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ABSTRACT: Introduction. Many research had worked on improving the performance of concrete subjected to severe environment
and improve concrete corrosion resistance. Using nano-materials is one of the methods had been used recently to improve con-
crete properties. In this research, a comparison between the performance of nano-silica and nano-clay in enhancing the durability
properties of concrete was investigated. Methods and Materials. The experimental program was carried out through examining
water absorption, water permeability, rapid chloride penetration test, corrosion resistance, bond strength of steel rebar before and
after subjected to corrosion, and finally microstructure test. Nano-silica and nano-clay were added at 1%, 3%, and 5% as a partial
replacement by weight of cement. Results. Both nano-silica and nano-clay showed significant performance in reducing the perme-
ability and porosity of concrete and improve corrosion resistance of concrete. For comparison, nano-clay had a significant impact
than that of nano-silica on concrete properties; in which the water permeability resistance of nano-clay mixes was enhanced by
87% than that of the control mix, while for nano-silica, it was 51% only. The chloride ion penetration was reduced by 72% for nano-
clay mixes, while in nano-silica was 28%. Discussion. Nano-clay had a significant effect than that of nano-silica on the concrete
durability properties; the flat-shaped of nano-clay particles had improved the microstructure of the cement matrix through the
damping effect, besides the filling effect through the microstructure of the matrix which reduces the chloride ion penetration and
improves water absorption and permeability of concrete. Conclusion. The optimum percentage of nano-silica is 1% by weight of
cement as a partial replacement of cement by weight. However, for nano-clay is 5%, which gives the best performance in improve
the durability properties of concrete.
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1. INTRODUCTION Steel rebar corrosion is one of the major problems that

cause deterioration and reduce the service life of concrete

he construction revolution occurred in Egypt in the

last 6 years, starting with the digging of the new Suez
Canal and the development projects all over Egypt, from
the development of the east bank of the Suez Canal and
to the construction in new coastal cities as New Allamin
City [1, 2]. In addition to, the new extension of Port-
Said and Damietta ports requires a new technique and
new materials to be added in the construction industry.
Also, introducing a new and optimized technique to
improve concrete resistance to corrosion of the steel
rebars [3—5].
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structures [6—8]. The presence of chloride ions or sulfates
from seawater or air can penetrate and destroy the pas-
sive film formed by concrete [9—12]. By improving the
cement matrix's microstructure to reduce the porosity
and permeability of concrete [13—18].

Using supplementary cementing materials in the
micro-scale as silica fume, fly ash, coal ash, and ground
blast furnace slag had been studied in the last decades to
improve the microstructure and to reduce the porosity
of the cement matrix and studied their effect in improv-
ing the corrosion resistance of concrete [19—26]. Using
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supplementary materials in nano-scale is one of the hot
topics these days to enhance the cement matrix's poros-
ity andimprove the strength of the Interfacial Transition
Zone (ITZ) [27-34].

Nano-Silica (NS), Carbon nanotubes (CNTs), Na-
no-Clay (NC), Nano-Cellulose (NCL) are one of the
available nano-materials in the construction industry;
however, nano-clay is the most available nano-materials
in the Egyptian market as it is locally produced. These
nano-materials are added as a replacing material to ce-
ment by weight to improve the mechanical and durabil-
ity properties of concrete; through filling, pozzolanic,
and nucleation effect of the nano-materials [35—43].
One of the main problems that nano-materials face in
the construction industry, besides its high cost, is the
consistency of concrete, where adding nano-materials to
concrete had a negative effect on its workability [15—17].
Many researchers had worked on improving the work-
ability of the nano-materials, generally, in concrete and
enhance their dispersion in the cement matrix [35]. Some
researchers had introduced the sonication process, es-
pecially the indirect sonication method, which was the
optimum method to improve the dispersion of the nano-
materials in the cement matrix [39, 40, 44]. The research-
ers found that every nano-materials had a specific con-
centration, with a corresponding indirect sonication time
that must be applied before adding to concrete [13, 14,
35, 44, 43]. In this research program, a comparison will
be carried out to investigate the individual performance
of nano-silica and nano-clay on improving the porosity
and corrosion resistance of concrete through absorption
test and permeability test, in addition to their impact on
the bond strength between the steel rebar and concrete
before and after subjected to corrosion through a pull-out
test. In addition, a microstructure test will be applied
through Scanning Electron Microscopy (SEM) to study
the effect of nano-silica and nano-clay in improving the
microstructure of the cement matrix.

