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Abstract: One main global problem is the accumulation of a large amount of agricultural waste. This
problem causes environmental pollution and requires an immediate comprehensive solution. The
purpose of this study was scientific substantiation and experimental testing, at the micro- and macro
levels, of the joint influence of electromagnetic activation of cement paste and nano-modification
by rice straw biochar on the strength and strain properties of concrete. In addition to standard
methods, the methods of electromagnetic activation, scanning electron microscopy, and energy
dispersive spectrometry were used. The results of the joint influence of electro-magnetic activation
and nano-modification by rice straw biochar on the strength and strain characteristics of concrete
were experimentally verified and confirmed by microstructure analysis. Electromagnetic treatment
of the cement paste increased the compressive strength, axial compressive strength, tensile strength
in bending, and axial tensile strength of concrete. The best performance was demonstrated by
electromagnetically-activated concrete containing 5 wt.% rice straw biochar. Strength characteristics
increased from 23% to 28% depending on the type of strength, ultimate tensile strains decreased by
14%, and ultimate compressive strains by 8% in comparison with the control concrete composition.
Replacing part of the cement with 10 wt.% and 15 wt.% rice straw biochar led to a strong drop
in strength characteristics from 14 to 34% and an increase in strain characteristics from 9 to 21%.
Scanning electron microscopy showed a denser and more uniform structure of electromagnetically
activated samples.

Keywords: composite materials; rise straw; biochar; nanomodified concrete; vortex layer apparatus;
electromagnetic treatment

1. Introduction

Modern manufacturing and agricultural sectors are characterized by many global
problems that are typical for most countries of the world. One of them can be called
the accumulation of a large amount of waste of various origins, one of the main types
of which is agricultural waste. Such a problem requires an immediate solution due to
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environmental pollution, and it is obvious that such a solution should be comprehensive.
That is, it is not enough to simply dispose of agricultural waste. It is necessary to consider
the most expedient technology for its utilization with possible applications in various
industries [1–3]. One of the most demanded industries as an opportunity to dispose of
various types of waste is the construction industry and, in particular, the production of
building materials, products, and structures.

The current trend in the modern construction industry is the use of the most envi-
ronmentally friendly materials and technologies to reduce the degree of negative impact
of anthropogenic activities on the environment, while using various kinds of preexisting
waste [4–7]. At the same time, the actively developing hydraulic engineering construction
requires higher quality indicators of concrete structures compared to civil engineering, due
to the increased load on them, as well as a highly aggressive environment both inside and
outside the structures. It is known that the strength properties of concrete depend both on
the quality of the components themselves and on the properties of the binders—cement
and fillers, as well as the mixing water [8–12]. In turn, the characteristics of the cement itself
are largely influenced by the degree of grinding carried out in various ways. The range of
technologies associated with the processing of solids, divided into separate processes, is
presented in Figure 1 [13].
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devices [13].

Among the technical solutions that have emerged in the cement industry are vertical
roller mills, high-pressure press rolls, and a combination of press rolls and ball mills [14].
An annular roller mill is also known, which not only allows the processing of the material
with its optimal performance, but is also highly energy efficient equipment [15]. These
aggregates can be classified depending on how the material is destroyed—compression,
shear, friction, or impact. However, it is often difficult to separate the different ways of
applying force, since at least two of them act simultaneously in the unit. In addition,
during the destruction of the material, three types of fragmentation are distinguished,
namely grinding due to abrasion, chipping, and volumetric destruction, which are realized
simultaneously to one degree or another. Thus, it is obvious that the grinding mechanism
and the type of destruction affect the shape of the product particles [16–21]. In turn, the
morphology of cement particles determines its strength characteristics [22]. In addition,
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the disintegration of concrete can be used to restore its properties, thereby allowing the
use of old cement on construction sites in whole or in part. Studies have shown that
the preparation of cement samples in the DESI-16C disintegrator (from old and new
cement) made it possible to increase several strength characteristics, however, without
changing the chemical properties of materials [23]. Also, disintegration allows the use
of non-standard additives of natural and synthetic origin as a filler. For example, in [24],
limestone, which is disintegrated together with clinker, was an additive in concrete, since
it belongs to local materials in Tunisia, which make it possible to reduce the cost of the
concrete manufacturing process without reducing the strength characteristics, but in a
limited amount. A relationship has also been established between the quality of grinding
and the strength characteristics of concrete. In one study [25], a relationship was established
between the crushing of fillers of natural origin—gravel and pebbles with a fraction of
4–8 mm and 10–14 mm, respectively and the strength of concrete. According to the analysis
carried out, the sample with gravel showed higher strength characteristics. Natural fillers
for partial replacement of Portland cement in concrete also include clays [26], whose
chemical and pozzolanic activity was increased by grinding in a planetary ball mill.

