.The slump
value for PCCs decreased below 50mm when more than
2wt% of nanosilica was added, and was 0mm when 4wt%
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Figure 2: Slump value of PCC and LCC with nanosilica contents.

Type of mix

0%
2%
4%

6%
8%
10%

Plain Latex
0

2

4

6

8

10

12

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

Figure 3: Flexural strength of PCC and LCC with nanosilica
contents.

was used. The slump value for LCCs decreased strongly with
increasing nanosilica content and was 0mm at weightings
of 8 wt% or more. Therefore, latex polymer is effective at
increasing the workability of cementitious composites [16–
24]. The latex polymer particles, coated with surfactant, are
dispersed in the solute, and the surfactant enables the forma-
tion of single-polymer cells via chain polymerization of the
monomers. The surfactant delays solidification, stabilizes the
particles, and increases the workability at a low water/cement
ratio [16–24].

3.2. Flexural Strength. Figure 3 presents the results for flex-
ural strength testing of PCCs and LCCs containing various
nanosilica contents. The flexural strength of LCCs increased
in the presence of nanosilica at contents up to 6wt% and
decreased at contents of 8 wt% or more. However, in the case
of PCCs, flexural strength increased at contents up to 2wt%of
nanosilica but decreased at levels greater than 4wt%. Initially,
the nanosilica particles filled the voids in the cementitious
composites [5–8], thereby increasing the flexural strength.
However, as the addition rate increased, so did the specific
surface area and absorption of water [1–4]. This increase in
water absorption deteriorated the workability and hindered
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Figure 4: Pullout behavior of macro PP fiber in PCC and LCC with
nanosilica contents.

material mixing, casting, and compacting of test specimens.
Air voids formed in the test specimens and decreased the
flexural strength. Latex polymer was effective at improving
the workability of cementitious composites [16–24], so LCCs
exhibited better workability at the same addition rate of
nanosilica compared to PCCs. Additionally, latex polymer
formed a film around the aggregate and improved flexural
strength [18, 19, 23].

3.3. Bond Behavior. Figure 4 presents the bond load versus
displacement curves of the macro PP fiber at different
nanosilica contents. The bonding behavior of the reinforcing
fibers in LCCs and PCCs can be classified into precracked
zones and debonded zones [9, 10, 13–15, 27]: the former
exhibits linear elastic behavior, while the latter displays
different behaviors depending on the frictional forces and the
rate of crack growth at the interface between the reinforcing
fibers and the cementitious composites [9, 10, 13–15]. In this
study, linear elastic behavior was observed in the precracked
zone, and pullout behavior was observed in the debonded
zone after cracks occurred and the bond load was reduced.
In the case of LCCs, the peak bond load in the precracked
zone increased up to 6wt% of nanosilica but decreased at
levels greater than 8wt%. The behavior in the debonded
zone exhibited a similar pattern: up to 6wt% of nanosilica,
the displacement at the same bond load increased, and the
bond load at the same displacement increased. However, at
nanosilica contents of 8 wt% or more, the displacement at the
same bond load decreased, and the bond load at the same
displacement decreased. For PCCs, the peak bond load in
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(b) Interface toughness

Figure 5: Bond strength and interface toughness of macro PP fiber in PCC and LCC with nanosilica contents.

the precracked zone increased up to 2wt% of nanosilica but
decreased at levels greater than 4wt%. The behavior in the
debonded zone showed a similar tendency. This result can
be attributed to two factors. First, given the much smaller
particle size of the nanosilica compared to that of the cement,
the nanosilica particles filled the voids at the interface of
the macro PP fiber and the cementitious composites, thereby
strengthening the interface so that the peak bond load
increased. Second, increased frictional forces at the interface
after the occurrence of cracks suppressed pullout of themacro
PP fibers. However, the more nanosilica was added, the more
mixing water was absorbed because of the increased specific
surface area, which resulted in higher cement viscosity and
decreased workability [1–4]. The higher viscosity hindered
casting and compacting of the cementitious composites and
tended to weaken the bonding between the cementitious
composites and macro PP fibers. By contrast, the superior
workability of LCCs enabled easier casting and compacting
of test specimens and improved bonding in LCCs compared
to PCCs.

