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Abstract: Impact drop weight tests, rapid chloride migra-
tion coefficient tests, single-sided freeze—thaw tests, and
mechanical property tests were performed to investigate
the effect of the steel fiber (SF) content on the impact
resistance and durability of concrete containing nano-
Si0, (NS). A fixed NS content of 3% and six SF contents
in a range of 0-2.5% by volume were used. The impact
resistance was measured based on the number of blows
(N1, N2) and the impact energy. The durability of concrete
includes its freeze—thaw resistance and chloride ion pene-
tration resistance, which were appraised by the chloride
ion diffusion coefficient (CDC) and relative dynamic elastic
modulus (RDM), respectively. The ductility ratio was used
to predict the impact resistance of concrete containing NS
with different SF contents, and a linear relation between
this ratio and the impact energy (R? = 0.853) was found.
The experimental results indicated that SF could greatly
improve the impact resistance of concrete. The addition of
2.0% SF increased N1 and N2 by 106 and 169%, respec-
tively. In addition, an appropriate SF content significantly
improved the durability of the concrete, including its frost
resistance (especially in the middle and late freezing—
thawing cycles) and chloride ion penetration resistance.
An SF content of 1.5% was the optimum, decreasing the CDC
of nano-concrete by 17.1% and minimizing the RDM loss.
Moreover, the 1.5% SF content increased the compressive
strength of concrete containing NS by 18.5%, whereas an SF
content of 2.0% increased the splitting tensile strength and
flexural strength by 77 and 20%, respectively. Furthermore,
when the SF content exceeded a certain value, the improvement
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effect on these properties began to decrease and even
became negative.
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1 Introduction

Concrete has been widely used in civil construction engi-
neering because of its excellent mechanical properties,
good workability, and plasticity [1]. In recent years,
with the rapid expansion of China’s infrastructure con-
struction and the continuous progress of urbanization,
the demand for concrete has continued to increase [2].
However, the limitations of cementitious materials make
ordinary concrete brittle, with a low tensile strength, dur-
ability, crack resistance, toughness, and impact resis-
tance [3]. The service performances of numerous concrete
buildings rapidly deteriorate before the structures reach
the end of their design service life [4]. An appreciable
number of concrete structures must be demolished before
they reach half of their design service life because of the
poor durability properties of ordinary concrete [5]. At the
same time, there has been a trend toward ultra-high
strength, ultra-high rise, and long service life character-
istics for modern civil structures [1]. It is accepted that
traditional concrete has become increasingly difficult to
adapt to the requirements of modern civil structures.
Over the past few years, nanomaterials have been
widely used because of the great improvement that they
provide in the mechanical properties and durability of
cementitious composites. Nanomaterials are defined as
particles between 1 and 100 nm in size with a large spe-
cific surface area [6]. It is generally believed that the
enhancement of specific area will provide a superior sur-
face for chemical reactions, thus accelerating the pozzo-
lanic reaction within the material [7]. The production of
pozzolanic reactions can densify the concrete microstruc-
ture by reducing the porosity and improving the inter-
facial transition zone performance, which can greatly
improve the durability and mechanical properties of
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concrete [8,9]. In addition, nanomaterials have become
more affordable with the development of production
technologies, the price of NS is about US$ 2300 per ton,
nano-CaCO; is US$ 500 per ton, and nano-Al,Q; is US$
2000 per ton in China. Previous studies have shown that
the amount of nanomaterials incorporated is very small
(about 4 kg in 1 m® concrete) [10,11]. The excellent per-
formance and acceptable price of nanomaterials have
attracted considerable attention. In recent years, researchers
have investigated the effects of different nanomaterials on
concrete, such as nano-metakaolin, nano-TiO,, nano-Al,Os,
nano-Fe,03, nano-CaCOs, phosphorous slag, and graphene.
[12-18]. Among these nanomaterials, nano-SiO, (NS) is the
most widely studied and used material. Because of their
hot activity, NS particles can accelerate the formation of
calcium silicate hydrate (C—S—H) gel and the dissolution of
tricalcium silicate, providing a nucleating location for the
C-S-H inclusion [19]. Zhang et al. performed experiments
to study the effects of steel fiber (SF) and NS on the dur-
ability of concrete and showed that incorporating NS sig-
nificantly enhanced the cracking resistance, permeability
resistance, freezing—thawing resistance, and carbonation
resistance of concrete when the NS content was limited to
a certain range [20]. A group of researchers conducted a
rapid chloride penetration test, which showed that mixing
3 or 6% NS significantly improved the chloride ion penetra-
tion resistance of concrete by refining the pore structure
of the cementitious matrix [21]. Zhao et al. investigated
the influence of different NS contents on the durability
of concrete and found that adding NS could improve the
freezing-thawing resistance of concrete by reducing the
capillary pores in concrete specimens [22]. Zhang et al. sum-
marized the effect of NS on high-performance concrete
(HPC) and concluded that adding NS could significantly
enhance the mechanical properties and durability of HPC,
including its compressive strength, flexural behavior,
crack resistance, abrasion resistance, water anti-perme-
ability, chloride permeability, resistance to high tempera-
tures, frost resistance, and water absorption capacity [1].
Ganesh et al. studied the influence of NS on the properties
of geopolymer mortar and concluded that 2% NS signifi-
cantly improved the compressive strength, splitting tensile
strength, bending strength, and fracture performance of
geopolymer mortar [23]. So far, numerous studies have
been conducted on the effect of NS on cementitious com-
posites, most of which focused on their durability and
mechanical properties.

