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Abstract: In this study, the influence of nano-CaCO3 (NC)
and nano-SiO2 (NS) on engineering properties of cementi-
tious composites reinforced with polyvinyl alcohol (PVA)
fibers was investigated including slump and fracture proper-
ties as well as compressive, flexural, tensile, and strengths.
The influence mechanism of NS content on properties of
cementitious composites was revealed. The combined effects
of NS and NC were evaluated on the composites made with
0.9% volumetric PVA fiber addition. The experimental results
showed that the addition of nanoparticles decreased the
workability of fresh cementitious composites reinforced with
PVA fibers. Higher NS content deceased more workability
and NC reduced more workability than NS for the
composites. There was an initial increase and later decrease
in compressive and flexural strengths as NS content alters
from 0% to 2.5%, while the continuous increase was found
in tensile strength. 1.5% NSmaximally increased compressive
strength and flexural strength, while 2.5% NS is optimal for
tensile strength. The composite containing NC exhibited
lower strengths than the composite containing the same
content of NS. The fracture energy, initiation, and unstable
fracture toughness slightly increased with the NS content
varying from 0% to 1.5%, while they reduced when NS

content was higher than 1.5%. The effects of NS and NC on
fracture energy and toughness were inapparent. The failure
mode of PVA fibers in the tensile strength test was changed
from pull-out to fracture with the addition of NS based on
microstructure characterization.

Keywords: engineering properties, fracture properties,
nano-SiO2, nano-CaCO3, microstructure, PVA fiber-reinforced
composite

1 Introduction

While traditional cementitious composites have found many
applications in global infrastructure, they do come with
some challenges including low ductility and high fracture
tendency [1,2]. As a solution, polyvinyl alcohol (PVA) fiber
is usually used to reduce fracture tendency and control the
propagation of cracks in cementitious composites [3]. The
bending resistance and durability of cementitious compo-
sites can be improved remarkably [4,5]. PVA fiber mainly
increases the toughness of the cementitious composite by
reducing stress concentrations on internal defects [6]. In a
study by Yu et al., the tensile stress and strain capacities of
the concrete were enhanced because of the increased
toughness [7]. Based on tests of dynamic tensile properties,
Cadoni et al. concluded PVA fiber addition considerably
enhanced tensile strain capacity and strength by reducing
fracture energy [8]. A study by Haskett et al. focused on the
influence of PVA fiber in stress zone of concrete and
concluded that PVA fibers effectively reduced the crack
number of compressive zone [9]. Even after cracks appear,
composites containing PVA fibers have strain hardening
performance associated with the bridge effect of the fiber in
tension zone [10].

However, a large number of study results have
indicated that PVA fibers were prone to be pulled out in
tension because of relatively small bonding strength
between the fiber and matrix. Ma et al. reported that the
existence of fly ash in the cementitious composites
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reinforced with PVA fibers could weaken the bonding
strength between the fiber and matrix owing to small
hydration rate of fly ash [11]. Li et al. found that failures of
fibers under tension were composed of pulling out with tiny
wearing, superficial wearing, and an end with partial
peeling [12]. The same fibers pullout also occurred in
geopolymer composite containing fly ash [8]. Atahan et al.
claimed that the amount of pull-out PVA fibers was high for
mixtures with 0.35 w/c [13]. The previous research work
indicates that with PVA fiber addition, the porosity of
cement paste was increased resulting in the reduction of
bond strength and the engineering properties [14,15].
Therefore, actions to reduce porosity to improve the
bonding strength between the fiber and cementitious matrix
is a critical need for further application of PVA fiber-
reinforced composites.

On the other hand, nanoparticles have been widely
used in the cementitious composite as an additive since
they can significantly enhance strength and durability
based on previous work. Nanoparticles were usually treated
as a cementitious material in cementitious composites
because of the influence on accelerating hydration and
improving microstructure [16,17]. Gonzalez et al. found that
the durability and strength of concretes were improved with
nanoparticle inclusion [18]. The investigation of Zhang et al.
indicated that 2% of content nanoparticles to cementitious
composites greatly enhanced flexural and compressive
strengths [19]. A 38% increase in tensile strength of the
cement pastes containing 2% nanoparticles was obtained by
Gesoglu et al. [20]. These improvements in engineering
properties are reportedly associated with the filling effect of
nanoparticles in voids and between unreacted particles in
composites, which led a decrease in total porosity [21].
Additionally, the addition of nanoparticles generally im-
proves the bonding strength of cementitious composites
[22]. Among the nanoparticles, nano-CaCO3 (NC) and nano-
SiO2 (NS) are mostly used nanoparticles in cementitious

