
applied  
sciences

Article

Influence of Mechanochemical Activation of Concrete
Components on the Properties of Vibro-Centrifugated
Heavy Concrete

Evgenii M. Shcherban’ 1 , Sergey A. Stel’makh 1 , Alexey Beskopylny 2,* , Levon R. Mailyan 3

and Besarion Meskhi 4

����������
�������

Citation: Shcherban’, E.M.;

Stel’makh, S.A.; Beskopylny, A.;

Mailyan, L.R.; Meskhi, B. Influence of

Mechanochemical Activation of

Concrete Components on the

Properties of Vibro-Centrifugated

Heavy Concrete. Appl. Sci. 2021, 11,

10647. https://doi.org/10.3390/

app112210647

Academic Editor: Dario De Domenico

Received: 3 October 2021

Accepted: 10 November 2021

Published: 11 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Engineering Geology, Bases, and Foundations, Don State Technical University,
344000 Rostov-on-Don, Russia; au-geen@mail.ru (E.M.S.); sergej.stelmax@mail.ru (S.A.S.)

2 Department of Transport Systems, Faculty of Roads and Transport Systems, Don State Technical University,
344000 Rostov-on-Don, Russia

3 Department of Roads, Don State Technical University, 344000 Rostov-on-Don, Russia; lrm@aaanet.ru
4 Department of Life Safety and Environmental Protection, Faculty of Life Safety and Environmental

Engineering, Don State Technical University, 344000 Rostov-on-Don, Russia; reception@donstu.ru
* Correspondence: besk-an@yandex.ru; Tel.: +7-8632738454

Abstract: One of the crucial problems in current construction is energy, resource, and material efficient
technologies in both industrial and civil engineering, associated with new material manufacturing
and building construction. This article is devoted to developing comprehensive technology for
activation effects on concrete made by various production techniques: vibration, centrifugation, and
vibro-centrifugation. The possibility of a significant improvement in the microstructure of concrete
and obtaining materials with increased specified characteristics, depending on its manufacturing
technology, were studied during the complex activation effect exposed to this concrete and its
components. Chemical activation of water and mechanical activation of cement were considered.
The urgency and prospects of double, complex mechanochemical activation of concrete mixture
components were substantiated. It was proven that the complex mechanochemical activation of the
concrete mixture components gives a synergistic effect in obtaining concrete composition with an
improved structure and improved characteristics. Furthermore, the relationship between concrete
production technology and the technology of activation of its components was established. It was
revealed that the most effective is the complex mechanochemical activation of vibro-centrifuged
concrete, which gives an increase in strength up to 30%. The study results indicate a further direction
of development associated with an increase in variatropic characteristics using both prescription and
technological factors.

Keywords: mechanochemical activation; alkali-activated concrete; vibration; centrifugation; vibro-
centrifuged concrete; variatropic structure; mechanical strength; high-performance concrete

1. Introduction

One of the crucial problems in current construction is energy, resource and material
efficient technologies [1–5], both in production technologies, that is, associated with the
manufacture of materials and structures, and construction, that is, related to the construc-
tion of buildings and structures with high efficiency. Thus, scientists and engineers are
faced with massive scientific challenges [6,7]. The first of these challenges is the search for
original and effective solutions in terms of creating new and improving existing building
materials [8–11]. The second is obtaining new technologies using innovative methods and
scientific approaches [12–15]. Thus, these are technologies that are associated with widely
used composite materials, such as concrete.

One of the most interesting and promising technologies is the activation technology for
producing new types of concretes and concrete mixtures. The activation of the components
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of the concrete mixture or the mixture itself can be carried out in various ways, and
activation methods such as mechanical, chemical, electromagnetic, ultraviolet and many
other types of activation technologies play an important role here. However, as a rule,
when obtaining any improved materials using improved technologies, one selected type
of activation is applied. At the same time, there is practically no mention of complex
activations in the literature, that is, a combination of various types of activation or a
combination of various components activated using the same technology.

The possibility of solving the task called “cement activation” has been proven by
various scientists who have applied different methods of influencing cements: thermal
activation, treatment of dry cement with an electromagnetic field, and jet activation [16].

In ref. [17] it is shown that one of the types of cement activation is the method
of aerothermal activation. The authors found that thermal activation is achieved due
to deaeration of the surface of cement particles and floccules. One of the methods of
autoactivation is the replacement of the air adsorbed on the inner surfaces of the cement
floccules with reactive gases (CO2, SO2), which makes it possible to regulate the time of its
setting [18].

To increase the activity of cement, a dry method of processing it by exposure to an
electromagnetic field has also been proposed. Cement processing is carried out with corona
discharge currents at specific energy consumption of 10–40 kJ/kg. A concrete mixture is
prepared from the treated cement. The strength of concrete increases by 30% [19,20].

A special direction of cement activation is made up of mechanical activation methods,
which are based on fine dispersion.

To disperse mixtures, a device is used that combines the principles of dismembrators,
colloid mills and centrifugal pumps. Its use for highly dispersed grinding of cement in an
aqueous medium (or in an aqueous medium together with surfactants) directly at factories
of reinforced concrete products or construction sites can reduce energy consumption and
increase the activity of cement. The duration of grinding cement to a specific surface area
of 400–500 m2/kg is only 0.5–1.0 min [16,19].

Electrolysis and magnetic field treatment are mainly used to activate water. During
the electrolysis of water concrete strength increases by about 30%; the mobility of concrete
mixes using “magnetic-activated” water increases by 60–120% compared to concrete mix in
ordinary water; the use of “magnetic” water accelerates the process of concrete hardening
and reduces the time of heat treatment of reinforced concrete products by 15–20%, and
the resulting fine-crystalline structure gives concrete greater strength and resistance to
aggressive influences; the use of “magnetic” water can save up to 20% of cement and
water [21].