The biggest challenges for traditional concrete are its
low ductility and high fracture risk, which can shorten
the service life and make structural safety a serious con-
cern. Besides, the variation of temperature and relative
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humidity in the mixing process could produce tensile
stress in early-age concrete, which will cause cracks,
especially for ultra-high strength concrete [24]. However,
because of the properties of nanomaterials and their
strengthening mechanism in concrete, simply adding
nanomaterials cannot improve the defects of traditional
concrete. Therefore, even though the durability and
mechanical properties of concrete are greatly improved
by the addition of NS particles, the toughness, ductility,
and crack resistance of concrete still need to be enhanced
[25]. Over the past few decades, numerous types of fibers
have been widely used in traditional concrete. The fibers
commonly used in concrete include different types of syn-
thetic fibers [26-29], natural fibers [30], carbon fibers
[15,31], and glass fibers [32]. Compared with other fibers,
SFs have obvious effects of strengthening, toughening,
and cracking resistance on concrete, and SFs have the
advantages of simple manufacturing technology, conve-
nient construction, and relatively low price, and hence
SFs are the most researched and widely used concrete fiber
materials. Zhang et al. investigated the fracture perfor-
mance of SF-reinforced concrete containing NS and con-
cluded that the addition of 2% SF produced the greatest
improvement in the fracture properties of HPC containing
NS and fly ash [25]. Li et al. found that adding SF to light-
weight aggregate concrete significantly enhanced its post-
cracking ductility [33]. Liu et al. experimentally investi-
gated the influences of rubber and SF on the flexural prop-
erties of concrete, and the results indicated that the addi-
tion of SF led to significant improvements in the crack
resistance, flexural strength, and toughness of rubberized
concrete [34]. Niu et al. proved that SF improved the frost
resistance of concrete by optimizing the pore structure,
and a 1.5% SF content could significantly reduce the dete-
rioration process of the concrete under frost damage [35].
There are different opinions among researchers regarding
the chloride penetration resistance of SF-reinforced con-
crete. A group of researchers have studied the durability of
concrete mixed with SF and revealed that SF could slow
down the diffusion of chloride ions in concrete samples
and had a positive effect on the chloride ion penetration
resistance of ordinary concrete [36]. However, other
researchers found that the SF could increase the porosity
at the interface between the SF and the matrix and pro-
vided an open pore structure for aggressive ions from out-
side [37]. Many tests have been conducted to investigate
the properties of SF-reinforced concrete, most of which
focused on its toughness, ductility, and durability.