One of the most effective methods for increasing the resistance of concrete structures to
various kinds of loads is the modification of concrete with carbon fibers. In studies [27,28],
it was confirmed that the obtained self-compacting fiber-reinforced concrete with carbon
fibers has higher strength characteristics than samples with low porosity and high adhesion,
which were achieved by grinding the surface of the samples. Along with inorganic fillers for
fiber-reinforced concrete, organic material can also be used, for example, straw processed
into ash. The work [29] presents studies on the “potential of concrete with wheat straw
ash” and silicon dioxide for several indicators, including CO2 emission.

In the mid 1970s, the first vortex layer apparatus (VLA) was invented, in which needles
moving under the influence of a rotating magnetic field were used as grinding bodies.
These devices make it possible to carry out such operations as grinding, mechanical activa-
tion of starting materials, and, in particular, the increase of the reactivity of the processed
material in subsequent processes and reactions. In addition, VLA devices allow mixing
solid bulk materials, liquids and gases, as well as dry grinding of solids, chemical reactions,
and changes in the chemical and physical properties of materials [30,31]. The vortex layer
apparatus proved to be a very effective way to activate mineral binders [32]. In the appa-
ratus, the processed material is affected by a complex of acoustic, mechanical, electrical,
magnetic, thermal, radiation, and chemical effects that change the physicochemical proper-
ties of materials [33–37]. In order to improve the efficiency of processing binders on the
apparatus of the vortex layer, a formula was obtained for the dependence of the number
of collisions of ferromagnetic particles on the number and speed of their movement, the
filling factor of the working chamber of the apparatus [38]. Also, the vortex layer apparatus
made it possible to significantly increase the strength and deformation characteristics of
lightweight fiber-reinforced concrete with a minimum processing time of only 85 s [31]. In
studies [39,40], the effect of mixing with magnetized water in a vortex layer installation
on the compressive strength of concrete, workability and the required cement content was
considered. As a result, a reduction in cement content of 7.5% was confirmed for concrete
samples prepared with magnetized mixing water compared to samples prepared with
ordinary non-magnetized water. If we consider the disintegration of mineral binders in a
vortex layer installation from the point of view of mechanical action, then it is necessary to
note the possibility of grinding the material to nanoparticles. For example, it is known that
the grinding of Portland cement in a ball mill to nanosizes makes it possible to achieve a
32% increase in compressive strength and reduce the initial setting time to 30 min with 50%
replacement of the initial binder with nanocement [41].

The use of waste from the agricultural complex in construction, namely the waste of
rice straw, as well as husks, is currently a topical issue, which is confirmed by numerous
studies [42–56]. In them, rice straw and husk biochar was used as a replacement for 2%
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to 30% of the cement. At the same time, a dosage of 2% to 10% of rise straw ash (RSA)
provided the best concrete strength values.

Thus, after conducting a literature review on the existing methods of agricultural waste
disposal with its processing into building materials, it is possible to formulate a scientific
research deficit. The scientific novelty of this article is the investigation of the mechanisms
that occur during the formation of the microstructure and properties of concrete obtained
by means of electromagnetic activation and nanomodification with agricultural waste,
namely rice straw biochar. Rational dosages are also given with confirmation and scientific
justification of this rationality for the highest quality structure and operational reliability of
such concretes. The practical significance of the study is to obtain ready-made concretes
recommended for use in a wide range of construction areas: in civil, social, industrial,
agricultural, and other construction. Thus, the purpose of the study is scientific substan-
tiation and experimental testing, at the micro- and macro levels, of the joint influence of
electromagnetic activation and nano-modification by rice straw biochar on the strength
and strain properties of concrete.

The objectives of the study are to establish the optimal dosage of the nanomodifier and
the optimal combination of electromagnetic activation and modification modes, to identify
fundamental relationships between the formation of the microstructure and the formation
of the properties of new concretes, and to develop proposals for the applied industry based
on the results obtained.