2. EXPERIMENTAL PROGRAM
2.1. Materials

Ordinary Portland Cement (CEM I) with a grade
of 42.5 N, complying with the requirements of ASTM

Nanobm

Table 2
Physical Properties of Sand and Crushed Dolomite
Property Sand Dolomite

Specific Weight (kg/m?) 2.89 2.76
Bulk Density (kg/m?) 1.67 1.82
Fineness Modulus 2.75
Water Absorption % — 1.85
Crushing Value % — 14.3
Clay and Fine Dust
Content % 1.95 0.55

C150 [45] standard, was used. Table 1 shows the chemi-
cal composition of used cement. Natural sand was used
complying with ASTM C33 [46] with a particle size less
than 0.5 mm, and specific gravity of 2.58 g/cm?. Table 2
shows the properties of fine aggregate used. Crushed do-
lomite is used as a coarse aggregate, with an average size
of 12 mm and a specific surface area of 2.76 g/cm?’. The
mixes consist of 35% fine sand and 65% crushed dolomite
by total aggregate weight. Nano-silica is used with white
colorand with particles size ranges between10 nm and
15 nm. The chemical properties of nano-silica are shown
in Table 1. Nano-clay used was off-white in colorand with
an average particles size of 30 nm. The chemical composi-
tion of nano-clay is shown in Table 1. The high value of
L.O.I of nano-clay can be due to the evaporation of the
physical combined water. Nano-Silica and Nano-clay
were produced by the physics department in National
Research Center in Egypt. Figure 1 shows the SEM of
nano-silica and nano-clay particles, as the shape of nano-
silica particles is spherical while nano-clay particles are
hexagonal shape (platelet). The superplasticizer used is a
polycarboxylate solution of type G.

2.2. Mix design proportions

In this research, seven concrete mixes were used;
control mix, three mixes using nano-silica as a partial
replacement of cement with different percentages (1, 3,
and 5%), three mixes using nano-clay the same as used in
nano-silica mixes. Nano-silica and nano-clay were both
subjected to indirect sonication (bath sonicator). Nano-

Table 1
Chemical Composition of Cement, Nano-Silica, and Nano-Clay (%)
SiO, Fe,O, ALO, CaO MgO TiO, Na,O K,0 P,0 L.O.1
Cement | 20.13 3.61 5.32 61.63 2.39 — 0.37 0.13 — 1.96
NS 99.1 0.06 0.13 0.14 - 0.4 — 0.01
NC 61.24 1.06 20.89 0.16 0.22 1.61 0.71 — — 14.11
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Fig. 1. SEM micrographs of (a) nano-silica (50 um) and (b) nano-clay (10 um) particles

Table 3
Concrete Mixes Proportions (kg/m?)
Mix Cement Aggregate Water SP NS NC

C 450 1706 192 2.7 — —
1% NS 445.5 1706 192 2.7 4.5 —
3% NS 436.5 1706 192 2.7 13.5 —
5% NS 427.5 1706 192 2.7 22.5 —
1% NC 445.5 1706 192 2.7 — 4.5
3% NC 436.5 1706 192 2.7 — 13.5
5% NC 427.5 1706 192 2.7 — 22.5

silica were added to the mix in a solution with a con-

centration of 1:10 and subjected to ultrasonic waves for

5 minutes, as reported by [13,14]. While nano-clay was

used in a solution with a concentration of 1:4, with an

indirect sonication time of 10 minutes, as reported by
[39, 43]. Indirect sonication was performed using a bath
sonicator, as shown in Figure 2, with a constant power of
135W and frequency of 40 kHz [44]. The water to binder
ratio was a constant value of 0.35 for all mixes. Table 3
shows the mix proportions of the concrete mixes.