As one of the most widely used building materials,
concrete is typically used under quasi-static loading con-
ditions. However, many concrete structures are frequently
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subjected to extreme impact forces. These impact forces
come in various forms, including the impact of a vehicle
on a concrete pier in a traffic accident; the impact of a
falling object; the impact of water or ships on offshore
structures, hydraulic structures, or bridge structures; and
the impact of an explosion during a war or terrorist attack
[38]. Because of the poor energy absorption capacity and
brittleness of concrete, these various forms of impact can
cause great harm to the safety and durability of a concrete
structure [39]. To overcome the drawbacks of impact
forces, researchers have proposed enhancing the impact
resistance of traditional concrete by adding discontinuous
short fibers. In recent years, SF [40], polypropylene fibers
[41], polyvinyl alcohol fibers [42], carbon fibers [43], and
other fibers have been widely studied as additives. The
results have shown that adding various fibers can provide
significant resistance to crack propagation in the cement
matrix and enhance the impact resistance of concrete
under static and impact loads. Compared with other fibers,
SF has a more significant improvement effect on the
mechanical properties and impact resistance of concrete
because of its high strength and toughness; therefore,
adding SF into the concrete matrix can provide higher
ductility and deformability [44].

Recently, a growing number of studies have focused
on the effects of NS particles on the mechanical properties
and durability of concrete, and numerous studies have
considered the effects of SF on the durability and cracking
resistance of concrete. However, systematic investigations
on the impact resistance and durability of concrete with
the simultaneous additions of SF and NS are still lacking.
This study utilized an NS content of 3%, along with six SF
contents in the range of 0-2.5% by volume. Impact drop
weight tests, rapid chloride migration coefficient tests,
single-sided freeze—thaw tests, and mechanical property
tests were carried out to study the effect of the SF content
on the impact resistance and durability of concrete con-
taining NS. A linear relationship between the ductility ratio
and impact energy was established, which was perhaps
the first time that the ductility ratio has been linked to
the impact energy. This study had the goal of elucidat-
ing the SF-reinforcing mechanisms and providing design

Table 1: Composition of cement (%)

SiOz Al203 Fe203 Ca0 MgO Nazo Kzo 503

21.05 5.28 2.57 63.14 3.58 0.17 0.58 2.39
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Table 2: Composition of fly ash (%)
Si02 Ale3 Fe203 Ca0 MgO Nazo Kzo 503
52.12 17.86 6.57 9.12 3.26 2.38 2.05 0.23

guidance for practical engineering applications of SF-rein-
forced concrete containing NS.

2 Experimental program

2.1 Raw materials

P.I 42.5 Portland cement, produced by Shandong Lucheng
Cement Co., Ltd., and Class 1 fly ash, produced by
Luoyang power plant, were used in this study. Their com-
positions and properties are listed in Tables 1 and 2,
respectively. Broken stones (with grain diameters ranging
from 4.75 to 26.5 mm) were used as coarse aggregate (CA),
and natural river sand with a fineness of 2.7 was used as
fine aggregate (FA). In addition, a liquid superplasticizer
(SP) with a water reducing ratio of 30% was used to
improve the flowability of the concrete. The NS used in
this study was produced by Wan Jing New Material Co.,
Ltd., Hangzhou City, and its appearance and properties
are shown in Figure 1 and Table 3, respectively. Milling
SF was chosen as the additive for the concrete specimens
because it can effectively improve the bond strength of
the fiber matrix, along with the flexural strength and
toughness [45]. The appearance and properties of the
SF are shown in Figure 2 and Table 4, respectively.

Figure 1: Image of NS.
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Table 3: Properties of NS
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Purity (%) pH Average particle

size (nm)

Specific surface area
(m?/g)

Dry reduction (%) Loss on
ignition (%)

Stacking density
(g/m?)

99.6 6.2 30 200

1.0 1.0 0.054

Figure 2: Image of SFs.

2.2 Mix proportions and specimen
preparation

Constant water-to-binder and sand ratios of 0.37 and 39%
were used in this study, respectively. According to the
related studies on fly ash, 15% of the weight of the cemen-
titious material was replaced by fly ash to ensure the
performance of the concrete [46,47]. A fixed NS content
of 3% and six different SF volume fractions (0, 0.5, 1, 1.5,
2, and 2.5%) were used, as summarized in Table 5. Pre-
vious research indicated that adding nanomaterials to the
water for mixing before it was added to the mixer could
ensure that the nanomaterials were mixed uniformly
[48]. Based on this, the NS particles and SP were added
to the water for mixing, and this mixture was added to the
mixer to obtain a better dispersion effect and reduce the
adhesion of the nanomaterials to the mixer. The prepara-
tion process for the concrete specimens is given below.
First, SP and NS particles were added to the water for
mixing. Then, the mixer was soaked with water. After the
mixer was wetted, CA and FA were added and stirred for
60 s, followed by stirring with cement and fly ash for 60 s.
Then, SF was added in the direction of the impeller of the

