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1. Introduction

In recent years,

the durability and service life of

Abstract. In this study, the effect of water-cement ratio on the mechanical properties
(compressive, abrasion, tensile, flexural strength, and permeability) of nano-silica concrete
reinforced with polypropylene fibers is evaluated. The specimens contain 4% of nano-silica,
0.30, 0.35, 0.40, 0.45, and 0.50 of water-cement ratios, and 0, 0.10, 0.15, 0.25, and 0.35 per-
cent volumes of polypropylene fibers. Other design features remain fixed in all concrete sam-
ples. The results of the experiments showed that with decreasing the ratio of water to ce-
ment from 0.50 to 0.30, all the mechanical properties of the concrete were improved. In ad-
dition, the test results showed a significant increase in mechanical properties improvement
of concrete by using polypropylene fibers. Tensile strength, flexural strength, and abrasion
resistance of concrete increased up to 22%, 40%, and 27%, respectively, for the 28-day
age specimens. In addition, a considerable reduction of hydraulic conductivity coefficient
to 51% indicates high durability of these types of concrete. Compressive strength showed
increment rates of 22%, 15%, and 14% for 7-, 28-, and 90-day age specimens, respectively.

(© 2020 Sharif University of Technology. All rights reserved.

encompasses the techniques of manipulation of the
structure on the nanometer scale to develop a new
generation of tailored, multifunctional cementitious

cementitious materials have been playing an important
role in their operation as construction and pavement
materials [1]. Nanotechnology has attracted consider-
able scientific interest due to the new potential uses
of particles on a nanometer scale. Nano-technology
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composites with superior mechanical performance and
durability, potentially having a range of novel prop-
erties such as low electrical resistivity, self-sensing
capabilities, self-cleaning, self-healing, high ductility,
and self-control of cracks. Concrete can be nano-
engineered by the incorporation of nano-sized building
blocks or objects (e.g., nano-articles and nano-tubes)
to control material behavior and add novel properties,
or by the grafting of molecules onto cement particles,
cement phases, aggregates, and additives (including
nano-sized additives) to provide surface functionality,
which can be adjusted to promote specific interfa-
cial interactions [2]. The nano-scale size of particles
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can result in dramatically improved properties from
conventional grain-size materials of the same chem-
ical composition. Thus, industries may be able to
reengineer many existing products and design new
and novel products that function at unprecedented
levels. When ultra-fine particles are incorporated into
Portland-cement paste, mortar or concrete, materials
with characteristics different from those of conventional
materials are obtained. The performance of these
cement-based materials is strongly dependent on nano-
sized solid particles of Calcium-Silicate-Hydrates (C-
S-H), or nano-sized porosity at the interfacial tran-
sition zone between cement and aggregate particles.
Typical properties affected by nano-sized particles or
voids include strength, durability, shrinkage, and steel-
bond [3]. It seems that, in the near future, significant
developments will be observed in concrete technology
thanks to the introduction of nano-SiOs with high
purity and a finer particle size. Studies have shown
that the application of nano-SiO, into the production
of mortar and concrete would lead to improvement in
compressive strength, flexural behavior, and abrasion
resistance [4,5]. Therefore, nano-SiO can be applied to
the production of High-Performance Concrete (HPC),
which has gradually replaced normal strength concrete.
The rate of pozzolanic reaction is proportional to the
amount of surface available for reaction and owing to
the high specific surface of nano particles. They possess
high pozzolanic activity and consume Calcium Hydrox-
ide (CH), which arrays in the interfacial transition
zone between hardened cement paste and aggregates,
and produce Calcium Silicate Hydrates (C-S-H), which
enhances the strength of cement paste. Polypropylene
fibers have been widely used for the reinforcement
of cementitious materials to improve the toughness
and energy absorption capability of the matrix [6].
Ozawa and Morimoto [7] carried out permeability tests
on high-strength concretes (72 MPa) including 0.15%
volume of polypropylene {ibers (PPF). Results showed
the residual permeability increasing 12 times after
heating the PPF concrete to 500°C compared to the
reference concrete. Thus, the improvement of per-
meability increase reduces the likelihood of explosive
spalling. Dehghan et al. [8] focused on experimental
evaluation and numerical simulation of a simple prac-
tical retrofitting technique employing Fiber Reinforced
Concrete (FRC) surface layer. In their research, the
simple FRC mix has conventional available fiber, low-
fiber content, ordinary mix design, and applicable
construction procedure. Effects of FRC mix including
fiber type and fiber content and surface layer thickness
on in-plane behavior of masonry panels made up of
conventional solid clay bricks were evaluated through
experimental study in accordance with ASTM E-519
diagonal tension strength of masonry panels. In addi-
tion, they investigated the numerical simulation model