composites [23–26]. However, at present, there are few
research results on the comparison of NC and NS particles
on properties of cementitious composites including the
physical properties and mechanical properties. Thereby, to
understand the influence of nanoparticles on engineering
properties of composites containing PVA fibers is essential
to improve the bonding strength between the PVA fiber
and the cementitious matrix. Related investigation on
engineering properties of the composites with different
types and contents of nanoparticles is very limited.

In the present study, NC and NS were adopted to
enhance the engineering properties of cementitious compo-
sites reinforced with PVA fibers, including the bonding
strength between the fiber and composite matrix. The effects
of varied NS contents and nanoparticle types on engineering
properties of cementitious composites reinforced with PVA
fibers were investigated by engineering tests. A double-K
fracture test was performed to determine the fracture
properties of composites. Additionally, the slump and
microstructure of composites were characterized.

2 Experiments

2.1 Materials

P.O42.5 Portland cement was used, which has a specific
gravity (SG) of 3.13 and a specific surface (SS) of
3,266 cm2/g [27]. According to GB/T 1596-2017 [28], the
first-level fly ash with low calcium was utilized, which
has SG of 2.13 and SS of 2,464 cm2/g. Table 1 provides
the properties of fly ash and cement. Short PVA fibers
with the content of 0.9% were used in this study. Table 2
lists its performance indices. NC and NS were employed
as nanoparticles in this investigation, the performance
indices of which are presented in Table 3. The flowability

Table 1: Composition of cement and fly ash

Composition (%) SiO2 MgO CaO Al2O3 SO3 Fe2O3 K2O Na2O

Cement 21.05 3.58 63.14 5.28 2.39 2.57 0.58 0.17
Fly ash 52.12 3.26 9.12 17.86 0.23 6.57 2.05 2.38

Table 2: Performance indices of PVA fiber

SG Tensile
strength (MPa)

Melting
point (℃)

Fiber
diameter (µm)

Dry fracture
elongation (%)

Fiber
length (mm)

Water
absorption (%)

1.32 1,400 220 20 15 9 <1
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of fresh composites was evaluated using a high-range
water reducing admixture (HRWR), and the performance
indices of HRWR can be seen in Table 4. The grain size
of the fine aggregate in this study is 212–380 µm.

2.2 Mix proportions

Referring to the investigation of Yew et al., the suggested
PVA fiber content used for concretes varies from 0.1% to
3.0% [29]. As a result, in this investigation, a 0.9% PVA
fiber volume fraction of the mixture was used. Five different
NS contents (0.0%, 1.0%, 1.5%, 2.0%, and 2.5% of binder by
mass) and the fixed NC content of 2.0% were used to
prepare the cementitious composites. In all, 6 proportions of
cementitious composites were designed with 0.38 water to
binder ratio (w/b) and 2 binders to the sand ratio (b/s) were
selected. The mix proportions are shown in Table 5.

2.3 Experiment method

2.3.1 Mixture preparing

The fresh mixture of the cementitious composite was
prepared using a Hobart mixer referring to the standards of

ASTM C305 [30]. Due to the remarkable aggregation effect of
nanoparticles, the workability of the cementitious composite
was influenced greatly by the addition of NS and NC
particles. To prevent the uneven dispersing of nanoparticles,
different mixing methods and stirring process were tried, and
the following appropriate mixing process was adopted. First,
the dry cement, fly ash, nanoparticles, and silica sands were
mixed for 2min. And then, one-third water and a half HRWR
were added into the mixture to be mixed for 1min. After that,
the rest HRWR and one-third of water were introduced and
agitated for 1min. Then, the rest water was poured into the
mixture and mixed for 1min. Finally, the PVA fibers were
divided into 4 parts, and each part was added and mixed for
2.5min, respectively. Before engineering performance tests,
the samples should be demolded after 24h and cured for 28
days under the standard curing condition (95% relative
humidity and 20℃ temperature).

2.3.2 Slump test

Since PVA fibers and nanoparticles could reduce the
workability of the cementitious composite [31–33], the
slump test was performed to determine the workability of
studied mixtures as per ASTM C1611 Procedure A [34]. The
evaluation index of slump flow was used to evaluate the
workability of fresh cementitious composites. For each
mixture, the average of two test results was reported.