Table 4: Properties of SF

mixer. After 30 s of stirring, the mixture of water, SP and
NS were added to the mixer and mixed for 60 s, after
which the remaining water was added and mixed for
60 s. Finally, the fresh mixture was poured into molds
and compacted on a vibrating table. All the specimens
were kept at ambient temperature for 24 h until demolding
and then cured in a standard curing room for 28 days
to reach the test age. The mixing process is shown in
Figure 3.

2.3 Experimental methods
2.3.1 Mechanical property tests

Mechanical property tests were carried out according to
the Chinese National Standard JT/G E30-2005. Three spe-
cimens were prepared for each mix ratio, and the mean
value of the three results was obtained. Cube specimens
(150 mm x 150 mm x 150 mm) were used for the compres-
sion tests, which were conducted in a hydraulic servo
testing machine with a maximum bearing capability of
2000 kN. Beam specimens (100 mm x 100 mm x 400 mm)
were used to evaluate the flexural behavior, which was
tested using an antifracture testing machine. The split-
ting tensile strength was measured using a hydraulic
servo testing machine with a maximum range of 1000 kN,
and cube samples with a side length of 150 mm were used
for this test.

2.3.2 Impact resistance test

The impact resistance test was carried out in accordance with
the Chinese National Standard CECS 13-2009. An impact
testing machine manufactured by Hualong Instrument Co.,
Ltd. was used. Five 150 mm x 150 mm x 150 mm cube speci-
mens were prepared for each mix ratio. Figure 4 shows the

Length (mm) Equivalent diameter (mm)

Length—diameter ratio Tensile strength (MPa)

32.0 0.56

57.1 800.0
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Table 5: Mix proportions of concrete specimens

Mixture no. Water (kg/m3  Cement (kg/m®)  Fly ash (kg/m?)  FA (kg/m3) CA (kg/m3®) NS (%) SF(%) SP (%)
Plain concrete (PC) 190 437 77 646 990 0 0 0
NS3-SF00 190 423.89 77 646 990 3 0 0.6
NS3-SF05 190 423.89 77 646 990 3 0.5 0.6
NS3-SF10 190 423.89 77 646 990 3 1.0 0.8
NS3-SF15 190 423.89 77 646 990 3 1.5 1.0
NS3-SF20 190 423.89 77 646 990 3 2.0 1.2
NS3-SF25 190 423.89 77 646 990 3 2.5 1.4

CA. FA

Mixed for 60s

¥

Cement. Fly ash

Mixed for 60s

Y

SF

Mixed for 30s

L 4

Mixture of water,SP
and NS

Mixed for 60s

¥

Remaining water

Mixed for 60s

Concrete

Figure 3: Mixing process of concrete.

apparatus used for the impact tests. Because of the large
distribution of the impact resistance test data, the maximum

the remaining three test results were obtained. Before the
test, the specimen was placed at the designated position on
the bottom plate of the testing machine, and the testing
machine was opened.

The test procedure was as follows. The drop weight
was freely released from a certain height to impact the
concrete specimen. The impact energy range of the free
drop was 50-2000]. To ensure the accuracy of the test
results, the impact energy was set to 50]. One impact
process was defined as a cycle. After each cycle, the sur-
faces of the specimens were carefully observed. When the
first visible crack appeared in the specimen, the number
of blows was recorded as N1. The value of N2 was the
number of blows required to reach the ultimate failure
point when the crack width reached 1 mm.

