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Abstract. The article deals with the possibility of increasing strength, hardness, frost resistance,
water and corrosion resistance of concrete. The reduction of its abrasion resistance and water absorption
by creating a layer of nonorganic monolithic high-strength clip on its surface is also considered.
The possibility of synthesis of such clip by impregnating the concrete surface with a Sol of SiO2 is shown
and thermodynamically substantiated. The mathematical dependence reflecting the strength of concrete in
such a clip is developed. The distribution of efforts between the clip and not strengthened kernel in the
case of load action is shown. The methods of X-ray, differential thermal analysis, electron microscopy and
analysis of pore size were used for researching the phase composition and structure of the clip, as well as
its porous structure. It was established experimentally the improvement of the various performance
properties of concrete due to the presence of inorganic monolithic clip up to 200 %. Corrosion resistance
of concrete in various aggressive environments is demonstrated and the concrete corrosion depth under

the age of 50 years is calculated.
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1. Introduction

It is known that there are various ways to increase concrete strength, for example, by the
mechanical activation of the concrete mix [1-3]. In addition, methods of physical-chemical and mechanical
activation of cement are widely used in practice [4—7]. But it is well known that the introduction of modifying
additives in the concrete mixture [8-11] cannot implement the provision of cement completely, and it
continues to harden with time.

The use of nanoparticles of different nature to improve the various properties of the concrete follows
from the literature review.

TiO2 nanoparticles effects on physical, thermal and mechanical properties of self-compacting
concrete with ground granulated blast furnace slag as binder is shown in [12].

The effect of limewater on strength and percentage of water absorption of Al20z nanoparticles
blended concrete has been investigated was studied. Portland cement was partially replaced by
Al203 nanoparticles with the average particle size of 15 nm. Utilizing up to 2.0 wt. % Al2Os nanoparticles
could produce concrete with improved strength and water permeability [13].

Splitting tensile strength of concrete using ground granulated blast furnace slag and SiO:2
nanoparticles as binder was studied in [14].

Abrasion resistance and compressive strength of concrete specimens containing SiO2 and Al203
nanoparticles which are cured in different curing media have been investigated was studied [15]. Portland
cement was partially replaced by up to 2.0 wt. % SiO2 and Al20z nanoparticles and mechanical properties
of the produced specimens were measured. Increasing the nanoparticles content has found to increase
the abrasion resistance.

The effect of curing medium on microstructure together with physical, mechanical and thermal
properties of concrete containing ZnO2 nanoparticles have been investigated was present in the work [16].
Portland cement was partially replaced by ZnO2 nanoparticles with the average particle size of 15 nm and
the specimens were cured in water and saturated limewater for specific ages. The results indicate that the
ZnO:2 nanoparticle up to maximum of 2.0 % produces concrete with improved compressive strength.

The use of nanoparticles in SiO2 Sol to harden the surface of concrete has not been investigated to
date, follows from the review of scientific articles.

Nanocoatings are regarded as the most promising high-performance materials for construction
applications [17, 18]. Due to their self-assembly effect, they represent remarkable characteristics against
environmental agents compared to conventional coating materials in construction industry. They also show
high performance in contradiction of energy efficiency, CO2 emission, and the air quality improvement.

Active pozzolacic admixtures, such as silica fume (SF) and metakaolin, are used in modern concrete
technology to obtain high performance properties [19]. Nano-scale pozzolans helps to achieve more dense
microstructural packing and more impermeable cement matrix.

From a review of existing methods of construction hardening it follows that there are many
scenarios of their strengthening, including through the implementation of the clip effect [20]. Nowadays
there are different variants of clips such as metal and concrete which are used as the individual reinforcing
layers [21]. But modification options for creating of a monolithic nonorganic clip in the surface layer of the
concrete at the expense of its impregnation with the solution based on nanoparticles (a colloidal solution)
are not discussed. In addition, from the literature review it follows that the mechanical hardening of the
concrete core due to the creation of such a monolithic durable clip in its surface layer has not been
investigated yet.