2.3.3 Compressive strength test

For the compressive strength test, three 71 mm cube
specimens were tested for each mixture according to JGJ

Table 3: Performance indices of nanoparticles

Nano particles Content (%) PH SS (m2/g) Particle size (nm) Bulk density (g/cm3)

SiO2 99.5 6 200 30 0.055
CaCO3 99 9.3 23 30 0.3

Table 4: HRWR properties

SG Reducing
rate (%)

Chloride ion
content (%)

PH Alkali
content (%)

1.06 22.0 0.078 4.62 1.2

Table 5: Mix proportions for composites

Mixture Cement (kg/m3) Fly ash (kg/m3) NS (kg/m3) NC (kg/m3) PVA fiber (%) Sand (kg/m3) Water (kg/m3) HRWR (kg/m3)

NS-0.0 650 350 0 – 0.9 500 380 3
NS-1.0 640 350 10 – 0.9 500 380 3
NS-1.5 635 350 15 – 0.9 500 380 3
NS-2.0 630 350 20 – 0.9 500 380 3
NS-2.5 625 350 25 – 0.9 500 380 3
NC-2.0 630 350 – 20 0.9 500 380 3

Note: the mixture is named using the percentage of nanoparticle contents.
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70–90 [35]. The reported result was the average
compressive strength of triplicates.

2.3.4 Flexural strength test

The sample used for the flexural strength experiment
was 40mm × 40mm × 160mm prism. For each mixture,
three prisms were made. Flexural strength tests were
carried out using an electric flexure tester in accordance
with JTJ E30-2005 [36] as shown in Figure 1. Before the
test, the specimen was put into the holder of the flexural
tester, and the handwheel was turned first to make the
specimen contact with the loading roller. Then, the big
lever of the tester was adjusted to an appropriate angle.
After the specimen was fractured, the failure load can be
read on the scaleplate. The flexural strength (Rf) was
calculated by equation (1).

=R F L
b

1.5
f

f
3 (1)

where Ff is the load at fracture; L is the span of support
(100mm); and b is the prism width (40mm). The
average of three specimens was reported as result.

2.3.5 Tensile strength

Three 305mm × 76mm × 20mm specimens for each
mixture were cast to test uniaxial tensile strength based
on JTJ E30-2005 [36]. To avoid over gripping, the
specimen was wrapped on both ends by carbon cloth
using epoxy resin prior to testing. The displacement
during the tensile test was measured by a linear variable

differential transformer (LVDT) being installed in the
middle of the sample. Curves of stress–strain were plotted
by a computer automatically. Tensile strain at 50% peak
load was ultimate. The reported tensile strength and
ultimate strain were the average of three duplicates.

2.3.6 Fracture properties

The fracture properties of composites were investigated
using a three-point bending test. The samples used for the
bending experiment were precast notched beams with a
dimension of 100mm × 100mm × 400mm. As seen in
Figure 2(a), the precast notched beam specimen had
support span (S) of 300mm and initial notch length (a0)
of 40mm. The notch was cut with a width of 3 ± 1mm and
a length to depth ratio (a0/h) of 0.4. After the specimens
were cured for the designed curing period, an electric saw
was used to prepare the notch. Before sawing, the accurate
lines should be drawn on the two symmetrical side faces of
the specimen. The notch depth was controlled using a
triangular rule. The setup of the test was presented in
Figure 2(b). One LVDT was mounted at the middle of the
specimen to monitor deflection at mid-span. A clip-on gage
was set on the notch to measure crack mouth opening
displacement (CMOD). The bending tests were performed at
a rate of 0.05mm/min. Meanwhile, load, CMOD, and
deflection were measured to calculate fracture parameters.
The average of three replicates for each mixture was
reported as fracture toughness and fracture energy. In
addition, the most typical curve was selected among three
replicates as the reported curve.

Based on double-K fracture theory, the critical
CMOD (Vc) and the critical crack length (ac) at a peak
load (Fmax) have a relationship as seen in equation (2)
from DL/T5332-2005 [37].