2.3.3 Chloride ion penetration resistance test

To test the chloride ion penetration resistance of SF-rein-
forced concrete containing NS, the rapid chloride migra-
tion coefficient method (RCM) was adopted according to
the Chinese National Standard JTG/T B07-01-2006. The
testing instrument is shown in Figure 5. NaOH with a
concentration of 0.3 mol/L was used as the anode solu-
tion, and 10% NaCl was used as the cathode solution. An
external electric field was used to allow the chloride ions
in the solution to migrate inside the specimen. At the end
of the test, the final temperature and current of the anode
solution were recorded. Finally, the specimen was split
along the axis, and AgNOs solution was sprayed on the
split section. AgNO; can react with chloride ions in the
specimen to form AgCl, which can be precipitated out.
Therefore, the permeation depth of the chloride ions
could be determined based on the AgCl precipitation,
and the diffusion coefficient of the chloride ions in the
concrete was calculated. The chloride ion diffusion coef-

and minimum values were removed, and the mean values of ficient was calculated using Equation (1):
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(b)

Figure 4: Impact testing apparatus: (a) impact testing machine and (b) impact testing specimen.

0.0239(273 + T
Drem = #[X

(U-2t

 0.0238 /@73[]#}

where Dgcy is the unsteady transfer coefficient of con-
crete, which is called the chloride diffusion coefficient;
T is the average of the initial and final temperatures of
the anode solution, °C; U is the test voltage, V; L is
the thickness of the specimen, mm; X4 is the average
chloride ion penetration depth, mm; and ¢ is the test
duration, h.

¢))

Figure 5: Instrument used for RCM test.

2.3.4 Frost resistance test

A single-sided freeze—thaw test, which could make the
test environment closer to the actual freeze-thaw damage
environment of a concrete structure, was adopted based
on Chinese National Standard JGJ 55-2011, as shown in
Figure 6. At the age of 28 days, cube specimens with a
size of 150 mm x 110 mm x 70 mm were exposed to a
3.0% NaCl solution for freezing—thawing cycles. The frost
resistance was measured based on the relative dynamic
elastic modulus (RDM) after 4, 16, and 28 freezing—
thawing cycles. Three concrete specimens were prepared
for each mix ratio, and the mean value was used as the
result. The RDM of the concrete specimens was calculated
using the following equation (2):

Figure 6: Instrument used for frost resistance test.
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2
RDM = 22  100% 2
n

where f, is the initial transverse fundamental frequency
of the concrete specimen (Hz), and f; is the transverse
fundamental frequency of the concrete specimen after n
freeze—thaw cycles (Hz).

3 Results and discussion

3.1 Mechanical properties

As demonstrated in Figure 7a, the compressive strength
first increased and then decreased with increasing
SF content, and 2.0% was considered to be the optimal
SF content. The compressive strength of the concrete
with the optimal SF content was 18.5% better than that
without SF. This could be explained by the following two
points: On one hand, the NS particles filled the micro-
pores inside the concrete, increased the concrete density,
and accelerated the formation of the C-S—H gel [49]; on
the other hand, the incorporation of SF into the concrete
further increased the density and stiffness, and restrained
the propagation of microcracks before the concrete reached
the ultimate strength [44]. However, increasing the SF
content could not continuously enhance the compressive
strength of concrete because excess SF caused mixing dif-
ficulty and fiber balling, which adversely affected the
workability and uniformity [50].

With increasing SF content, the flexural and splitting
tensile strengths first increased and then decreased, and
the optimal SF content for both was 1.5%, as shown in
Figure 7b and c. The flexural strength of the nano-con-
crete with the optimal SF content was 20.0% better than
the concrete without SF, and the splitting tensile strength
was 77.5% better. The improvement of fibers on splitting
tensile strength was because the evenly distributed fibers
could act as stitches between two cracked parts to transfer
the stresses and improve the tensile capacity [51]. Because
a previous study showed that increasing the fiber content
could decrease the average distance between the fibers,
and the increased fibers shared the load, thus reducing
the average bonding stress between the fibers and the
matrix [52]. This lower average bonding stress could effec-
tively restrain the expansion of cracks, thus enhancing the
splitting tensile strength and flexural strength.

Figure 8 presents the flexural failure patterns of
concrete specimens with and without SF. As shown in
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Figure 7: Effect of SF on mechanical strengths: (a) compressive
strength, (b) flexural strength, and (c) splitting tensile strength.