2.3. Mixing procedures

Half of the mixing water was added to the cement for
the control mix and mixed for 2 minutes in a turn-tilt
mixer. Then the second half of mixing water was added
to the mix and continue mixing for 3 minutes. Fine ag-
gregate was added and mixed for 2 minutes, and finally,  jected to ultra-sonic waves through a bath sonicator;
crushed dolomite was added and mixed for 3 minutes. each one was subjected to a specific sonication time and
A preparation step for the solution was carried out before ~ concentration ratio. As mentioned before, nano-silica
the mixing process for nano-silica and nano-clay mixes. =~ was added to mixing water with a concentration ratio
Both nano-silica and nano-clay, individually, were sub- of 1:10 and subjected to ultrasonic waves for 5 minutes.

Fig. 2. Bath sonicator
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Fig. 3. A schematic drawing for the bond
test sample

While the concentration ratio for a nano-clay solution
was 1:4 and sonicated for 10 minutes. After that, the
mixing process starts through dry mixing of cement, then
the nano-solution was added and mixed for 3 minutes.
The remaining mixing water was added to the mix with
the superplasticizer and continued mixing for another 3
minutes. Then both fine and coarse aggregate was added
as done in the control mix.

2.4. Preparation of the specimens, curing, and tests

After the mixing process had finished, cubes of (150 x
150 x 150) mm? were cast for water permeability test [47],
bond strength [48], and corrosion resistance [49] tests af-
ter 28 days. For both bond and corrosion tests, steel rebar

Fig. 5. Vacuum chamber

Fig. 4. A schematic drawing for the corrosion test

of diameter 12 mm was embedded in the cube to check
the effect of nano-silica and nano-clay in enhancing the
bond of the steel rebar in normal conditions and after sub-
jecting to corrosion. Three specimens were prepared for
each test, and the final result is the average between them.
A 75 mm length of polyvinyl chloride tubing is utilized to
de-bond the steel rebar rooted inside the specimen, mak-
ing the bond sliding failure dominate over other types of
failure like splitting and yielding steel rebar, as shown in
Figure 3. Figure 4 shows the setup of the corrosion test.
While the rapid chloride penetration test was carried ac-
cording to ASTM C1202 [50]. The specimen used in this
test is a cylinder specimen with a diameter of 100 mm and
a height of 50 mm. the specimen was coated with epoxy,
then placed in a vacuum chamber for 3 hours to remove
the humidity from the specimen before testing, as shown
in Figure 5. While the chloride penetration test set-up is
shown in Figure 6. A microstructure test was carried out
to check the effect of nano-silica and nano-clay on the
microstructure of the cement matrix through Scanning
Electron Microscope (SEM).

Fig. 6. Rapid chloride penetration test setup
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3. RESULTS AND DISCUSSION
3.1. Water absorption test

Figure 7 shows a comparison between the effect of
adding nano-silica and nano-clay on the absorption of
concrete. Where both nano-silica and nano-clay had
a positive impact in reducing the absorption of concrete.
From Figure 7, it is clear that the impact of nano-clay
in reducing the porosity and absorption of concrete is
more significant than that with nano-silica. As the absorp-
tion of nano-silica, at 5% replacement with nano-silica,
was reduced by 21% than that in the control mix, while
in the nano-clay mix, the reduction of the absorption
was by 51% at 5% nano-clay. These can be attributed to

Nanob%

the filling effect, which plays a vital role in this property,
where the nano-particles fill the internal pores in the ce-
ment matrix and improve its microstructure to become
more denser and uniform as will be discussed later in the
microstructure analysis. The more significant effect of
nano-clay than that of nano-silica can be attributed to the
flax shape of clay nano-particle that gives nano-clay an
extra advance, which is the damming effect between the
micro and nano-particles of the cement matrix.

