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«HaHOTexXHONOrnN B CTPONTENbCTBEY — PELIEH3VPYEMbIN HAaYUHbI XKypHaJl.

OCHOBHOI1 LieNblo XXypHana ABnsaeTcA MHGpopMaLMOHHOe obecrneyeHne NpoLecca CO3faHNA U BHeAPEeHUA B Mpe HayKo-
eMKUX TEXHONOruiA (Mpexae BCero — HAHOTEXHOOMMYECKON NPOAYKLMM) B 0611aCTU CTPOUTENBCTBA, XKUMLLHO-KOMMYHaNbHOTO
X03ACTBA, CMEXHbIX OTPACNEN (MPOMBbILLIEHHOCTH, SHEPTETUKM U Ap.).

OcHOBHbIe 3agaun:

« [pepocTaBrieHrie yYeHbIM 1 CrelmnannucTam 13 pasHblX CTpaH BO3MOXHOCTM Ny6MKoBaTb pe3ynbTaTbl CBOMX UCCIef0BaHWUI
1 nosyyatb MHGOPMALIMIO O COBPEMEHHbBIX TEXHONOMMAX 1 MaTepurarnax, BbiIcokoaddeKTrBHOM 060pyaoBaHMM B 0611aCTLN CTPO-
NTENbCTBA, XUINLLHO-KOMMYHASIbHOTO XO3ANCTBA, CMEXHbIX OTpacsiel (MPOMbILLIEHHOCTH, SHEPreTUKN 1 ap.).
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KpYrblX CTONax U T.4.) 0 HAHOVHAYCTPUU U MPUKIAAHbIM BOMPOCaM HAHOTEXHONOTMMIA B 061aCTV CTPOUTENBCTBA U XKUSNLLHO-
KOMMYHaNbHOTO X03ANCTBa, UMEIOLLMX aKTyalbHOe 1 NepcrneKTUBHOE NPaKTUYecKoe 3HaYeHue.

KypHan nspaetca c 2009 ropa. NepnoanYHOCTb — 6 HOMEPOB B oA,

B xypHane ny6nunkyiorca pa6oTbl o cieAyloWmnM TeMam: CoO3AaHNne HOBbIX GyHKLMOHaNbHbIX MaTepuanos; pa3paboTka Teo-
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arnoB 1 HAHOTEXHOMOT U B CTPOUTENbCTBE U CTPOMUTENbHBIX MaTepuranax; AUarHOCTVIKa HAaHOCTPYKTYP U HaHOMaTepranoB CTpou-
TeNbHbIX CUCTEM; TEXHONOTUW UCCIIe[0BaHNA CBOMCTB HAHOMATEPMASIOB; TEXHONOTMMYECKME NPVHLMMbBI CO3AaHUA HAHOCTPYKTYP
(pacnnasbl, 30Nb-renieBbli CMHTE3 U Ap.). TemaTnKa CTaTell MOXeT OblTb UHOW, MPAMO U KOCBEHHO CBA3AHHOW C MEPEUNCIIEHHBIMA
HanpasieHNAMM.

KypHan npuHMmaet K ny6nukaumnm: opurviHanbHble cTaTbi, 0630pbl, ANCKYCCMOHHbIE MaTepurasbl, KOMMEHTapun, Apyrue nH-
bopmaLMoHHbIe MaTepranbl.

A3bIK N3paHNA: PyCCKNN; aHIMNNCKNIA.

ABTOpamMu 1 YMTaTENAMU N3AAHUA ABNAIOTCA:

+  CTYAEHTbI, NperofasaTeny, acnpaHTbl U JOKTOPaHTbI BY30B;

+  Y4YeHble 1 CeunanmncTbl HayYHO-NCCIE[0BATENbCKUX UHCTUTYTOB U HAHOTEXHOMOTMYECKIX LIEHTPOB;
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ABSTRACT: Introduction. The complexity and laboriousness of system studies of physical and chemical processes in the volume
and at the interface of the porous medium determines the need to apply mathematical modeling. This allows not only to identify
and study the determining physical and chemical processes in a porous medium, but also to solve the problems of optimization
and optimal control of processes and regimes by selecting the most favorable conditions. Methods and Materials. The method
of mathematical modeling is used to study the processes, including the creation of composite and nanocomposite materials, as
well as the moistening and moisture absorption in porous materials. In this context, the porous material is treated as a pseudo-
homogeneous medium with averaged physical and technological parameters. Results. The mathematical models of physical and
chemical processes in the porous medium have been developed, the boundary conditions have been formulated, physical and
effective constants have been determined. The processes in porous medium during metallization of carbon-graphite fibrous mate-
rial, moistening of compacted textile material by an air flow, and moisture absorption by porous construction materials have been
studied. Discussion. The adequacy of mathematical models to real physical and chemical processes is discussed. The results of
calculations obtained by modeling equations implemented in the form of computer computational algorithms and experiments
are compared. Conclusions. The effectiveness of the method for studying physical-chemical processes in a porous medium and
for calculating optimal values of technological parameters has been established.

ACKNOWLEDGEMENTS. The research was carried out with the financial support of Moscow State University of Civil Engineering.
(Contract No. PSUAC/K-23 dated 05.06.2023) within the 2023 competition for basic and applied research (R&D) by scientific teams of
organizations - members and strategic partners of the Industry Consortium “Construction and Architecture”in order to implement
the Development Program of Moscow State University of Civil Engineering and Architecture for 2021-2030 as part of the Strategic
Academic Leadership the “Priority-2030".

KEYWORDS: porous media, creation of composite and nanocomposite materials, mathematical modeling; moisture absorption
and humidification processes

FOR CITATION: Kuzina V.V., Samchenko S.V., Kozlova I.V., Koshev A.N. Mathematical modeling of physical and chemical processes in
porous media in solving the problems of nanocomposite materials and water-filling. Nanotechnologies in construction. 2023; 15(4):
298-309. https://doi.org/10.15828/2075-8545-2023-15-4-298-309. - EDN: HJIEDH.

INTRODUCTION

he concept of «porous medium» (PM) usually cor-

responds to a certain volume of space, in which there
are both solid substance, usually called the matrix or solid
phase, and voids — pores filled with air, gas or liquid of
different nature. The main characteristics of PM are its
porosity — the ratio of the pore volume to the total vol-
ume of the area and the reaction surface — the area of

© Kuzina V.V,, Samchenko S.V,, Kozlova I.V., Koshev A.N., 2023

the solid phase in a unit volume of the porous medium.
When solving scientific and technological problems that
involve the study of processes in porous media, both the
properties of the porous materials that compose them and
the mechanisms of physical and chemical homogeneous
reactions in the volume and heterogenecous ones at the
phase interface are used.

In most cases, to solve various scientific, materials sci-
ence, technological and engineering problems, experimen-
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tal studies of the macrokinetics of processes and the devel-
opment of scientific and technological recommendations
for the use of processes in porous materials are required.
However, the complexity and labor intensity of system-
atic experimental studies of processes in PS determine the
need for modeling, in particular, mathematical modeling of
physical and chemical reactions in porous materials. Math-
ematical modeling makes it possible not only to identify
and study the determining physical and chemical processes
in the pores and on the solid phase of the porous medium,
but also to solve the problems of optimization and optimal
process control by selecting the most favorable conditions
and modes of solving technological problems.

The aim of the work is mathematical modeling of
processes: 1) creation of composite and nanocomposite
materials; 2) moisture absorption in porous materials;
3) moistening of porous materials.

To create composite materials in various industries
(aviation, space, engineering, medical, chemical, etc.) car-
bon fiber materials (CFM) are widely used, representing
a volumetric-porous medium with different technological
properties. Usage of CFM for the above tasks is connected
with deposition of metals, alloys or their compounds on the
surface of their constituent fibers. One of the promising
methods for this is electrochemical, which allows control-
ling current and hydrodynamic regimes of electrolysis, elec-
trolyte composition and design of the electrode system. At
the same time the problem of uniform deposition of metal
or CFM coating by metal with certain profile along the
material thickness is solved. Obviously, an effective solution
is to use methods of mathematical modeling and optimiza-
tion of metal deposition processes in a flow-through three-
dimensional electrode (FTE) based on CFM.

The problems of moisture absorption and moisten-
ing of porous materials arise in the implementation of
various technological processes in materials science,
industrial and construction ecology. As in the previous
case, effective methods for calculating optimal condi-
tions of physical-chemical processes of moisture-moisture
absorption are methods of mathematical modeling of
processes in porous media, based on physical-chemical
theory of porous media, modern numerical methods and
computational technologies.

The task of mathematical modeling of relative hu-
midity distribution of conditioned air in porous media,
in particular in the volume of compactly formed textile
semifinished products, is actual both for development
of theoretical positions and for improvement of tech-
nological processes of moisture absorption-moistening
of materials. Significance of solution of scientific and
technological problems of dampening-damping of vari-
ous materials is determined by the necessity of improve-
ment of physical and mechanical properties of dampened
fibers, such as tensibility, elasticity, etc. As it is noted in
literary sources, research of moisture absorption-wetting

processes, including by methods of mathematical model-
ing, promotes development of theoretical positions and
allows to determine technological parameters providing
the greatest efficiency of process [1—7].

METHODS AND MATERIALS

Mathematical models of physical and chemical
processes in volumetric-porous
pseudo-homogeneous media

When building mathematical models of processes in
PS, we will use the idea of Academician B.Y. Zel’dovich
[8], when a porous medium is represented as a pseudo-
homogeneous one, in each elementary volume of which
a kinetic reaction corresponding to a certain physical
and chemical process takes place. Naturally, kinetic and
other parameters, such as diffusion coefficient, adsorption
rate constant, specific reaction surface, porosity coeffi-
cient, etc., should have some averaged values under this
approach. At the same time, on the basis of theoretical
ideas about the description of electrode, diffusion and
hydrodynamic processes in porous media, we will give
mathematical statements in the form of boundary value
problems for systems of differential equations and meth-
ods of their solutions for specific technological problems.

FElectrochemical metallization of carbon-graphite fibrous
materials.

When creating composite and nanocomposite materi-
als based on CFM, it is necessary to organize the process
of electrochemical coating of the solid phase — porous
material, ensuring uniform deposition on the carbon-
graphite filaments that make up the FTE, or deposition
of a certain profile along the electrode thickness. To de-
termine the most favorable electrodeposition conditions,
the use of mathematical modeling makes it possible to
set and solve the optimization and optimal control of the
metallization process [9].

In most electrochemical systems, the theoretical laws
of migration and convection of charged particles described
by systems of partial differential equations are realized
[10, 11]:

ac;
%e = —V‘(ZiuiFCiVE + Cl-v), (1)

where z,, C, u, are the charge, concentration and mo-
bility of the i-th electroactive component in the pseudo-
homogeneous medium; VE is the gradient of the electric
field potential; v is the vector of the convective solution
transfer rate; f — current process time; F — Faraday num-
ber, V+ — vector divergence.

The system of differential equations (1) can be trans-
formed taking into account pseudo-homogeneity of the
medium, when in each point of the electrode space there
is a reaction of metal ion deposition on the solid phase of
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the medium and, as a result, there is no electro-neutrality
of the solution, which is inherent to homogeneous elec-
trochemical systems in the absence of reactions in the
electrolyte volume. This entails the inequality to zero
of the derivatives of the concentrations of electroactive
substances (metal ions that precipitate) at any point with
coordinate x along the FTE thickness, dC,/ox # 0. Let
us also consider that for most CFM metallization prob-
lems it is sufficient to consider an electrolyte with one
component, the coating metal, i = 1, and the case where
the metallization process can be modeled by a one-di-
mensional stationary differential equation, assuming that
the same electrochemical processes occur in all sections
of the FTE horizontal and vertical planes, and that the
dependence of metal concentration in the FTE volume
on time changes slowly during deposition and, in first ap-
proximation, these changes can be neglected. Under such
conditions, in accordance with the rules for constructing
mathematical models of processes in FTE described, for
example, in [12], eventually, the differential relation (1)
can be transformed to the following system of ordinary
differential and algebraic equations:

dKT
d*E Kl g 1
= ma‘*‘S (x )( K_Z)JS(X)’ ()
AGRNS;
dx - sz]S( ) (3)

with boundary conditions:

CO =Co, 2O =7, T =1). @

. exp(azF((E-¢g)/RT)—exp((a—1)zF (E—$g)/RT)
JG) = Jo 1+ jo exp(azF(E—gr)/RT)/ZFKmC » 5

where J — the overall current density fed to the FTE,
C, — metal concentration at the electrode inlet, %, %, —
the exchange current density, j,, a, @, — respectively,
exchange current density, transfer coefficient and equi-
librium potential of the electrochemical reaction; R —
universal gas constant; 7 — absolute process temperature;
K — mass transfer coefficient.

Depending on the selected modes of deposition of me-
tallic sludge on CFM, some electrochemical parameters
of the process and the system can be dependent on both
the process time and the coordinate on the thickness of
the electrode. These are such values as the specific electri-
cal conductivity of the solid phase of the system — CFM,
the specific reaction surface and the porosity factor of the
electrode material. Calculation methods for the above
dynamic parameters were developed by us and published,
for example, in the monograph [11].

Note that the specific reaction surface, considered as a
function of the electrode thickness coordinate S, = § (x),
can be selected as the controlling action when setting the

problem of optimal control of metallization of the CFM.
This is due, firstly, to the significant influence of S value
on the resulting process parameters, such as the unifor-
mity of deposit distribution, or the total amount of depos-
ited metal and, secondly, to the possibility of ensuring the
necessary specific surface area of FTE in different vertical
sections of the electrode due to artificial compression-
expansion of the cathode material (CFM) [9]. With this
approach, the problem (2)—(5) can be transformed to
the form necessary for realization of L.S. Pontryagin’s
maximum principle [12, 13], application of which allows
to calculate the most effective, according to the given
uniformity criterion, distribution S (x).

Moistening of a porous material with moist air.

When building a mathematical model of the process
of humidification of porous material by conditioned air
flow, taking into account the assumptions accepted ear-
lier, we will assume that in each elementary volume of
porous space, taken as a point in the volume of medium,
there is a reaction of moisture adsorption, which has its
microscopic regularities.

Obviously, the most important driving forces of wet
air penetration to the internal, hard-to-reach areas of the
porous material are the forced air flow and the diffusion
mechanism. In this case, consideration of the micro-
scopic reaction rate of moistening of the medium should
be made in accordance with the theory and practice of de-
pendence of moisture content of the material on the rela-
tive air humidity and thermal conductivity of the medium.

Based on the law of conservation of matter, in each
point of the considered medium, the change of humidity
¢ in time 7 obeys the equation [14]:

i _
dt —Ve (]con +]dlf) +]sou (6)
Herej = ¢- w is the forced air flow conditioned

by the presence of the initial velocity of air supply into
the PM; w = (w,,w,,w,) — vector of velocity of condi-
tioned air through the PM; j P DV (¢) — the flow due
to moisture diffusion; D — averaged diffusion coefficient;
Joou = KF fldh) — negative source caused by moisture loss
from humidifying air due to moisture adsorption in each
point of the pseudo-homogeneous medium volume; k —
adsorption rate constant per unit surface; F; — specific
surface per unit volume of PM.

The source density of moisture absorption from hu-
midifying air f{¢p) obviously depends on the mechanism
of material moistening and is determined by the form of
moisture bonding with a moist material [7, 14]. Many
models exist to describe such a mechanism, for example
[3], which, however, describe particular physical and
chemical processes and are inconvenient in mathemati-
cal modeling. We have developed an original approach to
the description of the moisture adsorption curve in the
form of a functional dependence f{(¢), presented below.
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Modeling of the moisture adsorption curve.

The adsorption curve in this case represents the de-
pendence of the equilibrium moisture content W(x) in any
point of pscudohomogeneous medium on the relative air
humidity ¢(x). Experimentally obtained adsorption curves
are shown in Fig. 1.

The analysis of the curves presented in Fig. 1 makes it
possible to identify two sections for the description of the
experimental dependence by the analytical function: at
0 < p(x) < ¢, (60—70%) — the section convex downward,
and at ¢_ < ¢(x) < 100% — the section convex upward;
@, is a certain averaged constant that has a certain value
for each type of porous material. At each of the selected
sections, let us establish an analytical dependence of the
equilibrium moisture content on the air flow humidity
W = ¢(x) and use the following reasoning.

In the first segment of the curve, the growth rate of
adsorbed moisture volume is proportional both to its
value at a given moisture content W and to the differ-
ence (W, —W), where W, is the limiting moisture content
of the porous material. This is conditioned by the fact
that, first, precipitated moisture molecules create ad-
ditional adsorption centers which promotes acceleration
of moistening, and second, by possibility of growth of W
up to the point of W, saturation. The result of the above
reasoning is the equation

dW/dp = kKWW, ~W),

where k is a coefficient of proportionality.

Knowing the initial equilibrium moisture content of
fibers W, it is not difficult to obtain the solution of this
equation:

3T

30T

J ¢
3T /'/ £
- VA
vy - ;
20T - /
i S
vy2 - P
— o L

VX

Fig. 1. Dependence of equilibrium moisture content of
fibers W= ¢(x): vy4 — viscose, y3 — yarn, vy2 — wool,
vyl — roving, vy — kapron

Nanobm

W= 1+ Wy /Wy —1)-exp(=ke)’ @)

In the second section at ¢ > ¢_the mechanism of
moisture filling of the capillary-porous medium has
a monomolecular and then a capillary character [13],
which determines the exponential growth of W with in-
creasing ¢:

W=k, exp(k, ($p—¢,)), ®)

where k,, k, and ¢_are some effective parameters
whose value can be determined by the method of least
squares for each specific porous material. Combining
curves (9) and (10) leads to a description of the depen-
dence of Won ¢ as an algebraic function

%
W = ke exp(ks( — 00)) + s ey )

The theoretical and experimental curves correspond-
ing to the data in Fig. 1 are shown in Fig. 2.

Parameters of curves (11), calculated by the method
of least squares, are given in table 1.

Mathematical model of moisture distribution in the vol-
ume of porous medium.

Equation (6), taking into account representations (7),
(8), in the expanded form looks as follows:

B (2w, 2w, ) - p (L2 + L2+ L)+ kRF(@). (10)

Let us also assume that the flow of conditioned air
through the porous medium boundary allows us to sim-
plify equation (10) to one-dimensional. This is possible,
for example, when the lines of air flow through the flat
boundary of the porous medium are parallel or when
equation (10) can be written in cylindrical or spherical
coordinates, which is often realized in real humidification
technologies. The assumptions made do not limit the
generality of the mathematical model, but allow avoiding
cumbersome transformations when describing the solu-
tion of the problem.

Within the framework of the accepted assumptions,
equation (10) is transformed to the form:

dp do aw d*¢

The initial condition for problem (10) is obvious:

$(0.X) =, (12)

It is also obvious that at the point x = 0 (at the border
of the porous medium — surface), through which humidi-
fication is carried out, the humidity corresponds to the
humidity of conditioned air supplied to the technological
zone — ¢,
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Fig. 2. Adsorption curves: 1 — experimental, 2 — calculated
Table 1
Type of material w w k, k, k }, §?
Viscose 14.9 3.5 3 4.4 3.3 0.55 2.5
Yarn 13 6 3 4.5 10 0.55 1.8
Wool 13 2.7 2 6.6 6.5 0.65 1.9
Rovnitsa 13 2.7 2 6.5 7 0.65 2.4
Capron 8.5 31 0.9 5.95 23 0.66 0.84
@(1,0) = .. (13)  adsorption curve, which depends on the physical and

To solve problems (11)—(13) it is necessary to know
the boundary condition for the derivative d¢(0)/dx at
x = 0. Let us isolate an elementary volume in a porous
medium of unit cross-sectional area and small thickness
V' and consider the change in the moisture content
of air as it passes through a porous medium of a given
volume.

The relative humidity of air ¢(x) in this volume will
change as it moves through the medium. Thus, after pass-
ing through the thickness of the medium for a distance
A the air humidity will change to @, due to moisture
sorption, hence

b, = (0'~0/0, ..

where on, QpA are amount of water vapor in a unit vol-
ume of moist air, respectively, before and after moistening
the volume V of the PM; Q  — the maximum amount
of water vapor per unit volume of moist air. Consequently,
the value V. (¢p,—, )V, /V, is equal to the amount of
moisture adsorbed in the pores of the medium volume V|
(V, — unit volume).

At each point of the porous medium the moisture
is deposited according to the law of adsorption, i.e. the

chemical characteristics of the medium: W(x) = f{¢p(x)),
where W(x) is the specific moisture content of the solid
component of the PM at point x. Then the amount of
adsorbed moisture in the volume V of the medium will be
oS, [ M(flg(x))—W,)dx, where S, — is the area occupied
by the solid phase, o is the density of the PM, W is the
specific moisture content of the material before wetting.
Thus, we obtain:

0,.( =0 (V,/V) =pS, [ A$x))—W)dx.

Let’s divide both parts of this equality by A and
pass to the limit at A _— 0. In this case it is logical to
assume that after the limit transition the area V, will
represent a part of the unit surface S, corresponding
to the pore area, i.e. €+.§, where ¢ is the porosity co-
efficient. Respectively, S is a part of the unit surface
occupied by the solid phase of the medium, i.e. S
(1—¢)+S,. We obtain the condition for the derivative
function ¢(x) at x = 0:

_a-9
&

20 = Z=(F(0) - Wy). (19

Thus, mathematical model of humidification of po-
rous material at influence of humid air blown through it
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in general statement represents non-stationary boundary
problem for partial derivative equation (10)—(14).

Proceeding from real technological conditions of the
considered process of moistening of porous material, it
is possible to assume that in a number of cases, depen-
dence of humidity of fibers on time in the thickness of
medium can be considered as piecewise constant, since
change of moisture absorption conditions occurs slowly
enough and, consequently, for large time intervals, the
process of moisture distribution in the PM has quasi-
stationary character, therefore, in each of such intervals
d ¢/d, = 0 and equation (11) is transformed to stationary
form:

d?¢ d¢ d
DW-I'WE-F ¢£=kﬁ;f(¢)) (15)

Equation (14) with initial conditions (12), (14) is
a Cauchy problem for the ordinary differential equation
[15] and can be solved in different ways, for example, by
finite-difference ones.

In accordance with representation of fibers humid-
ity dependence on time in the form of piecewise con-
stant function, the whole time interval of process [0, 7]
is divided into subintervals by Ti points, and in each of
subintervals [T, T, ] there are specific values of physical
parameters of PM, which correction is necessary for each
next subinterval because of material properties change
as a result of moisture deposition by medium volume m
on solid fibers, their swelling and, consequently, fibers
radius increase, which, in its turn, leads to and Using
classical expressions for determining the specific reac-
tion surface of the fiber material and its porosity, as well
as the measured average fiber radius d and the density of
the wetting liquid p:

_ . m _ 4(1-¢) m _ v
&m =€~ Fsn = =7— ’1 t i m=L (16)

For calculations using equations (12), (13), (15), (16)
the Runge-Kutta method with automatic selection of the
integration step was used.