Many researchers have noted the high efficiency of mechanochemical activation of a
cement–water suspension during its processing in a rotary-pulsation apparatus (RPA). In
this case, the cement–water suspension should contain a small part of cement (the ratio of
solid particles/liquid in the suspension <0.4) [17,18].

The chemical activation of aqueous systems includes alkalization with alkali metal
hydroxides, readily soluble in water, for example, sodium hydroxide NaOH, as well as
the introduction of small doses of cement. An element of electrophysical activation is
ultrasonic and electromagnetic treatment, which initiate chemical activation [18].

In [20], methods of increasing the activity of water as the main component of the
concrete mixture are considered. The data on the lesser degree of dependence of the results
of electroactivation of cement suspensions in comparison with the electroactivation of
mixing water on the seasonality of the work [20] are given.

Increasing the efficiency of dry building mixes (binders) and concrete mixes can
be achieved through the use of various activation methods. In addition to the use of
various chemical modifiers in the binder, an important point is the grinding of dry building
mixtures, magnetic activation of the barrier water, the treatment of cement mortar with
electric discharges, etc. [16].
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The authors of [22] carried out a comparative study of the effectiveness of various elec-
trically conductive additives (steel fiber, coke powder, carbon nanofiber, graphite powder,
steel dust) to reduce the electrical resistivity of cement and protect against electromagnetic
interference [22].

The results of an experiment aimed at testing the possibility of using cement bypass
dust (CBPD) in the preparation of materials activated with alkalis are summarized in [23].
In the experiment, a mixture of granulated blast furnace slag, fly ash, and cement bypass
dust was activated with an alkali–sodium metasilicate.

In [24], an activator, metakaolin, and microsilica were used as a complex activator to
increase the activity of steel slag powder. It was determined by orthogonal analysis that
the activator is the main factor influencing the strength of the solution. The results show
that the method proposed in this study can reduce the cost of binders [24].

An experiment was carried out on the effect of mixing time for alkali-activated cement
(AAC) using a binder mixed with ground granular blast-furnace slag and fly ash (FA) in a
1:1 ratio on the mechanical properties of cement in [25]. High-temperature curing, high
dispersion of the binder, or even changing the parameters of the mixing method without
using excessive activators can lead to an improvement in mechanical properties.

Water activated by electric and magnetic fields was obtained in [26]. Compressive
strength increased by 26%, and flexural tensile strength increased by 31%. In addition,
due to the inclusion of water with magnetic activation into the cement slurry, the me-
chanical strength was retained without loss of workability with a decrease in the amount
of cement [26].

The use of industrial (slag and fly ash) and ceramic waste for complete or partial
replacement of Portland cement in the production of both alkali-activated and hybrid
cements was proposed in [27]. The slag, activated by liquid glass, showed the highest
mechanical strength and lowest porosity, but hybrid materials also showed competitive
results [27].

The activation of binders in the apparatus of the vortex layer was investigated in [28].
It was found that the greatest impact force and impulse of force occurs in the investigated
apparatus. In this case, the amount of energy supplied during the grinding time required
to achieve the same dispersion of the binder in the vortex layer apparatus was 2–4.8 times
higher than in traditional apparatus [28].

The optimal time of mechanochemical activation of a cement suspension was deter-
mined in [29], at which the maximum increase in the compressive strength of fine-grained
concrete was achieved. The results of experimental studies have shown that, using the
mechanochemical activation of the binder, it is possible to significantly increase the strength
of concrete in the early stages of hardening, and to preserve it at the design age, which is
especially important for monolithic construction [29].

The results of the effect of mechanochemical activation of a cement suspension on
the technological properties of the concrete mixture and the physical and mechanical
properties of heavy concrete are presented in [30]. It is shown that the frost resistance of
heavy concrete obtained by mechanochemical activation of the binder increases three times,
which is due to a decrease in the total porosity, a decrease in capillary porosity, and an
increase in the proportion of closed pores compared to control composition [30].

Our working hypothesis and main aim of this study is as follows. It is possible
to significantly improve the structure of concrete and obtain materials with increased
specified characteristics, depending on its manufacturing technology, when such concrete
and its components are exposed to a complex activation effect. In particular, this study
considers the chemical activation, in particular of water, that is, the concrete mixture, with
the mechanical activation of cement, that is, the material that acts as a binder in concrete.

The novelty of this research is that for the first time, complex activation technologies
will be applied to concretes made using various production technologies: vibrated, that is,
concretes with a simple structure; centrifuged, that is, concretes with a variatropic structure;
and vibro-centrifuged, that is, concretes with a complex variatropic structure.
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2. Materials and Methods
2.1. Materials

During the research, no additives Portland cement produced by Oskolcement OJSC
(Stary Oskol, cement plant site, Russia) [31] was used in accordance with [32].

Mineralogical and chemical composition of Portland cement is shown in Table 1.

Table 1. Mineralogical and chemical composition of Portland cement.

Cement Grade
Mineralogical Composition, % Chemical Composition, %

C3S C2S C3A C4AF MgO SO3 Al2O3 Fe2O3
Na2O +

K2O CaO SiO2 Impurity

PC 500 D0 (CEM I 42.5) 68.9 10.9 8.9 11.3 0.9 2.3 4.6 3.8 0.7 60.1 24.0 3.6

Granite crushed stone was used as a coarse dense aggregate (Yug-Nerud, Voronezh
region, Russia), and quartz sand (Yuzhny GOK, Rostov region, Russia) was used as a fine
aggregate, the mechanical and physical characteristics of which were similar to [32] and
are presented in Tables 2 and 3.

Table 2. Physical and mechanical characteristics of crushed stone.