3.2. Water Permeability Test
Figure 8 represents a comparison between the im-

pact of nano-silica and nano-clay on the permeability of
concrete. The results obtained exhibit the same trend as
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Fig. 7. Improvement in the absorption resistance for nano-silica and nano-clay concrete
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Fig. 8. Gain in water permeability resistance of nano-silica and nano-clay concrete
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in the water absorption test, as the effect of adding both
nano-silica and nano-clay had reduced the permeability
of concrete. This reduction can be attributed to the filling
effect of both nano-silica and nano-clay, the pozzolanic
effect in which reacting with the excess Ca(OH), forming
more C—S—H, which improve the homogeneity of ITZ,
and the nucleation effect of nano-silica and nano-clay,
resulting in densifying the microstructure of the cement
matrix. The damming effect of clay nano-particles had
blocked the nano-voids in the cement matrix, resulting in
a more homogenous cement matrix and, hence, reduced
the permeability of concrete.

3.3. Chloride Penetration Test

Figures 9 and 10 show the charges passing through
the control, nano-silica and nano-clay concrete with
different dosages. For nano-silica concrete, at 1% of
nano-silica, the charges passed reduced by 28% than the
control mix and then the charges increase again until it
reached 262 coulombs with an unremarkable reduction
of 1%. This can be attributed to the fact that the nano-
silica filling effect had a significant impact on absorption
and permeability properties. Whereby increasing nano-
silica percentage agglomeration occurred to silica nano-
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Fig. 10. Reduction of Coulombs passed of concrete with nano-silica and nano-clay content
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particles, which negatively impacted the homogeneity of
the microstructure of the cement matrix; in other words,a
large amount of nano-silica cannot be distributed well
even after being subjected to sonication. As mentioned
before in section 2.2. the concentration was 1:10, and as
reported by Sharobim et al. [13, 14], the optimum per-
centage was 1:10. In which sonication will be difficult at
higher percentages and not effective.

While at nano-clay concrete, as increasing nano-clay
percentages the coulombs passed reduced. This can be
attributed to the fact that the optimum percentage for
nano-clay is 5% by weight of cement. In addition to, the

filling, pozzolanic, and nucleation effect of clay nano-
particles improve the microstructure of the ITZ and make
it more homogenous, as reported by Nehal et al. [39].
Plus, the damming effect is the result of the clay particle
shape, in which the microstructure of the ITZ became
more homogenous and denser.

3.4. Corrosion Resistance
The addition of both nano-silica and nano-clay to

concrete had improved the corrosion resistance of con-
crete than that without any additive. Figures 11 and 12

% 7Tdays | w15days

‘mosdays

corrosion rate e-6 (mm/year)

1 Nano-silica (%) 3 3

Fig. 11. Effect of nano-silica content on the corrosion rate of concrete
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Fig. 12. Effect of nano-clay content on the corrosion rate of concrete

http://nanobuild.ru 299

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

2021; 13 (5):
293-305

Nanob

CONSTRUCTION MATERIAL SCIENCE

showed the individual effect of nano-silica and nano-clay
in reducing the corrosion rate of the steel rebar. This be-
havior can be attributed to the positive impact of nano-
silica and nano-clay in improving the microstructure of
the cement matrix. In addition, the sonication process
enhances the dispersion and homogeneity of these nano
particles and reduces the porosity of the interfacial transi-
tion zone of the cement matrix. The filling effect property
of both nano-silica and nano-clay fills the nano-pores
and reduces the porosity of the cement matrix, in addi-
tion to the pozzolanic effect, which improves the cement
matrix's microstructure. However, the damping effect of

the flatshape of clay nano-particles reduces the cement
matrix's porosity. These results agreed with Kelestemur
et al. [51] and Eskandari et al. [52].