Moisture absorption in lime composites.

The penetration of humid air to the internal parts of
the porous composite is carried out mainly by the diffu-
sion mechanism. Air movement due to forced or natural
convection seems to be less important in this case because
of the sufficient density of the material and its porosity,
which is less than 50% of the total volume of the material.

The mechanism of the reaction of moisture absorp-
tion, as in the case of moistening of porous fiber material,
is determined by the moisture adsorption curve, the con-
crete form of which depends, of course, on the material
properties. In this case, the mathematical model of the
adsorption curve, the method of modeling and all the
conclusions concerning its properties made above are also
true for the process under consideration.

Similarly, as it was done for the previous problem, the
mathematical description of adsorption patterns of mois-
ture absorption of the curve of dependence of equilibrium
moisture content of material W on relative air humidity
¢ is obtained:

Wy
W (17 oW @)
J+(1 W:l)e m(@—do)

W =<{wy
WMekz (¢_¢C)’

¢ < e,
¢ = b

Here W — initial value of moisture content; W, —
maximum possible moisture content of the material; & , k,
and ¢_— operating parameters, whose value is determined
by mathematical processing of experimental curves using
the least squares method.

As before, we will assume that the process of moisture
absorption, in first approximation, is one-dimensional in
spatial coordinates, and we will study its regularities using
a one-dimensional mathematical model.

Based on the basic equation of moisture mass transfer
in porous media (10), taking into account assumptions
and equations made, mathematical description of the
process of moisture absorption can be written in the fol-
lowing form

a7

dap 2%¢

L= pZL—kSf(9). (18)

Here: D is effective diffusion coefficient; S is specific
surface area per unit volume of material; k is some con-
stant; 0 < x < L, L is thickness of porous material.

The solution of equation (18) is obtained using the
source function [16], it is assumed that outside the wetted
material array x < 0 and x > L, fix) = 0:

e—kst

2+/Dmt

P = [T FOIC(6,0d0, Glx,6,t) = S eTi0eos. (19)

When the humidification process can be considered
stationary, equation (18) is simplified:

Lo _kSF(9) = 0.

D (20)

If the initial air humidity ¢ > ¢_is significant, only
the second part of the adsorption curve (convex upward)
can be considered

kSfip) = W, et @40,

which allows us to write the equation for calculating
the moisture content of the porous medium as

47y ek2@-90) = .

dx?

21

The solution of the differential equation (21) is not
difficult and represents the following system of algebraic
expressions:
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2Wm__1 [e—kz(¢L-¢ch-k2(¢c-¢c)]

2D (k)?
bL=bo

gy = — 2O bosbe| W L[ kahimb0) — ghalh=b0)
G2 dibe| 2> Ko

_ WM A, Wm —

Wk e we T2 5
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RESULTS AND DISCUSSION

Metallization of carbon-graphite fibers.

In order to improve the properties of composite and
nanocomposite materials created on the basis of CFM,
mathematical modeling and optimization of metal deposi-
tion processes in FTE were performed.

Verification of the obtained models was based on
the experimental studies performed by V.K. Varentsov
[17, 18] suggesting modification of surface properties
of CFM of a certain grade in order to obtain uniform
precipitation during metallization of the material by
electrochemical method. Woven, nonwoven, and com-
bined carbon materials differing in specific conductiv-
ity, reaction surface, and porosity were used [19—22].
Electrochemical modification of CFMs was carried out
in solutions of various electrolytes by anodic polariza-
tion or sequentially by cathodic-anodic polarization, or
by various combinations thereof. It was shown that as
a result of electrochemical treatment, the hydrophilic
properties of the material significantly improve, which
is due to an increase in the number of surface oxygen-
containing groups.

Deposition of metals on pre-treated electrochemical
materials allows to calculate the optimal modes of elec-

¥ i
Signal A= SE1 Date 28 Apr 2009

EHT=2000kv

WD= 8.0mm Mag= 112KX Photo No. = 3646

trodeposition, which makes it possible to obtain uniformly
distributed metal precipitations over the thickness of the
electrode, improve structure, morphology and composi-
tion of precipitations, hence, the properties of the com-
posite material (Fig. 3).

As an illustration of efficiency of using mathematical
modeling when solving the problems of determining the
effective technological regimes of metallization of CFM
was chosen the problem of coating CFM brand VVP-66-
95 with silver electroplating from sulfuric acid thiourea
solution. The results of calculations of metal distribution
on FTE thickness by mathematical model (2)—(5) and,
for comparison, experimental data of silver distribution
are shown in Fig. 4.

As an illustration of the efficiency of using the method
of mathematical modeling when solving problems on de-
termining the effective technological regimes of metal-
lization of CFM was selected the task of coating CFM
brand VVP-66-95 with silver electroplating precipitate
from sulfuric acid thiourea solution with the following
parameters of the electrochemical system: electrode thick-
ness — 1 cm; current density — 0.2 A/m?, solution flow
rate — 0.56 cm/sec; specific surface area — 255 cm?/cm?,
specific electrical conductivity — 0.03 S/cm, poros-
ity — 0.95; specific electrical conductivity of solution —
0.1 S/cm; electrolysis time — 60 min; composition of
electrolyte: H,SO, — 0.5 mol/liter, thiourea — 50 g/liter,
silver — 76 mg/liter. Results of calculations of metal distri-
bution on FTE thickness by mathematical model (2)—(5)
and, for comparison, experimental data of silver distribu-
tion are shown in Fig. 4.

EHT= 20000V
WO = §0mm

Signal A= SE1
Mag= 283KX

Fig. 3. Microphotographs of copper precipitation on the initial (a) and electrochemically modified (b) CFM

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (4):
298-309

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobuli

CONSTRUCTION MATERIAL SCIENCE

=
n

W
E
Lh
ot

Fig. 4. Distribution of silver deposit by electrode thick-
ness: 1 — experiment, 2 — calculation; d — ratio of metal
mass to CFM mass; n — layer number; T — back side of
electrode

Let’s emphasize that nanosized particles of metals
can be electrolytically deposited on the surface of CFM
fibers, which makes it possible to obtain dense coatings of
carbon-graphite fibers with a given profile. As an illustra-
tion, here are photos of platinum precipitation morphol-
ogy on carbon-graphite filaments, Fig. 5.

The correspondence of the presented in Fig. 4 ex-
perimental and calculated curves of silver distribution
over the thickness of the FTE with cathode from the
selected FCM confirms the effectiveness of the above
mathematical models and calculation algorithms used by

Date :26 Jul 2009
Photo No. = 5061

EHT = 20.00 kV
WD = 2.0 mm

Signal A = SE1
Mag= 17.85KX

Fig. 5. Microphotographs of platinum sediments on CFM

us, described above and in our other works, for example
[9, 11, 13, etc.]. It is reasonable to conduct numerical
experiments to study the processes of metal electrodepo-
sition when creating composite materials with a certain
morphology and distribution of metal precipitation on
the surface of FCM fibers.

Forced humidification of compactly formed textile
fibers.

Representation of a wetted material as a limited PM
with basic effective characteristics distributed over its vol-
ume allowed to develop a mathematical model in the form
of a boundary problem of mathematical physics, which
allows calculating the distribution of relative humidity
in the porous medium volume during its moistening by
a moist air flow.

To illustrate the efficiency of the algorithm, Fig. 6
shows the results of calculating the change of relative
humidity in the volume of a PM under the linear law of
change in the velocity of humidifying air w(x) = yx+u.

The results of calculations and experimental data show
their sufficient correlation. Both from calculations and
from experiments, it follows that an increase in the ve-
locity of humidifying air contributes to a more uniform
distribution of moisture in the volume of the humidified
material. At the same time, it is obvious that increas-
ing the intensity of blowing wet air through a compactly
formed textile material requires either increasing the ca-
pacity of the ventilation device or increasing the porosity
of the material.

Moisture absorption in porous building materials.

Fig. 7 shows calculated (curves) and experimental
(points) data of moisture absorption for two porous ma-
terials: foamed vermiculite sand (1) and aluminosilicate
ash microspheres (2). For the numerical implementation
of the mathematical model (22), the following param-

EHT = 20.00 kV
WD = 8.0mm

Signal A= SE1
Mag= 7A5KX

Date :26 Jul 2009
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Fig. 6. Effect of initial air flow velocity v on the distribution of relative humidity in the volume of PM, taking into
account the linear velocity drop in the volume of the medium: a — calculated, b — experimental curves (1) — (4),

respectively, at v=2,4, 6, 8 m/s
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Fig. 7. Distribution of moisture content in the finishing coating: a — calculation in blown vermiculite sand (curve 1),
in ash microspheres of aluminosilicate (2); points — experiment; b — moisture distribution in the volume of porous

material with the process time.

eter values found from experimental adsorption curves
were used: k, = 0.016, L = 2 cm, (0) = 100, ¢(L) =
50 and diffusion coefficients D, = 7.67x10~ and D, =
3.43% 1073 cm?/sec for the corresponding curves [23].

The calculated and experimental curves presented in
Fig. 7a, show good agreement, and, consequently, the
effectiveness of the mathematical model. Fig. 7b allows
us to conclude about sufficient difficulties of the process
penetration into the material thickness even at signifi-
cantly long wetting time.

Analyzing the results of calculations, we can conclude
that, apparently, the diffusion coefficient value signifi-
cantly affects the moistening process of a porous material
and can be used as a measure of the possible moisture
content of the composite.

It should be noted that for the calculations, com-
puter programs were developed using the mathematical
environment MathCAD and the Python programming
language with the libraries/modules Numpy, Scipy and
Matplotlib.
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CONCLUSION

Thus, the research presented in this paper utilizes
methods of mathematical modeling of physical and
chemical processes in PM based on theoretical ideas
about electrode, diffusion, migration, adsorption pro-
cesses and their distribution in pseudo-homogeneous
systems. On the basis of representation of porous ma-
terial in the form of pseudo-homogeneous medium
characterized by averaged physical and technological
parameters as well as on the basis of physical and math-
ematical description of processes in PM mathematical
models are constructed and boundary conditions for
calculation of physical and chemical processes distri-
bution in the considered porous medium at solution of
problems 1) metallization of carbon-graphite material
when creating composite and nanocomposite materials
on its basis; 2) moistening of fibrous material by a forced
flow of conditioned air; 3) moisture absorption by po-
rous building materials.

Some characteristics of PM and kinetic parameters
available in description of mathematical models (for
example, specific reaction surface, material porosity
coefficient) can change during both metallization and
moisture absorption-humidification processes of po-
rous material, and both towards increase and towards
decrease of their values. Other dynamic characteristics
of processes, such as linear velocity of electrolyte or
humidifying air through PM, etc., may also change.
Necessary correction expressions of technological
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AHHOTALIUA: BeepeHue. COXHOCTb 1 TPYAOEMKOCTb CUCTEMHBIX SKCMEPUMEHTANbHbIX MCCIEA0BAHNIN GUBNKO-XMMUYECKUX NPO-
LieccoB B 06beme 1 Ha MOBEPXHOCTY pasgena dpa3 nopmcToi cpefpbl onpeaenaoT He0OX0ANMOCTb NPYMEHEHNA MaTEMaTUYECKOrO
MOAENMPOBaHMA. DTO NO3BOJIAET He TONbKO BbIABUTb 1 MCCIe[oBaTh onpefenaoLye GUnKo-xuMmyeckrie NpoLecchbl B NopucTon
cpefe, HO 11 peLlaTb 3aAauv ONTUMM3ALUY 1 ONTMATNbHOTO YNPaBIEHUA NPOLeCCaMi U PeXxmmamy MocpeAcTBOM Bbibopa Hambonee
6naronpuATHbIX ycnosuii. MaTtepuanbl n meTogbl. MeTo[oM MaTeMaTUYeCcKoro MOAEIMPOBaHUA NCCeAYTCA GUBUKO-XMMMYECKMe
npouecchl: 1) co3gaHne KOMMO3NLMOHHBIX 1 HAHOKOMMO3ULIMOHHbIX MaTepranoB; 2) yBnaXHeHne NopUCTbIX MaTepuanos; 3) Bna-
rornorioLeHmne B NOPUCTbIX MaTepuranax. [lopuctbii MaTepunan paccMaTprBaeTCa Kak NceBAooAHOPOAHAA cpefa C yCpefHEHHbIMU
bV3NYECKMI 1 TEXHONTOTMYECKMMM NapameTpami. PesynbraTtbl. [lnA Bcex paccmaTprBaeMbix 3aAay paspaboTaHbl MaTeMaTyeckme
mogenu 1 chopMynMpoBaHbl KpaeBble YCIOBWA ANA pacyeTa pacnpeneneHns Grsnko-Xrmnyecknx npoLeccos B 06beme NopucTon
cpepbl. [inA Kaxaon KOHKPETHO 3aaum 1 Kax[aoro KOHKPETHOro Matepuana onpeaensaoTca drsmyeckne n 3pdeKTBHbIE KOHCTaHTbI.
Wccnepytotca drsnKko-xMmmnyeckmne npoLecchbl B NopuUCTon cpefe npu MeTannvsauuy yrnerpadutoBoro BOJIOKHUCTOrO MaTepurana,
YBRaXXHEHNW KOMMAKTHO CHOPMMPOBAHHOIO TEKCTUIbHOTO MaTtepuana NpUHYANTEIbHbIM NMOTOKOM KOHAULIMOHUPOBAHHOMO BO3-
AyXa v NpoLecchl NOrMOWEHUA BIAarn MOPUCTbIMK CTPOUTENbHbIMK MaTepranamu. O6cyxpaeHne. O6cyxaaeTca afeKkBaTHOCTb
MaTeMaTUYeCKUX MOAeNe peanbHbiM Gr3NKO-XMMMYECKM npoLeccam. CpaBHMBAKOTCA pe3ysbTaTbl PAacyeTOB, MOJTyYEHHbIX MO MO-
AenUpyoLWmM ypaBHEHMAM, Peasin30BaHHbIM B BUAE KOMMbIOTEPHbIX BbIYNC/NTENbHbIX aiTOPUTMOB 1 SKCNepUMeHTOB. BbiBoabl.
YCTaHOBMEHO, UTO MPUBELEHHDIN METOL MaTEMaTUYECKOrO MOAENMPOBAHIA 1 MOJTyYEHHbIE 3aBUCUMOCT ABNATCA SPEKTUBHBIM
WHCTPYMEHTOM ANA NCCeA0BaHUA NPOLIECCOB pacnpeaeneHna Gr3nNKo-XMMMYECKNX peakuyin B MOPUCTON cpefie U MOryT ObiTb
NCMONb30BaHbl A1 TeOPETUYECKMX NCCeA0BaHNIN 3aKOHOMEPHOCTEN 1 Af1A pacyeTa ONTMMAabHbIX 3HAaYEHUN TEXHONOrMYECKNX
napameTpoB. [okaszaHa paboTocnoco6HOCTb NCMONb30BaHNA MaTeMaTUYECKX METOAOB A onpeaeneHnsa 3GdeKTUBHbIX TEXHO-
JIOFMYECKUX PEXMMOB MeTaNNM3aLuy yrnerpaprtoBoro BOJIOKHMCTOro Matepuana.

KJTIOYEBDIE CJZIOBA: nopuvcTtas cpefa, Co3aaHne KOMMO3MLNOHHbBIX U HAHOKOMMO3ULMOHHbBIX MaTepranos, MaTeMaTnyeckoe
MOZENNPOBAHME; MPOLLECChl BNAronorfioweHns 1 yBlaXHeHs.

BNAFOAAPHOCTW. ViccnenoBaHume BbinonHeHo npu drHaHcoBo nogaep:kke HAY MICY B pamkax KoHKypca 2023 roaa Ha npo-
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BBEJIEHNE

HOHHTI/Ie «mopuctas cpega» (I1C), kak mmpaBuio, co-
OTBETCTBYET HEKOTOPOMY O0BEMY MPOCTPAHCTBA,
B KOTOPOM TMPUCYTCTBYIOT KaK TBEep/Aas CyOCTaHLIMSI, Ha-
3pIBaeMasi OOBIYHO MAaTpULIE WIN TBepHaoi (a3oii, TaKk
M MYCTOTHI — TTOPbI, 3aITOJTHEHHBIE BO3IYXOM, Ta30M WA
KUIOKOCTBIO pa3HOit Tprpoabl. OCHOBHBIMU XapaKTepH-
ctukamu [1C gaBistoTes: ee MOPUCTOCTh — OTHOIIICHHE
o0beMa Iop K 0011eMy 00beMy 00J1aCTH — U peaKLIMOHHAsT
TIOBEPXHOCTh — TUIOIIAIb TBEPIOU (ha3bl B eAMHUIHOM
obbeMe nopucToit cpenbl. [1pu pereHn HaydHbIX U TEX-
HOJIOTMYECKUX 3a/1a4, TIPEANoaraloimx uccienoBaHme
MPOLIECCOB B MOPUCTHIX Cpeaax, UCOb3YIOTCS KaK CBOM-
CTBa COCTABJISIIOIINX UX OPUCTHIX MaTepUaIOB, TAK U Me-
XaHU3Mbl (PU3UKO-XUMUYECKUX TOMOTEHHBIX PeaKIInii
B 00bEME 1 TETEPOTeHHBIX — HA TTOBEPXHOCTHU pazzesa das.

B GonblIMHCTBE ciiydyaeB il pelIeHUsT pa3IudHbIX
Hay4YHbIX, MaTepUaATOBEIUECKUX, TEXHOIOTUYECKUX
Y MHXXEHEPHBIX 3a71a4 TPeOYIOTCS 9KCIIEpUMEHTaIbHbIE
HCCleI0BaHUs MAKPOKMHETUKY TTPOLIECCOB U pa3paboT-
Ka Ha UX OCHOBE HAyYHBIX U TEXHOJOTMUYECKUX PEKO-
MEHJIalWi M0 UCTOJIb30BAHUIO MPOLIECCOB B MOPUCTHIX
Matepranax. OTHAaKO CIIOXHOCTb M TPYIOEMKOCTh CH-
CTEMHBIX SKCMEPUMEHTAIbHBIX UCCIEIOBAHUI TTPOLIEC-
coB B [1C onpenesiioT HEOOXOIMMOCTh MOICITPOBAHUS,
B YaCTHOCTHU, MAaTEMATUYECKOTO MOJEIMPOBAHUS (HU-
3UKO-XMMUUYECKUX peaklnii B MOPUCTHIX MaTepUrasax.
Marematnueckoe MOAEIMPOBAHYE TTO3BOJISIET HE TOJIBKO
BBISIBUTh U UCCJIEI0BATh OIpeaesstone (u3nKo-XuMmu-
YyecKMe MpoLecChl B MOpax U Ha TBEPIOH (haze MOpUCTOi
cpenbl, HO U pellaTh 3aJa4yu Mo ONTUMU3ALUU U OIl-
TUMaJILHOMY YIIPaBJIEHUIO MPOLIECCaMU MOCPEACTBOM
BbIOOpa Hanbosiee OJIArONPUITHBIX YCIOBUM U PEXKUMOB
pelIeHUsT TEXHOJIOTUYECKHUX 3a1a4.

Llenbio paboTHI SIBISIETCS MATEMATUYECKOE MOIEITH -
poBaHue MpolieccoB: 1) co3gaHusi KOMITO3ULIMOHHBIX
¥ HAHOKOMITO3MITMOHHBIX MaTePHAJIOB; 2) BIIarOIIOTIIO-
IIEeHNS B MOPUCTHIX MaTepraiax; 3) yBIaXKHEHUS T10-
PUCTBIX MaTEPUAJIOB.

st cozpaHusl KOMIO3UIIMOHHBIX MaTepUalioB B pa3-
JIMYHBIX OTPACJISIX TIPOMBILIJIEHHOCTHU (aBUALIMOHHOM,
KOCMHUYECKOM, MAIIMHOCTPOUTEIIBHOM, MEIULITHCKOM,
XUMIYIECKOU U JIP.) ITUPOKO UCTIONB3YIOTCS YITICPOTHBIC
BOJIOKHHCTHIC MaTepraibl (YBM), mpemcTaBiisionuie co-
0011 00bEMHO-MIOPUCTYIO CPEIY C PA3TIUUHBIMU TEXHOJIO-
rmyecknuMu cBolictBamu. Mcronbp3oBanne YBM s ne-
PEUMCIIEHHBIX 3a/1a4 CBSI3aHO C OCaX/IeHWEM Ha MOBEPX-
HOCTb COCTaBJISIIOLIMX UX BOJIOKOH METAJLJIOB, CILIABOB
WIU X coeqrHeHNH. OMHUM 13 TIepCITEKTUBHBIX METOIOB
JUTS1 TOTO SIBJISIETCS DJIEKTPOXUMUYECKUIA, TTO3BOJISIOLLIMIA
YIPaBJISITh TOKOBBIM M TUAPOAMHAMUYECKUM PEXXUMaMU
3JIEKTPOJIM3a, COCTABOM 2JIEKTPOJINTA, KOHCTPYKIIMOH-
HBIM 0(DOPMIJIEHUEM BJIEKTPOIHON cUcTeMbI. [1pu aToM
peliaeTcs 3agaya HaHECeHUs paBHOMEPHOTO OcajakKa

MeTaJlJla WK TTOKpbITUs YBM meTaiom ¢ onpeneseH-
HBIM IIpOUIIEM TI0 TOIIIUHE MaTeprana. OueBUIHO,
9T0 3((PEKTUBHBIM PEIICHUEM SBIISIETCS MICTIOB30BAHIIEC
METOIIOB MAaTeMAaTHIECKOTO MOIEIMPOBAHNS 1 OIITUMU-
3allMU TIPOLIECCOB OCAXKIECHUS METAIIOB B MPOTOUYHOM
TpexmepHoM ajiekTporne (ITTD) Ha ocHoBe YBM.
3amavyn BIArOITOIIONICHMS M YBIaXKHEHUS TTOPUCTHIX
MaTepuajaoB BO3HUKAIOT IIPHU PeaTn3allii pa3IMIHBIX
TEXHOJOTMYECKUX TIPOLIECCOB B MaTEpUAIOBEICHUHU,
B IIPOMBIIIJICHHON W CTPOUTEIbHON 3Kodorun. Kak
1 B IIpeObIOyIIeM ciaydae, 3 GeKTUBHBIMI METOTAMU
pacyeTa ONTHUMAIbHBIX YCIOBUM (DU3UKO-XUMHIECKIX
IIPOIIECCOB YBIAXKHCHUSI-BIATOTIOTIOIICHUS SIBIISTIOTCS
METOIBI MaTEMATUUECKOTO MOICIUPOBAHUS TIPOIIEC-
COB B ITOPHUCTBIX Ccpelax, onmuparommecs Ha GpU3NUKO-
XUMHWYIECKYIO TEOPHUIO TIOPUCTHIX CPelI, COBPEMEHHEIE
YUCJAEHHbIE METOIbI U BBIYUCIUTEIbHBIE TEXHOJOTUH.
3amagya MaTeMaTHIeCKOTo MOACIMPOBAHUS pacIIpe-
IeJICHUSI OTHOCUTEILHOM BJIAXKHOCTH KOHIWIIMOHU-
POBAHHOTO BO3/yXa B MMOPUCTON Cpelie, B YaCTHOCTH,
B 00BbeMe KOMITAKTHO C(DOPMUPOBAHHOTO TEKCTHIIHHOTO
morycabpurKara, SIBISICTCST aKTyaJbHOM KakK IIJIsl pa3-
PpabOTKM TEOPETUICCKIX TTOJIOKCHMI, TaK U VTSI COBEP-
IIeHCTBOBAaHMS TEXHOJIOTUYECKNUX ITPOIIECCOB BJIAaTro-
ITOTJIOIICHUSI -YBIIAXKHCHUS MaTeprajaoB. 3HAYMMOCTh
peIIeHNsT HAYYHBIX U TEXHOJOTHMUECKIX 3a1ad YBIIaXK-
HCHUS — BJIATONOTJIOMICHMST Pa3IMIHBIX MaTePUAIOB
OIpeNeIIsSICTCSI HEOOXOMUMOCTBIO YIIYUIICHUST (PU3UKO-
MEXaHWUYECKUX CBOMCTB YBJIAXKHSICMBIX BOJIOKOH, TAKIX
KaK pa3pBIBHOCTB, YIIPYTOCTh U ITpouee. Kak oTMevyaeTcs
B JINTEPATYPHBIX NCTOYHUKAX, UCCIICIOBAHIE IIPOIICCCOB
BJIATOTIOTJIOIICHUSI-YBIAXKHEHHSI, B TOM YHCJIE U METO-
JTaMU MaTeMaTU4eCKOro MOIEIUPOBAHUS, CTIOCOOCTBY-
€T Pa3BUTHUIO TEOPETUICCKUX TTOJTOXKECHUIM 1 TTO3BOJISICT
OIpeNeIISITE TEXHOJIOTHUECKHE TTapaMeTphl, 00ecITeyn-
Barolue HauboIbIIyI0 3(P(PEeKTUBHOCTS Mpoiiecca [ 1-7].