Fraction Bulk Density, kg/m3 Density, kg/m3 Crushing, wt. % Content of Lamellar and
Needle-Shaped Grains, wt. % Void Ratio, %

5–20 1437 2620 11.4 8.1 45

Table 3. Physical characteristics of dense fine aggregate.

Grain Composition

Passing through a
Sieve No 0.16, wt. %

Fineness
Modulus

Content of
Dust and Clay

Particles, %

True
Density,
kg/m3

Bulk
Density,
kg/m3

Sieve Size, mm

Retained Retained and Cumulative
Retained, %

10 5 2.5 1.25 0.63 0.315 0.16

0 0
0.17 1.39 8.86 45.80 41.03 2.49

1.66 1.1 2610 14380.17 1.56 10.42 56.21 97.25 99.74

In addition, activated components were used—cement (mechanical activation) and
water (chemical activation).

In the study, tap water activated with alkali and purified by a sorbent with a pH level
of an aqueous solution equal to 8.5 was used. The water was activated by purifying it,
which consisted in filtering through a sorbent—activated biochar from the waste of the
agro-industrial complex—rice straw. The technology for obtaining activated water was
followed in strict accordance with the methodology [33].

In this study, a 2% potassium hydroxide solution (alkali solution) was used and
activated rice straw was used as a sorbent. According to the composition shown in Table 4,
rice straw differs from straw of other cereals by a high content of silicon in the form of
amorphous silicon dioxide.

Table 4. Elemental composition of the original rice straw.

Element CO2 Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O K2O CaO ∑

% 69.52 1.49 0.78 0.26 20.78 0.36 0.62 2.51 2.5 1.18 100

Amorphous silicon dioxide is a chemically active substance, if necessary, it can be
easily converted into a crystalline form by heating to temperatures above 800 ◦C. When
amorphous silicon dioxide transforms into a crystalline form, rice straw ash is sintered.
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During preparation for the experiment, the straw was washed with distilled water,
subjected to chemical activation with a 2% alkali KOH solution for 8 h, washed again with
distilled water, and then dried naturally for a day. The prepared samples of activated
materials were carbonized for 40 min at a temperature of 600 ◦C under pyrolysis conditions.

The cement was activated mechanically by grinding in a planetary ball mill.
The main differences between the properties of activated and non-activated concrete

components are presented in Table 5.

Table 5. General differences in the properties of activated and non-activated concrete components.

Water Cement

Non-Activated Activated Non-Activated Activated

pH = 6.7 pH = 8.5 S = 3000 cm2/g S = 4500 cm2/g

The parameters of the composition of the concrete mixture obtained as a result of
selection in accordance with GOST 27,006 “Concretes. Rules for mix proposing” [34] for
the concrete class B30 and the characteristics of the raw components are shown in Table 6.

Table 6. Parameters of the composition of the concrete mixture.

Parameter
Name

W
C C, kg/m3 W, l/m3 CS, kg/m3 S, kg/m3 ρcm,

kg/m3

Value 0.55 373 205 1139 720 2437
Note: CS—crushed stone (the amount of crushed stone in the concrete mix); S—sand (the amount of sand in the
concrete mix); ρcm—concrete mix density.

The choice of the rational degree of grind was based on [19,29].
For particle size analysis, a Microsizer 201C laser particle analyzer was used. It is a

fully automated device and is designed for fast and accurate measurement of particle size
distribution in the range 0.2–600 µm.

The particle size distribution of Portland cement before and after activation is shown
in Figure 1.
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When determining the particle size distribution of Portland cement, it was found
that for Portland cement with S = 3000 cm2/g, the maximum mass fraction (6.6%) falls on
particles with a size from 43.6 to 50 µm, and for particles with a size of up to 20 µm—43%.
For Portland cement with S = 4500 cm2/g, the maximum mass fraction (7.9%) falls on
particles with a size from 13.5 to 15.5 µm, and for particles with a size of up to 20 µm—59%.

2.2. Methods

For the preparation of centrifuged samples, an experimental laboratory centrifuge was
used, a schematic diagram of which is presented and described in detail in [34]. In addition,
in [35,36] the mode of forming samples of centrifuged concrete is described in detail.

For the manufacture of vibro-centrifuged samples, an experimental laboratory vibro-
centrifuge was used, a schematic diagram of this installation and a detailed description
are presented in [37]. In addition, in [13,32,37] the mode of molding of prototypes of
vibro-centrifuged concretes is described.

This study applied:

- Technological equipment—laboratory concrete mixer BL-10 (LLC “ZZBO”, Zlatoust,
Russia); laboratory vibrating platform SMZh-539-220A (LLC “IMASH”, Armavir,
Russia); planetary ball mill “Activator—4M” (LLC “Chemical Engineering Plant”,
Novosibirsk, Russia) (Figure 2).

- Testing equipment—hydraulic press IP-1000 (OOO NPK TEKHMASH, Neftekamsk,
Russia), tensile testing machine R-50 (OOO IMash, Armavir, Russia).

- Measuring instruments—stationary pH meter Starter 2100 (OHAUS CIS, Moscow,
Russia) measuring metal ruler 500 mm; laboratory scales; device for measuring devia-
tions from the plane NPL-1; device for measuring deviations from perpendicularity
NPR-1.
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In total, four basic samples of annular cross-section were manufactured and tested
with the following dimensions:

- Outer diameter D = 450 mm;
- Inner diameter of the hole d = 150 mm;
- Total height H = 1200 mm.
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The basic samples were concrete samples obtained using a specific technology, from
which prototypes were subsequently made and tested.

In the case of vibration technology, the samples were formed from a concrete mixture
ready for testing immediately—cubes and prisms.

In the case of centrifugation and vibro-centrifugation technologies, prototypes (cubes and
prisms) were obtained from the base samples of the annular section by the sawing method.