3.5. Bond strength

Figures 13 and 14 show the bond strength of a 12 mm
steel rebar for nano-silica and nano-clay concrete be-
fore and after being subjected to a corrosive environ-
ment. The failure for all concrete specimens was a pull-
out failure. For nano-silica concrete mixes, as shown
in Figure 10, the optimum percentages obtained for
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Fig. 13. Bond strength of nano-silica concrete at the natural and corrosive environment
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nano-silica was 1% as a partial replacement of cement.
However, after being subjected to corrosion, the bond
strength is enhanced by increasing nano-silica percent-
ages; this can be attributed to the filling effect of silica
nano-particles which improve the ITZ to make it more
homogeneous and well-compacted and denser than that
without nano-silica and reduce the spaces of the voids
that aids the chlorides to attack the steel rebar. In addi-
tion, the pozzolanic reactivity of nano-silica improves
the microstructure of the cement paste. On the other
side in Figure 11, the effect of nano-clay is relatively
more evident than that of nano-silica. This can be due
to the formation of clay nanotubes, which will be illus-
trated in the microstructure analysis, which enhances
the bond of the steel rebar even after being subjected to
corrosion. That for sure, besides the filling, nucleation,
pozzolanic, and damping effect of clay nano-particles,
these findings agreed with those obtained byother re-
searchers [51—54].

3.6. Microstructure Analysis
3.6.1. Scanning Electron Microscopy

Figures 15, 16, 17, and 18 showed the microstruc-
ture analysis of the control, nano-silica and nano-clay
mixes; the microstructure analysis had explained the
results of the permeability, corrosion, and bond tests
shown previously in this paper. Figures 15(a) and 15(b)
show the control mix's microstructure; without any na-
no-materials, the control mix showed a relatively much
weaker microstructure compared with the nano-silica
nano-clay samples. Ettringite needles, voids, and calci-

Fig. 15. SEM Micrograph for control mix

Nanob%

um hydroxide crystals are obvious in control, indicating
a relatively weaker matrix. While in nano-silica mixes,
the addition of nano-silica to the cement matrix had
improved the homogeneity and the microstructure of
the cement matrix, as shown in Figures 16 and 17. Fig-
ures 17(a) and 17(b) show the mixes with the optimum
replacement percentage of 1% nano-silica by weight; it
is clear that the microstructure had improved with the
addition of nano-silica. The microstructure became
more uniform and denser, attributed to the pozzola-
nic and the filling effect of silica nano-particles, which
produce more CSH crystals and minimize the void
ratio within the cement matrix. These results agreed
with [56—59]. However, adding nano-silica more than
1% wt. resulted in a relatively weaker microstructure,
as shown in figures 16(a) and 16(b). this can explain
the performance of nano-silica with a dosage of 5% in
the corrosion, permeability, and bond test. This can
be explained by reducing the pH value of concrete due
to increasing the pozzolanic reactivity of nano-silica,
resulting in reducing the amount of calcium hydroxide.
For nano-clay specimens, the microstructure of the ce-
ment matrix had become denser and more uniform due
to the filling and the pozzolanic effect of nano-clay, in
addition to the pozzolanic effect. In figures 18(a) and
18(b) showed the formation of clay nano-tubes pro-
duced from the rolling of the plate shape of clay nano-
particles forming fibers needles in the nano-scale, which
had a positive effect on the bond strength of steel rebar
and explained the relatively high results of bond strength
before and after corrosion than that of the nano-silica
samples, this results agreed with obtained by other re-
searchers [39, 31—-33, 54].
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Fig. 18. SEM Micrograph for nano-clay concrete at 5% nano-clay content
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4. CONCLUSION

From the experimental work done through studying

the individual effect of nano-silica and nano-clay, the
following conclusions can be taken:

The optimum percentage of nano-silica is 1% by
weight of cement as a partial replacement of cement
by weight. However, nano-clay can be taken by 5%.
The filling effect of nano-clay and nano-silica improve
the water absorption and permeability properties as
by increasing their percentages, the porosity and the
permeability of concrete are reduced.

Nano-silica and nano-clay had improved the resis-
tance of concrete to chloride pentation and steel rebar
corrosion through the filling, pozzolanic, and nucle-
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