MATEPUAJIBI 1 METO/IbI

MaremaTtuueckue Mojae M (PU3NKO-XUMIUYECKHX
MPOLIECCOB B 00bEMHO-TIOPUCThIX
ICEeBIOrOMOr€HHBIX Cpeaax

ITpu mocTpoeHNN MaTeMaTUICCKUX MOJIEICH TIpO-
meccoB B [1C OymeM McIoab30BaTh UACIO aKaaeMUKa
Bb.4. 3enpnoBuya [8], korga mopucTas cpena mpeacTaB-
JISIeTCS KaK IICeBIOOTHOPOMHAS, B KAXXIOM JIEMEH-
TapHOM OOBeMe KOTOPOU MpOTeKaeT KMHEeTHUIeCKast
peaxiusi, COOTBETCTBYIOLIAS ONpeaeIeHHOMY (PU3UKO-
XUMHIUYECKOMY TIpolieccy. EcTecTBeHHO, KWHETHIECKIE
1 IpyTHe TTapaMeTphl, HalIpUMep, TaKrue Kak Koaddu-
IueHT Tuddy3un, KOHCTaHTa CKOPOCTU aaCcOPOIINH,
yIeJibHasl peakKlMOHHAasl MOBEPXHOCTb, KO UIIMEHT
IIOPUCTOCTU U TIPOYME IIPU TaKOM TTOIXOMNE TOJKHBI
AMETh HEKOTOPBIC YCpeIHEHHBIC 3HaUeHMS. [1pu aTOM,
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HICXOMS N3 TECOPETUUCCKUX ITPEICTAaBICHUI 00 OITMCAHNHT
SIIEKTPOIHBIX, TU(D(DY3MOHHBIX ¥ THAPOTMHAMNICCKIX
TIPOIIECCOB B IIOPUCTHIX Cpelax, MpuBeaeM MaTeMaTH-
YeCKHe MIOCTAHOBKHY B BUIIE KPAaeBbIX 3a1a4 ISl CUCTEM
g depeHINATEHBIX YPAaBHEHHWI I METOIBI MX PEIICHUI
TSI KOHKPETHBIX TEXHOJIOTMICCKIUX 3a1a4.

DNeKMPOXUMUYECKAst MEMANNUZAYUS YeNeepapUumosbiX
B0/0KHUCMbIX MAMEPUAN08

[Ipu co3maHny KOMITO3UTHBIX 1 HAHOKOMITO3UTHBIX
MaTepuayioB Ha ocHoBe Y BM HeobOxoayma opraHu3auus
Tpoliecca HaHEeCeHUsI DJIEKTPOXUMHUIECKOTO TTOKPBITHS
TBepIOoit a3kl — IMTOPUCTOIO MaTepuraja, obecIeuynBa-
FOIIETO pAaBHOMEPHBIN OCalOK Ha yIiIeTpadUTOBBIX HHU-
TSX, COCTABIIIONINX IIPOTOYHBIN TPEXMEPHBIN 3JICKTPOIT
(IITD), nam ocamok ompeneIcHHOTO TTPOMUIIS IO TOJI-
muHe s5ekTpona. s onpeneneHus Haubosee O1aro-
TIPUSITHBIX YCIIOBUM 3JIEKTPOOCAKICHUS MCITOJIb30BaHNE
MaTeMaTUICCKOTO MOICTMPOBAHMS TTI03BOJISICT CTABUTD
¥ pelIaTh 3a1a91 ONTUMU3ALIH 1 OIITUMATBHOTO YIIPaB-
JICHUS TIPOIIECCOM MeTajutnu3anuu [9].

B GOTBIIIMHCTBE 3JICKTPOXUMUIECKIX CCTEM peaTi-
3YIOTCSI TCOPETUUECKIE 3aKOHBI MUTPALINHI 1 KOHBEKILINH
3apsDKEHHBIX YaCTHUII, OITMChIBAEMBIC CUCTeMaMU Tr-
(bepeHIIMaTBHBIX YPAaBHEHUI B YACTHBIX TIPON3BOIHBIX
[10, 11]:

acC;
FT3 = —V.(ZiuiFCiVE + Civ), (1)

rae z, C, u, — 3apsii1, KOHUEHTPALMS U TIOABMXKHOCTD
{-TO 3JIEKTPOAKTUBHOTO KOMIIOHEHTA B TICEBIOTOMOTCH -
HoI cpene; VE — rpaldeHT MOTeHIINAJIA SIEKTPIUSCKOTO
TIOJISI; V — BEKTOP CKOPOCTH KOHBEKTUBHOTIO TIepeHOoca
pacTBopa; f — TeKyIee BpeMs mpoiiecca; F — amciao Pa-
pamest, V¢ — DUBEpPreHIIMS BEKTOPA.

Cucrema muddepeHInaIbHBIX YpaBHeHM (1) MO-
JKeT OBITh TIpeoOpa3oBaHa ¢ YICTOM IICEBIOTOMOTCH-
HOCTH CpPEIbl, KOTIAa B KaXIOM TOUKE DIIEKTPOITHOTO
TIPOCTPAHCTBA TIPOTEKAET PEAKIINS OCAKICHNS MOHOB
MeTajljla Ha TBepIoil ha3e cpedbl M, KaK CICACTBUE,
He HabJromaeTcsT 3JeKTPOHEUTPaTbHOCTh PacTBOpA,
TIPUCYIIAS IS TOMOTCHHBIX 2JICKTPOXUMHUIECKIX CH-
CTEM IIPU OTCYTCTBUU PEAKINI B 00BEME JICKTPOJINTA.
D710 BiIeUeT 3a cO0O0I HepaBEHCTBO HYJIIO ITIPOM3BOIHBIX
OT KOHIICHTPAIINA 3IeKTPOAKTUBHBIX BEIIECTB (MOHOB
OCaXIAIOIINXCSI METAJVIOB) B JIFOOOM TOUKE ¢ KOOPIM-
Haro# x o TommuuHe [T, dC /ox # 0. Yurem Takxke,
qTO 1)1 OOJILINWHCTBA 3amay Metaum3anuu Y BM no-
CTaTOYHO PACCMOTPETH SJIEKTPOJIUT C OMHUM KOMIIO-
HEHTOM — METAJTOM TTOKPBITHS, [ = 1, a TAaKXKe CIIyJaid,
KOT[Ia IPoliecC MeTaJUIM3allni MOXHO MOIEINPOBAThH
OTHOMEPHBIM CTAIMOHAPHBIM IUddepeHIInaTbHBIM
ypaBHEHUEM, TTojIarasl, 9To Bo Bcex ceueHus X [1TD ro-
PU3OHTATLHBIMA 1 BEPTUKATBHBIMU TUIOCKOCTSIMU TIPO-
HUCXOIST OMHU U TE K€ IEKTPOXUMMNICCKIE ITPOIIECCHI,

a TaKXKe 3aBUCHMOCTH KOHIICHTPAIIMU MeTalljla B 00b-
eMe I[1TD ot BpeMeHN MEHSIETCSI MEIIJICHHO B TIpoliecce
OCaXXICHUS U, B TICPBOM IIPUOIIKCHUH, STUMH U3Me-
HEHUSIMU MOXHO TIpeHeOpedb. B TakMx yCIIOBUSIX, B CO-
OTBETCTBHH C IIPABWJIAMH ITOCTPOCHMSI MAaTEMaTIIECCKITX
Mozeeii mpoireccoB B [1TD, onmrcaHHBIMU, HATIPUMED,
B pabore [9], B KoHEUHOM uTOre nuddepeHIaIbHOe
cooTtHomreHre (1) MOXeT OBITH IIpeoOdpa3oBaHoO K Cle-
nyIolel cucTeMe 0OBIKHOBEHHBIX A depeHIIATbHBIX
1 aJreOpandecKrX YpaBHCHMIA:
dk

d?2E _ Kigr dE 1,1

E - Ks(Kkst+Ky) E + SV (X) (K_s t K_l)]S(x)’ (2)
dc S,

—=———Js(x) 3)

C r'paHNYHBIMU YCIOBUAMMU:

CO=Co, 52O =7, S =1). &

exp(azF((E=¢g)/RT)~exp((a=1)zF (E=$R)/RT)
1+4jo exp(azF(E—¢R)/RT)/zFKy,C

G = Jo , (5
rae J — rabapuTHas TUIOTHOCTh TOKA, TTOIaBAeMOTO
Ha [1TD; § — ynenbHas peaKUMOHHAs MOBEPXHOCTD;
C, — KOHIIEHTpALIMA METaJlIa Ha BXOJIE B 3JIEKTPOL; %,
%, — YIEJIbHBIE SJIEKTPOIIPOBOIHOCTH TBEPION M KUIKON
¢bas, j, @, @, — COOTBETCTBEHHO IIOTHOCTh TOKA OOMe-
Ha, KO3 UIIMEHT TIepeHoca ¥ paBHOBECHBIN TTOTCHIIN -
aJI SJICKTPOXUMHUIECKON peaKIn; R — yHUBEpCcalIbHas
ra3oBasl TOCTOSIHHAST; T — abCOJIOTHASI TeMIlepaTypa
nporecca; K — KoaPUIMEHT MaccoTepeHoca.

B 3aBrCHMOCTH OT BEIOPAHHBIX PEKMMOB HAHECCHMSI
MeTauIn4ecKoro ocagka Ha YBM, HEKOTOpEBIE 371€KTPO-
XUMHWYCCKHE TapaMeTphl IIPOLecca M CUCTEMbI MOTYT
OBITH 3aBUCHMBI KaK OT BpeMEHH TIporiecca, Tak 1 OT KO-
OPIMHATHI 10 TOJIIIMHE 3JICKTpoaa. DTO TAKKME BEJTMUIN-
HBI, KaK yIeIbHAs 3JIeKTPOIIPOBOTHOCTD TBEPIOI (ha3bl
CHCTEMBI — YIJIeTPaUTOBOTO BOJIOKHICTOTO MaTeprala,
VIETBHON PeaKIIMOHHOM TOBEpXHOCTH 1 KO3 PUIIeHTa
ITOPUCTOCTH MaTepHasia 3JIeKTpoaa. MeTombl pacyera Ine-
PEYMCIICHHBIX TMHAMIYECKIX TTApaMeTPOB pa3padOTaHbI
HaMU 1 OITyOJIMKOBAHbBI, HAIIpuMep, B MoHorpadwu [11].

OTHOCUTENBHO YACIbHOU PeaKIIMOHHON ITOBEPX-
HOCTH HEOOXOIMMO 0CO00 3aMETHUTh ClIemyromee. 3a-
BUCUMOCTB S, = § (X), paccMaTpuBaeMast Kak (yHKLMsI
OT KOOPIWHATHI TI0 TOJIIIINHE SJIEKTPOIA, MOXKET OBITh
BBIOpaHa B KAYECTBE YIIPABIISIIONIETO BO3NCHCTBYS TP
ITOCTAHOBKE 3aIa4X ONITUMAILHOTO YIIPABICHUS METaI-
ym3auneir YBM. D1o 00yciioBieHO, BO-IIEPBHIX, CyIIe-
CTBEHHbIM BJIMSIHUEM BETMYUHBL S Ha PE3YJIbTUPYIOIIKE
ITOKa3aTeJN IIpoliecca, TaKhe KaK paBHOMEPHOCTD pac-
MpeaesieHUs OcalKa Uir ob1iee KOTUYECTBO OCAXKIECH-
HOTO MeTaJlJla M, BO-BTOPHIX, BO3MOXKXHOCTBIO 00ecCITe-
YUTH HEOOXOIMMYIO VIETbHYIO IToBepxXHOCTh [1TD B pas-
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JIMYHBIX BEPTUKAIBHBIX CEUCHMSIX JICKTPOIA 3a CUET
HMCKYCCTBEHHOTO CXXaTHUsI-pacTsSIKeHUs MaTepuaja Ka-
tona (YBM) [9]. I1pu Takom nonxoxe 3amava (2)—(5)
MOXKET OBITh IIPe0dpa3oBaHa K BUIY, HCOOXOIUMOMY TSI
peaym3anuy npuHOuma Mmakcumyma JI.C. [ToaTpsruHa
[12, 13], mnpuMeHeHNEe KOTOPOTO MO3BOJISIET PACCUMNTHI-
BaTh HanmboJee 3(pheKTUBHOE, TI0 3aHaHHOMY KPUTEPUIO
PaBHOMEPHOCTH, pacrpeieieHue S (x).

Yeaaxcnenue nopucmoeo mamepuana é1axiCcHbIM 803-
dyxom

[Ipu TocTpoeHNN MaTeMaTUIECKOM MOIEITH TIPO-
mecca YBIaXKHEHUS ITOPUCTOTO MaTepraia KOHIUIIN-
OHMPOBAHHBIM BO3IYIITHBIM ITOTOKOM C YIETOM IIPH-
HSTBIX paHee OOIYIIeHUI OyIeM CUMTaTh, 9YTO B KaxkK-
JIOM 3JIEMEHTapHOM 00BheMe IIOPHUCTOTO IIPOCTPAHCTRA,
TIPUHIMAEMOM 3a TOUKY B 00bEeMe CpeIbl, IIPOUCXOIUT
peaKIIns ancopOIINY BIIaTH, KOTOpast IMEET CBOM MUKPO-
CKOITMYECKME 3aKOHOMEPHOCTH.

Kpome Toro, momyctnm, 4To TeMIiepaTypa Bo3myxa
BO BCEX TOYKAX TEXHOJIOTMUIECKOI 30HBI ITpolIecca YBIIaX-
HEHUS MaTepyaia OMMHAKOBA. DTO €CTECTBEHHO B CITy-
Yae, KOoraa IogaBacMblil KOHIVIIMOHNPOBAHHEIN BO3IyX
He MCHSET TeMITepaTypy ¢ TeUeHHEeM BPeMEHH, YTO YacTO
peanm3yeTcs B paMKaX TEXHOJIOTUICCKIX TPeOOBaHMIA
peaibHBIX MPOLIECCOB YBAAXKHEHUS TTOPUCTHIX MaTepU-
ajoB. B ciryuae eciu mepenambl TeMIiepaTyp B pas3iidd-
HBIX 00JIACTSIX YBIIAXKHSIEMOT'0 MaTepraja CyIIcCTBeHHEI,
TIpeaJIaraeMbIii OIXOI K MAaTeMaTHIECKOMY OITMCAHUIO
HM3y9aeMOro IIpoliecca He MEHSIETCS, TOOABIISIOTCS YpaB-
HEHUs TeTIonepeaayd U COXpaHeHus Teria, 4YTo Tpu-
BOIUT K YCIIOXKHCHUIO MaTeMaTHIECKO MOMIeIN, HO HE
MEHSIET MPUHIIMIIOB MOJEIMPOBAHUS U pacyeTa.

O4YeBUIHO, BAXKHEHIITMMUI IBVCKYIIIMU CHJTAMU TIPO-
HUKHOBEHUSI BIIAXKHOTO BO3MyXa K BHYTPEHHUM, TPYIHO-
TOCTYITHBIM Y9acTKaM ITOPHCTOTO MaTepraia sIBJISTIOTCS
TIPUHYINUTEIIBHBIN IIOTOK Bo3myXa U muddy3noHHEII Me-
xaHu3M. [1pn 3TOM yueT CKOpOCTH MUKPOCKOITYECKOM
peakLy YBIaXXHEHUS CPeIbl TO/DKEH [TPOU3BOAUTHCSA
B COOTBETCTBHUU C TCOPUEH U MPAKTUKOIN 3aBUCUMOCTH
BJIarOCOIEPXKaHUS MaTepralia OT OTHOCUTEIIEHOM BIaxK-
HOCTH BO3IyXa 1 TeTUIOIIPOBOTHOCTH CPEIIBI.

Mcxomns 13 3aKoHa COXpaHEeHMS BEIIECTBA, B KaXKIOM
TOYKE pacCMaTPMBAEMOU CPEIbl MU3MCHEHIE BIAXKHOCTH
¢ BO BpeMEeHM t TOTYMHSIETCS ypaBHEHUIO [ 14]:

dg . . .
ar _V.(]con +]dif) + Jsou (6)
3mechj = ¢*W — OPUHYIUTEIbHBII TOTOK BO3-

con

Iyxa, 00yCIIOBJICHHBIN HAIMYKEM HadaJbHOM CKOPOCTH
MOIauy BO3IyXa B IOPUCTYIO CPEIy; W = (w,w,w,) —
BEKTOP CKOPOCTU JABMXKEHUSI KOHAULIMOHUPOBAHHOTO
BO3IyXa CKBO3b OPUCTYIO CpeAY; j = DV (¢) — moToK,
oOycinoBiaeHHbIN nuddy3ueit Baaru; D — ycpemHeH-
Hbl Koahbuument nuddysuu; j = kF, f(¢) — or-

puLaTEIbHbBIM UCTOYHUK, BBI3BAHHBIN MOTEPE Bjaru
W3 YBJIAXHSIIOIIETO BO3yXa 3a CYET aicopOLMKU Baru
B KaX/10l TOuKe 00beMa MCeBAOOIHOPOIHOM CPEIbI;
k — KOHCTaHTa CKOPOCTH aACOPOILIMY HA EIUHUILY I10-
BEPXHOCTH; F; — yzieJbHast TIOBEPXHOCTD EAMHUIIBI 00D~
emMa MOPUCTON Cpebl.

ITockonbKy paccMaTpuBaeTcsl MCEeBAOOTHOPOIHAS
MOJIEIb MOPUCTOM Cpefibl, TO 3HaUeHUue D, eCTECTBEHHO,
He SBJISIEeTCS NCTUHHBIM Ko duiimeHToM auddy3nn
BJIaT¥ B OMHOPOJHOM cpefie, a MPeACTaBIsIeT COO0M He-
KOTOPHBI pabouuii mapameTp, MO3BOJISIOIINIA C OMpe-
JIeJIEHHOM CTeTeHbI0 TOYHOCTH OMMCHIBATH MPOLECC
nrddy3un BIary B TIOPUCTO cpere.

I110THOCTHh MCTOYHMKA TTOTJIOIIEHUS BJIaTU U3 YB-
JIAXHSIONIETO BO3ayxa f(¢), OUeBUIHO, 3aBUCUT OT ME-
XaHM3Ma YBJIAXXHEHUSI MaTepralia u onpenessiercs hop-
MOI1 CBSI31 BJIaTH C BJIAXKHBIM MaTepuanom [7, 14]. Jnsa
OIMMCaHMSI TAKOTO MEXaHM3Ma CYIIECTBYET MHOXECTBO
Mozeseil, Harpumep [3], KOTOphIe OIMMCHIBAIOT YaCT-
Hble (PU3NKO-XUMHUYECKHE MPOLECCHl U HeYTOOHBI TpU
MaTeMaTU4eCcKoM MojJearpoBaHuu. Hamu pazpadboTaH
OPUTHHAJILHBIN MOAXO/ K OIMMCAHUIO KPUBOI aacopo-
LIMH BJIATW B BUZE (PYHKIIMOHAIBHON 3aBUCUMOCTH f(¢h),
MpenCcTaBACHHbBIN HIXE.

Modeauposanue kpueoii adcopbyuu eaaeu

AncopOIIMOHHAsT KPUBAsi B pACCMAaTPUBAEMOM CITyJae
TIPEICTABIISIET 3aBUCUMOCTh PABHOBECHOW BIAXKHOCTH
BOJIOKOH W/(x) B 1100011 TOUKE TICEBIOTOMOTEHHOII cpe-
IIBI OT OTHOCUTEIBHOM BIAXKHOCTH BO3IyXa ¢h(x). DKC-
TIEPUMEHTAILHO MOTyYeHHBIE aICOPOIIMOHHbBIE KPUBBIE
n300pakeHbl Ha puc. 1.

AHanu3 BUIa KPUBBIX, TIPEACTABICHHBIX HA puc. 1,
TIO3BOJISIET BBIIEIUTD JIJIST OTIMCAHUS OKCIIEPUMEHTAITb-
HOI 3aBUCUMOCTH aHAJTMTUUYECKOI (hYHKITUEI TBa yuacT-
Kka: ipu 0 < ¢p(x) < ¢, (60—70%) — y4aCTOK BBITYKIIOCTBIO
BHU3 U TIpU ¢, < ¢(x) < 100% — y4acTOK BBITYKIOCTHIO
BBEPX; b, — HEKOTOPas yCPEAHEHHAs: KOHCTaHTa, UMEIO-
1ast oTpeneIeHHOe 3HaUYeHUE TSI KaKAO0TO BUIA TIOPU -
cToro Matepuasia. Ha Kaxkmom 13 BbIIEJIECHHBIX y4aCTKOB
YCTAaHOBUM aHATUTUYECKYIO 3aBUCUMOCTH PABHOBECHOTO
BJIATOCOAEPKAHUS OT BIAXKHOCTU BO3MYIITHOTO MTOTOKA ,
TIPY 3TOM WCIIOTb3yeM CIIEAYIONINE PACCYKIECHMSI.