One series of samples of annular section corresponds to one type of activation and
includes three basic samples of annular section for each manufacturing technology (cen-
trifugation and vibro-centrifugation). That is, a total of 12 samples of concrete of annular
section were made by centrifugation and 12 samples by vibro-centrifugation.

The technique for manufacturing prototypes of vibrated, centrifuged and vibro-
centrifuged concretes is presented in [37].

Freshly formed samples of the variatropic structure are shown in Figure 3.
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In total, 3 series of samples of each type of technology were manufactured and tested.
Each series consisted of 6 samples for one type of test to obtain sufficient statistical reliability
of experimental studies:

- Type of concrete production technology—vibration: 24 cube specimens 15 cm × 15 cm
× 15 cm in size for testing for cube strength (4 types of activation × 6 cube specimens);
and 72 prism specimens measuring 15 cm × 15 cm × 60 cm for testing prismatic
strength, flexural tensile strength and axial tensile strength (4 types of activation × 6
prism specimens × 3 types of tests);

- Type of concrete production technology—centrifugation: from 12 basic samples,
24 cube samples 15 cm × 15 cm × 15 cm in size were cut out on a stone-cutting
machine for testing for cube strength (4 types of activation × 6 cube samples); and
72 prism specimens 15 cm × 15 cm × 60 cm for testing prismatic strength, flexural
tensile strength and axial tensile strength (4 types of activation × 6 prism specimens
× 3 types of tests);

- Type of concrete production technology—vibro-centrifugation: similar to centrifugation.
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In total, 288 prototypes were manufactured and tested—cubes and prisms.
Samples before testing hardened for 28 days.
The measurements of the concrete deformations of the test prisms were carried out by

a chain of strain gauges with a side length of 50 mm and dial indicators with a graduation
value of 0.001 mm.

A photo of the tests is shown in Figure 4.
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Compression, axial tensile and flexural tensile tests were carried out in accordance
with the requirements of GOST 10,180 “Concretes. Methods for strength determination
using reference specimens” [38].

Axial compression tests were carried out in accordance with GOST 24,452 “Concretes.
Methods of prismatic, compressive strength, modulus of elasticity and Poisson’s ratio
determination” [39].

For the manufacture of vibro-centrifuged samples of annular section, heavy concrete of
class B30 was designed in accordance with previously developed recommendations [13,32,37].

In accordance with the requirements of GOST 23732-2011 “Water for concrete and
mortars. Specifications” [40], the pH of water was determined by potentiometric method
using a stationary pH meter Starter 2100 (OHAUS CIS, Russia) with glass electrodes with a
pH range from 0 to 14 and a measurement error not exceeding ± 0.1. To determine the pH,
we took from 10 to 50 mL of water into a glass beaker with a capacity of 50 to 100 mL. The
pH was determined according to the instructions for the device.

The study used three types of technologies for the production of heavy concrete,
vibration (V), centrifugation (C) and vibro-centrifugation (VC), and four types of activation
of concrete components, cement and water: concrete on non-activated cement and non-
activated water—NCNW (control composition); concrete on activated cement and non-
activated water—ACNW; concrete on non-activated cement and activated water—NCAW;
concrete on activated cement and activated water—ACAW.

3. Results

The results of experimental studies of the strength and deformation characteristics of
concrete, depending on the type of activation and manufacturing technology, are presented
in Table 7 and in Figures 5–12.
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Table 7. Results of experimental studies of the strength and deformation characteristics of concrete
with various types of activation and manufacturing technology.

Manufacturing Technology—Vibration

Characteristics of Concrete
Activation Type

NCNW ACNW NCAW ACAW

Rb,cub, MPa 47.4 53.2 50.7 57.1
Rb, MPa 38.6 42.8 41.5 46.7

Rbtb, MPa 6.5 7.2 6.9 7.7
Rbt, MPa 3.8 4.2 4.1 4.5

εbR, mm/m × 10−3 2.41 2.16 2.24 2.03
εbtR, mm/m × 10−4 1.54 1.41 1.45 1.31

Eb, GPa 30.7 33.2 33.3 36.2
Ebt, GPa 30.1 32.8 32.7 35.8

Manufacturing technology—centrifugation

Rb,cub, MPa 54.9 62.8 60.5 67.6
Rb, MPa 45.8 51.8 50.7 55.9

Rbtb, MPa 7.3 8.3 8.0 8.9
Rbt, MPa 4.3 4.9 4.7 5.2

εbR, mm/m × 10−3 2.05 1.81 1.86 1.70
εbtR, mm/m × 10−4 1.31 1.16 1.20 1.08

Eb, GPa 35.9 40.7 39.5 43.8
Ebt, GPa 35.2 39.0 39.9 43.2

Manufacturing technology—vibro-centrifugation

Rb,cub, MPa 60.3 70.8 68.7 78.3
Rb, MPa 49.2 57.2 55.9 62.8

Rbtb, MPa 8.2 9.5 9.2 10.5
Rbt, MPa 4.8 5.6 5.4 6.1

εbR, mm/m×10−3 1.82 1.58 1.63 1.44
εbtR, mm/m×10−4 1.21 1.05 1.09 0.96

Eb, GPa 40.1 46.6 45.3 51.4
Ebt, GPa 39.6 46.2 45.0 51.3

Note: Rb,cub—cube strength; Rb—prismatic strength; Rbtb—tensile strength in bending; Rbt—the axial tensile
strength; εbR—deformations during axial compression; εbtR—deformations during axial tension; Eb—modulus of
elasticity during compression; Ebt—modulus of elasticity during tension.
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Figure 5. Dependence of the cube strength of concrete: (a) on the type of activation, (b) on the type of technology for
its manufacture.
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Figure 6. Dependence of the prismatic strength of concrete: (a) on the type of activation, (b) on the type of technology of
its manufacture.
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Figure 7. Dependence of the tensile strength in bending of concrete: (a) on the type of activation, (b) on the type of
technology for its manufacture.
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Figure 8. Dependence of the axial tensile strength of concrete: (a) on the type of activation, (b) on the type of technology for
its manufacture.
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Figure 9. Dependence of deformations during axial compression of concrete: (a) on the type of activation, (b) on the type of
technology for its manufacture.
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Figure 10. Dependence of deformations during axial tension of concrete: (a) on the type of activation, (b) on the type of
technology for its manufacture.