of this retrofitting technique in ABAQUS software and
validated test results of bare and retrofitted panels.
Badv and Omidi [9] found PPF extremely effec-
tive in reducing free plastic shrinkage, retarding first
crack appearance, and controlling crack development.
Research results indicated that the ductility of concrete
using fiber greatly increased. Additionally, an overall
improvement in the application of fiber is an increase in
tensile, flexural, and shear strength. Concrete cracking
can be delayed and controlled with the application of
fibers in concrete. Compressive strength of concrete
is increased by adding some kind of fibers to concrete
mixtures [10,11]. Another advantage of adding fibers
to concrete mixture is the improvement in cavitation
resistance, ductility, toughness, and resistance to abra-
sion and erosion [12]. In recent years, many studies
have been conducted on the mechanical characteristics
of reinforced fiber concrete. Such concrete is used
in retrofitting and repairing the covering of concrete
structure tunnels, carpentries stabilizing, asphalts, etc.
According to the results of research studies, the in-
crease of formability and bending strength are the
extra advantages of adding fiber to concrete. Two
kinds of fiber used very often in the concrete include
steel fiber and polypropylene fiber [13,14]. Shariati et
al. [15] performed an experimental study to investigate
the behavior of angle shear connectors embedded in
High-Strength Concrete (HSC) slab. Eight push-out
specimens were tested to cover various geometries of
angle shear connector. On top of the experimental
study, the accuracy of the available equations in es-
timating the load capacities of angle connectors was
also evaluated for the angles embedded in HSC. Their
results showed inadequate ductility behavior for the
angle shear connectors embedded in HSC. Nonetheless,
the angle connectors exhibited good behavior in the
case of strength degradation under cyclic loading.
Nanotechnology is an emerging avenue of research
with a potential impact on every domain of science
and technology [16]. There are a number of definitions
for nanotechnology given by many researchers. All
these advantages are pertinent to the kind of fiber
and its concentration in the mixture; its high melt-
ing point (170°C) and its chemical neutrality make
it strong acidic and alkali resistant. Polypropylene
fibers have hydrophobic levels, which protect them
against wetting with cement paste. The hydrophobic
nature of polypropylene has no effect on the amount
of water needed for concrete [17-19]. Concrete is
the most widely used construction material because
of the several well-known advantages it offers such as
low cost, general availability, and wide applicability.
However, concrete is a quasi-brittle material, and its
brittleness increases with its strength. Relatively low
tensile strength and poor resistance to crack opening
and propagation are the main disadvantages of conven-
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tional concrete [20,21]. Development of modern civil
engineering construction has generated an essential de-
mand for new types of concretes, which should possess
improved qualities such as high-strength, toughness,
and durability [22]. Currently, fiber plays a very
important and rapidly growing role in modern concrete
technology. Harnessing fiber as concrete reinforce-
ment allows enhancing its mechanical properties and
obtaining significant economic benefits. Fiber quickly
becomes an important element of sustainable develop-
ment of the construction industry [23]. Examples of
new types of concrete include HSC, HPC, and high-
performance fiber-reinforced concrete. The properties
of such concretes show a substantial improvement over
those of conventional concrete [24,25]. However, HSC
is more brittle than normal-strength concrete, and this
limits the utilization of HSC. Additionally, it is well
understood that the use of supplementary cementitious
materials such as silica fume, ground granulated blast-
furnace slag, and fly ash as part of binders is required
for the production of high-strength concretes [26,27].

Considering the effect of water-cement ratio
and PPF on five mechanical characteristics of con-
crete (including compressive, abrasion, tensile, flexural
strengths, and hydraulic conductivity coefficient) and
studying the behavior of concrete in a wider range are
the objectives of this research in order to obtain their
optimum percentages. Finding this optimum percent-
age for the application of fiber-reinforced concrete in
different hydraulic and building structures is the main
novelty of the present manuscript.