Ha mepBoM ydacTke KpUBO#l CKOPOCTh POCTa 00b-
eMa aficopOMpPOBAHHOI BIaru MPOTIOPIIMOHATIbHA KaK
ee 3HaUYeHWIO TIPU NaHHOM BIaxHocTtu W, Tak u pas-
Hoctu (W, —W), tne W, — nipenenbHOe Biarocoaepxa-
HUE TTIOPUCTOTO MaTepuaa. To O0YCIOBIEHO TEM, UTO,
BO-TIEPBBIX, OCAXKEHHBIE MOJIEKYJTbI BJIaTA CO3/IA0T JI0-
TTOJTHUTEIBbHBIC TIEHTPHI aICOPOIIUH, YTO CTIOCOOCTBYET
YCKOPEHUIO YBIAXHEHUSI, 3 BO-BTOPBIX, BOBMOXHOCTH
pocta W 1o TouKu HaChILLIEHUS WM. Wtorom nipuBeneH-
HBIX PAaCcCyXIEHUN SIBISIETCST YpPaBHEHMUE:

dW/degy = kW (W, ~W),
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ropuctoro marepuana. OovenuHeHre KpuBbix (7) u (8)
MIPUBOJUT K OTTMCAHUIO 3aBUCUMOCTU W OT ¢ B BUIe

WM
1+(Wy /Wy —1)exp(—ke)*

&)
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ST
an 4= f‘ L
30 , ajireOpanyeckon (yHKLIUN
gt
5T /-’ £ W=k, exp(k1(¢ - ¢c)) +
W S
—_— S
vyl 20T /'

Puc. 1. 3aBucumMocTh PABHOBECHO¥! BJAXKHOCTH
BOJIOKOH: Vy4 — BICKO3a, Y3 — Ipsika, Vy2 — IIepCTh,
vyl — poBHHMIIA, VY — KAIIPOH

e k — HEKOTOPHIi KO3 GUIINEHT ITPOTOPIIMOHAIT-
HOCTH.

3Has HauaIbHYIO pABHOBECHYIO BIIAsKHOCThH BOJIOKOH
W , HETPYIHO MONYYUTh PEIEHUE STOTO YPABHEHMUSI:

Wn

W= 1+(Wy /Wy —1)-exp(-ke)

(7

Ha BropoM yuacTke U3MEHEHUA ¢ ITpU ¢ > ¢ Mexa-
HU3M BJIATOHAIIOJIHCHUS KAITWISIPHOIIOPUCTOM CpeIbl
nMeeT MOHOMOJICKYJISIPHBIN, a 3aTeM U KallJUISIPHBII
xapaktep [13], 4To ompenensieT SKCITOHEHIIMAIbLHBIN
poct W tipu Bo3pacTaHuu ¢:

W=k, exp(k, (b)), (8)

e K, k, u ¢, — HeKoTOpbie (D (HEKTUBHBIE Tapame-
TPHI, 3HAUYCHNE KOTOPBIX MOKHO OIIPEACINTh METOIOM
HaMMEHBIINX KBAaIpPaTOB /I KaXXIOTr0 KOHKPETHOTO

COOTBETCTBYIOIINE JAaHHBIM pHUC. 1 TeOpeTHIeCKIe
1 3KCTICpUMEHTAIBHBIC KPUBBIC IIPUBEICHEI Ha pHC. 2.

IMapameTpsl KpUBHIX (9), pacCUYMTAaHHBIC TIO0 METOLY
HaMMEHBIINX KBaIpaTOB, IIPUBEICHHI B Ta0I. 1.

Mamemamuueckas modeas pacnpedeseHus 6AANCHOCMU
6 obseme nopucmoii cpedol

VYpaBHenue (6) ¢ yueroM npeacrapieHuii (7), (8)
B pa3BepHYTOM BUJIE BBITJISIIUT CJICAYIOIIUM 00pa3oM:

- -0 5+

Bynem cuutaTh TaKKe, YTO IMTOTOK KOHIUIIMOHUPO-
BaHHOTIO BO3/yXa Yyepe3 rPaHUIly IIOPUCTOM Cpebl I10-
3BOJISIET YIIPOCTUTH ypaBHeHME (10) 10 OMHOMEPHOTO.
DTO BO3MOXHO, HallpuMep, KOTAa JUHUM ABUXEHUS
BO3IyXa, IIPOXOISILEro Yepe3 IIOCKYIO IPaHUILy [IOPU-
CTOI1 cpebl, Mapayjie/ibHbl Win Korga ypasHenue (10)
MOXHO 3aII1UCcaTh B UMIMHAPUYECKUX WIN CHEPUUECKUX
KOOpAMHATAX, YTO YaCTO PeaM3yeTcsl B PeaIbHbIX TEX-
HOJIOTUSIX yBIaxHeHust. CoelaHHble MPEIIOoI0XKEHMS
HE OrpaHMYMBAIOT OOLIHOCTA MaTEMATUYECKOI MOJEIIH,
HO MO3BOJISIIOT U30€XaTh TPOMO3IKUX IIPeoOpa3oBaHuUiA
IIPY OMMCAHUY PELIeHUs 3a0a4M.

B pamkax mpuHSATHIX nonyineHuit ypaBHeHUe (10)
rpeodpasyercst K BULY:

do do aw dz¢

d*¢p

@ _ )
dy?

dat

d¢ d¢
Wiy + w, Hw3

+£9) 1 kEf(9). (10)

HauwanpHoe ycmoBue mist 3agaun (10) ogeBUIHO:

#(0.x) = . (12)

w

W, %

W,

%

W, %

”

25

200

T W W, %

2l

%

0. %

@, % lP,%

Buckoza IIpsixa

0s

Iepctb

0.5 0. 1

Kanpon PoBHuLa

Puc. 2. Ancopoumonnbie KpuBbie: | — SKCIIepUMEHTAIbHBIE, 2 — pacUeTHbIC
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Tabauya 1

Bun matepuana w, w k, k, k o, s

Bucko3za 14,9 3,5 3 4.4 3,3 0,55 2,5
IMpscka 13 6 3 4.5 10 0,55 1,8
IepcThb 13 2,7 2 6,6 6,5 0,65 1,9
PoBHu1ia 13 2,7 2 6,5 7 0,65 2,4
Kanpon 8,5 31 0,9 5,95 23 0,66 0,84

OueBUIHO TaKKe, YTO B Touke x = () (Ha TpaHHUIIe
TIOPUCTOM Cpedbl — IIOBEPXHOCTH ), Yepe3 KOTOPYIO OCY-
IIECTBIISICTCS YBIAXXHEHHUE, BJIAXKHOCTh COOTBETCTBYET
BJIAXKHOCTH ITOAABAEMOT'0 B TEXHOJIOTMUECKYIO 30HY KOH-
JMUMOHMPOBAHHOIO BO3/yXa — ¢ :

¢(t.0) =, (13)

Hns pemennst 3agaun (11)—(13) HeoOXogMMO 3HATH
TpaHUYHOE YCIIOBHE WIS Mpon3BonHoi d¢(0)/dx B ToU-
ke x = 0. Beimennm 31eMeHTapHBII 00beM B TIOPUCTOM
cpefie eNMHUYHOM TUTOIIAIN CEYSHUS Y MAJIO TOJIIIUHBI
V ¥ pacCMOTpUM M3MEHEHHUE BJIATOCOAEPXKAHMS BO3-
IyXa TIPU TIPOXOKICHUU €r0 CKBO3b ITOPUCTYIO CPEIy
3aJaHHOTO 00BeMa.

OTHOCHUTENIbHAS BJIaXKHOCTH BO3IyXa B 3TOM 00BeMe
@(x) OyaeT MEHSITHCS 110 Mepe NBUXKEHHUSI CKBO3b CPELy.
Tak, mociie Ipoxo/aa B TOJIIILY CPEIbl Ha PACCTOSTHUE A
BJIAKHOCTb BO3/yXa U3MEHUTCA 10 P, 3a CUeT COpOLIMU
BJIaru, CJICIOBATEIbHO,

b—, = (0'~0/0, ..

e Qp", QpA — KOJIMYECTBO BOMSTHOTO Mapa B CAMHUIIC
o0beMa BIaXKHOTO BO3IyXa, COOTBETCTBEHHO, 0 U TI0-
clie yBIaXHeHus: oobema V nopucroit cpensl; O  —
MaKCHUMaJIbHOE KOJTMYECTBO BOISHOTO T1apa B CIMHUIIC
00beMa BIaxXKHOTO Bo3ayxa. ClieqoBaTeIbHO, BETMIMHA
V . (b,—¢,)V /V paBHa KOMMYECTBY BIaru, ancopou-
pOBaHHOM B Topax cpefibl oobemMa V (V, — emMHMYHBIT
00BeM).

B Kaxxmoii TouKe TOPHUCTOM CpeIbl BiIara OCaXkaacTcst
COTJIaCHO 3aKOHY afCOPOITNH, TO €CTh KPUBOI aliCOPOIINHT,
3aBUCAIICH OT (PU3NKO-XUMIUIECKIX XapaKTePUCTUK Cpe-
bl W(x) = f(p(x)), tme W(x) — yaenpHOE BIarocoaepka-
HHE TBEPIOU COCTaBIISIONICH ITOPUCTOM CPEIBl B TOUKE X.
Torma KoMYecTBO aICOPOUPOBAHHOM BiIark B o0beme V|
cpenbl Oyzet paBHO oS, [ ~(fig(x))—W,)dx, tne S — mo-
IIanb, 3aHITas TBEPHIOU (ha30ii, o — INIOTHOCTD ITOPHUCTOTO
Matepuaia, W, — yneibHoe BIaroconepXxaHue Matepuasia
II0 yBIIaxKHeHUs1. TakuM o0pa3oM, MoIydaeM:

0,.(D—b)* (V,/V) =0S, [~ (AP(x)—W)dx.

[Monenmm 06e YacTh 3TOTO paBeHCTBA HAa A ¥ Tiepei-
nem K nipeneny npu A — 0. Ilpu 5TOM JIOTUYHO 110710~
XKHTb, YTO MOCJIE TPEAETBHOrO Mepexona obnactsb V-

OyIeT IIPeaCTaBIIsITE COOOM YacTh eAMHUIHOI ITOBEPXHO-
CTH S, , COOTBETCTBYIOILEM TIOLIAN TIOP, T.€. £° S, T1Ie
€ — KOO((HULIMEHT MOPUCTOCTU. A S , COOTBETCTBEHHO,
SIBIISICTCSI YACThIO SAMHUYHON ITOBEPXHOCTH, 3aHSITOMN
TBepHoii (asoit cpensl, T.. S = (1—¢)* S,. B pesynbra-
T€ MOJIyYUM YCJIOBHE IS MPOU3BOAHON DYHKIMU ¢(X)
B TOUKe X = 0

_Qa-9
&

e ()= L (£(p(0) - Wp). (1)
dx Qmax

Taxkum 00pa3oM, MaTeMaTUYeCKasi MOJE/b YBIaX-
HEHUSI IOPUCTOI0 MaTepyaa IMyTeM BO3IEeCTBUS IIPO-
JIyBA€MOTO CKBO3b HETO BJIAXHOTO BO3AyXa B 0OlLLeit
IIOCTAHOBKE IIPEACTaBIsIET COO0M HECTAllMOHAPHYIO
KpaeByIo 3afady [IJIsl ypaBHEHUsI B YACTHBIX IIPOU3BO-
mHBIX (10)—(14).

Hcxonst u3 peajbHbIX TEXHOJIOTMYECKUX YCIOBUI
paccMaTpUBaEMOro IIPoLiecca YBIaKHEHUST IIOPUCTOTO
MaTepuaja, MOXHO IIPEAIOI0XUTh, YTO B PSIIE CJIydaeB
3aBUCHUMOCTD BJIAXKHOCTH BOJIOKOH OT BPEMEHHU B TOJI-
LIMHE CPeabl MOKXHO CUMTAThb KYCOYHO-IIOCTOSIHHOM,
TaK KaK M3MEHEHUE YCAOBUIA BIArOMOIIOLIEHUS IIPO-
HCXOIUT JOCTATOUYHO MEIJICHHO, U, CJIEI0BATEIbHO, IS
GOJIBILKX IIPOMEXKYTKOB BpEMEHH IIPOLECC PACIIPOCTPA-
HEHUsI BJIar¥ B 00beMe ITOPUCTOI Cpeibl HOCUT KBa3u-
CTALIMOHAPHbIN XapaKTep, CJAeAOBATEIbHO, B KAXKIOM
13 TaKUX TTPOMEXKYTKOB d ¢/d .= 0, n ypaBHenue (11)
npeoOpasyeTcst K cTalluOHapHOU (hopme:

d?¢ do d
D=Z+w=+ ¢p—=k F-f($). (1)

YpaBHeHue (14) ¢ HauanbHBIMHA ycoBusIMH (12), (14)
npeacTasisieT codoit 3agauy Koim 115t 00bIKHOBEHHOTO
mddepeHInaabHOro ypaBHeHU [15] 1 MOXeT OBITh
peIIeHO Pa3TUIHBIMU CTIIOCOOAMM, HAIIpUMeEp, KOHEU-
HO-Pa3HOCTHBIMU.

B cooTBeTcTBUM C TIpeACTaBICHUEM 3aBUCUMOCTH
BJIAXKHOCTH BOJIOKOH OT BPEMEHHM B BHUIIE KYCOUHO-IIO-
CTOSTHHOU (DYHKIIUM, BECh BPEMEHHOI MHTEPBAJT IIPO-
uecca [0, 7] pasduBaeTcs Ha TIOAMHTEPBaJIbI TOYKamu 7,
1 B KaX1oM U3 roauHTeBanos [T, T, | ucronb3yoTesa
criennduIecKre 3HaUeHUST (PU3NIECKIX ITapaMeTPOB T10-
PUCTOM cpembl, KOPPEKIMs KOTOPEIX HEOOXOaUMa ISt
KaxXIOTO CIICAYIOIIETO TTOMMHTEepBaja M3-3a N3MEHCHUS
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CBOICTB MaTepuaJsa B pe3y/ibTaTe OCaXKIECHMS Biaru 00b-
€MOM M Ha TBep/ible BOJIOKHA 00beMa Cpeibl, UX pazoyxa-
HUE U1, KaK CJeCTBUE, YBEJMUEHUE paJiyca BOJIOKOH, UTO,
B CBOIO 0Y€pe/ib, TPUBOIUT K U3MEHEHUIO TIOPUCTOCTH €, ,
pEaKkLMOHHON IMMOBEPXHOCTHU Cpebl F' w1 JIMHEHOU CKO-
POCTH JIBMXKEHUS Bo3yxa v . MIcronbayst Kiaccuyeckme
BBIPpAKEHUS [IJ1s1 OTIpene/IeHUs YIeJbHON peakMOHHOMI
MOBEPXHOCTU BOJOKHMCTOTO MaTepuasia u €e MopucTo-
CTH, a TAKXKE M3MEpSIEMOTO CPEITHETO paaryca BOJIOKHA d
W TUTOTHOCTH YBJIQXKHSIIOIIEH XXUIKOCTH -

_ . m _ 4(1-¢) m _ v
&m =€~ Fsm == ’1+—pv(1_£), Un = - (16)

s mpoBeIeHUs pacyeToB Mo ypaBHEeHHSIM (12),
(13), (15), (16) ucnonn3zoBancs meron Pynre-Kyrra
C aBTOMAaTUYECKIM BBIOOPOM IIIara MHTETPUPOBAHUS.

Braeonoenouienue 6 u36ecmKosbix KOMRO3UMAX

[IpoHMKHOBEHNE BIAXKHOTO BO3AyXa K BHYTPEHHUM
yJacTKaM ITOPHUCTOTO KOMIIO3UTA OCYIIECTBISICTCS, B OC-
HOBHOM, TP DY3NOHHBIM MeXaHU3MOM. [IBIDKeHIE BO3-
IyXa, 00YCIIOBJICHHOE MIPUHYINTEILHOM WITH €CTeCTBEH-
HOU KOHBEKIIMEl, B JAaHHOM cjydyae, MO-BUAMMOMY,
MCHEe CYIIECTBEHHO M3-3a TOCTATOYHOM INIOTHOCTH
MaTepuralia M eTo IMOPUCTOCTH, COCTABIISIONIC MeHee
50% ot 0611ero ooGbeMa MaTepHala.

B mponiecce BIaromorIoneHns B KaskKI0i TOUKe M0~
PHUCTOTO TIPOCTPAHCTBA IIPOUCXOAUT PEAKIIVS aICOPOIIHN
BJIaTW B COOTBETCTBUU C MaKpO- 1 MUKPOCKOITICCKITMU
3aKkoHOMepHOCTSIMHU. C y4eTOM IIPUHSITHIX paHee I0-
MYIICHUH, BCe KMHETUYECKNE TTapaMeTphl, B TOM JHC-
je u KoadpuuneHT 1ud@y3un, UMEIOT YCpeIHEHHbIE
3HAYCHUS, KOTOPBIE MOTYT OTJINYAThCS OT MCTUHHBIX
¥ OTIPEACIISTIOTCS, KaK IMIPaBUJI0, SKCIIEPUMEHTAIBHO.

MexaHU3M peaKIINK BJIarOTOTIOIICHNST, KaK M B CITy-
Yyae yBIaXKHEHUSI IIOPHCTOTO BOJIOKHICTOTO MaTeprala,
orpeessieTcss KpUBOI ancopOILIMM Bjlard, KOHKpEeTHas
(bopMa KoTOpOii 3aBUCHUT, ECTECTBEHHO, OT CBOMCTB Ma-
tepuaina. [1py 3ToM MaTeMaTuecKast MOIEIb aICOPOIIN-
OHHOI1 KPHBOIA, CTIOCO0 MOIEIMPOBAHMS 1 BCC BBIBOIBI
OTHOCHUTEIJIPHO €¢ CBOMCTB, CACIAHHBIC BEITIE, CIIPaBEI-
JINBBI U IUTSI pacCMaTPUBAaeMOTO IpoIiecca.

AHAJIOTMIHO TOMY, KaK 3TO OBUIO CIeJIaHO IIJIS TIpe-
IOBIOYIIEH 3amaun, TTOTyIeHO MaTeMaTIIECKOE OTTMCAHIe
aIICOPOIIMOHHBIX 3aKOHOMEPHOCTEH BIIaTOTIOTIOIICHUS
KPHUBOI1 3aBICIMOCTI paBHOBECHOI BJIAXKHOCTH MaTepH-
aja W oT OTHOCHUTETbHO BIIaXKHOCTH BO3IyXa ¢b:

¢ < e,
(17)

¢ = e
3,[[er VV” — Ha4dYaJIbHOC 3HAa4YCHUE BJIarocoacpxka-

Hus; W, — npenenbHo BO3MOXHOE BIarocoAepXaHue
Matepuana; K, k, u ¢, — pabouue napameTphbl, 3Ha4YEHHE

Wh
W (1 W @—0)
H (1 W;)e m(-bo)

W =_w,"
WMek2(¢_¢C)’

KOTOPBIX OITPENeIsIeTCs IIOCPEICTBOM MaTeMaTHIeCKOM
00pabOTKM SKCIIECPUMEHTAIBHBIX KPUBBIX C MCITOIB30-
BaHWEM METOIa HAUMEHBIIINX KBAIPaTOB.

Kak u panxee, OymeM cumTaTh, 4YTO MPOILIECC BIATOIIO-
[JIOLICHUSI, B TIEPBOM IIPHOJIIKEHUM, SIBJIICTCSI OTHO-
MEPHBIM 10 IIPOCTPAHCTBEHHBIM KOOpAMHATAM, 1 OyIeM
HCCJIEIOBATh er0 3aKOHOMEPHOCTH, MCITOJIb3ys OTHO-
MEpHYIO MAaTeMaTHYECKYIO MOJIEIb.

Hcxonmst 13 OCHOBHOTO ypaBHEHUSI MacCOIIEPEHO-
ca Biaru B mopuctoii cpeme (10), ¢ yaeToM crmeaaHHBIX
MIPEATIONIOKEHUN U TOITYIICH!I, MATeMaTHYeCKOe OITH-
CaHUe TIPOIIECCa BIATOITOTJIOIICHMST MOXKET OBITh 3aITH -
CaHO B CJICIYIOIIEM BHIIC:

dap 2%

L = D22 — kSF(9). (18)
3nech D — apexkTnBHBIN KOahGUImeHT nudy3nn;

S — ymenabHasl TOBepXHOCTh CIMHUIIBI 00BbeMa MaTepra-

J1a; k — HeKoTopast KoHcTaHTa; 0 < x < L, L — TommmHa

IIOPHUCTOTO MaTepHraa.

Pemenne ypaBHeHMS (18) MOTyIeHO C UCITOTB30BA-
HueM GYHKIUY UCTOYHMKA [16], Tpy 3TOM cUnTaeTcs,
YTO 3a IIpeAe/laMi MaCcCHUBA YBIIAXKHSIOIMIETOCS MaTepPH -
amax<ux> L, fix)=0:

k.

—-0)2
e kst 9_4(1)36(;(9—)9)_ (19)

p(x,0) = [17f(0)G(x,0,00d0, G(x,0,6) ==

B cirydae, xorma mporecc yBIaXKHEHHS MOXKHO CUH-
TaTh CTAallMOHAPHBIM, ypaBHeHMe (18) ympormaercs:

DLL—ksf(g) =0, 20)

ITpu 3HAYNTETHHBIX HAYAJIBHBIX TTOKA3aTEIISIX BIaXK-
HOCTH BO3IyXa ¢ > ¢, MOXHO pacCMaTpuBaTh TOJbKO
BTOPYIO 9aCTh aICOPOLIMOHHOM KPUBOI1 (BBIITYKIOCTHIO
BBEPX)

kSfip) = W, et @40,

YTO ITO3BOJIACT 3alIMcaTb YpaBHCHUC OJIA pacyeTa
BJIA>KHOCTHN HOpHCTOﬁ Cp€abl B BUIEC

2

D%— Wy eke(@=¢c) =0 Q1)

Bynem cunTaTh U3BECTHBIMU 3HAYEHUST BIAKHOCTU
BO3/yXa Ha rpaHUILAX pa3jesia Cped BO3AYX — IMOPUCTBI
matepuain: ¢(0) = ¢, (L) = ¢, .