Figure 8, with an increase in the SF content from O to
1.5%, the flexural failure pattern of the concrete specimen
changed from brittle to ductile, and the damaged specimen
was relatively complete, with only visible cracks appearing
on the surface. However, a high fiber content does not
always give concrete good ductility, but a threshold exists
[53]. Excessive fiber leads to an increase in the internal
pores in the matrix and a decrease in strength.
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(b)

Figure 8: Flexural failure patterns of nano-concrete specimens: (a)
specimen without SF and (b) specimen with 1.5% SF.

3.2 Impact resistance

The numbers of blows required for the first visible crack
to appear and for the ultimate failure were recorded as N1
and N2, respectively. The impact energy of each blow
was constant at 50 J; thus, the impact energy was equal
to 50 x Ni (i = 1 or 2). Figures 9 and 10 show the variation
in the blow numbers and impact energy of the nano-con-
crete at the first crack stage and failure stage with the
change in the SF content, respectively. The SF signifi-
cantly enhanced the impact resistance of the concrete
in both the stages. The impact resistance of the speci-
mens first increased and then decreased with the varia-
tion in the SF content from O to 2.5%, and 2.0% was the
optimal SF content. The numbers of blows (or impact
energy values) at the first crack and failure stages of the
nano-concrete with the optimal SF content were improved
by 106 and 169%, respectively, compared with nano-
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90 B (N2)

Number of Blows

0 0.5 1 1.5 2 2.5
SF Content (%)

Figure 9: Influence of SF content on number of blows of concrete
mixed with 3% NS.

concrete without SF. This was because the incorporation
of SF into nano-concrete can form a three-dimensional
network structure, making nano-concrete more compact
and effectively enhancing its anti-cracking ability under
impact. When the specimen cracked under the impact
of the drop hammer, the bridging action of the SF across
the cracks inhibited or slowed down the expansion of
the cracks and enhanced the toughness and impact resis-
tance of the concrete [54]. As a result, a larger number of
blows (or impact energy) was required to break the bond
between the fibers and concrete matrix, which resulted in
the pull-out of the SFs and ultimate failure of the speci-
mens [55].

6000

—=— Impact Energy of First Crack
—e— Impact Energy of Failure

TN

/:/'/ i

7

0 T T T T
0 0.5 1 1.5 2 25

SF Content(%)

5000

Impact Energy (J)
[ W P
(=1 (=1 S
S S S
S S S

1000 +

Figure 10: Effect of SF content on impact energy of concrete mixed
with 3% NS.
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Figure 11 shows the observed failure patterns of the
concrete mixed with SF contents of 0 and 1.5%. As shown
in Figure 11a, the failure of the specimen occurred sud-
denly after the formation of the first crack, and after
another one or two blows, the cracks became wider and
extended to the edge of the specimen, dividing the spe-
cimen into two parts, as described in previous studies
[38,40,56]. This indicated that the addition of NS did
not change the brittleness of the concrete. However,
because of the bridging action of the SF, the failure pat-
tern of the concrete mixed with 1.5% SF was relatively
complete. The crack did not extend to the bottom of the
specimen, and the overall internal structure was not
destroyed, as shown in Figure 11b.

Ductility refers to the deformation capacity before
failure under loads. It is typically used to measure the
tensile and bending properties of cement-based cementi-
tious materials. Extending this definition to the impact
resistance, ductility ratio is defined as the ratio of the
number of blows at the failure stage (N2) to the number
of blows at the cracking stage (N1) [57]. Figure 12 shows
the correlation between the impact energy and the ductility

(b

Figure 11: Impact failure patterns of nano-concrete specimens: (a)
specimen without SF and (a) specimen with 1.5% SF.
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ratio. According to the empirical equations developed,
the impact energy may be linearly correlated with the
ductility ratio with a maximum coefficient of determina-
tion (R? = 0.853), which means that a higher ductility
ratio corresponds to a greater impact resistance, whereas
specimens with higher SF volume fractions do not always
obtain higher ductility ratios, similar to the impact resis-
tance. This is because the excessive SF is not evenly
dispersed in the concrete, and the increase in specific
surface area leads to a relative shortage of cementitious
material, increasing the internal micro-cracks of the con-
crete, and thus reducing its impact resistance [58]. This
model could be used to predict the impact resistance of
concrete with different SF contents.