2. Materials and Methods

Portland cement CEM I 42.5 N (OAO Novoroscement, Novorossiysk, Russia) without
additives was used as the main binder. The primary properties, chemical and mineralogical
mixture of Portland cement are given in Tables 1 and 2.

Table 1. Properties of Portland cement.

Property Value

Specific surface, cm2/g 3124

Normal consistency, % 25.5

Density, kg/m3 3112

Setting time, hour–min.
- start
- end

2–20
3–25

Compressive strength at the age of 28 days, MPa 43.7

Tensile strength in bending at the age of 28 days, MPa 5.3

Table 2. Mineralogical composition of Portland cement.

Cement Type C3S C2S C3A C4AF

CEM I 42.5 N 68.9 13.4 6.3 11.4

Granite crushed stone (Yug-Nerud, Pavlovsk, Russia) was used as a coarse aggregate.
Properties of the crushed stone are presented in Table 3.

Quartz sand was used as a fine aggregate (Arkhipovsky quarry, Arkhipovskoe village,
Russia). Properties of the sand are given in Table 4.

The quality indicators of the original rice straw biochar and rice straw biochar with
electromagnetic processing are shown in Table 5 and in Figures 2 and 3.
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Table 3. Properties of the granite crushed stone.

Characteristic Name Value

Fraction size 10–20

Bulk density, kg/m3 1456

True density, kg/m3 2670

Crushability, % by weight 11.2

The content of flaky grains, % by weight 6.4

Table 4. Properties of the quartz sand.

Indicator Title Indicator Value

Grain composition
of sand

Sieve size, mm 2.5 1.25 0.63 0.315 0.16 <0.16

Parttial rests, % 3.0 3.9 6.1 38.6 46.8
1.7

Full rests, % 3.0 6.8 13.0 51.5 98.3

Fineness modulus 1.73

Content of Dust and Clay Particles, % 0.25

True grain density, kg/m3 2665

Bulk density, kg/m3 1428

Table 5. Chemical composition of the obtained samples of activated rice straw biochar and without
activation by electromagnetic treatment.

Sorbent Type C, % O, % Si, % K, % Ca, % Mg, % Na, % Cl, % Fe, % Al, %

Rice straw biochar with
electromagnetic treatment [54] 78.5 18.5 2.1 0.5 0.1 0.1 0.1 - 0.1 -

Rice straw biochar without
electromagnetic treatment 43.3 42.5 8.2 1.0 1.1 0.8 0.3 0.1 - 2.7
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Table 6 and Figure 2 show that electromagnetic activation changes the chemical
composition of rice straw biochar: for example, the proportion of C increased by 35.2%.

Table 6. Compositions of concrete mixes.

Composition
Number Composition Type Cement,

kg/m3
Water,
L/m3

RSA,
kg/m3

1 Control composition 375 94 0

2 Electromagnetically treated cement paste 375 94 0

3 Electromagnetic treated cement paste with
RSA 5% instead of part of the cement 356.3 94 18.7

4 Electromagnetically processed cement paste
with RSA 10% instead of part of the cement 337.5 94 37.5

5 Electromagnetically treated cement with
RSA 15% instead of part of the cement 318.7 94 56.3

The appearance of the raw material for obtaining nanomodified rice straw biochar
powder is shown in Figure 3.

“A sample of rice straw biochar is a corpuscular porous body, and individual particles
of which have ordered cylindrical pores without a bottom of approximately equal size.
The material itself can be directly attributed to nanomaterials with a particle size of 10 to
100 nm” [54].

Rice straw biochar was prepared according to the following method. Rice straw was
washed with distilled water, then soaked in an alkali solution for a day, after which it was
repeatedly washed with distilled water until a pH of 7.0–8.0 was reached, after which it
was dried for 8 h in a ShS-80-01 SPU drying cabinet (Smolensk SKTB SPU, Smolensk at
t = 105 ◦C. The dried straw was carbonized in a muffle furnace at t = 600 ◦C for 30 min.

Electromagnetic processing was carried out on a process activation unit (UAP) (DSTU,
Rostov-on-Don, Russia). This installation has small dimensions and low specific energy
consumption, while allowing the changing of the structure and properties of processed
materials [54].