The purpose of the research. The development of a method to improve the quality of heavy
concrete by impregnating it with a colloidal solution.

The object of the research. The concrete quality indicators in a monolithic inorganic clip obtained
in the surface layer of concrete due to its impregnation with a colloidal solution.

The subject of the research. Physical and chemical hardening processes occurring in the surface
layer of concrete impregnated with a colloidal solution.

The research problems.

1. Research of physico-chemical and thermodynamic processes of hardening the concrete surface

when it is impregnated with a colloid solution.

2. Research of the value of mechanical hardening of the concrete core due to the effect of the

resulting monolithic clip and the factors affecting it.

3. The evaluation of the concrete quality obtained.
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2. Methods

We have investigated and scientifically grounded the following idea: when creating high-performance
concrete it is possible to strengthen not the whole volume of concrete but only its surface layer. It can be
done by means of its impregnation with sol solution with particle sizes of 1...100 nm. This process is called
Sol-impregnate [22].

In this case two mechanisms will operate, the enabling to improve the concrete strength and other
physico-mechanical characteristics of concrete. The first mechanism is the physical-chemical hardening of
the concrete surface layer, resulting in the creation of a monolithic inorganic ultra strong clips. The second
one is connected with the fact that in the case of the load action the synthesized monolithic clip will
mechanically strengthen the concrete core. In addition to hardening synthesized clip can give concrete the
new operational properties, such as hardness, abrasion resistance, etc.

Figure 1 shows a concrete cube under the action of load P, which consists of a hardened part —
inorganic monolithic ultra-strong clips and nonhardened part — concrete core.

P

¢

clip N Nclip

The core of

l«—The clip
concrete

DNNINNNNNNN

Figure 1. The concrete cube in the monolithic ultra-strong clip

In the first stage, the calculation of load redistribution R between the synthesized clip and concrete
core for the sample of 100 x 100 x 100 mm has been done. The calculation has shown that when the layer
thickness of the synthesized clips is up to 10 mm and in the case of exceeding its strength in relation to the
concrete core 1.5 times there will be 0.65 R on a concrete core and 0.35 P on a monolithic inorganic clips.

Then, we have developed a mathematical dependence (1). It takes into account the influence of the
following factors on the compressive strength of the sample R which is located in the clip: the load
redistribution between the clip and the concrete core; the number of Sol-impregnate faces; cross-sectional
form of the sample and the distance between the upper and lower Sol-impregnate faces.

Rstr=((0.35R)clips*+(0.65R)core)- K -n-1.7(h/a)'°-4 Q)

where Ks — is the coefficient taking into account the cross-sectional form of the sample:
if a cube with sides of 100 mm, then Ki=1
if the cylinder, then Ks= 1.15;
n — is the number of Sol-impregnate faces:
if there are 6 faces, thenn =1.7,
if there are 4 faces (lateral), thenn =1.5
if there are 2 faces (top and bottom), then n = 1.3;
h/a — is the ratio of sample’s height to its width.

The developed formula allows for the first time to calculate and predict the compressive strength of
concrete located in the inorganic monolithic clip.

Then the theoretical principles are given. Their implementation will allow to realize physico-chemical
synthesis of ultra-strong monolithic clips and to obtain concretes with high performance properties.

1. One of the thermodynamic parameters for solid phases of concrete, in accordance with the third
law of thermodynamics is the Gibbs free energy, 4G%ss, kd/mol. The Gibbs free energy reflects the part of
the energy directed into the system from outside (for example, surface energy) which can be converted
into the useful work. The lower the value of the Gibbs free energy of solid phases of concrete, the more
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work is performed by the system in the process of hardening. Figures 2 and 3 show that lower values of
the Gibbs energy and such high physical and mechanical characteristics as compressive strength and
hardness [23, 24] correspond to the low-basic hydrosilicates (CaO/SiOz ratio < 1.2).
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Figure 2. The interrelation of the Gibbs energy with compressive strength of hydrosilicates
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Figure 3. The interrelation of the Gibbs energy with the hardness of hydrosilicates

We are to specify the synthesis of the high strength clip so that the cement system would make the
maximum useful work, i.e. low-basic hydrosilicates with low values of the Gibbs energy possessing high
strength and high hardness would originate on its basis.