3.4. Bond Strength and Interface Toughness. Figure 5 shows
the bond strengths and interface toughness values for dif-
ferent nanosilica contents. For LCCs, the bond strengths
in the composites at nanosilica contents from 0 to 10wt%,
in 2wt% increments, were 1.41, 2.49, 2.71, 3.43, 1.72, and
1.04MPa, respectively. The bond strength increased with
nanosilica contents up to 6wt% and then decreased for
contents greater than 8wt%. In the case of PCCs, at the same
nanosilica contents in 2wt% increments from 0 to 10wt%,
the values were 0.84, 1.99, 1.36, 1.15, 0.88, and 0.65MPa,
respectively. In this case, the bond strength increased for
nanosilica contents of up to 2wt% and then decreased
for contents greater than 4wt%. For LCCs, the interface
toughness values for nanosilica contents from 0 to 10wt%,
in 2wt% increments, were 14.72, 53.03, 58.56, 61.96, 41.42,
and 17.38N-mm, respectively. As with bond behavior and
bond strength, the interface toughness of the LCCs increased

for nanosilica contents of up to 6wt% and then decreased
when the content was 8wt% or greater. For PCCs, the
corresponding interface toughness values were 11.12, 33.53,
26.27, 17.63, 15.11, and 8.54N-mm for nanosilica contents
in 2wt% increments from 0 to 10wt%, respectively. Thus,
interface toughness in PCCs increased when the nanosilica
content increased from 0 to 2wt% and then decreased
when the content was 4wt% or more. These trends can
be attributed to decreasing cement workability caused by
greater absorption ofmixing water with increasing nanosilica
contents.This decreased workability hindered compaction of
test specimens and introduced voids at the bond interface
between themacro PP fiber and the cementitious composites,
thereby resulting in decreased bond strength and interface
toughness. However, the addition of latex polymer increased
the workability of cementitious composites and facilitated
compaction of test specimens [16–24]. The latex polymer
also formed a film that improved adhesion betweenmaterials
and improved the bond strength and toughness at the same
nanosilica content compared with PCCs.

3.5. Relationship between Flexural Strength and Bond Per-
formance. Figure 6 presents the correlation between flexu-
ral strength and bond performance at different nanosilica
contents. The flexural strength, bond strength, and interface
toughness behaviors at different nanosilica contents were
quite similar. For LCCs, the flexural strength, bond strength,
and interface toughness increased with increasing nanosilica
content up to 6wt% and then decreased at contents of 8 wt%
or more. For PCCs, the flexural strength, bond strength,
and interface toughness increased with increasing nanosilica
content up to 2wt% but decreased at nanosilica contents of
4wt% or more. These results indicate that strength and bond
characteristics are closely related.

3.6. Relative Bond Strength. The relative bond properties
were analyzed to evaluate the effects of nanosilica on bond
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Figure 6: Relationship between flexural strength and bond performance.
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Figure 7: Relative bond strength ofmacro PP fiber in PCC and LCC
with nanosilica contents.

properties. The relative bond properties were determined
using [27]

𝑅
𝑏
=
𝜏max
2
√𝑓
𝑇

, (2)

where 𝑅
𝑏
is the relative bond strength, 𝜏max is the maximum

bond strength, and 𝑓
𝑇
is the flexural strength.

Figure 7 presents the results for relative bond strength
and relative interface toughness. Both bond strength and
interface toughness in the composites were influenced by
the nanosilica content, regardless of flexural strength. In
the case of PCCs, the relative bond strengths were 0.30,
0.69, 0.49, 0.42, 0.34, and 0.32 for nanosilica contents of 0,
2, 4, 6, 8, and 10wt%, respectively. In the case of LCCs,
the relative bond strengths were 0.51, 0.85, 0.91, 1.13, 0.59,

and 0.39, respectively, for the same nanosilica contents. For
LCCs, the relative interface toughness values were 5.37, 18.21,
19.84, 20.43, 14.27, and 6.44 for nanosilica contents of 0, 2,
4, 6, 8, and 10wt%, respectively. For PCCs, the interface
toughness values at the same nanosilica contents were 4.05,
11.61, 9.78, 6.51, 5.84, and 4.21, respectively. The relative bond
strength and interface toughness exhibited the same tendency
as bond strengthwith increasing nanosilica content.Thus, the
nanosilica content significantly influenced the bond strength
and interface toughness ofmacro PP fiber in PCCs and LCCs.