The constant standard deviation did not differ significantly for all series of tested
samples and averaged about 6%.

Figures 5–8 show that the greatest cubic and prismatic strengths, as well as tensile
strengths in bending and axial tension of concrete, are achieved by vibro-centrifugation
technology and a complex effect of mechanochemical activation on concrete components.
At the same time, if we compare the strength indicators in the case of activation of one
of the components of concrete, water or cement, then they are higher for concrete made
on the basis of activated cement. Thus, the positive effect of cement activation, which
consists of increasing the values of the strength parameters of concrete, is 10–20% higher
than the same effect from the activation of mixing water. The smallest strength values were
observed for concrete made by vibration technology on non-activated cement and water.
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Figure 11. Dependence of the modulus of elasticity in compression of concrete: (a) on the type of activation, (b) on the type
of technology for its manufacture.
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Figure 12. Dependence of the tensile modulus of concrete: (a) on the type of activation, (b) on the type of technology for its
manufacture.

The concrete strains under axial compression and axial tension, as can be seen from
Figures 9 and 10, decreased during the transition from vibration technology to centrifuga-
tion and vibration centrifugation technology. As for the activation effect on the concrete
components, cement and water, the values of concrete deformations decreased during the
manufacture of concrete with alkali-activated water in comparison with concrete without
component activation by 5–10%, depending on the manufacturing technology. When
cement was activated, deformations decreased even more (by 8–13%) and were minimal
with simultaneous mechanical activation of cement and chemical activation of water (the
difference with concrete on non-activated components was 15–20%).

Figures 9 and 10 clearly demonstrate the greatest decrease in the values of concrete
deformations in the case of the simultaneous use of vibration centrifugation technology
and a complex activation effect on cement and water.
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The behavior of the moduli of elasticity during compression and tension of concrete
(Figures 11 and 12) was approximately the same and consisted of their increase (by 9–17%,
depending on the technology of concrete production) when using one of the types of
activation action (chemical, on water, or mechanical, on cement) and achieving maximum
values (the difference with concrete on non-activated components was 18–30%) when using
complex mechanochemical activation of concrete components and vibration centrifugation
technology.

Analysis of Table 7 and Figures 5–12 made it possible to determine the quantitative
change in the strength and deformation characteristics of concretes (∆), as a result of
various types of activation of raw materials and technologies for making concretes from
them. At the same time, the characteristics of concretes on non-activated components were
taken as the reference point (∆ = 0). The results are presented in the form of Table 8.

Concrete on activated cement (ACNW) has higher strength characteristics and mod-
ulus of elasticity and lower strains (by 3–8%) than concrete on activated water (NCAW)
with any of the considered manufacturing technologies.

The greatest strength characteristics and modulus of elasticity are observed in heavy
concrete, obtained by vibro-centrifugation, on activated cement and water. In comparison
with the control composition (NCNW), the increase in characteristics is for vibrated con-
cretes from 17 to 21%, for centrifuged concretes from 20 to 24%, and for vibro-centrifuged
concretes from 27 to 30%.

As for concrete strains, they are characterized by a similar tendency, but towards a
decrease in their values. Therefore, in comparison with the control composition (NCNW),
the reduction in deformations is for vibrated concretes 14–16%, for centrifuged concretes
17–19%, and for vibro-centrifuged ones 20–22%.

Concrete obtained from activated cement and water (ACAW) has higher strength
characteristics and lower strains (on average by 10–20%) than concrete based on activated
cement (ACNW) or activated water (NCAW) with any of the considered manufacturing
technologies.

Analyzing the strain properties of concrete, we note the following. Below are the
approximating schematic diagrams “stress–strain” for all types of concrete for all types of
technology and for all types of activation.

Figure 13 shows the relationship between the strain diagrams of concrete and manu-
facturing technology, and Figure 14 shows the effect of the type of activation on the strain
diagrams of vibro-centrifuged concretes.
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Table 8. Changes (∆) of strength and strain characteristics of concrete for various types of activation
and manufacturing technology.

Manufacturing Technology—Vibration

Characteristics of Concrete
Activation Type

NCNW ACNW NCAW ACAW

∆Rb,cub, % 0 +12.2 +7.0 +20.5
∆Rb, % 0 +10.9 +7.5 +21.0

∆Rbtb, % 0 +10.8 +6.2 +18.5
∆Rbt, % 0 +10.5 +7.9 +18.4
∆εbR, % 0 −10.4 −7.1 −15.8
∆εbtR, % 0 −8.4 −5.8 −14.9
∆Eb, % 0 +12.4 +8.5 +17.9
∆Ebt, % 0 +12.3 +8.6 +18.9

Manufacturing technology—centrifugation

∆Rb,cub, % 0 +14.4 +10.2 +23.1
∆Rb, % 0 +13.1 +11.0 +22.1

∆Rbtb, % 0 +13.7 +9.6 +21.9
∆Rbt, % 0 +14.0 +9.3 +20.9
∆εbR, % 0 −11.7 −9.3 −17.1
∆εbtR, % 0 −11.4 −8.4 −17.6
∆Eb, % 0 +13.4 +10.0 +22.0
∆Ebt, % 0 +10.8 +13.4 +22.7