2. As well known, nanoparticles have a huge surplus surface energy. In the impregnation with the
sol solution containing nanopatrticles in the concrete surface will occur spontaneous reset of this energy
(4G%98 process < 0). Then, in accordance with the third law of thermodynamics, it will be additional useful
work, which is expressed in the formation of low-basic hydrosilicates and improving physical and
mechanical properties of high strength concrete Figure 4.

3. The use of the ability of high-strength concrete to the spontaneous capillary liquid absorption
(4G%98 physical process < 0) will allow to achieve ultra-high concentration of sol additives in the surface
layer of the concrete at its impregnation. This, in its turn, will increase the intensity of spontaneous
hardening process and speed up their flow, Table 1.
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Figure 4. The scheme of realization of the law of energy conservation while obtaining a high-
strength clip by impregnating the concrete surface with sol solution

Table 1. Spontaneous processes occurring during impregnation of concrete surface with the

sols
The type of process AGC98, kJ/mol

Capillary ascent AGP208<0

Discharge of the excessive surface energy of sol nanoparticles AGY%98<0

The process of hardening of concrete with the formation of low-basic AG%98<0
hydrosilicates

Corking of pores with particles of SiO2 gel and new low-basic AGO298<0
hydrosilicates

4. Extraction of the additional cement reserves at the expense of the energy nanopatrticles of the
injected sols will allow to obtain high-strength monolithic clip by spontaneous physico-chemical processes
(AGP298 process<0):

e binding of Ca(OH): resulting from the basic reactions of hardening, in additional low-basic
hydrosilicates, table 2;

e the increase of the number of the cement having reacted and the decrease of basicity of
hydrosilicates;

e the acceleration of the hardening process in time.

Table 2. The results of thermodynamic calculation of the Gibbs energy, 4G%ss, kJ/mol of the
possible solid phases formed in the surface layer of concrete

The chemical reaction of hardening The estimated AG%s,
kJ/mol
The main reaction of cement hardening
3Ca0-Si02+3H20-2Ca0-Si0,-2H20+Ca(OH)2 —356
2(2Ca0:-Si02)+3H20—3.3Ca0-2Si02-2.3H20+0.7Ca(0OH)2 —218
Additional reactions of cement hardening for the technology of Sol-impregnate
Ca(OH)2+Si02-H.0—»2Ca0-Si02:1.17H20+1.83H20 —95
2Ca0:Si02:1.17H20 + 2(Si02:H20) — 2Ca0-3Si02:2.5H20 (C2S3H2s5) + + 0.67H20 -180
Ca(OH)2+2(Si02-H20)—»>Ca0-2Si02-2H20+H20 -169
6Ca(0OH)2+6(Si02-H20)—»6Ca0-6Si02-H20 (CeSeH)+11H.0 -117.0
5Ca(0OH)2+6(Si02:-H20)—-»5Ca0-6Si02-5.5H20 (CsSeHs)+5.5H20 -585

The implementation of the sum of these theoretical positions will allow to create energy-saving
technology of Sol-impregnate (surface hardening) of concrete without using additional energy from outside.
The use of such technology will allow to obtain an inorganic mineral super strong clip and the bulk of
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fundamentally important performance characteristics of concrete such as strength, hardness, abrasion
resistance, frost resistance, water absorption and integrity of the protective properties of concrete over time
(corrosion resistance).

In the next part of the work the synthesis of monolithic high -strength clips was carried out. According
to the previous calculation the task of the synthesis was to obtain the strength characteristics of monolithic
inorganic clip 1.5 times higher than of not hardened concrete core.

In accordance with the earlier developed method silica Sol (SiO2) was chosen for the impregnation,
because previous studies showed its activating effect on the concrete.