= ( + ) − −

/

a h h tEV
F

h2
π

arctan
32.6

0.1135c 0
c

max

1 2

0








 (2)

where ac is the critical crack length (m); h is the specimen
height (0.1m); h0 is the thickness of clip extensometer
(0.001m); t is the specimen width (0.1m); Vc, is the
critical value of CMOD (µm); Fmax, is the peak load (kN);
and E, is the elasticity (GPa) determined by equation (3).
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where a0 is the initial length of notch (0.04m) and ci is
the CMOD/load on linear stage (µm/kN).

Figure 1: Flexure tester.

Effects of nanoparticles on engineering performance of cementitious composites reinforced with PVA fibers  507



Fracture toughness (K) has been widely used to
assess the fracture properties of concrete [38,39]. During
the entire bending test, no crack forms at the first stage
where crack propagation is linear elastic. Then, a crack
is under elastoplastic propagation until the fracture load
[40–42]. The crack initiation load (FQ) is the load at the
breakpoint from linear to nonlinear in the curve of load-
CMOD. In accordance with [37], the initiation of
toughness was calculated by equations (4) and (5).

( )

=

× + × × × ×

× ( )

− −

K
F S a

th
f α

1.5 10 10mg

IC
Q

Q 2
2 3

0

2
(4)

( ) =

− ( − )( − + )

( + )( − )

=

/

f α α α α α
α α

α a
h

1.99 1 2.15 3.93 2.7
1 2 1

,
2

3 2
0 (5)

where KIC
Q is the initial toughness (MPam1/2); FQ is the

initial crack load (kN); S is the distance of mid-span
(0.3 m); m is the weight of mid-span specimen (kg); and
g is the gravity acceleration (9.81 m/s2).

The fracture toughness at peak load is called as
unstable fracture toughness which was expressed as
equations (6) and (7) according to DL/T5332-2005 [37].
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+ × × × ×

× ( )

− −
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where KIC
S is the unstable fracture toughness (MPam1/2).

The fracture toughness meets:
• If <K KIC

Q, no crack propagation;

• If =K KIC
Q, crack starts stable propagation;

• If < <K K KIC
Q

IC
S , under stable crack propagation;

• If >K KIC
S , under unstable crack propagation.

Fracture energy is an indicator of crack resistance
and defined as the energy on a unit area in the direction
of crack propagation at fracture [43]. It is expressed as
equation (8) based on [44].

= +G W
A

mgδ
AF

0 0 (8)

where W0 (Nm) is the area under the curve of P-CMOD;
m (kg) is the m1 (weight of mid-span specimen) + m2 (weight
of load parts); δ0 (m) is the deflection in mid-span of fracture;
A (m2) is the net fracture area expressed by equation (9).

= × ( − )A b h a0 (9)

where h (m) is the height of the sample and b (m) is the
width of the sample.

Figure 2: Fracture properties test: (a) dimension of specimen, (b) setup of the bending test.
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2.3.7 Microstructure

The microstructure of mixtures was investigated using a
scanning electron microscope (SEM). The observation
areas were represented in the cementitious matrix and
fiber fracture of two previously fractured specimens (NS-
0.0 and NS-1.5) from the tensile strength test. The
observation mode was scattering electron (SE) at 100 ×
magnification.

3 Results and discussion

3.1 Slump

The results of a slump for the PVA fiber-reinforced
mixtures with different NS contents and nanoparticle
types are illustrated in Figure 3. It can be seen that the
composites with increasing NS content had up to 25%
lower flowability. Such effect was due to less water
retained on the NS surface caused by more water
absorption on its large surface area [45]. Moreover, the
gels formed by rapid reactions between dissolved alkalis
and NS had a high capacity of water retention [46]. Such
a declining effect was also observed for NC, and even
greater than NS. Liu et al. found similar results in the
effect of NC on flowability [47]. In general, with the same
water content, the incorporation of nanoparticles has an
adverse influence on the workability of cementitious
composites by two mechanisms: (1) the great superficial
area of nanoparticles tends to be moist and the trend to
assemble can reduce the quantity of free water in the
mixture; (2) the tiny nanoparticles will fill into the small

holes inside the matrix and improve the connection of
the network in the composite [48,49]. Similar findings
were reported by Singh et al. indicating that the
existence of NS in the matrix enhanced the yield stress
and water requirement thus reducing flowability [50].

3.2 Compressive strength

Figure 4 summarizes the results of compressive strength
for all composites. It implies that the highest compres-
sive strength among all the fiber-reinforced mixtures
was 71.7 MPa at 1.0% NS content. Regardless of NC, 1.0%
NS content significantly increased the compressive
strength of the cementitious composites by 16%, while
higher NS contents hurt the strength.