Pemenue muddepeHnmanbHoOro ypaBHeHus (21) 3a-
TPYAHEHMS He BBI3bIBAET U IIPEACTABIISIET COOOM CIIEMYIO-
LIYIO CUCTEMY aIre0panyeCKuX BbIpaXKeHUIA:

e )

PL—do !

O pode| 2 Wi 1 [, —ka(hrmth) _ g=kalbomtb)
S i =N LRt ¢ 1. (22)
_Wn_ 1 Wi = 2
W ka? ket w T =x
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PE3YJIbTATBI 1 OBCYKIEHUE

Memanauzauus yeneepagumosolx 60410K0H

C 1enpio yaydIIeHUs CBOMCTB KOMITO3UIIMOHHBIX
¥ HAaHOKOMITO3UIIMOHHBIX MaTepPHaJIOB, CO3MaBacMBbIX
Ha ocHoBe YBM, BbINIOJIHEHO MaTeMaTU4YeCKOe MOJIe-
JIMPOBaHUE U ONTUMM3ALUS ITPOIIECCOB OCAXKICHUS
MeTaoB B I[1TD.

Bepudukanus moaydIeHHBIX MOAEIICH ITIPOBOAMIIACE
Ha OCHOBE 9KCIIEPUMCEHTAIBHBIX MCCIICIOBAHMIA, BBITION -
HeHHbBIX B.K. Bapenmossim [17, 18], mpeamorararonimx
Moau(UKaIMIO TOBEPXHOCTHHIX cBOMCTB YBM orpe-
IeJICHHOM MapKHU C IeIbI0 TTOIyIeHHST PABHOMEPHBIX
OCaJIKOB ITPY METAJUTU3ALIMU MaTepHaia 3JIeKTPOXIMU-
gecKUM criocoooMm. [1py 3ToM HCTIOIb30BaINCh TKAHBIC,
HETKaHbIe I KOMOMHUPOBAHHBIC YTIICPOIHEIC MaTepra-
JIBI, OTJIMYAIOIINECS YISIbHOU 3JIeKTPOIIPOBOTHOCTBIO,
PEaKIIMOHHOM ITOBEPXHOCTBIO, TTOPUCTOCTHIO [19—22].
DIEKTPOXUMHUYECKYI0O Moaudukanmio YBM ocymect-
BIISUTM B PACTBOPAX Pa3TMIHBIX 3JIEKTPOJIUTOB aHOTHOMN
TIOJISIPU3AIINCHA, VI TTOCIICIOBATEIFHO KATOMHOM-aHO I -
HO¥ ToJIsSipU3aleit, Uian ux pa3iMuHO KOMOWHAIIMEN.
IToxazaHo, 9TO B pe3yiabTaTe JICKTPOXUMUIECKOIT 00-
pPabOTKM CYIIECTBEHHO YIyUYIIAIOTCSI TUAPODUIIBHEBIC
CBOICTBa MaTepHraja, YTo 00YCIOBICHO BO3pacTaHUEM
KOJIMYECTBA TTOBEPXHOCTHBIX KMCIOPOICOIEPKAIIIX
rpyni. [TokazaHo TakxKe, 4TO 3JIeKTpoaHasi 00paboTKa
YBM B KUCJIOTHBIX U LLIEJIOYHBIX pACTBOPaX CYILLIECTBEH-
HO BJIMSICT Ha afTe3MI0 OcaaKa C TIOBEPXHOCTHIO YIIerpa-
(uToBOTO MaTepmaa, 4To MOBHIIIACT 3(PHEKTUBHOCTH
mpoliecca ocaxkaeHs MeTauia Ha YBM [17, 18].

OnBIT pa3padOTKNA TEXHOJOTMIECKHUX ITPOIIECCOB
3JIEKTPOM3BIICUCHUS OJIATOPOIHBIX M [IBETHBIX METaJI-
JIOB U3 IIPOMBIIIJIEHHBIX pacTBOPOB Ha YBM moka3zai,
YTO OCaXXICHNE METAJUIOB Ha IIPEIBAPUTEIHLHO DJICKTPO-
XUMHIYECKN 00pabOTaHHBIC MaTEePUAJIBI ITO3BOJISICT pac-
CUUTBIBATH OIITUMAJIBHBIC PEKUMBI 3JICKTPOOCAKICHUS,
YTO JaeT BOBMOKHOCTD IOJIyYUTh PABHOMEPHO pacIpe-
IeJICHHBIC OCAIKM METaJIjIa IO TOJIIMHE 3IIeKTPoIa,
VIIYYIIATH CTPYKTYPY, MOP(OJIOTHIO 1 COCTaB OCATKOB,
cJIemoBaTeIbHO, U CBOMCTBA KOMITO3UIIMOHHOTO MaTe-
puaia (puc. 3).

B kxauecTtBe wuttoctpaiuu paboTocrnocoOHOCTH HC-
TIOJIB30BaHUS METOAa MaTeMaTUICCKOTO MOICINPOBa-
HUS IIPY pelIeHNH 3a1a4 110 oTpeneieHIo 3 deKTrB-
HBIX TEXHOJOTMYECKMX PEXXKUMOB MeTain3auuu Y BM
BBIOpaHa 3amayda mokpeitust YBM mapku BBIT-66-95
TaTbBaHMYECKUM OCATKOM cepedpa M3 CepHOKUCIOTO
THOMOYEBUHHOIO PacTBOpa CO CIACAYIOIIMMU Tapa-
MeTpaMM 3JeKTPOXUMHUICCKOM CHUCTEMBI: TOJIIINHA
anekTpoga — 1 ¢cM; I0THOCTh ToKa — 0,2 A/M?, CKO-
pocTb MpoToka pacrBopa — 0,56 cM/c; yaeabHas mo-
BEPXHOCTh — 255 cM?/cM?, yaesbHast 3JIeKTPOITPOBOI -
HOCTh — 0,03 C™m/cMm, mopuctocth — 0,95; ynenabHas
3JIEKTPOIIPOBOTHOCTH pacTBopa — 0,1 CMm/cM; BpeMs

anexTposm3a — 60 MuH; coctas anekrpoauTa: H,SO, —
0,5 Mo/, THOMOYeBKHHA — 50 1/71, cepedpo — 76 Mr/i.
Pe3ynbTaThl pacueToB pacmpeneaeHIs MeTalja 1o TOJI-
muHe [1TD mo Maremarmueckoit monenu (2)—(5) u, wist
CpaBHEHUSI, 9KCIICPUMEHTAIbHBIC JaHHBIC pacIpeciie-
HUS cepedpa IpeacTaBiIecHbI Ha puc. 4.

Oco60 0OTMETHM, UTO Ha TTIOBEPXHOCTHL BOJIOKOH YBM
MOXKHO 3JICKTPOJIUNTHYECKH OCaXKIAaTh HAaHOPAa3MEpPHBIC
YaCTUYKHA METAJUIOB, YTO ITO3BOJISICT MOIYJIaTh IJIOT-
HBIC TTOKPBITHS YTIIETPa(pUTOBEIX BOJIOKOH C 3aaHHBIM
npodunem. B kauecTBe wiurocTpauu puseaeMm GoTo-
rpadun MOphOIOTUN OCATKOB INIATUHBI Ha yIiIerpachu-
TOBBIE HUTH (puc. 5).

CooTBeTCTBHE TIPEICTaBICHHBIX HA PUC. 4 DKCITe-
PUMEHTAJIBHBIX M PACYCTHBIX KPUBBIX pacTpeaeeHUs
cepebpa mo TomumHe I1TTD ¢ XKaTomoMm U3 BEIOpaHHOTO
YBM mnoaTBepxkaaet 3¢ GeKTUBHOCTh UCITOJIb30BaHUS
MIPUBEICHHBIX MAaTeMATHUCCKIX MOJICIICH 1 aJITOPUTMOB
pacYeToB, OIIMCAHHBIX BHIIIC 1 B IPYTUX HAIIIMX paboTaX,
Hampumep, 9, 11, 13 u ap.] mj1s mpoBeIeHMS YUCTCHHBIX

EHT=2000KV Signal A= SE1 Dete 28 Apr 2008 BHT= 20000 Sigral A= SE1
WO=90mm Mag= 112KX PhotoMo.= 3646 WO 80mm Mage 263KX

Duto 7 Ape 2000 |
Photolo. = 3989

Puc. 3. MukpodoTorpaduu ocaskoB Meau HA HCXOTHOM
(a) m anekTpoxumMmiecku Momupummposannom (6) YBM

T

6 n

Puc. 4. Pacnpenesenne ocaaka cepedpa mo TOIIHHE
3JleKTpoaa: 1 — SKCIIepuMeHT, 2 — pacueT; d — OT-
HOILLIEHMEe Macchl MeTajuia K macce YBM; n — HoMep
ciost; T — ThUTBHAS CTOPOHA 3JIEKTPOIA

http://nanobuild.ru

info@nanobuild.ru



http://nanobuild.ru/ru_RU/

2023; 15 (4):
298-309

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

CTPOUTEJIbHOE MATEPUAJIOBEJEHUE

Date :26 Jul 2009
Photo No. = 5061

EHT = 20.00 kV
WD = 2.0 mm

Signal A = SE1
Mag= 17.85KX

Puc. 5. Mukpodotorpaduu ocaakos miatunsl Ha YBM

HCCIIEAOBAHUM MPOLIECCOB JIEKTPOOCAXKIECHUST METAJIOB
MpUY CO3MaHUM KOMIO3UILIMOHHBIX MAaTEPUAIIOB C OMpe-
neJIeHHOI MopdoJioTueit 1 pacrpeaeieHueM ocaaka
MeTaJjuia o MOBEPXHOCTU BOJIOKOH Y BM.

CremyeT OTMETUTD, 9YTO KOMITO3UIIMOHHBIC KaTaIM-
TUYECKME MaTepuasbl HA OCHOBE METAJJIM3UPOBAHHBIX
IUTAaTUHON, cepeOpoM MU MX CILIaBOM yrierpaduro-
BBIX BOJIOKOH 00€CITIeUMBaIOT OOJBINYIO 3(P(PeKTUB-
HOCTh KaTaTuTHIecKnX nporeccoB okuciacHms Ce(I1I)
B CEPHOKMCJIOM PAaCTBOPE U OKUCIEHUS anrudaTuyecKux
CIUPTOB U aJbAETUIOB, a TAKXKE CJIOXHbBIX MUHEPAIb-
HO-OpraHMYeCKUX KOHJAEHCATOB B BOJHBIX PacTBOpax
[9, 11, 17]. KpoMme ToTO, TaKMe KaTaJanl3aToOphl OoJiee
YIOOHBI ITPU UX UCITOJb30BAHUU B 3JIEKTPOXUMUYECKUX
peakTopax pa3InuHbIX KOHCTPYKIUMI, YeM OOBIYHO HC-
TMOJIB3YEMBIN JJISI 9TUX LEJIe aKTUBUPOBAHHBIN YTOJIb.

EHT = 20.00 kV
WD = 8.0mm

Signal A= SE1
Mag= 7A5KX

Date :26 Jul 2009
Photo No. = 5063

Ilpunydumensroe yeaajxichenue KOMRAKMHO copmu-
POBAHHBIX MEKCMUNbHBIX 80N0KOH

[IpencraBieHre yBIaXXHSIEMOro MaTepHala Kak
OTpaHMYCHHON MOPHUCTOM CPeIbl C pacIpeneieHHBIMI
10 00beMY OCHOBHBIMH 3(P(DEKTUBHBIMH XapaKTePUCTH-
KaMU TIO3BOJIMIIO pa3paboTaTh MATEMAaTICCKYIO MOIIETh
B BHUJIC KpacBOU 3a1auyld MaTeMaTHIeCKOM (DM3UKH, T10-
3BOJISTIONIYIO PACCUMTHIBATD pacIIpeIeicHNe OTHOCH -
TEJIbHOM BJIAXKHOCTH B 00bEME TTIOPUCTOM CPeIbl IIPH ee
VBIIAXKHCHWU BJIAXKHBIM BO3IYIITHBIM ITOTOKOM.

B kxauectBe miuntocTpauuu paboTOCHOCOOHOCTHU
aJropuTMa Ha puc. 6 IpeacTaBleHbl pe3yIbTaThl pac-
yeTa M3MEHEHMST OTHOCUTEIBHON BIAXKHOCTH BO3IyXa
B 00beMe TIOPUCTOM Cpeabl IPY JIMHEITHOM 3aKOHE M3-
MEHECHUS CKOPOCTH IBMKCHUS YBIIAXKHSIIOMIETO BO3AyXa
w(x) = yx+u.

0, %
80 [

60 -

40 | 1 1 I 1 1 I
0 0,02 0,04 0,06 0,08 0,1 0,12 014 |/ »M

0,66

0,59

1
0 002 004 006 008 010 012 014 [y

Puc. 6. Bausinue Haua bHOI CKOPOCTH MOTOKA BO3IYXa V HA pacnpesiejieHie OTHOCHTEIbHOI BJAXKHOCTH BO3IyXa
B 00beme [1C ¢ yueTom JimHeiiHOro naieHusi CKOPOCTH B 00'beMe Cpelibl: 2 — pacuyeTHbIe, O — IKCIIePUMEHTAbHbIC

KkpuBbie (1) — (4), cooTBEeTCTBEHHO, IIpu v =2, 4, 6, § M/C
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Pesynbrathl pacyeToB U 3KCIIEpUMCEHTAIBHBIC TaH-
HBIC TTOKA3BIBAIOT MX JOCTAaTOUHYIO Koppemsunio. Kak
M3 PacueToB, TaK U U3 SKCIIEPUMEHTOB CJICAYET, YTO
YBEIMUCHNE CKOPOCTH IBVKCHMUST YBIAXKHSIOIIETO BO3-
Iyxa CIIOCOOCTBYeT 00JIce paBHOMEPHOMY pacIIpeeie-
HUIO BJIaTW B 00beMe YBIIAaXXHSIEMOro Mareprana. B To
JKe BpeMsI, O4eBUIHO, YTO YBSIIMICHEC MHTCHCUBHOCTHI
TIPONYBKU BIaXKHBIM BO3IYXOM KOMITAKTHO C(POpMUPO-
BaHHOTO TEKCTUJIBHOTO MaTepHaa TpedyeT b0 yBe-
JIMYCHUS] MOIITHOCTU BEHTIISITUOHHOTO YCTPOMCTBA,
00 YBEeIMUEHUST TIOPUCTOCTHA MaTepHaa. Jlaxke Takoit
TIPOCTEHUITMIA aHaIM3 TTOKA3bIBaCeT, UYTO 3amada BIOOpa
TEXHOJIOTHMYECKOTO PeXXMMa YBIAaKHEHUST MOXET OBIThH
chopMyIUpoBaHa B BUIE 3a0aYd ONTUMMU3AINN TEX-
HOJOTHUYCCKUX ITapaMeTPOB, BIAUSIONINX Ha IIPOIIECC
yBiaxxHeHnsI. OUEBUIHO, UTO pEIIeHNE TaKOM 3amadun
HEBO3MOXHO 0€3 IMPUMEHEHHUS METOIOB MaTeMaTHie-
CKOTO MOJIECTUPOBAHMUS, ONTUMMU3AIINN 1 pacyeTa.

Brazonoenowenue 6 nopucmoix cmpoumenbHbix Md-
mepuanax

Ha puc. 7 npuBeneHbl pacyeTHble (KPUBBIE) U IKC-
MeprUMeHTaIbHbIE (TOUYKM) JAHHbIE BJIArOIIOIIOIEHNS
JUISI IBYX ITOPUCTHIX MaTEPUAIOB: BCIIEHEHHOIO BEpMU-
KYJIUTOBOrO Itecka (1) 1 Mukpochep aaroMOCHIMKATHON
30716l (2). 7151 yrcIeHHOM peannu3aly MaTeMaTUIeCKO
Mozesu (22) UCIOIb30BaHbI CIEAYIOLIME 3HAUCHUS [Tapa-
METPOB, HaliIcHHbIE 13 SKCIIEPUMEHTAIbHBIX aICOPOLI-
OHHBIX KpMBBIX: k, = 0,016, L =2 cm, ¢(0) = 100, (L) =
50 n xoapdumenTer mupdysuu D, = 7,67x10~°u D, =
3,43X 1073 cM?/C 151 COOTBETCTBYIOLIMX KPUBBIX [23].

PacueTHble U BKCIIEpUMEHTAIbHbIE KPUBEIE, IIPE-
CTaBJIEHHBIE Ha PUC. 7a, IOKA3bIBAIOT XOPOILIEE COrIacKe

1, CIIeq0oBaTeNIbHO, 3(P(PEKTUBHOCTh MaTeMaTHIECKOM
monenu. Puc. 70 mo3BogeT caenaaTh BBIBOL O JOCTA-
TOYHBIX 3aTPYIHECHUSIX MPOHUKHOBEHUS IIpoliecca
B TOJIIIIY MaTepHraja maxe IpHu 3HAYUTEIHLHO ITPOIOJI-
KUTEJIPHOM BPeMEHM YBIaXKHEHMST. OUEBUIHO, YTO 3a-
Jlaqy I10 OIIpeIesICHNIO 3HAaUCHWI TaKUX IMapaMeTpPOB
TEXHOJIOTUIECKOTO TIpoIiecca, KakK TOJIIIIMHA MaTepHrala,
€ro ITOPHUCTOCTD, BpeMs TIpoIiecca M IIp., 00eCIIeunBalo-
WX BBEITIOJTHEHUE TIOCTaBICHHOM 3a1aull YBIaXKHCHMS,
Hanbosee 3(pHEeKTUBHO pPelIaTh ITOCPEACTBOM HCIIONIh30-
BaHMS MaTeMaTHUCCKOM MOIETN M YUCJICHHBIX PACUCTOB.

AHaM3MUpys pe3yabTaThl PaCUeTOB, MOXKHO CIeIaTh
BBIBOI, YTO, TIO-BUANMOMY, BeITMIMHA KO3 GUIIIeHTA
I GY3UU CYIIIECTBEHHO BIMSICT Ha TIPOIIECC YBIaXKHE-
HUS TIOPUCTOTO MaTepraia U MOXET OBITh MCITOJIh30-
BaHa B Ka4eCTBE MEPBI BO3MOXXHOTO BJIarocomepsKaHus
KOMITO3UTA.

OTMeTHM, 9TO IJI pacyeTOB OBLIM pa3pabOTaHBI
KOMITBIOTEpHEIC TIPOrPaMMEI C UCITOJIb30BaHUEM Ma-
TemaTdeckoit cpensl MathCAD u s13b1Ka IporpaMMu -
poBanus Python ¢ 6mbimmorexkamu/MomynssMu Numpy,
Scipy m Matplotlib.

3AK/IIOYEHUE

Taxum 0Opa3om, TIpH BEITTOJTHEHUY UCCIICTOBAHMIA,
MIPUBEACHHBIX B JaHHOI padoTe, UCTIOIH30BaHBI METO-
ITBI MATEMATUYECKOTO MOACINPOBAHUS (DHU3UKO-XUMHU-
YeCKUX IIPOIIECCOB B ITOPUCTBIX Cpelax, OCHOBAaHHBIC
Ha TCOPETUICCKUX IPEACTABICHUSIX 00 3JICKTPOIHBIX,
I GY3MOHHBIX, MUTPALIMOHHEIX, aICOPOIIMOHHBIX
Ipolieccax 1 UX pacIIpefeICHUN B TICEBIOTOMOTECHHBIX
cucrteMax. Ha ocHOBe mpeacTaBiaeHUs IIOPHUCTOTO MaTe-

W,g/ga a 6
12
o / 1

300 4 y e
08
200 + 0 5 06
2 04
100 7 "
00

5 10 15 2'0 x,'mm

Puc. 7. Pacnpeneiienue coaep:Kanus BJIArH B OTAEI0YHOM MOKPBITHH: 3 — PACUYeT BO BCIYYEHHOM BEPMUKYJIUTOBOM
necke (KpuBasi 1), B 30JIbHBIX MUKpoOchepax aTroMocInKaTa (2); TOUKHA — SKCIIEPUMEHT; 6 — pacIipeaeieHue
BJIar'¥ B 00beMe IMOPUCTOro MaTepralia ¢ TeUeHUEM BpEMEHHU Ipoliecca
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puasa B BUIE TICEBIOOTHOPOIHOM Cpedbl, XapaKTepu3ye-
MOM YCpeTHEHHBIMU (PU3MICCKIMU 1 TEXHOJIOTMUCCKI -
MM ITapaMeTpaMH, a TAKKe Ha OCHOBE (DM3MKO-MaTeMa-
THYECKUX ONMMCAHMI IIPOIICCCOB B IIOPHUCTOM Ccpee TIo-
CTPOEHBI MAaTeMAaTHUECKIE MOICIIN 1 C(hOPMYITPOBAHBI
KpaeBbIe YCIIOBUS T pacueTa pacipencacHus (pU3uKo-
XUMUYECKHUX IIPOIIECCOB B 00BEME paccMaTpUBaeMOM
TIOPUCTOM CpeAbl IIPH PEIICHNH 3a1ad: 1) MeTa/UT3aln
yraerpadrToOBOrO MaTepuraja Py CO3MaHNH Ha ero 0C-
HOBE KOMITO3UTHBIX 1 HAHOKOMITO3UTHBIX MAaTECPHAJIOB,;
2) yBIaXXHEHMs BOJIOKHUCTOTO MaTepurajia IIpUHYIH -
TEJBHBIM TTOTOKOM KOHIWIIMOHMPOBAHHOTO BO3IyXa;
3) MOTJIOMICHUS BJIaTH TTOPUCTHIMU CTPOUTEIBHBIMU
MaTepHrayaMu.

HMmMerorrecst B OIMMMCaHUM MaTeMaTUIECKIX MOJIC-
JIeit HeKoTophle XapakTepucTuku [1C 1 KUHeTUYECKIe
rnapameTpsl (HarpuMep, yAeJbHas peaKIIMOHHas Io-
BEPXHOCT S, KO3(DOULIMEHT MOPUCTOCTH MATEPHAIIA £)
MOTYT MEHSThCS KaK B TEUCHUE ITPOIICCCOB METaJLI3a-
WU, TaK 1 BJIATOTIOTIOIICHUS -YBIIAXKHEHMS TIOPUCTOTO
MaTtepuaa, IpudeM Kak B CTOPOHY YBEJTMICHUSI, TaK U B
CTOPOHY YMEHBIICHUSI CBOMX 3HAUCHUM. MI3MeHeHMS
MOTYT TIpETePIIeTh U IPyTUe TMHAMWIECKIE XapaKTe-
PUCTHKU TIPOIIECCOB, HAIIpUMEp, JIMHEIHAsI CKOPOCTh
IBVKCHMS 3JICKTPOJINTA MY YBIAXKHSIIONIETO BO3MyXa
CKBO3b ITOPHUCTYIO cpeay 1 Ap. Heobxommmbie KOppeKIIn-
OHHBIC BRIPAXXCHUS TEXHOJOTMUECKNX Y KHWHETHUECKIX
TmapaMeTpoB B IIporiecce PU3NMKO-XUMHIUIECKIX PEeaKIIIit
B TIOPUCTOI cpefie TIPUBEICHBI B KaXKIOM KOHKPETHOM
paccMaTpUBacMOM CiIydae.