Manufacturing technology—vibro-centrifugation

∆Rb,cub, % 0 +17.4 +13.9 +29.9
∆Rb, % 0 +16.3 +13.6 +27.6

∆Rbtb, % 0 +15.9 +12.2 +28.0
∆Rbt, % 0 +16.7 +12.5 +27.1
∆εbR, % 0 −13.2 −10.4 −20.9
∆εbtR, % 0 −13.2 −9.9 −20.7
∆Eb, % 0 +16.2 +13.0 +28.2
∆Ebt, % 0 +16.7 +13.6 +29.5
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In all cases, under compression and tension, vibro-centrifuged concretes had the
highest peak shifted up and to the left (or down and to the right for stretching) rela-
tive to the peak of the diagram of centrifuged concretes, and even more so relatively
vibrated ones. This is due to the greater strength of vibro-centrifuged concretes relative to
other types.

The same picture was observed for the diagrams of vibro-centrifuged concretes ob-
tained with different types of activation. The highest strength concrete, ACAW, had the
highest peak shifted to the left (down and right to stretch). The tendency for the peak to
decrease and shift to the right (up and to the left for extension) was observed in the chain
ACAW—ACNW—NCAW—NCNW.

4. Discussion

To determine the role of our research in the system of new knowledge in the field
of construction, it is necessary to explain and interpret the results of our research by
comparing them with the results of previous research by other authors [11,16–30,33].

Analyzing the results obtained during theoretical and experimental studies, the fol-
lowing can be noted.

There are three main criteria to compare our research with previous research:

- Type of concrete manufacturing technology;
- Type of activation;
- Criterion of complexity or synergy.

The types of structures of the investigated concretes are shown in Figure 15.
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Studying the phenomenon of activation, the authors considered the technology of
vibration in previous works [11,16–30,33]. Concrete, as an object of research, was studied
by varying composition and technological factors during manufacture. However, the
structure as a result of activation was ordinary, with traditional heterogeneity.

The ordinary heterogeneous structure is inherent in vibrated concrete.
However, from our point of view, the creation of complicated inhomogeneous struc-

tures that meet the requirements of a specific type of stress–strain state is a more promising
area of research [41,42].

At the same time, it should be noted that in the works [11,16–30,33], the investigations
were devoted to studying the influence of one type of activation effect on the properties
of concrete.

In the case of activation of binders, this is mechanical activation [16,18], in the case
of water, it is magnetic [16,26] or electrical [16,20–22,26], and in the case of fillers, it is also
electrical types of activation. In this case, the filler, due to its inertness, is a weakly activated
material. Sufficiently effective methods of activating the binder or grouting fluid are more
common [16,20–22,26]. The known activation processes have disadvantages in the form of
high additional costs.

It should be noted that comprehensive activation technologies have not been previ-
ously considered, not only with a combination of two or more components of a concrete
mixture undergoing activation but also a combination of two different types of activation.
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The comprehensive effect of double activation, that is, the chemical and mechanical
of two different components, that is, the mixing agent and the binder, is investigated in
this article. Thus, the synergistic effect is achieved because the optimal processing of such
activation is most rationally selected, the most suitable technology of vibro-centrifugation
is obtained, and at the same time, rational formulations of such concrete are used.

The achievement of such a significant result and a positive effect can be substantiated
and explained by the appearance in the resulting centrifuged concrete mixture of so-called
crystallization centers. That is, we get a cement that has a significantly higher energy of
surface activity and the ability to quickly and intensively gain strength and subsequently
achieve considerably higher results due to its active interaction with other components of
concrete during hydration.

In this case, water is also a catalyst that contributes to an even greater degree of
improved hydration and interaction of the cement, accompanied by higher associated
characteristics, such as increased temperature and rate of cement hydration.

Alkaline water promotes better hydration processes in traditional calcium binders for
concrete. This is due to the presence in the system of calcium, hydroxides, silicates and
aluminates of which give an alkaline reaction. An important condition that contributes to
the favorable course of chemical processes is an alkaline environment.

As a result, clearly expressed dependencies are observed, which are interconnected by
proportional relationships. In these dependencies, the functions are the strength and defor-
mation properties of the resulting concrete, and the arguments are the characteristics of the
activated components, such as the specific surface of the cement and the pH of the water.
Thus, the existing dependencies can be traced not only in one stage but are multistage.
An example is a proportional relationship, the quantitative measure of which still needs
to be established. This dependence is as follows: the specific surface of the cement—the
activity of water as a cement mixture—the activity of the cement—the characteristics of the
resulting concrete.

In combination with a technological method that allows to obtain the highest quality of
the variatropic structure and having clearly expressed proportional relationships between the
investigated factors and their results, we obtain a mathematical and technological substantia-
tion of double complex activation when obtaining concretes of a variatropic structure.

Based on the analyzed studies conducted earlier by other authors and the activation
methods, it is possible to compare the effectiveness of these methods according to two
criteria, absolute increases in mechanical strength and deformative characteristics and a cost
characteristic. In view of the fact that electrical, magnetic and electromagnetic methods lead
to additional costs of energy, resources and labor, and are also more expensive, chemical
methods of activation seem to be more expensive [11,16,23–25]. However, in some cases
they are not effective enough. Therefore, the idea and hypothesis with complex double
activation (mechanical and chemical) gave results comparable to the most costly, but also
the most effective electrical, magnetic and electromagnetic methods [16,20–22,26].

Comparison of the types of activation in the manufacture of concrete is presented in
Table 9.

Thus, we studied for the first time the synergistic effect of complex mechanochemical
activation for concretes manufactured using various technologies.

It is established that the most effective technology for such activation is vibro-centrifug
ation, which provides a variatropic structure of concrete, allowing the maximum use of the
effect of the activation of components.