The concrete mix manufacturing process included the following main technologi-
cal steps:

- at the first stage, cement paste was made with the required amount of rice straw
biochar additive or without it. Cement and additives were mixed dry automatically in
a laboratory concrete mixer for 1 min, and then water was introduced in an amount of
25% by weight of cement. The resulting cement paste was mixed for another 1 min;
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- at the second stage, the resulting cement paste was unloaded from the concrete mixer
and subjected to electromagnetic processing in the UAP unit [54];

- at the third stage, the treated cement paste was again placed in a concrete mixer, and
then fine aggregate and 50% of the remaining mixing water were introduced. This
whole mixture was mixed for 1 min;

- the fourth stage included the introduction of coarse aggregate and the remaining
mixing water with the mixing of the concrete mixture until a homogeneous state.

The composition of the concrete mixture chosen was the same as in [54]:
cement-375 kg/m3; water-210 L/m3, crushed stone-1028 kg/m3; sand-701 kg/m3. The
density of the concrete mixture was 2315 kg/m3.

The compositions of all mixtures are summarized in Table 6.
In the course of the research, 5 series of samples were prepared and tested at the age

of 28 days: 1 the control composition of the cement mixture and concrete; 2 cement mixture
with processing at the process activation unit (UAP) and concrete on this mixture; 3 cement
mixture with rice straw biochar filler (5% instead of cement part) with processing at the
process activation unit and concrete on this mixture; 4 cement mixture with rice straw
biochar filler (10% instead of cement part) with processing at the process activation unit
and concrete on this mixture; 5 cement mixture with rice straw biochar filler (15% instead
of cement part) with UAP treatment and concrete on this mixture. The test plan is shown
in Figure 4.
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Figure 4. Experimental research program.

In total, 15 specimens of cement paste beams were tested for compressive strength and
tensile strength in bending. Also, 15 concrete cube samples were tested for compressive
strength, 15 concrete prism samples for axial compressive strength, 15 concrete prism
specimens for tensile strength in bending, and 15 concrete prism samples for axial tensile
strength; in total—45 prism specimens were tested.

For the manufacture of prototypes of cement and concrete mixtures, technological
equipment, testing equipment and measuring instruments were used as in [31,54,57–61].

A detailed description of the methods for determining the strength and deformation
characteristics of prototype concrete samples is presented in [51]. The compressive strength
and tensile strength in bending of the hardened cement paste samples were determined
according to the GOST 30744 method “Methods of testing with using polyfraction standard
sand” [62]. The compressive strength, flexural tensile strength and axial tensile strength
of concrete were determined according to GOST 10180 “Concretes. Methods for strength
determination using reference specimens” [63], and axial compressive strength of concrete
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according to GOST 24452 “Concretes. Methods of prismatic, compressive strength, modulus
of elasticity and Poisson’s ratio determination” [64].

The study of the microstructure of “the modified hardened cement paste was car-
ried out using a ZEISS CrossBeam 340 (Carl Zeiss Microscopy GmbH (Factory), Jena,
Germany)” [51]. Also, chemical analysis was carried out using this two-beam scanning
electron/ion microscope, equipped with an Oxford Instruments X-Max 80 X-ray microana-
lyzer [51].

3. Results and Discussion

After 28 days of hardening, laboratory tests of the experimental compositions of
cement pastes and concrete mixtures were carried out for strength and deformation charac-
teristics. Photographs of samples of hardened cement pastes subjected to electromagnetic
treatment and containing rice straw biochar are shown in Figure 5.
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Figure 5. Samples of hardened cement paste modified with RSA and activated by electromagnetic 
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ure; (d) after destruction. 

Table 7 presents the strength properties of cement mixtures. 
  

Figure 5. Samples of hardened cement paste modified with RSA and activated by electromagnetic
treatment in a bending test: (a) to failure; (b) after failure and in compression test: (c) before failure;
(d) after destruction.

Table 7 presents the strength properties of cement mixtures.
The best results in terms of compressive and tensile strength in bending were shown

by samples of the hardened cement paste processed in the UAP and containing 5% RSA: the
increase in strength compared to the control samples was 22%. A slightly smaller increase
(18%) was shown by the samples processed in the UAP, but without RSA. In compositions
with dosages of 10% and 15% RSA, a drop in strength up to 30% was observed.
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Table 7. The strength properties of cement mixtures.