3.7.Microstructural Analysis. After the bond tests, the surface
morphology of the macro PP fiber was studied using SEM.
Figure 8 shows images of the fiber surface after the bond tests
for PCCs to which nanosilica was added. Figures 8(a)–8(f)
correspond to fibers after bond tests at nanosilica contents
of 0, 2, 4, 6, 8, and 10wt%, respectively. Figure 8(a) shows
the scratching and tearing of fibers on the surface at both
ends of the fibers. In Figure 8(b), the scratching and tearing
increased, and the tearing extended to the central part of the
fibers; a considerable amount of nanosilica powder is seen
on the surface. Figure 8(c) shows that the surface of the fiber
caved in as a result of the tearing, due to the friction force
on the fibers. In Figure 8(d), nanosilica powder is seen on the
surface along with tearing of the fiber. In Figure 8(e), there
is less tearing of the surface and some nanosilica powder.
In Figure 8(f), slight tearing of the surface and only a small
amount of nanosilica powder on the surface were evident.

Figure 9 presents SEM images of the fiber surface
after bond tests of LCCs to which nanosilica was added.
Figure 9(a) shows evidence of scratching on the surface.
Figure 9(b) shows the remaining nanosilica powder and
tearing of the surface. Figure 9(c) shows tearing of the fibers,
although the tearing appeared to be partial. Figure 9(d) shows
tearing of the fiber and surface scratching over a significant
portion of the fiber surface. Figure 9(e) shows that although
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(a) 0% (b) 2%

(c) 4% (d) 6%

(e) 8% (f) 10%

Figure 8: SEM investigation of macro PP fiber surface in PCC with nanosilica contents.

tearing and scratching appeared over the entire fiber surface,
this phenomenon tended to decrease after 6% nanosilica
addition. Figure 9(f) shows the tearing and scratching of the
fiber over a portion of the fiber surface.

Scratching of the fiber surface and tearing of the fiber
occurred for PCCs and LCCs during pullout of macro PP
fibers. Pullout resistance of the fibers improved as frictional
forces increased, and greater pullout resistance improved
interface toughness. Scratches generated by frictional forces
at the fiber surface caused fiber tearing and exhibited a trend
similar to that observed for interface toughness.

4. Conclusions

This study evaluated the bond behavior of macro PP fiber in
PCCs and LCCs at different nanosilica contents. Dog-bone
specimens were used for the bond tests according to the JCI

SF-8 standard. The microstructures of the fiber surfaces after
the bond tests were studied to investigate the bonding mech-
anisms between the fibers and the cementitious composites
containing nanosilica.The results are summarized as follows:

(i) Slump tests indicated that, for both PCCs and LCCs,
at higher nanosilica contents, the viscosity increased
and the slump value decreased. However, at the same
nanosilica content, the slump value of LCCs was
greater than that of PCCs, because latex polymer
increased the workability of cementitious composites.

(ii) Bond strength and interface toughness tests revealed
that both properties increased for nanosilica contents
of up to 2wt% but then decreased at contents greater
than 4wt%. Bond strength and interface toughness
of macro PP fiber and LCCs increased at nanosilica
contents up to 6wt%. However, the bond strength
and interface toughness decreased for contents of
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(a) 0% (b) 2%

(c) 4% (d) 6%

(e) 8% (f) 10%

Figure 9: SEM investigation of macro PP fiber surface in LCC with nanosilica contents.

8 wt% and greater. Latex polymer also increased the
adhesion betweenmaterials, so the bond strength and
interface toughness were relatively better in LCCs
than in PCCs.

(iii) Relative bond performance was also analyzed to eval-
uate how the addition of nanosilica to the composites
influenced the bond performance between macro
PP fiber and cementitious composites. Nanosilica
significantly affected the bond performance between
the macro PP fiber and the cementitious composites.
The addition of latex polymer increased the relative
bond strength between the cementitious composites
and the macro PP fiber at a given nanosilica content.

(iv) Post-bond-test microstructural analyses of the fiber
surfaces confirmed the results of the bond perfor-
mance tests. The severity of scratching and fiber

tearing of the macro PP fiber surface due to frictional
forces followed the same trend as that observed for
bond strength and interface toughness. Nanosilica
particles filled the interface voids between the macro
PP fiber and the cementitious composites and affected
the bonding mechanism.
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