At the beginning the most rational conditions of hardening necessary for obtaining a high strength of
the concrete surface layer due to its impregnation with a Sol of SiOz2were stated. For this purpose, samples
of heavy concrete class B30 with the size 100 x 100 x 100 mm have been produced. In the process of their
production Portland cement CEM 42.5, granite crushed stone of 5-10 mm and pit sand with a fineness
modulus of Mr = 2.26 were used. The composition of concrete are shown in table 3.

Table 3. The consumption of the components per 1 m3 of concrete mix, kg

Cement Sand Crushed stone Water
370 802 1063 155

In order to achieve a well-developed pore structure, providing spontaneous capillary inflow of the
sol into concrete surface, the time of concrete hardening was investigated under normal conditions before
the impregnation. The time period was twenty four hours because the mass of the absorbed silica sol in
this case was maximum.

Then the assessment of the rational time of impregnation of concrete samples in the SiO2 Sol
solution with their subsequent hardening under normal conditions (temperature = 20 + 2°C and
humidity = 95 %) for 28 days was made. The impregnation time was 3 days. For impregnation of concrete
surfaces the industrial silica Sol SITEK of 3 % concentration was used.

3. Results and Discussion

The quality indexes developed by the concrete which has been obtained by the technology of Sol-
impregnation are given in the Table 4. The table shows that in comparison with the control samples
hardness increases by 30 %, the compressive strength of concrete increases by 78 %, tensile strength in
bending of 76 %, the water resistance increases by 75 %, frost resistance increases by 200 %, the water
absorption decreases by 60 %.

Table 4. Quality indexes of the concrete developed on the basis of surface strengthening by
Sol-impregnation

The name of index Control sample Strer1sg3itor12esna%f;|r1ee sol Igz;ﬁﬁi’e;f
Hardness number by Moos 4 6 75
Compressive strength 39.3 MPa 69.9 MPa 78
Tensile strength in bending 5.2 MPa 9.2 MPa 76
Index of crack resistance 0.132 0.153 16
Abrasion resistance 0.89 g/cm? 0.67 g/cm? 25
Water resistance 0.8 MPa 1.4 MPa 75
Frost resistance, cycles 200 600 200
Water absorption 4.7 % 1.9% 60
Elastic strength, MPa-103 32.5 445 37

Further work was connected with physico-chemical investigation of sol strengthen concrete layer.

In accordance with the carried out X-ray investigations, and differential thermal analysis, Figures 5,
6, Table 5, it was revealed [25] that the increase of the mechanical properties is connected with the
formation of the concrete low-basic hydrosilicates of type CeSeH, CSH(l), C2SsH2.5, C3S2H3 with low values
of the Gibbs energy in the surface sol strengthen concrete layer, table.2. Besides that, Ca(OH)2 and CsS
are absent in the samples, which confirmed the previous assumption that with the injection of sol SiOz,
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calcium hydroxide is bound in the additional low-basic hydrosilicates and the main cement reserve is

exhausted.
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Figure 5. X-ray analyses of samples of cement stone:
1 - control sample; 2 —sample impregnated with silica Sol
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Figure 6. Diversional thermal analysis of the cement stone samples: a — control sample,
b — sample, impregnated with silica Sol

Table 5. Results of calculation differential thermal analysis of the cement stone samples

The composition of
the impregnate

Endothermic effect T, °C

Total mass loss

Loss of water, mg

on the effects, mg

Loss of water in
the gel phase, mg

(30-170) (470-530) | (680-820)
- 15.00 7.60 15.20 37.80 37.70
Sol SiOz 31.70 5.30 24.60 61.60 8.70