Composition Number Compressive Strength, MPa Tensile Strength in Bending, MPa

1 40.8 ± 2.4 5.82 ± 0.36

2 47.9 ± 2.7 6.41 ± 0.33

3 49.5 ± 2.5 7.09 ± 0.34

4 38.4 ± 2.4 5.71 ± 0.38

5 28.5 ± 1.7 5.02 ± 0.36

Electromagnetic treatment of cement mixtures allows a modified particle surface
structure to be obtained, which leads to an intensification of the process of mixing concrete
with water. The combined effect of electromagnetic treatment of the cement mixture and
rice straw biochar nanomodification optimizes the curing cycle of cement composites by
reducing the curing time and leads to structure strengthening [54].

The strength properties of the compositions of concrete are presented in Figures 6–9.
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control composition; 2 (blue)—electromagnetically treated cement paste without RSA; 3, 4, 5 (green)—
electromagnetic treated cement paste with RSA of different dosage according to Table 6.

According to the results of determining the compressive strength, it was found that
the maximum values were recorded for concrete samples made on activated cement paste
with 5% RSA, and the minimum values were for samples of composition No. 5, made on
activated concrete mix with 15% RSA. Thus, the increase in the strength of composition No.
2 in comparison with the control was 20%, and the increase in the strength of composition
No. 3 was 23%. As for compositions No. 4 and No. 5, there was a drop in strength
characteristics by 16% and 28%, respectively.

The change in axial compressive strength, axial tension, and bending tensile strength
had a similar behavior as the change in compressive strength. Thus, the increase in the axial
compressive strength of compositions No. 2 and 3 was 23% and 28% percent, respectively,
and, for compositions No. 4 and 5, a drop in strength by 14% and 27% was noted. The
increases in axial compressive and flexural tensile strengths of compositions Nos. 2 and
3 were 19% and 25% for axial compressive strength and 21% and 26% for flexural tensile
strength. The strength drops of compositions No. 2 and 3 were 19% and 34% for the axial
compressive strength and 23% and 30% for the tensile strength in bending.
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The results of the strain properties of concrete are presented in Figures 10 and 11.
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Figure 11. Change in ultimate strains during axial tension of concrete samples at the age of
28 days: 1 (grey)—control composition; 2 (blue)—electromagnetically treated cement paste without
RSA; 3, 4, 5 (green)—electromagnetic treated cement paste with RSA of different dosage according to
Table 6.

Figures 10 and 11 show that the values of ultimate strains under axial compression
and tension of the experimental compositions No. 2 and 3 decreased in comparison with
the values of the control composition, while for compositions No. 4 and 5, they increased.
Deformations under axial compression of composition No. 2 decreased by 6%, and of
composition No. 3 by 8%. For compositions No. 4 and 5, these deformations increased by
9% and 20%, respectively. As for the deformations during axial tension, for compositions
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No. 2 and 3, their values decreased by 11% and 14%, respectively, and for compositions
No. 4 and 5, they increased by 14% and 21% compared with the control composition. Such
changes in deformations are explained by sacristies in the strength characteristics of the
compositions, recorded above (Figures 6–9).

The nanomodifier introduced in the optimal amount becomes the center of crystalliza-
tion of the emerging concrete microstructure. In this case, the structure has the densest
packing of particles and, accordingly, the best mechanical and deformation characteris-
tics. A powerful rotating electromagnetic field is created inside the UAP, which rotates
ferromagnetic elements—needles, which, due to a powerful electromagnetic field and their
ferromagnetic properties, interact with the main rotating field, thus creating their own local
fields. As a result, during activation, a number of effects occur in the UAP, in particular,
magnetostrictive and cavitation effects, which strongly affect the change in the properties
of the processed materials [54].