The initial increase in compressive strength with NS
content altering from 0% to 1.0% was associated with
the fine NS particles hydrating rapidly as well as
providing extra nucleation sites for the growth of CSH
gel [51]. Moreover, the NS hydration products filled the
void spaces between cementitious grains, fixing the pore
water, and decreasing the number of capillary pores [52].
Besides, NS participated in a pozzolanic reaction to
produce CSH gels, which promoted the generation of
hydration products in turn [51]. The later descending
effect with more NS was attributed to the decreased
distance between cementitious grains caused by too
much NS addition resulting in insufficient cementitious
hydration [53]. The 1% nanoparticle addition was
reported as optimal by Liu et al. [47] as well. Comparing
the compressive strength of the composite containing
2.0% addition of NS and NC, it indicates that the
strength of the composites containing NS was higher
than that containing NC. This is due to that the NS

Figure 3: Effects of nanoparticle content and type on slump flow of
cementitious composites.

Figure 4: Effects of nanoparticle content and type on compressive
strength.
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particle has a higher pozzolanic reactivity and hydration
which leads to larger amounts of CSH gels, especially in
the presence of fly ash [54].

3.3 Flexural strength

The influences of NS content and nanoparticle type in
flexural strength are shown in Figure 5. It reveals that
with NS content increasing from 0% to 1.5%, the flexural
strength considerably increased by up to 12%. This
promotion in flexural strength was owing to the filler
effect, large surface area, and improvement of pozzolanic
activity with NS addition [55]. However, over 1.5% NS
addition adversely impacted the flexural strength because
excessive NS tends to form abundant ettringite which
could lose strength caused by the internal stress [47].
Therefore, the optimal NS content for the flexural strength
of fiber-reinforced cementitious composite is 1.5%.
Similar to compressive strength, the mixture of NC had
lower flexural strength than that of NS for 2.0 content.

3.4 Tensile strength

The relationships between stress and strain during tensile
strength tests are presented in Figure 6. Table 6 summarizes
tensile strength and ultimate strain of composites. It is noted
that the tensile strength was substantially increased with a
dosage of NS increasing because of the filler effect of NS
which reduced the porosity of composite and the enhanced
cement hydration as a consequence of gel formation [56].
About 2.5% NS addition maximally increased the tensile
strength by 30.7% which indicates that NS enhancement in

tensile strength is more effective than in compression. The
interface bond of cementitious composites depends on the
bond strength of the interfacial transition zone (ITZ) inside
the cementitious composite. With the addition of nano-
particles, the density degree of the ITZ was improved greatly.
As a result, the bond between PVA fiber and cementitious
matrix was also improved which was confirmed from the
microstructure later. However, the ultimate tensile strain was
only slightly increased with greater NS (1–2%), and the
highest strain was obtained in NS-2.0, which means too
much NS could adversely reduce the ductility of PVA fiber-
reinforced cementitious composites.

Although NC improved the tensile strength, the
strengthening effect was marginal, again mirroring the effects
noted above. This is because NC increases the strength only
by accelerating the hydration of C3S [57], while NS
participates in the pozzolanic reactions, consuming Ca(OH)2
and producing CSH which becomes more efficient in turn
[50,58]. Gaitero et al. also reported that NS could enlarge the
mean length of the silicate chain of CSH gel to improve
strength [59].

3.5 Fracture properties

Figure 7 illustrates the influence of nanoparticles on the
relation curve of load and midspan deflection for all
composite mixtures. Based on the area under curves, it
can be found that the ductility and toughness greatly
increased as NS content increased from 0 to 1.5%, but
they declined with more NS addition. This tendency is
because NS content within 1.0–1.5% displayed filler effect
to reduce porosity in composite matrix by densifying the

Figure 5: Effects of nanoparticle content and type on flexural
strength.

Figure 6: Effect of NS content on tensile stress–strain curve.
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microstructure and the ITZ [60], while too large content of
NS was tendentious to self-desiccation, which leads to
microcracks in composites [58].