2. Material properties and experimental setup

2.1. Materials
In preparation of samples of nano-silica concrete mix-
ture, the following components were considered:

e Compressive strength of the 28-day specimen is 45
MPa;

e The cement used in these experiments is Portland
cement Type I (52.5 N);

e The water-cement ratios are 0.30, 0.35, 0.40, 0.45,
and 0.50;

e The maximum diameter of aggregates is 10 mm;

e The amount of fixed nano-silica and 4% consump-
tion cement are replaced;

e Type of fibers is polypropylene with 19 mm length
and 0.01 mm diameter and considered 0, 0.10, 0.15,
0.25, and 0.35 percent volumes;

e Glenium SKY 592 was used as superplasticizer;

e The aggregates (gravel and sand) were of ballast
type;

Table 1. Chemical compositions of the used
nano-silica [28].

Chemical Nano-silica
component content (%)
SiO2 96

AL»0O3 0.40
Fes O3 0.35
CaO 0.20
MgO 0.25
Na»O 2.25
K>O 0.27
SO3 0.28

Table 2. Properties of polypropylene fibers (PPF) [28].

Specific gravity (kg/m®) 910
Tensile strength (MPa) 300
Elastic modulus (MPa) 3500

Fiber length (mm) 19
Fiber diameter (mm) 0.01

Aspect ratio (1/d) 1900

Melting point (°C) 170

e The slump test range of specimens was 50 to
100 mm.

The results of chemical analysis of nano-silica and
the chemical and physical characteristics of polypropy-
lene fibers are shown in Tables 1 and 2, respectively.
PPFs are resistant against chemical materials such as
acids, alkalis, and chlorides and have low electrical and
thermal conductivity. Figures 1 and 2 show the use of
nano-silica and polypropylene fibers in the construction
of test samples, respectively.

The grading of aggregates and mixture design of
nano-silica concrete containing PPFs were in accor-
dance to ASTM C136 [29] and ACI-211 [30] standards,
respectively. The fiber concrete mixture design is
shown in Table 3, and every mixture design was
conducted with a weighting method, and the results
are shown in Table 4.

Figure 1. Nano-silica used for reinforcing concrete.
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Figure 2. Polypropylene fibers used for reinforcing
concrete.

2.2. Testing methods
The following tests have been done on concrete speci-
mens in this research:

e Compressive strength test on 150 x 150 x 150 mm
cubic specimens at the ages of 7, 28, and 90 days
by special jacks according to BS 1881 part 116 [31]
standard. The following equation was used for
compressive strength calculation:

Compressive Strength = P/A, (1)
where P is the applied load at fracture, and A is the
cross-sectional area of cubic samples;

e Abrasion resistance test on 150 x 150 x 150 mm
cubic specimens at the age of 28 days by water
sandblasting method according to ASTM C418 [32]
standard. The following equation was used for
abrasion depth calculation:

he = V/A, (2)

where h, is the abrasion depth, V is the volume of
holes, and A is the area of the triturated surface;

e Hydraulic conductivity coefficient measurement test

on 150 x 300 mm cylindrical specimens at the
age of 28 days by the penetration depth method
according to ISO 1920-5 [33] standard. The follow-
ing equations were used to calculate the hydraulic
conductivity coefficient and porosity of specimens:

K, = h2V/2Th, (3)

where K, is the permeability coefficient of con-
crete, m/s; h, is the water permeability depth,
m; T is the water permeability time, sec; h is
the height arising from pressure, m; and V is the
concrete porosity. The formula for porosity is given
as follows:

V={(w/c)x(100-36.15x )/ (w+100/g)},  (4)

where w/c is the water-cement ratio; o is the cement
hydration degree; w is the gravity water of concrete,
Kg/m?, and g is the cement specific weight, gr/cm?;
Tensile strength test on 150 x 300 mm cylindrical
specimens at the age of 28 days by indirect split-
ting method (Brazilian test) according to ASTM
C496 [34] standard. The following equation was
used for tensile strength calculation:

2P
fct_ﬂ_LDv (5)

where P is the applied load at fracture moment, and
L and D are the length and diameter of the cylinder,
respectively;

Flexural strength test on 100 x 100 x 500 mm
prismatic beam specimens at the age of 28 days
according to ASTM C1018 [35] standard. The
following equation was used for flexural strength
calculation:

Table 3. Fiber concrete mixture designs.

Scheme Polypropylene Polypropylene Superplasticizer
number fiber (%) fiber content (kg) (%)

1 0.10 0.63

2 0.15 0.94 95

3 0.25 1.57

4 0.35 2.21

Table 4. Concrete mixture design proportions (kg/m?).