The authors note a significant decrease in the strength of compositions 4 and 5, the
possible cause and mechanism of which can be explained by the following fact. As is known
from the previously published work [54], excessive saturation of a building composite with
a nanomodifier can lead to negative consequences. Thus, the formation of the structure
at the micro- and macrolevels is threatened in the sense that there is no denser packing of
particles and proper lubrication with the cement matrix of the filler, which is the modifier.
As a result, the processes of hydration and structure formation become more difficult. Such
events lead to the fact that, when the structure deteriorates, it is logical that the strength
characteristics also decrease. Two main conclusions can be drawn from this. It is important
to observe a rational dosage of the nanomodifier in order to simultaneously achieve the
maximum effect from it and, at the same time, allow certain intervals so that the strength
characteristics do not subsequently decrease. The presence of additional electromagnetic
treatment during the nanomodification of concrete with rice straw biochar somewhat
slows down the destructive processes; that is, the formation of the structure is somewhat
improved compared to the same process when non-activated concrete is supersaturated,
but still, due to the fundamental processes occurring in this case, it is impossible to stop
them. That is why the need to achieve the optimal dosage of the components is once
again emphasized.

Figures 12 and 13 show compression diagrams “εb-σb” and tension “εbt-σbt” for all
experimental compositions.
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Figure 13. Tensile stress-strain diagram.

Figures 12 and 13 show that the peak of the “stress-strain” diagrams of the most
effective compositions No. 2 and 3, previously established according to the strength
characteristics of concrete, is shifted up and to the left relative to the concretes of the control
composition No. 1 and compositions No. 4 and 5. Shift of the peak of the diagrams
compression and tension indicates an increase in strength characteristics and a better
resistance of such concrete to deformations, thereby confirming the hypothesis of an
increase in strength characteristics and a better resistance of such concrete to deformations
due to electromagnetic treatment and nanomodification of rice straw with biochar in an
amount of 5% instead of a part of cement.

Figures 14–18 show SEM images of the structure of hardened cement mixes for all five
experimental formulations.
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Figure 16. SEM image of the structure of an electromagnetically treated hardened cement paste with
5% RSA in place of part of the cement.

The SEM image data shows a clear spread of the calcium silicate hydrate (CSH) gel.
Figure 14 shows the structure of the hardened cement paste of the control composition. As
can be seen, it consists of irregularly shaped particles with micropores; cracking is also
observed. Figures 15 and 16 show, respectively, the structure of the hardened cement paste
subjected to electromagnetic processing and the structure of the cement paste processed
in UAP with 5 wt.% RSA. The structure of these cement compositions is denser and more
homogeneous, which is explained by a large amount of CSH. This may be the reason for
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some increase in the strength characteristics of compositions Nos. 2 and 3. As the RSA
content in compositions Nos. 4 and 5 increases, the structure of the cement stone becomes
less dense and has a loose character, and CSH gel is not observed everywhere, which is the
reason for the sharp drop in strength characteristics (Figures 17 and 18). Thus, the analysis
of the microstructure of all the studied compositions is in good agreement with the above
results of the strength and deformation properties of the studied concretes and confirms
the high efficiency of electromagnetic treatment and nanomodification of rice straw biochar
of cement composites.
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Figure 17. SEM image of the structure of an electromagnetically treated hardened cement paste with
10% RSA in place of part of the cement.

To discuss the results obtained, let us now consider the fundamental foundations of
the physicochemical processes occurring during the electromagnetic activation of nanomod-
ifiers for the resulting concrete. Based on the known data [65,66], we present our inter-
pretation of these processes. Let us derive a mathematical model of the above-mentioned
fundamental processes.

The process of mechanical activation of materials in UAP, as in other mixers, is usually
described by several stages [65,66]. At the first stage, electromagnetic processing causes
a violation of the crystal lattice of the material and changes in interplanar distances and
orientation angles of the structure. At the second stage, a new surface of the system is
formed, cracks appear and develop in the material. In this case, the growth of the total
energy of the system with an increase in the phase interface by 1 cm2 is determined by
the formula:

∆Hs = σ− T
dσ

dT
= σ + q (1)

where σ is the specific surface energy; T is temperature; and q is the latent heat of formation
of 1 cm3 of a new surface.

The mechanism of the effect of magnetostriction on a substance is simple: any particle
of any material, being in contact with the needle at the moment of magnetization reversal,
experiences a powerful blow, since the change in polarity occurs in a very short time,
comparable to the speed of light, taking into account, of course, losses for the time of
displacement or rotation of domain boundaries.
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Figure 18. SEM image of the structure of an electromagnetically treated hardened cement paste with
15% RSA in place of part of the cement.