CIINCOK NCTOYHUKOB

B paboTe mpuBOAUTCS MaTeMaTUYeCKOe OMMCaHUE
3aBUCUMOCTH PAaBHOBECHOI BJIa’)KHOCTHU MTOPHUCTOTO Ma-
Tepuaja U3BeCTKOBOTO KOMITO3UTa OT OTHOCUTEJIbHOMN
BJIAXKHOCTM BO3[lyXa B BUIE KPMBBIX aACOPOLIMHU Baru
B MCCJIElyeMOM MaTtepuajie; IoCTpoeHa MaTeMaTuiecKast
MoJieJIb TIpoliecca YBIaXXHEHUS CyXOl CTpOUTEbHOM
CMeCH Ha OCHOBE MpEACTaBJIEHUS HEKOTOPOTO 3Jie-
MEHTapHOro 00beMa M3BECTKOBOTO KOMITO3UTA B BUIE
00BEMHO-TIOPUCTOM Cpebl C YCPeIHEHHBIMU (PUBUKO-
XUMHUYECKUMU napameTrpamu. [IpuBeneHo cpaBHEHUE
TEOPETUYECKUX U IKCIIEPUMEHTAIbHBIX KPUBBIX, MO-
Ka3aHO UX XOpOlllee COOTBETCTBUE.

BoinosiHEHBI pacyeThl U MPOBEAEH HEKOTOPbIN
aHaJIM3 BJIMSIHUSI OCHOBHBIX MapaMeTPOB IMPOILIECCOB
MeTaym3anuun YBM, yBiaaxxHeHUsT KOMIAKTHO cop-
MHPOBAHHOTO TEKCTUJIBHOIO MaTepuaja U mpoiiecca
BJIATOIOTJIOIIEHHMS B U3BECTKOBOM KOMITO3UTE Ha pac-
npeaesieHus MPOLECCOB B 00beMe MOPUCTON Cpelbl,
COCTaBJISIOIIEN PEaKIIMOHHYIO MCEBAOTOMOTEHHYIO
001aCTb.

IIpencraBineHHbIe MaTeMaTUYECKKUE MOJIEN TIPU 3a-
JIaHHBIX 3HAYEHUSX TTapaMeTPOB MPOLIECCOB, YUaCTBY-
IOIIMX B COOTHOLIEHUSIX, OMPEAEICHHbBIX SKCTIEPUMEH -
TaJIbHBIM WJIW PacUYETHBIM MYyTeM, BIIOJIHE aleKBaTHO
OITMCHIBAIOT 3aKOHOMEPHOCTH pacIipeneaeHUs (PrU3UKO-
XAMUWYECKUX PEAKIIMU B pacCMaTpUBaeMOU TTOPUCTON
cpene U MOTYT ObITh UCIOJIb30BAHBI JJI5I TEOPETUUECKUX
KCCleTOBaHUI 3aKOHOMEPHOCTEM, a TaKXKe /ISl pacyeTa
ONTUMAaJIbHBIX 3HAUEHUI TEXHOJOTUUECKUX MapaMeTPOB
paccMaTpuBaeMBbIX MPOLIECCOB.
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ABSTRACT: Introduction. As part of the task to create new materials for additive technologies, an analysis of the situation was
carried out, and a problem was identified with the lack of common approaches to selecting raw material components for mixtures.
Theoretical concept. Based on the approaches of fundamental structure rheology, physicochemical mechanics of disperse systems,
the theory of packing of granular media, we theoretically justified the criteria requirements for the characteristics of fillers and sug-
gested quantitative criteria for their evaluation. It was proposed to use these quantitative criteria for a preliminary comprehensive
assessment of fillers when designing compositions of mixtures for 3D construction printing. Materials and methods. The charac-
teristics of the fillers were evaluated using scanning electron microscopy with a scanning electron microscope Thermo Scientific™
Phenom™ Desktop SEM and processing of images by the ParticleMetric software package as well as using laser granulometry with
a laser analyser of particles Analysette 22. Results. We assessed the cement and 5 types of fillers that had different sizes and played
different roles in the formation of the mixture properties. We also identified their estimated criterial characteristics, including the
average particle diameter, gra-nulometric constant, and particle shape coefficient. Boundary values of these characteristics were
determined for particles of different morphology and dispersion degree. Conclusion. Based on the application of the suggested
theoretical approaches, we determined the lines of research associated with obtaining experimental patterns of the impact of the
criterial characteristics of fillers on the rheological characteristics of mixtures as well as with these characteristics according to their
significance and justifying the requirements for the range of quantities of fillers depending on their size, shape, and granulometry.
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STATE OF THE ISSUE formwork-free shaping. Today, the set of technological
characteristics of mixtures for printing includes the fol-
lowing elements [1]—[3]:

1) pumpability, that is the ability of mixture to be

transported from the preparation site to the printing

One of the principal issues related to the implemen-
tation of the potential of additive technologies in
construction is the creation of efficient materials that are

fundamentally different from traditional building materi-
als in their technological characteristics. As for traditional
construction technologies, the set of such properties is
determined by the need to quickly and easily fill the mold
or the formwork. In 3D printing technology, it is neces-
sary to ensure the formation of a defect-free extruded
layer and the body of a construction object in case of

© Slavcheva G.S., Razov |.O., Solonina V.A., Panchenko Y.F,, 2023

head.

2) extrudability, printability, that is the ability of mix-
ture to form a defect-free printing layer in the course of
extrusion.

3) shape retention, that is the ability of the extruded
layer to preserve its cross section equal to the cross sec-
tion of the nozzle.
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4) buildability, workability, that is the ability of the
layer to preserve its shape under the pressure of the upper
layers in a printed structure.

As part of the optimisation of these characteristics,
the rheological behaviour of mixtures for 3D printing
has been thoroughly studied [4]. Based on this, dozens
of various materials with the technological characteristics
necessary for printing have been produced and success-
fully tested, which have. Compositions for 3D printing
are multi-component, so they contain superplasticisers,
viscosity modifiers, structure formation regulators, as
well as fillers and aggregates of different chemical and
mineralogical compositions and dispersion degree at the
same time.

As it was shown in the reviews by A. Rehman [5], Bing
Lu [6], and D. Jiao [7], the roles of the binding agents,
plasticisers, and viscosity modifiers in the regulation of
the rheological behavior and, accordingly, in the provi-
sion of the specified technological characteristics were
definitely determined. It was confirmed that the type of
binding agent is the main factor in the regulation of the
processes of structure formation and hardening of 3D
printed composites. The introduction of superplasticisers
and electrolytes is the main factor regulating the plasticity
of the mixture. Viscosity modifiers (inorganic polymers
and inorganic nanodispersed additives) determine the
shape retention indicators.

The characteristics and concentrations of fillers are
considered to be priority factors in regulating the plastic-
ity and shape retention of mixtures. Systematisation and
analysis of data on the influence of fillers on the tech-
nological properties of mixtures for 3D printing allowed
discovering the following. Currently, natural and recycled
aggregates are used to produce building mixtures, which
can be divided into three size groups [§—24]:

— fine sand-like aggregates: carbonate and quartz
sand, waste glass aggregate, plastic and rubber process-
ing products, etc.

— microscale power-like aggregates: fly ash, mining
tailings, silica fume, ground blast furnace slag, thermo-
plastic microspheres, crushed limestone;

— nanoscale aggregates: metakaolin, kaolin, chalk,
nanoclay.

The roles of fillers of different sizes significantly differ.

Influence of fine sand-like aggregates |8—16]. The in-
creased concentration of fillers of this dimension leads
to an increase in viscosity and a decrease in the plasticity
of mixtures, which is naturally associated with increased
friction between particles. As a result, the pumpability
and extrudability of the mixtures deteriorate. Therefore,
the following strict limits were applied:

— Mass ratio of binder/ fine sand-like aggregates must
be < 2.

— The size of filler grains must not exceed 2—2.5 mm.

Influence of microscale power-like aggregates [17—20].
The fillers of this dimension can be introduced as a re-
placement for part of the cement in the composition of the
binding agent, and their concentration in the optimised
mixture compositions is within the range of 20—40% of
the mass of cement. The impact on various technologi-
cal characteristics depends to a large extent on the type
of microscale power-like aggregates. The introduction of
crushed limestone improves plasticity, although reduces
the shape retention of mixtures. The introduction of ash,
mining tailings, and ground blast furnace slag increase the
yield strength and plastic viscosity of mixtures. To achieve
their optimal values in 3D printing technology, a rational
particle size distribution of these types of fillers must be
ensured.

Influence of nanoscale aggregates [21—24]. They are
used as modifying additives, and the concentration in
optimised mixtures is within the range of 2—5% of the
mass of cement. Nanoparticles are placed between cement
grains, tightening the structure of the mixture. As a result,
the values of the static yield strength and plastic viscosity
increase while the dynamic viscosity and dynamic yield
strength remain unchanged. This determines an increase
in shape retention and workability of mixtures without
any deterioration of their pumpability. At the same time,
aluminosilicate fillers (such as metakaolin, nanoclay, etc.)
have a crystal-chemical structure similar to cement, which
allows accelerating the hydration process and increasing
the strength of 3D printed composites.

Therefore, we can clearly identify that the dimension
and concentration of fillers in mixture compositions have
a determining influence on the set of necessary technolog-
ical characteristics. The granulometry of fillers is also of
great importance. In [25] Y. Weng and others used Fuller
Thompson theory and Marson-Percy model approaches
to design mixture compositions. It was proved that the use
of sand with continuous gradation in 3D printing mixtures
improves their workability. In our previous studies [26,
27] we also discovered that obtaining mixtures with the
required plasticity and shape retention can be achieved
by the use of polydisperse fillers of the entire size range,
from nano to finely dispersed. The use of uniform grada-
tion fillers, on the contrary, results in a loss of plasticity
and aggregate stability of mixtures.

PROBLEM STATEMENT

Despite a large amount of research and develop-
ment, today the empirical approach prevails in the de-
sign of mixtures for 3D printing. To a significant extent,
this also applies to the choice of fillers and the regula-
tion of their concentration in mixture compositions.
Usually, the articles do not provide any justification for
the selection of certain fillers and do not analyse their
role in the formation of the structure of viscoplastic
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mixtures. As a result, the role and the mechanism of
fillers’ impact on the set of rheological properties of
3D printed mixtures have not been clearly determined.
When designing compositions, quantities of fillers of
a particular type are selected without the identifica-
tion of the general requirements to their characteristics
necessary for a priori (before experiment) of the ap-
plicability of a certain filler in 3D printing technology
and of the limits of its rational quantities.

In order to solve this issue, a general scientific concept
must be formed and criterial requirements to the charac-
teristics of fillers must be justified, which is the purpose of
this article. This will allow justifying general requirements
to the selection of raw mixture components for 3D print-
ing in construction.

THEORETICAL JUSIFICATION OF CRITERIAL
REQUIREMENTS TO FILLERS

FOR DESIGNING COMPOSITIONS

OF MIXTURES FOR 3D CONSTRUCTION
PRINTING

The justification of these requirements is based on the
following approaches:

— fundamental structural rheology and physicochemi-
cal mechanics of dispersed systems, formed in the works
of scientific schools of P. A. Rebinder, N. N. Kruglitsky,
and N. B. Uryev [28—30].

— the theory of packing of granular media, developed
regarding the problems of building materials science in the
works of Belov V. V. and Korolev L.V. [31-32].

The structure of viscoplastic mixtures for 3D print-
ing is considered to be a highly concentrated “dispersed
phase — dispersion medium” system, the strength and
aggregate stability of which depend on the number and
strength of coagulation contacts. Mixtures for 3D print-
ing belong to dispersion systems with near coagulation of

Nanob%

particles sized ~ 5x10-3—10~* m. In contrast to the design
approaches of dry building mixtures which involves dense
packing of particles, in mixtures for 3D printing it must
be taken into account that the particles of the dispersed
phase are making contact through the interlayers of the
dispersion medium (Fig. 1).

To implement the technological process of 3D print-
ing, the mixture must preserve its strength and aggregate
stability at all stages:

— during transportation, under dynamic conditions of
viscoplastic flow affected by high shear stresses;

— in the process of extrusion, under dynamic condi-
tions of viscoplastic flow affected by low compressive and/
or shear stresses.

— at the stage of layer-by-layer printing, under static
conditions affected by compressive stresses.

In accordance with the fundamental regulations of
the structural rheology of dispersion systems (works of
the schools of P.A. Rehbinder [28] and N.N. Kruglitsky
[29]), the strength of the structure of a dispersion system
depends on the particle size (in the region < r) and the
strength of individual contacts and their number per unit
volume of the structure, depending on the concentration
of the dispersed phase j in the dispersion medium:

2/3

>

P m = ai F r:n (1)

where P _is the strength of the structure, ¢, is the co-
efficient characterising the type of particle packing, F is
the adhesion force in the contact, and » is the number of
contacts between particles per unit volume.

The adhesion strength in contacts can be determined
experimentally or calculated using the theory of intermo-
lecular interactions of condensed phases. In accordance
with the theory of adhesion of condensed phases [30],
the adhesion strength between spherical particles can be
determined using the following formula:
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Fig. 1. Structure Model of fthe 3D printable mixtures

as a system “dispersed phase — dispersion medium”
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where r, and r, are the radii of contacting particles; o
is the Gibbs energy of the interface unit between a solid
body and a dispersed medium, i.e. surface tension; o,
is the Gibbs energy of a surface unit at the boundary of
contacting solid bodies (if they are identical).

The number of contacts n can be calculated using the
so called globular model of porous structure [32].

n = [3zg/(2nd’ P72, 3)

where z is the coordination number, ¢ is the volume
concentration of particles, and d is their average size.

Based on the analysis of the above-mentioned ratios
of the strength of disperse systems, we can determine
the following parameters for modelling the structure of
mixtures for 3D printing:

— concentration of the dispersed phase in the disper-
sion medium ¢, which determines the thickness of the
interlayer (the distance between particles /) between the
particles of the solid phase.

— particle size d, which determines the balance of
adhesion strengths /. between the particles and the weight
of particles G* in the dispersion medium.

— the shape and size distribution of particles, which
determine the type of packing and the number of particle
contacts.

Within these parameters, the justification of criterial
requirements for the characteristics of fillers is based on
the model of packing of polydisperse spherical particles
suggested in [33]. The principle of the model is as follows:
a certain volume V, is successively filled with spheres of
decreasing radius r,=r, ., r r.., and the radius of the

max’ "~ P

spheres decreases as soon as the volume is completely

filled with spheres of a larger radius. The gaps between
large spheres are filled with spheres of smaller radius
r,<r, so that each gap between spheres r, has not one,
but several spheres r,. This condition provides greater
thermodynamic stability of the obtained package. The
volume is being filled until the size of the spheres reaches
r,.. As a result of laying, we obtain the following filling

density:
$n = Go(1+ ZE(1—0) T k) (@)
. 1/2
n = [&/Crposrghi| 5)

where ¢, is the packing density of spheres with maxi-
mum radius (for disordered packing —¢,=0,64); u(r,/
r.—1) is the correction factor of less than one, which takes
into account that not the whole volume of voids between
spheres r, can be filled, Py is the reduced density of the
particle in dispersion medium (peﬁ =0,~0,, 0, is solid
phase density, p, is dispersion media density), d is typical
particle size, and g is gravity acceleration.

If the radii of the spheres are within the range from
r..tor andr <<r ., thecontinuous range of radii
values must be replaced with a set of discreet values
determined by the formula:

T

i =1

max

Ln(—rm:;Zj

o =

6,i=01,2..N,N = [T?;‘] , (6)
where 0 < 1 is the discretisation parameter.

Based on these model representations, it is suggested
to introduce the following numerical criteria for the evalu-
ation of fillers:

1) average particle diameter, d,

d, =

£qidy +egdotegdg ot e disg

; (7

Cytogtogtt sy

Table 1
Materials characteristics
Material type Characteristics Size }}foll::.i];tl:?: ;:(:;::e?‘tﬁizlsl

Metakaolin TU 5}\/3;[11(9_?(;55 43_03(;0;2 él(;%) 1t ?2017 Nano- Viscosity modifier
Aleuropelite Slz:é?g;ﬁ)ﬁ?g;%z__ogg ? r’nm Micro- Ultrafine aggregate
Crushed limestone 0_](;_i£n riifg&%?giegrgzé 815?325120& 86 Micro- Ultrafine aggregate
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where ¢, is partial residuals on sieves, %; d, is diameter
taken as average for a certain interval (fraction), um;

2) particle shape factor, k. Calculated as the arith-
metic average of three linear sizes (length /, width b, and
height 4):

kg =20 ®)

Taking into account that the particle size is determined
using microscopic analysis, it is difficult to find one of the
three sizes. In this case, the shape factor is calculated with
the following two parameters:

; &)

Fig. 2. SEM-micrographs of powders. Designated: a) Metakaolin; b) Aleuropelite; ¢) Crushed limestone; d) Fly ash;
e) Sand; f) Cement
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Table 2

Numerical criteria for the evaluation of fillers

Nanob

. Average particle . Particle distribution
Material type diameter d , um Particle shape factor, k . constant g
Metakaolin 18.3 1.50 10.9
Aleuropelite 17.5 2.33 8.0
Crushed limestone 66.4 1.46 19.9
Fly ash 74.98 1.05 7.4
Sand 438.5 1.30 2.4
Cement 22.6 1.52 8.1
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Fig. 3. Particle size distribution curves. Designated: a) Metakaolin; b) Aleuropelite; ¢) Crushed limestone;
d) Fly ash; e) Sand; f) Cement
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3) particle distribution constant Gpc, characterizing the
degree of heterogeneity of the particle size distribution:

G, = @, (10)

where d (d,)) are diameters of particles, less than
which the material contains 10% (60%) particles by
weight, respectively.

It is suggested to use these quantitative criteria for
a preliminary complex evaluation of fillers regarding the
design of mixture compositions for 3D-biuld printing.

EXAMPLE OF RESULTS OF CRITERIAL
EVALUATION OF DISPERSED MATERIALS

We assessed cement and 5 types of fillers with
different dimensions and roles in the formation of the
mixture properties (Table 1). We used scanning electron
microscopy (SEM) to estimate the shape factor of the
particles, and the images were taken on a Phenom XL
scanning electron microscope (v, . = 15kV, P=0.10 Pa).
The images were processed using the ParticleMetric
software in order to determine length / and width b of the
particles. The average particle diameter and granulometric
constant were calculated based on the data obtained on a
laser particle size analyzer Analysette 22 Nano Tec.

The evaluation of the particle shapes (Table 2) shows
that spheric particles of ashes, sand (Figs. 2d and 2¢), and
particles of cement similar to cubes (Fig. 2f) are charac-
terized by the shape factor k. = 1—1.3. Flat aleuropelite
particles (Fig. 2b) are characterized by the shape factor
k =2.33.
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COCTOAHHME BOITPOCA
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Maja aJIuTUBHBIX TEXHOJOTHI B CTPOUTEIBCTBE
SBJISIETCST co3maHre 3(P(EeKTUBHBIX MAaTePHAJIOB, TIPUHII -
MHUATBHBIM OTIIMIMEM KOTOPBIX OT TPATUIIMOHHBIX CTPO-
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WUTEIHHBIX MaTEPUAJIOB SIBIISIIOTCS WX TEXHOJIOTUICCKIE
XapaKTepUCTUKU. B TpamUIIMOHHBIX CTPONTEIIBHBIX TEX-
HOJIOTHSIX HA0OP TAaKMX XapaKTePUCTHUK OIpeIeIsieTCsT He-
00XOIMMOCTBIO JIETKOTO 1 OBICTPOTO 3aIIOTHEHUS 00beMa
¢dopmbl i oranyoku. B rexnomornu 3D-nieyatn — He-
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CTPOUTEJIbHOE MATEPUAJIOBEJEHUE

HOTO 3KCTPYANPYEMOTO CIIOST ¥ TeJla CTPOUTEIHHOTO 00b-
eKTa rnpu 6e3onanydoouyHom popMmoBaHuu. B HacTostee
BpeMsI HabOp TEXHOJIOTMUYCCKUX XapaKTEPUCTUK cMeceit
IUTSI TICUATH OTIPEACIITIOT CIICAYIOINM oopaszoM [1—3]:

1) mepexkaunBaeMOCTh (pumpability) — crmtocoOHOCTB
CMECH K TPAHCIIOPTHUPOBKE OT MeCTa IIPUTOTOBICHUS
K TIeYaTaloleii TOJIOBKE;

2) skcTpynupyemocTh (extrudability, printability) —
CITIOCOOHOCTBL cMecHu (POpMUPOBaTh Oe3neEeKHBIN Te-
YATHBIN CJIOW B IIPOLIECCE IKCTPY3UMU;

3) dhopmoycToiunBOCTh (shape retention) — crroco6-
HOCTb 3KCTPYAUPOBAHHOTO CJIOSI COXPAHSITh CBOE TOIIe-
peYHOE CeUCHME PABHBIM ITOIIEPEUYHOMY CEUCHHIO COITIA;

4) paborocriocooHocTh (buildability, workability) —
CITOCOOHOCTH CJIOS AepsKaTh (pOpMY ITOXI TaBJICHUEM BBI-
IIeJiesKaIx CI0eB B HalleYaTaHHON KOHCTPYKIIAM.

B paMKax onTMMM3auM TaHHBIX XapaKTEePUCTUK
peoJioTHIecKoe IoBeneHne cMeceit miga 3D-medaTu
B HACTOsIIIee BpeMsI JOCTATOYHO XOPOIIO M3YIeHO [4].
Ha sT10i1 ocHOBe pa3paboTaHbI U YCHEIIHO anpoOupo-
BaHBI JIeCITKU pa3HOBUIHOCTEI MaTEpHaIoB, KOTOPEIC
MMEIOT HEOOXOMMMBIC IS ITeYaTH TEXHOJOTUUECKIUE
xapaktepucTuku. CoctaBsl mj1s1 3D-1ieyaTnt XapakTepu-
3YIOTCSI MHOTOKOMITOHEHTHOCTBIO, B HIX OMHOBPEMEHHO
HCTIOJIB3YIOTCS CYTepIDIacTU(UKATOPBI, MOTU(DIKATOPHI
BSIBKOCTH, PETYJIITOPBI CTPYKTYPOOOpa30BaHMsI, HAITOJ-
HUTEIN U 3aII0THATEIN Pa3IMIHOTO XUMUKO-MUHEpa-
JIOTMIECKOTO COCTaBa U TUCIIEPCHOCTH.