3.3 Chloride ion penetration resistance

Cracking seriously affects the impermeability and resis-
tance of concrete to the penetration of external harmful
ions. The cracks in concrete will accelerate the transmis-
sion of corrosive media and the corrosion of steel bars,
which will aggravate the degradation of concrete properties
[59]. Porosity is another key factor affecting the chloride
ion penetration resistance of concrete, and a denser
cement paste and lower porosity result in better chloride
ion penetration resistance. The pores in concrete can
be classified into four types: harmless pores (aperture
<20 nm), less harmful pores (20 nm < aperture > 50 nm),
harmful pores (50 nm < aperture > 200 nm), and very
harmful pores (aperture > 200nm) [60]. Zhao et al
experimentally studied the influencing factors of water
transport and distribution in cement-based materials [61].
Zhang and Li studied the effect of distribution and inter-
connection of pores or cracks on the durability of

Y=8.54X-7.02
R?=0.852

Impact Energy (KJ)
w
o

0.9 1.0 1.1 1.2 1.3
Ductility Ratio

Figure 12: Correlation between impact energy and ductility ratio.
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concrete [62]. From their research, it can be concluded
that the distribution and interconnection of pores and
cracks influence the water transport and distribution in
cement-based materials, which seriously affect the per-
meability of cement-based cementitious materials. Pre-
vious studies have indicated that the filling effect and
nucleation effect of NS could improve the compactness
of concrete by promoting the hydration of cement [63]. In
addition, the addition of nanomaterials can refine the
pore structure, reduce the number of very harmful pores,
and transform harmful pores into harmless pores in con-
crete [64,65]. These studies also indicated that the incor-
poration of NS could significantly decrease the chloride
diffusion coefficient.

Figure 13 shows the effect of the SF content on the
mean chloride ion diffusion coefficient (CDC) of concrete
mixed with 3% NS. The mean CDC first decreased and
then increased when the SF content varied from O to
2.5%, and the optimal content of SF was 1.5%. The
mean CDC of nano-concrete with the optimal SF content
was 17.1% lower than that of nano-concrete without SF.
This was because the incorporation of SF into the con-
crete could inhibit the growth and propagation of cracks,
thereby improving the structural durability [66]. In addi-
tion, the incorporation of SF enhanced the corrosion
resistance of the concrete by reducing its porosity and
breaking the permeation channel of chloride ions. How-
ever, this test was influenced by the current passing
through the concrete surface. As a conductive element,
SF significantly accelerated the chloride diffusion rate of
the concrete. On the other hand, Frazao et al. found that
the protective oxide film of SF was thinned by the accu-
mulation of chloride ions at the fiber-matrix interface,

64 Il cDC  (0.1x10-12m2/s)]
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Figure 13: Effect of SF content on chloride diffusion coefficient of
concrete mixed with 3% NS.
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thus weakening the corrosion resistance of the concrete
[67]. This conclusion was also supported by Afrough-
sabet et al. [37]. Therefore, the influence of SF on the
chloride ion penetration resistance of concrete was not
prominent. Finally, as previously mentioned, the addi-
tion of excessive SF increased the number of cracks in
the concrete, allowing aggressive chloride ions to pene-
trate the concrete through these cracks, which reduced
the chloride ion penetration resistance of the concrete.

3.4 Frost resistance

Figure 14 illustrates the curve of mean RDM loss with the
number of freezing—thawing cycles. With the SF content
increase, the RDM loss first decreases and then increases,
and the optimal content is 1.5%. As the number of free-
zing—-thawing cycles increased, the RDM loss increased.
After 4, 16, and 28 freezing—thawing cycles, the mean
RDM loss of specimens with optimal SF content is 3.4,
8.7, and 11.8%, while the mean RDM loss of nano-con-
crete specimens without SF is 6, 15.9, and 27.2%, respec-
tively. Moreover, with the increase of freezing—thawing
cycles, the RDM loss rate of the specimens decreased
significantly, which is shown in Figure 14 as the slope
of the curve gradually decreased.