W/C Water Nano-silica Cement Sand Gravel
0.30 150 20 480 800 860
0.35 175 20 480 800 860
0.40 200 20 480 800 860
0.45 225 20 480 800 860
0.50 250 20 480 800 860




686 S. Piroti et al./Scientia Iranica, Transactions A: Civil Engineering 27 (2020) 682-692

PL
fT: W? (6)

where P, L, b, and d are the applied load at fracture
moment, the length of specimen, the section’s width,
and the section’s height, respectively.

3. Results and discussion

3.1. Compressive strength test results

The variation curves of compressive strength of speci-
mens containing fibers at the ages of 7, 28, and 90 days
in terms of water-cement ratio and fiber percent for
different mixture designs are shown in Figure 3. The
highest compressive strength of all specimens pertains
to the specimens with a water-cement ratio of 0.30, and
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Figure 3. The variation curve of compressive strength of
specimens at the ages of 7, 28, and 90 days with respect to
water-cement ratio and fiber percent.
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the lowest compressive strength is for the water-cement
ratio of 0.50 samples.

Figure 4 shows that the addition of 0.10% fibers
improves the compressive strength of specimens at the
ages of 7, 28, and 90 days by 22%, 15%, and 14%,
respectively. In addition, 0.15% addition of fibers
to the specimens improves the compressive strength
at the mentioned ages by about 13%, 9%, and 8%,
respectively. Furthermore, the addition of fibers to the
specimens improves the compressive strength at the
mentioned ages by about 9%, 6%, and 5% for 0.25%
of fibers and 7%, 4%, and 3% for 0.35% of fibers,
respectively.

Using 0.10% of fibers and 4% nano-silica increases
the compressive strength at the ages of 7, 28, and 90
days. More than 0.10% utilization of fibers decreases
the compressive strength of specimens at any age due
to unsuitable distribution of fibers. The constant value
of superplasticizer and the increasing fibers content
decrease the slump of concrete and affect the reduction
of compressive strength of specimens. The porosity of
concrete specimens increases by the addition of fibers.

3.2. Abrasion resistance test results

Figures 5 and 6 show the chart of abrasion depth of
fibrous and non-fibrous specimens in terms of water-
cement ratio. It can be concluded that the slope of
abrasion depth curve dwindles by increasing the water-
cement ratio from 0.30 to 0.50; this can be related to
the biphasic (mortar and aggregates) nature of concrete
in abrasion. The abrasion resistance of mortar phase

0.45 0.50

50.40 0.45 0.50 0-30 035 0-40

w/e

Figure 4. Compressive strength improvement of fibrous specimens with respect to water-cement ratios at the ages of 7,

28, and 90 days.
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Figure 5. The fluctuation curve of abrasion depth with
respect to water-cement ratio and fiber percent.
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Figure 6. The variation curve of abrasion depth with
respect to water-cement ratio.

decreases by increasing the water-cement ratio, and the
abrasion resistance of concrete approaches the abrasion
resistance of aggregates.

Figure 7 shows the variation of abrasion resistance
in terms of 28-day compressive strength of concrete.
It can be concluded that the abrasion resistance of
concrete increases by increasing compressive strength.
In other words, those that increase the compressive
strength of concrete can improve the abrasion resis-
tance of concrete, too.

Figure 8 shows that at the water-cement ratios
of 0.30, 0.10%, 0.15%, 0.25%, and 0.35%, addition
of fibers to the specimens improves their abrasion
resistance by 17%, 27%, 9%, and 6%, respectively. The
PPF prevent the bleeding and transmission of water to
concrete’s surface, which improves the homogeneity of
concrete, uniformity of water-cement ratio at all parts
of the specimen, and continuity of hydration. This fiber
reduces the permeability of concrete’s surface and in-
creases the concrete’s age and abrasion resistance that
prevents disintegration and lamination of concrete’s
surface. Using up to 0.15% of fibers and 4% nano-
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Figure 7. The fluctuation curve of abrasion resistance
with respect to compressive strength.
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Figure 8. The chart of abrasion depth improvement with
respect to water-cement ratio and fiber percent.

silica increases the abrasion resistance of the specimens.
Their abrasion resistance decreases by more than 0.15%
addition of fibers due to the porosity increment of the
specimens.

3.3. Hydraulic conductivity coefficient test
results

Figure 9 shows the variation curve of water’s pen-

etration depth of fibrous and non-fibrous specimens

in terms of different amounts of water-cement ratio.

Water’s penetration depth increases by increasing the

water-cement ratio.