The data shown in the Table 5 confirm the data of X-ray studies. Endothermic effects in the region
of 30 to 170 °C, 470-530 °C, 680—820 °C correspond to dehydration of C2S3Hzs, endothermic effect in the
field of 680-820°C also corresponds to the dehydration of CsSsH and endothermal effect in the field 400°C
corresponds to the dehydration of C3SzHs [25]. The total mass loss on the effects increases 1.6 times,
indicating a deeper degree of cement hydration in the presence of silica sol. The loss of water in the gel
phase of the Sol sample decreases 4 times, which confirms that the redistribution of water in the direction
of its increase in the crystalline phase takes place.
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By means of the electron microscopy it was revealed that the new phases of hydrosilicates are
concentrated in the surface layer of 1 sm depth and in the pores, causing their blockage, Figure 7. The
largest concentration takes place in the layer the thickness of which is up to 7 mm.

Figure 7. Photographs of the slice of the sample impregnated with silica Sol, in secondary
electrons at different magnification: the 1 — low-basic hydrosilicates at the depth of h=1 mm;
the 2 — low-basic hydrosilicates at the depth h=2 mm; the 3 — low-basic hydrosilicates at the depth
h=3 mm

New phases form the "bridges" that binds the grains of the cement stone. At the depth of 1 cm the
composition of the sol strengthen concrete is equal to the composition of the control sample.

Then, the authors investigated the porous structure of concrete samples of the class B30. Studies
have shown, table 6, that in the samples impregnated with SiO2 Sol the specific surface area of the pores
decreases 2.14 times, the volume of sorbenting pores with a radius < 50 nm reduces 1.3 times, the volume
of macropores with a radius of =2 50 nm decreases 1.28 times. These results confirm the data of microscopic
researches and shows that new phases fill the pores of the cement stone, which makes the structure more
dense and also contributes to the increase of the strength, hardness, frost resistance, water resistance,
corrosion resistance and durability of concrete.

Table 6. The results of determining the pores structure of the concrete samples

The name of the The specific The volume of The volume of The total volume of
sample surface of pores, sorbent pores, macropores, the pores,
Ssp, m?/g Vs, cm3/g Vm, cm3/g Vs, cm3/g
Control 3.0 0.04 0.09 0.13
Strengthened with 14 0.03 0.07 0.10
the sol SiO2

Thus, it was proved experimentally and based scientifically that the technology of surface hardening
of concrete with a Sol of SiO2 leads to production of inorganic high-strength clip. The effect of its action
allows to increase the strengthen of the concrete core mechanically and to get the bulk of fundamentally
important performance properties.

Then the degree of the preservation in time of the achieved level of the concrete properties was
evaluated.

The assessment includes two stages. The first stage estimates the corrosion resistance of concrete
after surface hardening, because physico-chemical studies have shown that the technology of surface
hardening of concrete Ca(OH)2 transforms into the new phases concentrated in the pores of the surface
layer and increasing its strength and density. Thus, the created inorganic high-strength clip acts as a
protective corrosion barrier. It eliminates two main causes of the corrosion: chemical — due to the reaction
Ca(OH)2 with the reagents of the environment [26], and physical — due to the formation slightly soluble salts
in the pores and capillaries of the concrete, causing considerable stress and , contributing to the destruction
of the concrete structure [27, 28].

The evaluation of corrosion resistance was made in three types of aggressive environments causing
the cement stone corrosion: 1 medium-5% solution of MgClz-causes the magnesia corrosion, 2 medium-
5 % H2S04 solution-causes the acid corrosion, 3 medium-5% Na2COs solution - causes the alkaline
corrosion, table 7. As a result the coefficient of corrosion resistance (2) in different physical environments
ki was calculated.

ki=R1/R2 (2

where R1 — tensile strength in bending of surface-hardened sample in the aggressive environment;
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Rz — tensile strength in bending of the control sample at the age of 28 days under the condition of
normal hardening.

Analysis of the data achieved shows that according to the normative classification for chemical
resistance of concrete in aggressive environments the concrete sample after surface hardening with a Sol
of SiO2 can be attributed to chemically resistant concrete, because its corrosion resistance coefficient is
above 0.8. So the developed anti-corrosion barrier can significantly increase the coefficient of corrosion
resistance of concrete at the age of 12 months. It increases up to 27 %.