The effects of nanoparticle content and type on fracture
toughness of the composites are presented in Figure 8. As is
shown, both the initial toughness and unstable fracture
toughness slightly increased as NS content varying from 0%
to 1.5%, while they reduced when NS content was higher
than 1.5%. This phenomenon means the effect of moderate
NS addition was marginal on fracture toughness. However,
the excessive addition of NS (>1.5%) could weaken the
fracture toughness of the composites. Similar findings were
obtained on the mixtures with NC.

Figure 9 shows the fracture energy results. The trend of
fracture energy is coincident with that of fracture toughness,

i.e., the higher fracture energy, the larger fracture toughness.
This is related to fact that the bonding strength between the
PVA fiber and cementitious matrix was enhanced, therefore
increasing fracture energy and toughness [61]. However, with
excess NS, the fracture energy decreased because of non-
uniform NS distribution resulting in agglomeration of NS
which increased porosity and weakened the engineering
performance of the composites [62]. The fracture indices are
presented in Table 7. As can be seen from the table, the
fracture energy well explained the effect of NS on ac and
Fmax. The optimum NS content was 1.5%.

3.6 Fracture properties

SEM images were used to evaluate the influence of NS in the
engineering properties of the fiber-reinforced composites.

Table 6: Tensile properties of mixtures with different NS content

Mix NS-0.0 NS-1.0 NS-1.5 NS-2.0 NS-2.5 NC-2.0

Tensile strength (MPa) 3.13 3.28 3.49 3.84 4.09 3.24
Ultimate strain (%) 1.31 1.34 1.41 1.47 1.42 1.25

Figure 7: Effect of nanoparticles on the relation curve of load and
midspan deflection.

Figure 8: Effects of nanoparticle content and type on fracture
toughness.

Figure 9: Effects of nanoparticle content and type on fracture
energy.

Table 7: Summary of fracture parameters

Mix ac Fmax KIC
Q KIC

S GF

mm N MPam1/2 MPam1/2 N/m

NS-0.0 66.07 4,872 0.73 1.99 506.42
NS-1.0 68.83 4,934 0.75 2.03 514.95
NS-1.5 69.57 4,973 0.78 2.12 520.08
NS-2.0 63.15 4,228 0.70 1.93 509.22
NS-2.5 61.94 3,452 0.60 1.47 470.68
NC-2.0 61.65 3,059 0.50 1.29 475.14
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The aim was to observe the effect of NS on the failure mode
of cementitious composites reinforced with PVA fibers. The
microstructures of NS-0.0 and NS-1.5 mixtures at 100×
magnification are shown in Figure 10. It can be seen that
the microstructure was denser in NS-1.5 than in NS-0.0
specimens. As discussed, the improved density from the
filler effect of NS and the promoted cement hydration were
the main contributions to the engineering properties of
composites with NS addition.

A previous study implies that large amounts of PVA
fibers in the cementitious composite substantially enhanced
the tensile strength [63]. Conversely, the failure mode of NS-
0.0 specimens was predominantly pullout related. The
moderate NS addition in PVA fiber-reinforced cementitious
composites could significantly increase the bonding strength
between the fiber and composite matrix. These findings are
consistent with the results found in [61].

4 Conclusions

This paper investigated the effects of NS contents and
nanoparticle types on the slump and engineering
properties of PVA fiber-reinforced cementitious compo-
sites. Based on the test results, conclusions were drawn
as follows:
• (1) The addition of nanoparticles decreased the work-
ability of fresh cementitious composites reinforced
with PVA fibers. The composites with increasing NS
content had up to 25% lower flowability. Higher NS
content deceased more workability and NC reduced
more workability than NS for the composites.

• (2) There was initial increase and later decrease in
compressive and flexural strengths as NS content
alters from 0% to 2.5%, while continuous increase
was found in tensile strength. 0–1.5% NS addition was
optimal to enhance compressive and flexural strengths
of composites reinforced with PVA fibers, and 2.5% NS
was the best for tensile strength. The composite
containing NC exhibited lower strengths than the
composite containing same content of NS.

• (3) The fracture energy and initial and unstable fracture
toughness slightly increased with NS content varying
from 0% to 1.5%, while they reduced when NS content
was higher than 1.5%. The composite containing NC
had lower ductility and toughness than the composite
containing the same content of NS. The effects of NS
and NC on the fracture properties were limited.

• (4) NS incorporation of 1.5% decreased porosity and
densified the cementitious matrix. It also increased the
bonding strength between the fiber and composite
matrix. Consequently, most PVA fibers were fractured
instead of pull-out during tension by adding NS.
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