Kak rmokazano B 0630pax A.Rehman [5], Bing Lu [6],
D. Jiao [7], B HacTOsI1Iee BpeMsT OTHO3HAYHO YCTAHOBJIC-
HBI POJIH CBSA3YIOIIETO, TUIACTU(DUKATOPOB M MOTU(DIKA-
TOPOB BSI3KOCTH B PETYIMPOBAHUY PEOJIOTMUECKOTO T10-
BEICHUS 1, COOTBETCTBEHHO, B 00CCITICUCHNH 3aJaHHBIX
TEXHOJIOTMIECKIX XapaKTePUCTUK. JloKa3aHO, YTO BUI
CBSI3YIOILIETO SIBIISICTCSI TJIABHBIM (DAKTOPOM PETYIIHPO-
BaHUSI IIPOLIECCOB CTPYKTYPOOOPa30BaHMS 1 TBEPIACHUS
3D-meyaTHBIX KOMITO3UTOB. BBeieHme cyrepractudu-
KaTOPOB M 3JICKTPOJINTOB SIBIISICTCS TJIABHBIM (haKTOPOM
PeTYIMPOBaHUS ITIACTHYHOCTU cMeCr. MoanduKaTopsl
BSI3KOCTH (HEOpraHMYeCcKNe MOJIMMEephl, HeopraHuJe-
CKME HAaHOIMCIIEPCHBIC TO0aBKM) OIPEICISIIOT ITOKa-
3aTeN (hOPMOYCTONIMBOCTH.

[TpuopuTeTHEIM (haKTOPOM PETYIUPOBAHUS TTOKA-
3aTeJIel INTACTUYHOCTH U (DOPMOYCTOMYMBOCTH CMeceit
TIPU3HAIOTCS XapaKTePUCTUKN W KOHIICHTPAIIHS HAITOJ-
HuUTeseH. CrucTeMaTH3allls M aHAJIN3 JTaHHBIX O BIMSTHIHN
HAITOJTHHUTEJIC Ha TEXHOJIOTMIECKIE CBOMCTBA cMeceit
1151 3d-TIe9aTy MO3BOJIMIIO BBISIBUTH CiIemyrolee. B Ha-
cTosImee BpeMs ST CO3TaHUs CTPOUTEIBHBIX CMecei
WCITOTB3YIOTCS TIPUPOITHEBIC U TEXHOTCHHBIC HAIIOJIHU -
TeJI, KOTOPbIe MOXHO pa3fe/IuTh Ha TPU pa3MepHEIe
TpyImbl [8—24]:

— MEJIKUE 3aIlOJIHUTENIM — KapOOHATHBI U KBap-
LEBBIA TTECOK IPOOJICHBIX OTXOMOB CTEKJIA, IMTPOIYKTHI
nepepabOTKM TUIACTUKOB M Pe3UHBI U T.1I.;

— MHUKPOHAITOJTHUTEIN — 30JIbI-YHOCA, OTXOIBI TOP-
HOIOOBIBAIOIINX ITPOU3BOACTB, MUKPOKPEMHE3EM, MO-
JIOTHIH IIUTAK, TEPMOIIACTUYHBIC MUKPOCHEPHI;

— HaHOMWCIIEpCHBIC HAITOJTHUTEIN — METAaKaOJIMH,
KAOJIMH, MeJI, HAHOTJIMHA.

[1pu 3TOM pOJTb HATTOTHUTEJICH pa3HOTO Pa3MEPHOTO
Macitada CylecTBeHHO OTJUYAeTCs.

Bausanue menkoeo 3anonnumens [8—16]. YBennuenne
KOHIICHTpAILIMY HATIOJTHUTEICH TaHHOI pa3sMepHOCTH
IIPUBOINT K ITOBBIIIICHUIO BI3KOCTH M CHIDKCHUIO TIIa-
CTUYHOCTH CMECEHt, UTO 3aKOHOMEPHO CBSI3aHO C ITOBBI-
IICHUEM CYJT TPEHUS MKy yactuiiaMu. Kak ciencrsue,
YXyAIIaeTcs MepeKauuBacMOCTh U SKCTPYINPYEMOCTb
cMeceit. [ToaToMy OTHO3HAYHO YCTAaHOBJICHBI CIICAYIO-
e OTPAaHNICHMST:

— MaccOBOE COOTHOIIICHUE CBSI3YIOIIee,/METKIIA 3a-
MTOJIHUTEJIb JOJIKHO OBITH < 2;

— pa3Mep 3epeH HAIOJIHUTEJICH He TOJDKEH TIPEBHI-
maTth 2—2,5 MM.

Bausuue muxponanoanumens [17—20]. Bemenne Ha-
ITOJIHUTEIIC TaHHOI pa3MEpPHOCTH pacCMaTPUBACTCS
B KaueCTBe 3aMEHBI YaCTH IIEMEHTA B COCTaBe CBSI3YIO-
IIET0, MX KOHIICHTPAIIUs B ONTUMU3UPOBAHHBIX COCTa-
Bax cMeceil HaxoauTcs B auana3oHe 20—40% ot Macchl
meMeHTa. [1pu 3ToM BIMsSHYE Ha pa3INIHbIC TEXHOIOTH-
YECKHE XapaKTePUCTUKN B 3HAUNTEIILHOM Mepe 3aBUCUT
OT BUIa MUKPOHATIOJTHUTENIeH. BBemeHe M3BeCTHSIKOBOM
MYKH CIIOCOOCTBYET MOBBIIICHUIO TTIACTUIHOCTH, HO CHH-
KaeT (hopMOYCTOMUMBOCTE cMeceil. BBeneHme 30m-yHoca,
OTXOIIOB TOPHOIOOBIBAIOIIIETO MTPOU3BOICTBA, MOJIOTO-
IO IIIJTaKa YBEJTMYMBAIOT 3HAYCHUS TIpeesia TeKYIeCTH,
IJIACTUIECKOM BSI3KOCTH cMeceit. [T MOCTIKEeHMST OlI-
THMAaJIBHBIX X 3HAUCHUI B TexHOJI0TUN 3D-TIeyaTnt He-
00XOIMMO O0ECTICUNTh PAIIOHAIBHOE PaCIIpeIe/ICHIE
I10 pa3MepaM JacTHIl YKa3aHHBIX BUIOB HATIOJTHUTEICH.

Bausnue nanopasmeproix Hanoanumeneii [21—24]. Oan
MIPUMEHSTIOTCS B KAYeCTBE MOTU(UIIPYIOIINX J0OABOK,
KOHIICHTPALIMS B ONITUMM3NPOBAHHBIX COCTaBaX CMecei
HaxOIUTCs B quamnaszoHe 2—5% ot Macchl lieMeHTa. Ha-
HOYACTHUIIBI Pa3MEIIAIOTCS MEXKIY IEMECHTHBIMU 3¢pHAa-
MM, YIIOTHSIS CTPYKTYPY cMecH. B pe3ynbrare moOBHI-
IIAFOTCS 3HAYCHUS CTaTUYECKOTO TIpeeiia TeKyJIeCTH,
IJIACTHMYECKOM BSI3KOCTH 03 M3MEHEHMST TMHAMITYECKOMN
BSI3KOCTU M TMHAMWYECKOTO TIpeieia TeKyJdeCTH. DTO
OIIpeIeIISIeT TOBBIIICHE (DOPMOYCTOMIMBOCTH, PabOTO-
CITOCOHOCTH cMecelt 0e3 YXYIIIeHUS X ITepeKadyrnBacMo-
ctr. OMHOBPEMEHHO aTFOMOCHINKATHBIC HATIOJTHUTEIIA
(TUITa MeTaKaoJIMHAa, HAHOTJIUHEI U T.1T) 00J1aIafoT POI-
CTBEHHOI LIEMEHTY KpUCTAJUIOXUMUYIECKOM CTPYKTYPOU,
YTO CITOCOOCTBYET YCKOPEHUIO TIpoIiecca TuapaTaiin,
MTOBBIIIICHUTO IIPOYHOCTH 3D-TIeYaTHBIX KOMITO3UTOB.

Takum 06pa3oM, MOXXHO CIMTATh OMHO3HAYHO yCTa-
HOBJICHHBIM, UTO OTIpEIEISTIONIee BIUSHIE Ha KOMIUIEKC
HEOOXOIMMBIX TEXHOJIOTMICCKIX XapaKTePUCTUK UMEIOT
Pa3MepHOCTh 1 KOHIICHTPAIIUS HAITOJIHUTEJICH B COCTaBe
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cMeceil. OMHOBPEMEHHO CYIIeCTBEHHOE 3HAUCHIE TMe-
€T TpaHyJIoMeTpus HanojaHuTeseil. B pabore Y. Weng
u ap. [25] ucronp3oBansl togxonsl Fuller Thompson
theory and Marson-Percy model mj1st mpoeKTrpoBaHUS
coCcTaBOB cMmeceil. JlokazaHo, 4YTo MPUMEHEHME TIecKa
C HEMpepbIBHON TpaHyJIOMETPUEH B COCTaBe cMecel st
3D-nevaTyt obecrieynBaeT ITOBBIIIIEHNE UX PabOTOCITO-
cobHocTu. B paHee npoBeneHHbIX HAMU UCCIEIOBAHUSIX
[26, 27] TakKe yCTaHOBIEHO, YTO ITOJIy4eHUE CMeCceil
TpebyeMoii INTACTUYHOCTU 1 (hOPMOYCTOMUMBOCTH 00€-
CMEeYMBAETCS 3a CUET MPUMEHEHMS MOJUAUCIIEPCHBIX
HAaIoJIHUTEJ e BO BCEM Pa3MEePHOM JIMaIia3oHe OT HAaHO-
1o MesKoaucnepcHbIX. [IpuMeHeHrne MOHOAMCIIEPCHBIX
HaIOJIHUTEJIEN, HAIPOTUB, TIPUBOAUT K MOTEPE TIACTUY-
HOCTH 1 arpeTaTUuBHON YCTOMYUBOCTU CMECEM.

ITOCTAHOBKA ITPOBJIEMbI

Hecmotpst Ha 001b111011 00BEM UCCICAOBAHUI U pa3-
paboTOK, TIpH TIPOCKTUPOBAHNH COCTABOB CMeceil IIst
3D-neyatn B HacTosIIee BpeMs IIpeodIagacT SMITH -
pHUYECKUiA TToaxXon. B 3HAYNTETPHOM CTEIIEHH 3TO OT-
HOCHUTCS K BEIOOPY HAIIOJHUTEIICH U PETYIMPOBAHUIO
MX KOHIICHTpPAIlM B cocTaBe cMeceil. Kak mpasmiro,
B paboTax He IIpeacTaBJIeHO 00OCHOBaHHUE BhIOOpa
TOTO WJIM WHOTO HATIOJTHUTEIIST, HE aHAIM3UPYETCST X
poJTh B (POPMUPOBAHUU CTPYKTYPHI BI3KO-TUIACTUIHBIX
cMeceit. B pesynbrare posrh 1 MeXaHU3M OCHCTBUS Ha-
TIOJTHUTEJICH HAa COBOKYITHOCTh PEOJIOTHMUICCKIX CBOIICTB
3D-mevyaTHBIX cMeceit OMHO3HAYHO HE OIpeae/ICHEL.
IIpu pa3paboTKe COCTaBOB IMPOU3BOIUTCS TIOIOOP IO-
3UPOBOK HAIMOJHUTEJICH KaKOT0-T100 KOHKPETHOTO
BUAa 6e3 ompeaesieHUs 00X TpeOOBAHUM K UX Xa-
paKTepUCTUKAM, HEOOXOINMEBIX IIJISI allpUOPHOTO (IO
OITBITA) OTIPEIEICHNS MIPUMEHUMOCTH TOTO WJIM MHOTO
HAITOJTHUTENIS B TeXHOJIoTUM 3D-1meuatn, orpeaeaeHust
TPaHUII €TO PAlIMOHATIBHBIX JO3MPOBOK.

Jls permeHust JTaHHOM TTpo0JIeMbl He0OXoanuMo Gop-
MHpPOBaHME OOIIEH HayIHOW KOHIIEIIIINN 1 000CHOBA-
HUS KPUTePHATbHBIX TPEOOBAHMI K XapaKTePUCTUKAM
HATIOJTHUTEJICH, YeMy 1 TIOCBSIIIICHA TaHHAsI CTaThsl. DTO
MO3BOJIMT 0OOCHOBATh 00I1IIMEe TPeOOBaHUS K BbIOOPY
CBIPhEBBIX KOMIIOHEHTOB CMECCH IJIST CTPOUTEIbHOMU
3D-mevaTn.

TEOPETUYECKOE OBOCHOBAHUE
KPUTEPUAJIBHBIX TPEBOBAHUI

K HATIOJIHUTEJIAM ITPA
IMPOEKTUPOBAHIU COCTABOB CMECEN
JIUI CTPOUTEJIBHOM 3D-TTEYATH

O0OO0CHOBaHMWE MaHHBIX TpeOOBaHUIT Oa3upyeTcs
Ha ITOIXOmax:

— (byHIZaMEHTAJIBHOM CTPYKTYPHOM PeoIoTuy 1 Du-
3UKO-XUMHUYICCKOM MEXaHUKU TUCTIEPCHBIX CUCTEM,
copMUpOBaHHOM B padboTax HayIHBIX 1Ko I1.A. Pe-
ounanmepa, H.H. Kpyrmuukoro, H.B. YpseBa [28—30];

— TEOPUH YIIAKOBOK 3€PHUCTBIX CpPell, Pa3BUTOMI
IIPUMEHUTENIFHO K 3aJadyaM CTPOUTEILHOTO MaTepu-
anoBeneHust B paborax B.B. benona, JI.B. KoponeBa
[31-32].

CTpyKTypa BSI3KO-TIACTUYHBIX cMecelt s 3D-1me-
YaTH pacCMaTPUBACTCS KaK BHICOKOKOHIICHTPHPOBAaHHASI
cucTeMa «aucriepcHas aza — IMCIepCMOHHAas cpeaar,
IIPOYHOCTH W arperaTuBHasl yCTOMINBOCTh KOTOPOIt 3a-
BHCHT OT YKCJIA ¥ TIPOYHOCTH KOATYJISIIIMOHHBIX KOHTaK-
ToB. CMecu my1st 3D-mevatt OTHOCSITCS K TUCIIEPCHBIM
crcTeMaM ¢ OJIDKHEH KOoaryJsiueil 4acTUIl pa3MepoM
~5x10-5—10"* M. B omyimume OT ITOAX0I0B K ITPOEKTUPO-
BaHUIO CYXHUX CTPOUTEIBHBIX CMECEHt, TIe TPUHNMACTCS
IUTOTHASI YITAKOBKA YaCTHII, IPUMEHUTEITHBHO K CMECSIM
17151 3D-1meyaTit Hy>XKHO YIUTHIBATDH, YTO YACTHUIIBI THC-
IepCHOI (ha3bl KOHTAKTUPYIOT Yepe3 TIPOCIONKN AUC-
MEePCUOHHO cpenbl (puc. 1).
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st peanm3allii TEXHOJIOTUUECKOIO IIporecca
3D-1eyatu cMech IOJKHA COXPAHSTh IIPOYHOCTD 1 arpe-
TaTUBHYIO YCTOMYMBOCTh Ha BCEX €TO CTAOMSIX:

— TIpU TPAHCIIOPTUPOBKE — B TMHAMUYCCKUX YCIIO-
BUSIX BSI3KO-TIJIACTHMYECKOTO TCUCHMS TIPH ICHCTBUY BBI-
COKUX HaTIPSDKEHUI CIBUTA;

— B IIpolecce dKCTPY3UN — B TMHAMUICCKUX yC-
JIOBUSX BSI3KO-TIJIACTHYECKOTO TCUCHUS TP IeICTBUN
HU3KUX CKUMAIOINX W (M) CIBUTOBBIX HAIIPSIXKE -
HUI;

— Ha CTagu’ TIOCTIOMHOM eYaT! — B CTATMICCKUX
YCIIOBUSX MPU ICUCTBUU CKUMAIOIINX HATIPSDKCHUN.

B cooTBeTcTBUM ¢ hyHIAMEHTAIbHBIMU ITOJIOXKE-
HUSIMU CTPYKTYPHOM PEOJIOTHU AUCIICPCHBIX CUCTEM
(padotsr mkox I1.A. Peounnepa [28] m H.H. Kpyrmu-
KOTO [29]) IPOYHOCTH CTPYKTYPBI AUCIIEPCHOM CUCTEMBI
3aBUCHUT OT pa3Mepa JacTuil (B 06actu < r,), IPOYHOCTU
WHINBUAYAJbHBIX KOHTAKTOB U X YHCJA B SAMHUIIC
00BeMa CTPYKTYPHI, 3aBUCSIIETO OT KOHIICHTPAIIUN THC-
nepcHOM a3kl (p B AMCIICPCUOHHOI cpee:

‘Dm =atin2fa, (1)

rae P, — MPOYHOCTD CTPYKTYPBI, @, — KOI(DDUIIUEHT,
XapaKTePU3YIOIIMI TUTI yIAKOBKM YacTull, F, — cuia
CIICTIJICHUS B KOHTAKTE, 1 — YHMCJIO KOHTAKTOB MEXKIY
YacTUIIAaMM B AWHUIIE 0ObeMa.

Cuna cueruieHus B KOHTAKTaX MOXET OBITh OIIpe-
IesieHa SKCIIEPUMEHTAIBHO WIN pacCUYUTaHa, UCXOMS
3 TEOPUH MEKMOJICKYISIPHBIX B3aMOICUCTBUI KOH-
IEeHCUPOBAaHHEIX (pa3. B cooTBeTCTBUE C TeopHeit TIpH-
JIMTIAaHUS KOHJIeHCUpoBaHHEIX (a3 [30] dpopmyna misg
OTIpeeICHUS CUJIBI CLETIICHIS MEXXIy YacTUIaMu ce-
pudecKoit (hOpMBI MeeT BUIL;

iz

F=72m

s (2013 — 044), (2

€ 1| ¥ F, — PAIUYChl KOHTAKTUPYIOLIMX YaCTHUIL;
0,, — 9Heprus I'mb6ca eqMHUIBI TOBEPXHOCTH pasfesa
TBEPIOTO TeJla U IUCIIEPCHOM Cpefbl, T.€. IOBEPXHOCT-
HOE HaTsSKeHUe, 0, — dHeprust ['mb6ca eqMHUIIBI TI0-
BEPXHOCTH Ha TpaHUIIe KOHTAKTUPYIOIIVX TBEPIBIX TeJl
(ec OHU TOXICCTBECHHEI).

Yncao KOHTAaKTOB N MOXKHO PAaCCYUTATh, MCITOJIb-
3y TaK Ha3bIBAEMYIO TJIOOYJISIPHYIO MOJEIb IIOPUCTOMN

CTPYKTYpHI [32]

n = [3zg/(2nd’ P72, 3)

rae 7 — KOOpAMHALMOHHOE YUCIIO, () — OObEeMHAasI
KOHIIEHTpALNS YacTHII, d — UX CPEIHUI pa3sMep.

Hcxong n3 aHaan3a MpUBEAEHHBIX COOTHOIIEHUI
10 TIPOYHOCTHU JUCIIEPCHBIX CUCTEM, MOKHO BBIIEITUTE
CIeyIOIINE TTapaMeTPbl MOAETMPOBAHUS CTPYKTYPHI
cMeceii g 3D-nevaTu:

— KOHIICHTPAILINIO TUCITEPCHO (ha3bl B MIUCITEPCH-
OHHOI Cpejie ¢, OIPEAEIISIONIYIO TONIIUHY IIPOCIOUKA
(paccTosiHMe MEXIY YacTULaMK h) MeXIy YacThLaMu
TBepaOi a3kl

— pasmep vactul d , onpenessiommx 6anraHe cuil
CLETUIEHUS fc MEXIy YyacTUIlaMu M BecoM dactun G*
B IWCIIEpCUOHHOM cpee;

— (hopMma 1 pacripenesieHe YaCcTUII IO pa3Mepam,
OTTpEIEIITIONTAM TUIT YITAKOBKH U YMCJIO KOHTAaKTOB Ya-
CTHII.

B pamkax yka3zaHHBIX ITapaMeTpPOB 0OOOCHOBaHNE
KPUTEPHUAIBHEBIX TPEOOBAHUIA K XapaKTepUCTUKAM Ha-
TTOJTHUTEIIC OCHOBBIBACTCS Ha TIPEIUIOKEHHOM B padboTe
[33] Momenu yITaKOBKY MOJUANCIIEPCHBIX C(hepUICCKIX
yactuil. [IprmHIIAIT MOaenn 3aK/II0YaeTCsS B TOM, UTO
HEKOTOPBII 00beM V. TIocieqoBaTelIbHO 3aIOTHSICT-

tot
cs chepaMy yMEHBINAIOLIETOCH PAIMyca ry = F, . F ...,

>
7., IPUYEM paanyc cep yMEHbIIAETCs nocnemﬁonHo—
ro 3aroJIHEHUsI o0beMa cpepaMu OOJIBIIETo paguyca.
I[TpoMexXyTKH MeXIy KpYITHBIMU cpepaMu 3aITOTHS -
1oTcs chepaMu MEHBIIIETO paanyca 7, < r, ¢ TAKMM pac-
YETOM, YTOOBI B KaXKIbIi IIPOMEXKYTOK MEXIy cchepaMu
7, BXOIUJIa HE OJIHA, @ HECKOJILKO C(ep #,. DTO yCloBKE
obecrieunBacT OOJIBIITYI0 TEPMOINHAMUYECKYIO YCTOM-
YUBOCTH ITOJTyIaeMOM YITAKOBKU. 3aIoTHEHNE 00beMa
HIET IO TOTO MOMEHTA, TI0Ka pa3Mep cep He TOCTUTHET
r,... B pesybrate yKiaaKu Mojiy4aercs IIOTHOCTh 3a-
TTOJTHCHUS:

$n = Go(1+ ZE(1—0) T kD) (@)

) 1/2
n = [&/Crposrghi| )

rie ¢, — IIOTHOCTD YKJIAIKK C(hep MaKCUMATbHOTO
paauyca (Uil HEyNopsAAOYeHHO# yKinanku ¢, = 0,64);
u(r,/r—1) — nonpaBoYHbI! KOIDOULMEHT, MEHBLIMIHA
SIUHMIIBI, YIUTHIBAIOIINI TOT (paKT, YTO HE BECh 00BEM
TYCTOT MEKIY Chepamit r, LOCTYIICH JUTS 3aTIOHEHNSL, 0,
— MpUBeIeHHAS TIOTHOCTD YACTHULIBI B IUCIIEPCUOHHOMN
cpene (peﬁ.= 0,0, 0, — TULIOTHOCTb TBEPIOK (asbl, 0, —
IUTOTHOCTD TUCIIEPCUOHHOM Cpenbl), d — XapaKTePHBIA
pa3Mep YacTHIIbI, g — YCKOPEHME CHITBI TSKECTH.