Table 7. The coefficient of corrosion protection of concrete in various aggressive
environments

The coefficient of corrosion resistance of concrete in various aggressive
environments

. . . . The alkaline corrosion,
The kind of simple Magnesia corrosion, MgClz The acid corrosion, H2SO4 Na>COs

The time of the samples using in an aggressive environment, months

1 6 12 1 6 12 1 6 12

Control 0.84 0.78 0.72 0.78 0.73 0.68 0.85 0.80 0.74

Impregnated with

the sol SiO» 0.97 0.95 0.92 0.95 0.90 0.87 0.98 0.97 0.94

At the second stage, the time of preservation of the achieved level of physical and mechanical
properties of high strength concrete is estimated. For this purpose the calculations of the destruction depth
of the synthesized concrete in the time h, in accordance with the existing formula (3) was made. The
calculation showed that at the age of 50 years, the corrosion depth does not exceed 0.74 cm, which is
8 times lower than the allowable corrosion depth of concrete at the age of 50 years in accordance with the
building codes. This ensures the preservation of the achieved level of operational properties of concrete in
time, Table 8.

h=(k 1°5-)/(S P'ca0) (3)
where k — the experimental coefficient, determined by preliminary tests;

t — the time for which the depth of destruction (days) is forecasted;

a — the correction factor taking into account that the initial period of corrosion passes through a
diffusion-kinetic mechanism;

S — the consumption of cement in concrete, kg/m?;
Plcao —the content of CaO in cement, %.

Table 8 The results of the calculation of the corrosion depth of concrete after surface
hardening with the Sol of SiO:

Age of concrete, years Corrosion depth of concrete
impregnated with Sol, cm
10 0.3
20 0.45
30 0.57
40 0.67
50 0.74

On the basis of obtained results it can be concluded that the forecast expressed previously have
been confirmed, and the developed technology allows to obtain such solid phases in the strengthened
surface layer of concrete, which have lower values of the Gibbs energy. These phases have increased
strength and hardness and lead to the formation of inorganic high-strength clip. It improves the
physico-mechanical characteristics of concrete up to 200 %, and allows to preserve them in time.

The proposed technology of concrete surface hardening allows to obtain high-strength concrete. In
comparison with other methods of hardening, for example, the use of pozzolanic additives or changes in
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concrete hardening conditions [29, 30], the efficiency is much higher (the compressive strength
increases by 78 %). But other high-strength concrete, do not have high hardness, corrosion resistance, etc.

4. Conclusions

1. This paper proposes the method to improve the quality of concrete at the expense of its surface
hardening by impregnating with an inorganic Sol of SiO2 with the creation of a monolithic inorganic high-
strength clips.

2. It is shown that under the action of load P the redistribution of the gains in the sol strengthen
sample between the clip and the hardened core takes place: No = 0.35 R, Ncore =0.65 R; the presence of
the clip provides an increase in strength of the entire sample up to 50 %.

3. For the first time we have developed a mathematical dependence, allowing to calculate the
strength of the concrete sample in the monolithic inorganic clip depending on the cross-sectional form of
the sample, the number of Sol-impregnate faces and the ratio of the height of the sample to its width.

4. It is determined that the surface strengthening of concrete with a Sol of SiOz results in the
creation of a high strength layer. The basis of the layer consists of the low-basic hydrosilicates with lower
values of the Gibbs energy, 4G%us, kJ/mol and with high values of strength and hardness.

5. ltis stated that the surface strengthening technology allows to improve the physical-mechanical
properties of concrete such as compressive strength, and tensile strength in bending, frost resistance,
hardness, abrasion resistance, water absorption, water resistance up to 200 %.

6. It is shown that the technology of surface hardening of concrete leads to the formation of
corrosion-protective barrier, which greatly increases the resistance of concrete to various aggressive
environments, the corrosion depth of concrete not exceeding 0.74 cm for 50 years.
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