Studies [65,66] show that a nonmagnetic particle can move in a vortex layer even
in the direction opposite to the direction of its transportation through the vortex layer.
For example, a freely falling particle in contact with a moving ferromagnetic element can
acquire a speed opposite to the speed before the collision, and, as it were, is reflected from
the vortex layer. Similar phenomena are also observed inside the vortex layer. As a result,
the duration of stay of a non-magnetic particle in the vortex layer significantly exceeds the
time during which it flies a distance equal to the length of the vortex layer.

Thus, when mixing in a vortex layer, ferromagnetic elements can be considered as
parallel “elementary” layers (Figure 19).

Let’s determine the area S4 of the “dead” zone, for which we select
(√

n1 − 1
)2 squares

with sides (l + x) inside the section under consideration. Area S5 is in the “dead” zone

S5 = (l + x)2 − πD2

4
(2)

The “dead” zone includes two more types of regions S6, S7 the number of which is,
respectively, equal to 4(

√
n1 − 1) and 4, and the areas of these zones:

S6 =

(
l + x

l
2

)
(3)

S7 =
l2

4
− πl2

16
(4)

The total area of the “dead” zone in the section:

SD = (
√

n1 − 1)S6 + 4(
√

n1 − 1)S7 + 4S8 (5)

This expression reflects the area deduced by the authors [65,66] where activation is
impossible because of ongoing processes and the action of rotational forces. That is, this is
the minimum error of the method, expressed quantitatively in units of area.
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The “dead” zone includes two more types of regions  the number of which is, 
respectively, equal to 4(√𝑛𝑛1 − 1) and 4, and the areas of these zones: 

𝑆𝑆6 = (𝑙𝑙 + 𝑥𝑥
𝑙𝑙
2

) (3) 

𝑆𝑆7 =
𝑙𝑙2

4
−
𝜋𝜋𝑙𝑙2

16  
(4) 

6 7,S S

Figure 19. Models of the mixing process in a vortex layer: (a) the case when the zones of rotation
of ferromagnetic elements do not intersect; (b) the case when the rotation zones of ferromagnetic
elements intersect.

The graphical models of the fundamental processes of electromagnetic activation of
nanomodifiers for concrete presented by us have been verified according to the theoretical
data obtained earlier by the authors [65,66] and the results of our own experimental
verification. Thus, we have described the mechanism and physical and chemical essence of
improving the micro- and macrostructure and properties of concretes of a new type.

In addition, the efficiency of electromagnetic treatment of cement paste with rice straw
biochar of the selected optimal dosage has been theoretically and experimentally confirmed.
In contrast to [54], where only rice straw biochar was subjected to electromagnetic treatment,
in this study, a mixture of cement with biochar and water was already activated. At the
same time, the efficiency of electromagnetic treatment of the mixture is up to 10% higher
than that of biochar alone, which is confirmed by the test results obtained for strength and
deformation parameters in comparison with [54].

4. Conclusions

The conducted experimental studies and analysis led to the following conclusions:

(1) The results of the joint influence of electromagnetic activation and nanomodification
by rice straw biochar on the strength and deformation characteristics of concrete were
experimentally verified and confirmed by microstructure analysis;

(2) Electromagnetic treatment of the cement paste increased the compressive strength,
axial compressive strength, tensile strength in bending, and axial tensile strength of
concrete. The best performance was demonstrated by electromagnetically activated
concrete containing 5 wt.% rice straw biochar. Strength characteristics increased from
23% to 28% depending on the type of strength, and deformations decreased from 8%
to 14% in comparison with the control concrete composition. Replacing part of the
cement with 10 wt.% and 15 wt.% biochar from rice straw led to a strong drop in
strength characteristics from 14 to 34% and an increase in deformation characteristics
from 9 to 21%;

(3) The conducted microstructural studies prove the positive effect of electromagnetic
treatment on the structure of the cement composite both with and without the addition
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of rice straw biochar. Improving the structure at the micro- and macrolevels is due to
the creation of additional centers of crystallization, denser packing of particles, and a
decrease in defectiveness at the phase boundaries due to the optimal nanomodification
of concrete with activated finely dispersed rice straw biochar.

The use of concretes containing RSA waste and activated by electromagnetic treatment
is promising in real construction practice. The use of waste rice straw charcoal as a partial
replacement for cement solves two particularly important problems at once: environmental,
the utilization of agricultural waste, and economic, the reduction of the cost of construction
by reducing the consumption of one of the most expensive components—cement.
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