That is, in this study, synergy is achieved through a combination of three complexes:

- Simultaneous vibration and centrifugation of the concrete mixture;
- Simultaneous activation of the binder and grout in different ways;
- Simultaneous technological and activation effect on the molded mixture.

When the above three conditions are fulfilled, which are scientific novelty in relation
to previous studies [11,16–30,33], a practical result is achieved—an increase in strength
indicators up to 30%.
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The results of the study indicate a further direction in the development of research
on the enhancement of variatropia with the help of other factors, both prescription and
technological. At the same time, it is planned to conduct a number of studies on the
activation of three or more components in three or more different ways.

Table 9. Comparison of activation types.

No Activation Types
(Technology Type) Advantages Disadvantages

1 Electric (vibration)
[16,20–22,26]

Average increase in mechanical parameters
in comparison with magnetic and

electromagnetic methods of activation
[16,20–22,26]

High energy, resource and labor
intensity; development of additional
technological equipment, activation

units are required, time costs increase
[16,20–22,26]2 Magnetic (vibration) [16,26]

The smallest increase in mechanical
parameters in comparison with electrical and
electromagnetic methods of activation [16,26]

3 Electromagnetic (vibration)
[16,20–22,26]

The largest increase in mechanical indicators
in comparison with magnetic and electrical

activation methods [16,20–22,26]

4 Mechanical (vibration)
[16,18]

Available, off-the-shelf equipment; easier to
control activation processes (simplicity of the

method) [16,18]

A small increase in the characteristics of
activated materials [16,18]

5 Chemical (vibration) Low cost (low cost of implementation) A small increase in the characteristics of
activated materials

6

Complex mechanochemical
(vibration [30,31],

centrifugation,
vibro-centrifugation)

Synergistic effect; low cost; the increase in
strength is comparable to the most expensive

electromagnetic activation methods
Little knowledge

5. Conclusions

The novelty of this study is that for the first time, complex activation technologies were
applied to concretes made using various production technologies: vibrated, centrifuged
and vibro-centrifuged, that is, concretes with a complex variatropic structure.

A new technology of double complex mechanochemical activation of components in
the production of concretes with a variatropic structure is proposed—mechanical activation
of cement and chemical activation of water.

Proportional dependencies were qualitatively identified. Trajectories for determining
their quantitative nature were outlined.

New knowledge was obtained about the properties of vibrated, centrifuged and vibro-
centrifuged concretes with their double complex activation. The most effective type of
technology for mechanochemical activation is vibro-centrifugation.

The urgency and prospects of double, complex mechanochemical activation of the
components of the concrete mixture were substantiated.

It was proven that the complex mechanochemical activation of the components of
the concrete mixture gives a synergistic effect in obtaining concretes with an improved
structure and improved characteristics.

The influence of the technology of concrete production and the technology of activation
of its components on the properties of vibrated, centrifuged and vibro-centrifuged heavy
concrete was established.

It was found that to achieve a synergistic effect, the most effective technology is vibro-
centrifugation, and the most effective activation is mechanochemical. This symbiosis makes
it possible to achieve a practical effect in the form of achieving an increase in strength
of up to 30%, which is higher than the previously obtained results of increases in other
researchers who used vibration technologies and simple types of activation.
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6. Patents

Pat. 192,492 Russian Federation, MPK B28B 21/34. S.A. Stel’makh, E.M. Shcherban’,
M.G. Kholodnyak, M.P. Nazhuev, A.A. Chernil’nik, Rostov-on-Don. DSTU. N 2019115920;
declared 23.05.19; publ. 18.09.19, bull. N 26. 5 p. https://patentscope.wipo.int/search/en/
detail.jsf?docId=RU253583642&docAn=2019115920, (accessed on 4 November 2021).

Pat. 197,610 Russian Federation, MPK B28B 21/30. S.A. Stel’makh, M.G. Kholodnyak,
E.M. Shcherban’, A.S. Nasevich, A.V. Yanovskaya, Rostov-on-Don. DSTU. N 2020103753;
declared 29.01.20; publ. 18.05.20, bull. N 14. 4 p. https://patentscope.wipo.int/search/en/
detail.jsf?docId=RU295290880&_cid=P10-KSNFFQ-94304-1, (accessed on 4 November 2021).
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23. Vojvodíková, B.; Procházka, L.; Boháčová, J. X-ray Diffraction of Alkali-Activated Materials with Cement By-Pass Dust. Crystals

2021, 11, 782. [CrossRef]
24. Guan, J.; Zhang, Y.; Yao, X.; Li, L.; Zhang, L.; Yi, J. Experimental Study on the Effect of Compound Activator on the Mechanical

Properties of Steel Slag Cement Mortar. Crystals 2021, 11, 658. [CrossRef]
25. Kim, T.; Kang, C. Investigation of the Effect of Mixing Time on the Mechanical Properties of Alkali-Activated Cement Mixed with

Fly Ash and Slag. Materials 2021, 14, 2301. [CrossRef] [PubMed]
26. Zhao, K.; Zhang, P.; Wang, B.; Tian, Y.; Xue, S.; Cong, Y. Preparation of Electric- and Magnetic-Activated Water and Its Influence

on the Workability and Mechanical Properties of Cement Mortar. Sustainability 2021, 13, 4546. [CrossRef]
27. Shagñay, S.; Ramón, L.; Fernández-Álvarez, M.; Bautista, A.; Velasco, F.; Torres-Carrasco, M. Eco-Efficient Hybrid Cements:

Pozzolanic, Mechanical and Abrasion Properties. Appl. Sci. 2020, 10, 8986. [CrossRef]
28. Ibragimov, R.A.; Korolev, E.V.; Kayumov, R.A.; Deberdeev, T.R.; Leksin, V.V.; Sprince, A. Efficiency of activation of mineral

binders in vortex-layer devices. Mag. Civ. Eng. 2018, 6, 191–198. [CrossRef]
29. Ibragimov, R.A.; Pimenov, S.I.; Izotov, V.S. Effect of mechanochemical activation of binder on properties of fine-grained concrete.