Figure 10 indicates the diagram of changes in
hydraulic conductivity coefficient of fibrous and non-
fibrous specimens in terms of different amounts of
water-cement ratio. Hydraulic conductivity coefficient
of concrete increases with an increase in the water-
cement ratio.

Figure 11 shows that at the water-cement ratios
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Figure 9. The fluctuation curve of penetration depth
with respect to water-cement ratio and fiber percent.
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Figure 10. The variation curve of hydraulic conductivity
coefficient with respect to water-cement ratio and fiber
percent.
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Figure 11. The chart of hydraulic conductivity
coefficient improvement with respect to water-cement
ratio and fiber percent.

of 0.30, 0.10%, 0.15%, 0.25%, and 0.35%, addition of
fibers to the specimens improves the penetration depth
of water by 17%, 30%, 22%, and 20%, respectively.

The reduction of penetration depth of water in the
presence of fibers results from the placement of fibers
between the connection paths of pores that obstruct
them; hence, the capillarity that is a resonant factor
of permeability will be removed and, therefore, the
permeability of specimens will reduce.

Using up to 0.15% of fibers and 4% nano-silica
decreases the penetration depth of water and perme-
ability of specimens. These factors will increase if more
than 0.15% of fibers are used. This behavior results
from the porosity increment of specimens.

3.4. Tensile strength test results

Figure 12 shows that 0.10% addition of fibers places a
sensible effect on tensile strength. Higher proportions
of fibers increase the tensile strength of the specimens
with a lower slope.

Non-fibrous specimens experience a type of dis-
integration during fracture. The application of fibers
resolves this problem completely.

Figure 13 shows that at 0.30 of water-cement
ratio, 0.10%, 0.15%, 0.25%, and 0.35% additions of
fibers to the specimens improve their tensile strength
by 17%, 20%, 22%, and 19%, respectively.

Ordinary concrete has low tensile strength, which
is one of its shortcomings. Using fibers will increase
the tensile strength and ductility of concrete due to
the high tensile strength of fibers.

Using up to 0.25% of fibers and 4% nano-silica
increases the tensile strength of specimens. It is seen
that the tensile strength of the specimens decreases if
more than 0.25% of fibers are used. This behavior is
due to the unsuitable distribution of fibers, which is
obvious on the apparent surface of those specimens.
The fracture line has approximately passed through
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Figure 12. The fluctuation curve of tensile strength with
respect to water-cement ratio and fiber percent.
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Figure 13. The chart of tensile strength improvement
with respect to water-cement ratio and fiber percent.
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Figure 14. The variation curve of flexural strength with
respect to water-cement ratio and fiber percent.

the regions with less fiber density. In other words,
using more than 0.25% of fibers in specimens causes
the balling phenomenon, which exterminates the effect
of fibers practically.

3.5. Flexural strength test results

Figure 14 shows that 0.10% addition of fibers places a
seusible effect on flexural strength. Higher proportions
of fibers increase the flexural strength of specimens
with a lower slope. In the presence of fibers at
specimens, two main statuses between cracks and fibers
are observed: vertical and horizontal. If fibers pass
through the edges of cracks vertically, the integrity of
concrete will be preserved until large deformations due
to fibers bridging cracks occur and the flexural strength
increases due to cracks sewn by fibers.

Figure 15 shows that at 0.30 of the water-cement
ratio, 0.10%, 0.15%, 0.25%, and 0.35% additions of
fibers to the specimens improve the flexural strength of
specimens by 34%, 38%, 40%, and 36%, respectively.

Using fibers in ordinary concrete as a brittle ma-
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Figure 15. The chart of flexural strength improvement
with respect to water-cement ratio and fiber percent.

terial increases the ductility of specimens and improves
the flexural strength of concrete.

Using up to 0.25% of fibers and 4% nano-silica
increases the flexural strength of the specimens. It is
achieved that their flexural strength decreases if more
than 0.25% of fibers are used. This behavior results
from unsuitable distribution of fibers. The fracture line
has approximately passed through the regions with less
fibers density. In other words, using more than 0.25%
of fibers in specimens causes the balling phenomenon,
which exterminates the effect of fibers practically.