The pore structure parameters, including the por-
osity, average air void diameter, pore size distribution,
air content, and spacing coefficient of air voids, are gene-
rally believed to be the main factors affecting the frost
resistance of concrete [68]. The first few freezing—thawing
cycles had little effect on the RDM loss because the
internal damage to the specimen was relatively small at
this time, and frozen water in the pores generated by the
freezing—thawing cycles could compress the concrete
and increase its density. With an increase in the number
of freezing—thawing cycles, the freezing—thawing damage
to the concrete was aggravated. Cracks developed rapidly,
and the porosity was high. At this time, a large amount of
frozen water in the pores compressed the concrete, accel-
erating the freeze—-thaw damage. However, the result in
Figure 14 shows that with the increase of freezing—thawing
cycles, the RDM loss rate of the specimens decreased sig-
nificantly, and the slope of the curve gradually decreased,
which is the opposite of the theoretical pattern of destruc-
tion. This could be attributed to the following two reasons.
First, the SF could not inhibit the generation of cracks
in the early stage of the test but could suppress their pro-
pagation [69]. Second, in the middle and late periods
of the freezing—thawing cycles, when the concrete was
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Figure 14: Effect of SF content on relative dynamic modulus after
freeze-thaw cycles.

compressed by the frozen water in the pores, the SF
could bear the frost resistance-induced tensile stress
on the matrix, inhibit the further expansion of cracks,
and limit the freezing—thawing damage to the matrix
[70]. As previously mentioned, the SF could inhibit the
growth and propagation of cracks and thus improve the
structural durability [64]. It is easy to conclude that
adding an appropriate amount of SF greatly improves
the frost resistance of nano-concrete, especially in the
middle and late periods of the freezing—thawing cycles.
However, with a continuous increase in SF, the RCM loss
increased sharply, and the frost resistance of the nano-
concrete also showed a trend to sharply decline, even
worse than that of PC.

Figure 15 shows the surface damage of nano-concrete
mixed with 1.5% SF and 2.5% SF after 28 freezing—thawing
cycles. Obviously, the nano-concrete with the 1.5% SF
volume fraction has a relatively complete appearance with
little surface peeling, while the surface of the specimen with
the 2.5% SF content is uneven, with severe peeling, and
exposed CA and fiber can even be seen. This may have
been due to the excessive SF causing a relative shortage
and the increase in porosity of cementing material, with
the increased primary defects of the concrete allowing water
to enter the matrix through these pores, accelerating the
freeze—thaw damage to the concrete.

4 Conclusion

The experimental results of tests to determine the impact
resistance, chloride ion penetration resistance, frost resistance,
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(®)

Figure 15: Surface damage of nano-concrete specimens: (a) spe-
cimen with 1.5% SF and (b) specimen with 2.5% SF.

and mechanical properties of SF-reinforced concrete
containing NS were reported in this study. Based on
the experimental results described herein and combined
with the failure patterns of the specimens, the mechanism
of the SF effect was analyzed, and the following conclu-
sions were drawn.

(1) Incorporating SF could significantly improve the
impact resistance of concrete containing NS. An SF
content of 2.0% increased N1 and N2 by 106 and
169%, respectively. However, an excessive SF content
had an adverse effect on the impact resistance of con-
crete containing NS. A linear relationship between
the ductility ratio and impact energy was established,
and the R? value was 0.853, which could be used to
predict the impact resistance of concrete with dif-
ferent SF contents.



DE GRUYTER

(2) The addition of an appropriate amount of SF had
a positive effect on the durability of the concrete,
including its chloride penetration resistance and free-
zing—thawing resistance (especially in the middle
and late freezing—thawing cycles). An SF content of
1.5% was considered the optimum. On one hand, it
could decrease the mean CDC of nano-concrete by
17.1%; on the other hand, 1.5% SF could minimize
the mean RDM loss. The mean RDM losses were
only 3.4, 8.7, and 11.8% after 4, 16, and 28 freeze—
thaw cycles, respectively. However, when the SF con-
tent exceeded 1.5%, the durability of concrete con-
taining NS showed an obvious declining trend.

(3) The mechanical properties of the nano-concrete were
enhanced to different degrees by incorporating SF.
The 1.5% SF content increased the compressive strength
of concrete by 18.5%, whereas an SF content of 2.0%
increased the splitting tensile strength and flexural
strength by 77 and 20%, respectively. However,
increasing the SF content could not continuously
enhance the mechanical properties of concrete con-
taining NS, and an excessive SF content negatively
affected the impact resistance of concrete containing NS.
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