Mag. Civ. Eng. 2015, 2, 63–69. [CrossRef]
30. Ibragimov, R.A.; Pimenov, S.I. Influence of mechanochemical activation on the cement hydration features. Mag. Civ. Eng. 2016, 2,

3–12. [CrossRef]
31. GOST 10178-85 Portland Cement and Portland Blastfurnace Slag Cement. Specifications. Available online: https://docs.cntd.ru/

document/871001094 (accessed on 9 November 2021).
32. Mailyan, L.R.; Beskopylny, A.N.; Meskhi, B.; Stel’makh, S.A.; Shcherban, E.M.; Ananova, O. Optimization of Composition and

Technological Factors for the Lightweight Fiber-Reinforced Concrete Production on a Combined Aggregate with an Increased
Coefficient of Structural Quality. Appl. Sci. 2021, 11, 7284. [CrossRef]

33. Serpokrylov, N.S.; Smolyanichenko, A.S.; Starovoitov, S.V. Features of the water treatment technology of fish breeding plants in
the southern region of the Russian Federation using agricultural waste. E3S Web Conf. 2021, 175, 02009. [CrossRef]

34. GOST 27006-2019 Concretes. Rules for Mix Proposing. Available online: https://docs.cntd.ru/document/1200165762 (accessed
on 9 November 2021).

35. Stel'makh, S.A.; Shcherban, E.M.; Zholobova, O.A. Prescription and Technological Aspects of Manufacturing High-Quality
Centrifuged Products and Structures from Heavy Concrete. IOP Conf. Ser. Mater. Sci. Eng. 2018, 463, 022056. [CrossRef]

36. Shuyskiy, A.I.; Stel’makh, S.A.; Shcherban’, E.M.; Kholodnyak, M.G. Investigation of the Influence of the Initial Composition of
Heavy Concrete Designed for the Manufacture of Ring-Section Products on its Properties. Mater. Sci. Forum 2018, 931, 508–514.
[CrossRef]

37. Mailyan, L.R.; Stel’makh, S.A.; Shcherban’, E.M.; Khalyushev, A.K.; Smolyanichenko, A.S.; Sysoev, A.K.; Parinov, I.A.; Cherpakov,
A.V. Investigation of Integral and Differential Characteristics of Variatropic Structure Heavy Concretes by Ultrasonic Methods.
Appl. Sci. 2021, 11, 3591. [CrossRef]

38. GOST 10180-2012 Concretes. Methods for Strength Determination Using Reference Specimens. Available online: http://docs.
cntd.ru/document/1200100908 (accessed on 9 November 2021).

39. GOST 24452-80 Concretes. Methods of Prismatic, Compressive Strength, Modulus of Elasticity and Poisson's Ratio Determination.
Available online: https://docs.cntd.ru/document/9056198 (accessed on 9 November 2021).

40. GOST 23732-2011 Water for Concrete and Mortars. Specifications. Available online: https://docs.cntd.ru/document/1200093835
(accessed on 9 November 2021).

http://doi.org/10.34910/MCE.103.8
http://doi.org/10.34910/MCE.104.4
http://doi.org/10.3934/matersci.2018.5.916
https://elima.ru/books/?id=4621
https://e.lanbook.com/reader/book/3726/?previewAccess=1#9
https://rep.bntu.by/handle/data/40837
http://doi.org/10.5829/idosi.wasj.2013.23.pac.90003
http://doi.org/10.1680/adcr.2004.16.4.167
http://doi.org/10.3390/cryst11070782
http://doi.org/10.3390/cryst11060658
http://doi.org/10.3390/ma14092301
http://www.ncbi.nlm.nih.gov/pubmed/33946772
http://doi.org/10.3390/su13084546
http://doi.org/10.3390/app10248986
http://doi.org/10.18720/MCE.82.17
http://doi.org/10.5862/MCE.54.7
http://doi.org/10.5862/MCE.62.1
https://docs.cntd.ru/document/871001094
https://docs.cntd.ru/document/871001094
http://doi.org/10.3390/app11167284
http://doi.org/10.1051/e3sconf/202017502009
https://docs.cntd.ru/document/1200165762
http://doi.org/10.1088/1757-899X/463/2/022056
http://doi.org/10.4028/www.scientific.net/MSF.931.508
http://doi.org/10.3390/app11083591
http://docs.cntd.ru/document/1200100908
http://docs.cntd.ru/document/1200100908
https://docs.cntd.ru/document/9056198
https://docs.cntd.ru/document/1200093835


Appl. Sci. 2021, 11, 10647 20 of 20

41. Lyapin, A.; Beskopylny, A.; Meskhi, B. Structural Monitoring of Underground Structures in Multi-Layer Media by Dynamic
Methods. Sensors 2020, 20, 5241. [CrossRef] [PubMed]

42. Beskopylny, A.; Kadomtseva, E.; Strelnikov, G.; Morgun, L.; Berdnik, Y.; Morgun, V. Model of heterogeneous reinforced fiber
foam concrete in bending. IOP Conf. Ser. Mater. Sci. Eng. 2018, 365, 032023. [CrossRef]

http://doi.org/10.3390/s20185241
http://www.ncbi.nlm.nih.gov/pubmed/32937995
http://doi.org/10.1088/1757-899X/365/3/032023

	Introduction 
	Materials and Methods 
	Materials 
	Methods 

	Results 
	Discussion 
	Conclusions 
	Patents 
	References