4. Microstructures

Studying the microstructure of cement paste and con-
crete using Scanning Electron Microscope (SEM) im-
ages has revealed a new horizon in concrete technology
in recent years. Concrete characteristics including
specific gravity and all kinds of chemical reactions
and hydration that are created in the initial and final
setting processes of concrete have a direct and close
relationship with the concrete microscopic structure.
Therefore, it is necessary to study the microstructure
of concrete in the process of cement hydration and the
placement state of concrete besides various admixtures
such as the materials added to concrete, including
various types of fibers and pozzolans using SEM, which
are very important. In this investigation, PPF and
nano-silica were added to concrete, and detailed studies
of their arrangement in the concrete structure were
conducted.

Figure 16(a) illustrates the reference specimens
without fibers and nano-silica in which porosity in the
concrete structure in these specimens is quite evident.
Moreover, Figure 16(b) depicts a specimen with 0.25%
of optimum PPF and 4% of nano-silica. As can be
seen from Figure 16(b), the mechanical properties have
been improved using optimum PPF in the presence
of nano-silica in the concrete. In addition, nano-
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Figure 16. SEM micrograph: (a) Reference sample
(non-fibers and nano-silica), (b) fiber-containing sample
(0.25% of polypropylene fibers) and 4% of nano-silica.

silica to concrete (4% by weight of cement) reduces
the volume of cavities and creates a smooth surface
with less porosity. The difference between the density
of reference sample and the fiber-containing sample is
clearly evident.

5. Conclusion

Considering the previous investigations and the tests
of this research, the following results are obtained:

Using 0.10% of fibers and 4% nano-silica increased
the compressive strength at the ages of 7, 28, and
90 days. More than 0.10% utilization of fibers
decreased the compressive strength of specimens at
any age due to unsuitable distribution of fibers. The
constant value of superplasticizer and increasing
the fibers content decreased the slump of concrete
and affected the reduction of compressive strength
of specimens. The porosity of concrete specimens
increased with the addition of fibers;

The slope of abrasion depth curve dwindled by
increasing the water-cement ratio from 0.3 to 0.5;
this could be associated with the biphasic (mortar
and aggregates) nature of concrete in abrasion. The
abrasion resistance of mortar phase decreased by
increasing the water-cement ratio, and the abrasion
resistance of concrete approached the abrasion resis-
tance of aggregates. Therefore, to increase the abra-
sion resistance of concrete, mortar and aggregates
should be reinforced together. Reducing the water-
cement ratio, nano-silica and polypropylene fibers
(PPF) utilization, and timely and proper curing can
boost the mortar phase. The aggregate phase will
boost by using abrasion-resistant aggregates;

Using up to 0.15% of fibers and 4% nano-silica
increased the abrasion resistance of the specimens.
The abrasion resistance of the specimens decreased
by more than 0.15% addition of fibers. The porosity
increment of specimens due to much more fiber
addition and the absence of polymer admixtures,
which does not make a suitable cohesion between
fibers and concrete matrix, caused this behavior of
concrete. Therefore, a suitable cohesion between
fibers and concrete either by the apparent form
or the polymer material addition to concrete is
an appropriate solution for improving the abrasion
resistance of concrete;

The reduction of concrete’s permeability in the
presence of fibers resulted from the placement of
fibers between the connection paths of pores that
obstruct them; hence, the capillarity, which is a
resonant factor of permeability, would be removed
and, therefore, the permeability of specimens would
reduce;

Using up to 0.15% of fibers and 4% nano-silica
decreased the penetration depth of water and per-
meability of specimens. These factors will increase
if more than 0.15% of fibers are used. This behavior
is due to higher porosity of specimens by more than
optimum value addition of fibers;

Using up to 0.25% of fibers and 4% nano-silica
increased the tensile and flexural strength of speci-
mens. It is expected that the tensile and flexural
strength of specimens will decrease if more than
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0.25% of fibers are used. This behavior results
from the unsuitable distribution of fibers, which is
obvious on the apparent surface of those specimens.
The fracture line approximately passed through the
regions with less fiber density. In other words,
using more than 0.25% of fibers in specimens caused
the balling phenomenon, exterminating the effect of
fibers practically;

In the presence of fibers in the specimens, two main
statuses between cracks and fibers were observed:
vertical and horizontal. If fibers pass through the
edges of cracks vertically, the integrity of concrete
will be preserved until large deformations occur due
to fibers bridging between cracks and the flexural
strength increases due to cracks sewn by fibers;

It is clear from the Scanning Electron Microscope
(SEM) images of the fracture surfaces of hard-
ened paste that the presence of nano- silica and
polypropylene fibers at optimum levels improved the
density of the cement paste structure, and the paste
structure had clearly higher density and uniformity
in the presence of these two materials.
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