Ecnu paguycsl cdep aexar B uamna3oHe OT rmin
1o rmax, npudem r, . << . HEOOXOAMMO 3aMEHUTDH
HeTIPephIBHBIN AMAIIa30H 3HAYCHUI paanycoB HAOOPOM
MUCKPETHBIX 3HAUYCHUH, OIIpeAeIIsisa UX 1Mo (popmyie:

"min
> G
T; =T 0,0 =0,1,2...N,N = | —B2& 6
L Tax ¥ = ¥ In (6:] ) ( )

rae 0 < 1 mapameTp pa3oueHnsI.

Ha ocHoBaHMM TaHHBIX MOICITBHBIX TIPEICTABICHMI
TIpenjiaracTcs BBECTH CIICAYIOIINE YMUCICHHBIC KPUTEPUH
OLICHKU HAIIOJTHUTEIICH:
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1) cpenHumii tnameTp YacTuil, d,

d, =

Cyty Fopdatogdg +tCipq digq

) (7)
CqH+eat+Cgtt iy

TJI€ ¢, — YaCTHbIE OCTATKH Ha CUTaX, %; d, — InameTp,
MPUHUMAEMBIA 3a CPEIHMUIA M JAHHOTO MHTEepBaia
(bpakmum), MKM;

2) ko3 purmeHT GOpMBI YaCTHII, k - PaccunThl-
BaeTcsl Kak cpenHee apuMeTUYeCKOoe TPeX JUHEMHbIX
pa3MepoB (IJIMHBI /, ITUPUHBI b 11 BEICOTHI /1):

ks _ {I+2+h].

@®)

YuuteiBas TOT (pakT, YTO pa3Mep JaCTHUIl OIIPeIe-
JISIETCSI METOIOM MUKPOCKOITMYECKOTO aHAIM3a, BO3-
HUKAIOT TPYIHOCTH ¢ HAXOXICHNEM OTHOTO M3 TpeX
pa3mepoB. B aTom ciydae KoaddumeHT GopMBI pac-
CUUTHIBAIOT C UCIIOJb30BAaHNEM IBYX ITapaMETPOB:

_ (I+h)
k.= .

, )

3) rpaHyJOMeTpUY€ECKast KOHCTaHTa yactuul /', xa-
pakTepu3yIoIas CTeIIeHb HCOMHOPOTHOCTHU TPaHYJIOMe-
TPUUYECKOTO COCTaBa MaTepHraa:

G, = @, (10)

rae d,,(d,)) — AMaMeTpbl YaCTULI, MEHbIIE KOTOPBIX
B Marepuaiie coaepxurcs 10% (60%) yactull 1o macce
COOTBETCTBEHHO.

JlaHHbBIE YUCJIEHHbIE KPUTEPUU TIPENIaracTcs Ipu-
MEHSATD [UTA [IPEABAPUTEIBLHON KOMIUIEKCHO OLIEHKY Ha-
TMIOJIHUTEJIEN IIPUMEHUTENILHO K PELLIEHHIO 3a/1a4 ITPOEKTH -
POBaHUA COCTABOB CMeECE T CTPOUTENIBbHOM 3D-Teuaru.

ITPUMEP PE3YJIBTATOB
KPUTEPUAJIBHOM OIIEHKH
JUCIHEPCHBIX MATEPUAJIOB

I[IpousBengeHa ollcHKa IIEeMEHTA WM 5 BUIOB Ha-
IMOJTHUTEJICH, OTIMYABIIUXCSI pa3MEPHOCTBIO M PO-
JIbI0 B OPMUPOBAHUM CBOMCTB cMecH (Tabm. 1). s
OIICHKM K03 dpunmeHTa (hopMbl YACTHUII UCIIOTH30BAIN
METOJ CKAaHUPYIOMIEH 3JIeKTPOHHOW MHUKPOCKOTIHNU
(CBM), cpeMKa ITpOU3BOAMIACH Ha CKAHUPYIOIMIEM
3JIEKTPOHHOM MUKpocKorne Mmapku Phenom XL (VyCK =
15 kB, P = 0,10 ITa). O6paboTka n300pakeHUI IJIsI
omnpeneseHs IJIWHBI [ 1 IMUPUHBI b 9aCTUIL TIPOU3-
BOIMJIACH C IIOMOIIIBIO ITPOTPAMMHOTO O0ECIICUCHUS
«ParticleMetric». CpenHuii fuaMeTp 4acTUIl U UX
rpaHyJoMeTpHUYecKass KOHCTaHTa PacCUUTHIBAJINCH
Ha OCHOBAHUM IaHHBIX, ITOJYYCHHBIX Ha JJa3¢PHOM
aHaJIM3aToOpe pa3Mepa JacTUIl «AHATU3ETTe 22» MO-
nean Nano Tec.

Ouenka gopmoer wacmuy (Tadbn. 2) IMOKa3bIBaeT,
yTO cpepUIeCKIe JaCTUIIBI 30JIbI, TecKa (puc. 2T, 2m)
1 OTM3KMe K KyOMYIeCKNM YacTUIIHI IleMeHTa (puc. 2¢)
XapaKTepu3yloTcs KodhGUImmeHToM (GopMBbI k¢ =1-1,3.
Ilrockue gacThIrsl aneBponennTa (puc. 20) XxapakTepu-
3y10TCsI KoappunmeHToM GpopMbl k o 2,33.

I'panymoMeTpudecKast KOHCTaHTa JOCTATOYHO afcK-
BaTHO XapaKTepHU3yeT Mepy OMHOPOMTHOCTH B pacIiperie-
JICHUU YaCTHII 10 pa3MepaM (puc. 3). MoHomucepcHasT
M3BECTHSIKOBASI MyKa, XapaKTepHr3yeMas OTHOMOIAIb-
HBIM paclpeaeIcHeM, UMeeT HanboJjiee BEICOKOE 3Ha-
YeHue JaHHOoi KoHCTaHThl [, =19,9. TlonmuaucnepcHbii
TeCOK, XapaKTePU3yeMbIi IOJTMMOIATBHOM KPUBOIL pac-
TIpee/ICHNS YaCTHII TI0 pa3MepaM, IMeeT caMOe HI3KOe
3HaYEHME KOHCTaHThI [, =2,4.

Tabauuya 1
XapakTepuCcTHKA HCCIeTyeMbIX MATEPHAIOB
HaumenoBanue Poub B hopMupoBannu
XapakTepucTuka PasmepHoCTb o
MaTepHuajioB CBOICTB cMeCH
MeTakaoauH «BMK-45> VYaprpamukpo- | Moaudukarop BI3KOCTH
o TV 23.99.19-004-34556001-2017
AJeBpornenuToBas mopoaa
AneBponeaut c conepxkanuem SiO, 82—-90%, YiabTpaMukpo- Hanonnwutenb
dpakums 0—0,06Mm
W3BecTHsIKOBas Myka kapboHatHas, dppakuuu 0—0,2 Mm
MyKa 1o FOCT 26826-86 Mutkpo- Hanomxurer
3omna-yaoca TOC, ¢pakuum 0—0,2 Mmm
3oma 10 TOCT 25818-2017 Muxkpo- Hanonnurens
ITecox kBapueBbIii IMecok kBapueBbli KapbepHblid, M= 1,2 Menko- 3anoaHuTEb
IMopTnaHaLeMeHT Lement CEM 142,5R Mukpo- Bsxyiee
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500 um

Puc. 2. MukpodoTtorpaduu mucnepcubix MaTepuanos. O003Ha4eHO: a) METAKAOIMH; 0) aJeBPOIIETIUT; B) U3BECTHS -
KOBast MyKa; T) 30J1a; JI) TIECOK KBapILIeBHI; ¢) MOPTIAHIIIEMEHT

Tabauya 2
PacueTHble KpuTEpHAJIbHbIE XaPAKTEPUCTHKH AUCIIEPCHBIX MATEPHAJIOB
HaumenoBanue CpenHnii THaMeTp YACTHIIL, Koaddumment dopmbi IpanysomeTpuyeckas
MaTepuaion d , MKM vacrun, k, KoHcTaHTa, I
MerakaonuH 18,3 1,50 10,9
AJeBporneauT 17,5 2,33 8,0
M3BecTHSIKOBas MyKa 66,4 1,46 19,9
3oina 74,98 1,05 7,4
TTecox kBapuLeBbIii 438.,5 1,30 2.4
IMoptnaHaLeMeHT 22,6 1,52 8,1
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Puc. 3. I'pany/ioMeTpuyecKue COCTABbI AUCIEPCHBIX MaTepHaioB. O003HAYEHO: a) METAKAOJIMH; 0) aJIeBPOIIC/INT;
B) U3BECTHSIKOBAsI MyKa; T) 30J1a; 1) IIECOK KBapIIeBbIi; €) MOPTIaHILIEMEHT

3AKTIOYEHUE

ITpuknanHbie UHXEHEPHBIE PELIEHUS TIO PETYJIUPO-
BaHUIO CBOMCTB cMeceil 1 KOMTNO3UTOB it 3D-tmieuatn
JIOJKHBI OBITH OCHOBAHBI Ha 3(P(HEKTUBHOM MTPOEKTH-
pOBaHUU UX COCTAaBOB. B mpolecce mpoeKTUpoBaHUS
COCTaBOB MOJAOOP TO3UPOBOK HATIOJTHUTENIEH KOHKPET-
HOTO BHJA NOJDKEH OCHOBBIBATHCS HA OMPEIEICHUU
00IMX TpeOOBAHUI K MX XapaKTepUCTUKaM, HEOOXOIM -
MBIX [UIS1 ATPUOPHOTO (10 OTBITA) OMPEAEICHUS TPUME-
HUMOCTH TOTO WJIX MHOTO HATIOJTHUTEJIS B TEXHOJIOTUU
3D-nevaru, onpeaesieHust TPaHUIL €T0 PAlIMOHATBHBIX
JIO3MPOBOK.

7151 MpoeKTUPOBaHKSI HOMEHKIIATYPbI 3 (OEKTUBHBIX
COCTaBOB cMeceili st 3D-TeyaTt U co3MaHusT KOMIIO-
3UTOB PA3INYHOTO (DYHKIIMOHATHHOTO Ha3HAUYCHUS He-
00XOIMMO pelIEHNE CIECAYIOIINX 3a0a4 UCCIeTOBAHUIA:
1) u3ydyeHue Mojesneil peoJormuecKoro MOBEACHUST 1Tt
CMecel, MOJTYYEHHBIX Ha OTJIUYAIOIIUXCS 110 CBOUM KPU-
TepUATbHBIM XapaKTEPUCTUKAM HAITOJIHUTEIISIX; 2) TIOMTy-
YEHUE SKCITEPUMEHTAIbHBIX 3aKOHOMEPHOCTEN BIUSIHUS
KPUTEPUATBHBIX XapaKTePUCTUK HATIOJIHUTENIEN Ha peo-
JIOTUYECKIE XapaKTePUCTUKHU CMeceil; 3) paH:KupoBaHUe
10 3HAYMMOCTH JAHHBIX XapaKTEPUCTUK 1 000CHOBAHUE
TpeOOBaHNUIi K ANATIA30HY JO3UPOBOK HATIOJHUTEJIEH B 3a-
BUCUMOCTH OT WX Pa3MepoB, (DOPMBI U TPAaHYIOMETPUN.
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ABSTRACT: Introduction. This article presents the results of the research works on formation of building gypsum plaster porous
structure with the use of recovered anhydrite raw materials and chemical additives, and describes a method for production of wall
materials. The relevance of this paper is stipulated by the need to expand the range and increase the manufacture of heat-insulating
and structural-heat-insulating products based on gypsum binders and local mineral raw materials, as well as the development of
technologies to ensure the production of gypsum materials with improved performance. The authors proposed certain methods for
forming the porous structure of building gypsum plaster and improving its performance in terms of porosity and thermal conductivity
through the use of modified recovered raw materials and chemical additives of calcium chloride and sodium carbonate. Materials
and methods. The study of the effect of modifying additives on the properties of the mixture was carried out using gypsum paste
of normal consistency (NC = 55%). The preparation of samples and testing were performed according to the methods specified
in the national standards with the use of porous additives of calcium carbonate, fluoroanhydrite and chemical additives for the
rheological properties of the mixture, average density and strength of the samples, the patterns and mechanism of the processes
of gypsum stone structure formation were established. Results. The application of fluoroanhydrite modified in the disintegrator
with an equimolar amount of calcium carbonate leads to a decrease in the average density of the samples to 40% with evenly
distributed pores. The analysis of the microstructure of heat-insulating material samples with a density of 550 kg/m? showed that
the average diameter of micropores is 0.45 mm, while the thermal conductivity of samples with complex chemical additives has
the thermal conductivity coefficient of 0.25 W/m°C, which is 30% lower than the thermal conductivity of samples without complex
additives. Conclusions. The results obtained create the basis for using recovery raw materials and domestic modifying additives as
a pore-forming agent, which allow regulating the structure of gypsum stone in order to produce effective wall materials.
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INTRODUCTION maximum use of local raw materials, including indus-
trial waste. A great attention is paid to technologies for

he strategic development of the construction indus-  production of wall materials ensuring the consistently
try in Russia until 2035 is based on the implemen- required load-bearing capacity, thermal protection dur-

tation of effective measures and tools to provide sites  ing operation and low cost of buildings. In connection
with high quality construction materials made with the = with changes in desires and requirements of the popula-
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tion for the comfort of living, special attention is paid to
the resource provision of wall materials in private house
building (PHB). The main controlled requirements for
the quality of wall materials used, which ensure the
safety and energy efficiency of a building, include com-
pressive resistance and thermal conductivity. The choice
of wall materials and components for their manufacture
depends on the construction technology — prefabri-
cated or monolithic. Most often, when manufacturing
products to form a porous matrix, mineral binders and
various pore-gas-forming additives, and fillers — dense
porous mineral or organic granular materials of various
sizes — are used [1—5]. The quality of wall materials
depends on the strength of interpore partitions (type of
the binder), as well as the size, content and distribution
of pores in the volume. Therefore, studies on control-
ling the process of formation and preservation of the
porous structure of wall materials, depending on the
type of the raw material used and operating conditions
throughout the entire life cycle of products, are in de-
mand and of scientific interest for the development of
new technologies.

For production of wall materials, the use of composite
gypsum binders is considered effective and promising.
Expansion of the range and increase in manufacture of
heat-insulating and structural-heat-insulating products
based on gypsum binders and local mineral raw materi-
als is a promising task, especially for the Siberian region.
In regions where there are no deposits of gypsum stone —
the raw material for production of building gypsum, re-
covered raw materials consisting of various modifications
of calcium sulfate can be used as an alternative. Fluoro-
anhydrite — a by-product of hydrofluoric acid produc-
tion, consisting mainly of anhydrous calcium sulfate —
can be used as such raw material. The annual volume of
fluoroanhydrite recovered raw materials of the Siberian

Table 1
Physical and mechanical characteristics of gypsum

Chemical Plant (Tomsk) is 25 thous. tons, Halopolymer,
CJSC — 70 thous. tons [6—8].

As noted in the Resolution of the Ministry of Con-
struction, Housing and Ultilities “Use of secondary
resources and recovered raw materials in the field of
construction, housing and utilities for 2020—2030”, the
effective use of recovered resources in the production
of building materials is a solution to the problem of the
integrated use of natural resources, reducing the alien-
ation of land for storage waste and pollution of the human
environment.

Fluoroanhydrite is not yet widely used in the manu-
facture of gypsum wall materials, due to insufficient infor-
mation about the patterns of formation of a stable porous
structure, properties and production technologies. Based
on the material composition of fluoroanhydrite, consist-
ing of soluble and insoluble anhydrite and residual sulfuric
acid adsorbed on its grains, it is proposed to use acid as
a gas-forming component in a hardening building gypsum
anhydrite composition.

MATERIALS AND METHODS

When conducting studies on gypsum anhydrite porous
compositions, the following materials were used:
— building gypsum plaster of I'-5AII grade (GOST
125-2018), with the main characteristics presented in
Table 1.
fluoroanhydrite, composition and quality characteris-
tics are given in Table 2. The chemical composition of
recovered raw materials depends on the temperature of
formation of the main product, while the furnace exit
temperature can be 170—280°C. The paper specifies
the fluoroanhydrite with a furnace exit temperature
of 180°C, which is represented mainly by insoluble
anhydrite, with residual sulfuric acid adsorbed on its

Normal Times of setting, min Ultimate working capacity, MPa
. % Gypsum grade
consistency, 7 Start End Bend Tension
55 not earlier than 6 | not later than 30 2.5 5 I'—5AI1l
Table 2
Composition and quality characteristics acid fluoroanhydrite of natural grading
Fluoro- . . o Grain-size composition, partial residuals
anhydrite Fluoroanhydrite chemical composition, wt. % on sieves, % True Average
furnace density, | density,
exit tem- . 1.25... | 0.63... [ 0.315... | 0.16... | kg/m® | kg/m3
perature | C250;" | CaSO. | CaF, | H,SO,| HF | 25..5 | 755 | TPyer | 0o | g
180° 15 81.3 0.5 3.0 0.2 8.4 11.0 4.2 40.7 35.7 2570 1470
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grains. To conduct the studies of porous gypsum ma-

terials, the fluoroanhydrite of natural granulometry

and crushed in the disintegrator to a specific surface
of 300 m?/kg was used.

— limestone meal (GOST 14050-93) represented mainly
by calcium carbonate (85%), with a specific surface
area of 300 m?/kg,

— citric acid (GOST 31726-2012), anhydrous, specified
in this paper as the gypsum anhydrite binder retarder,

— chemical modifying additives — calcium chloride
(GOST 450-77) and sodium carbonate (GOST 5100-
85).

Tests of samples taken from binders, including
building gypsum plaster, fluoroanhydrite and modifying
additives, were carried out in accordance with GOST
23789-2018, and the quality assessment was carried out
in accordance with GOST 125-2018.

Determination of the phase composition for the com-
ponents of the building gypsum plaster composition was
carried out using the X-ray phase analysis performed on
the XRD-6000 diffractometer (Shimadzu, Japan) with
the method of powder diffraction patterns. The differ-
ential thermal analysis was carried out with the use of
the Netzsch STA 409 PC/PG derivatograph (Netzsch,
Germany). The programmed heating was carried out up
to 1000°C at a rate of 10°C/min.

RESULTS

By analyzing the material composition of fluoroan-
hydrite and various mechanisms of pore formation of
building materials, a working hypothesis was developed
on the possibility of pore formation as a result of gas
evolution during the interaction of residual sulfuric acid
of fluoroanhydrite with mineral additives and control
of porosity in production of wall building materials and
products with increased heat-protection properties. The
processes of modifying fluoroanhydrite at the stage of
the manufacture of a porous wall material was studied.
The controlled processes of structure formation are
based on chemical reactions of neutralization of residual
sulfuric acid on the grains of fluoroanhydrite with gas
generation and formation of pores uniformly distrib-
uted in the volume of the material matrix. The required
strength of the wall material is provided by hydration of
the gypsum binder and soluble anhydrite in the recov-
ered raw materials. Gas generation occurs according to
the following chemical reaction:

CaCo, + H,S0, = CaS0, + CO, + H,0.

The swelling of the fluoroanhydrite mixture takes
place due to the released carbon dioxide. The use of re-
covered raw materials makes it possible to significantly
reduce the cost of gypsum materials. Establishment of

Nanobm
Table 3

Grain-size composition of fluoroanhydrite activated
in the disintegrator

Fluoroanhydrite activated in the disintegrator
Grain diameter, microns | Fluoroanhydrite content, %
0.1-5.0 40
5.0-8.0 23
8.0—15.0 17
15.0—-30.0 3
30.0—100 7
100—150 10

the required ratio of gas-emitting components to obtain
porous materials (PTA =+ carbonate flour) was carried
out on the basis of ensuring the pH value of the mixture
(pH) 5—8. The studies were performed at the maximum
amount of carbon dioxide emitted. In papers [9—15], it
was found that the specific surface of anhydrite binder of
300—400 m?/kg provides the increased hydration activity,
and taking into account the presence of residual sulfuric
acid on the surface of the acid fluoroanhydrite grains,
the contact area and the rate of chemical reactions also
increase. To activate the processes of neutralization and
hydration of the binder, preliminary short-term grinding
of fluoroanhydrite was carried out, followed by mixing
with building gypsum plaster and additives. The grain-
size composition of the mechanically activated fluoro-
anhydrite is shown in Table 3. The grain sizes of crushed
fluoroanhydrite are from 0.1 to 150 microns.

The main ingredients and their quantity are selected
considering the equimolar ratios for complete neutraliza-
tion of the residual acid of fluoroanhydrite grains with
calcium and sodium carbonates. The rationally selected
compositions and properties of porous gypsum anhydrite
binders using the crushed fluoroanhydrite of natural grain
size are presented in Tables 4 and 5.

The maximum results in terms of the compressive
strength of the samples were obtained at a pH value cor-
responding to a neutral medium, with the use of the
maximum amount of the recovered product, which is
20—25 wt.%. The minimum value of the average density
of the samples, which is 690 kg/m?, is achieved with
equal ratios of building gypsum plaster, fluoroanhy-
drite and limestone flour, while ensuring the minimum
thermal conductivity coefficient, respectively, provid-
ing increased thermal performance. The ingredients
and properties of the porous gypsum anhydrite binders
using fluoroanhydrite crushed in the disintegrator are
presented in Table 5.

For production of heat-insulating materials with low
density, according to the results in Table 5, it is rational
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Table 4

Ingredient composition and properties of porous materials using fluoroanhydrite of natural granulometry

Nanobm

Mass ratio, % Mixture ,
No. m ‘comp.
Gypsum Fluoroanhydrite | Limestone flour | Citric acid | Water pH kg/m MPa
1 32 31.6 4.8 — 31.6 1 1280 3.0
2 47.3 15.5 3.2 — 34 4 1170 4.2
3 46.2 9.3 7.5 — 37 7 1200 3.5
4 40 8 12 — 40 9 1100 3.2
5 34.09 21.59 21.59 — 22.73 7 1660 6.0
6 31.00 20.00 19.00 — 30.00 7 1570 4.9
7 32/26 20.43 20.43 0.03 26.85 7 1360 3.2
8 25.68 25.68 25.68 0.02 22.94 7 690 2.5
Table 5
Ingredients and properties of porous materials using fluoroanhydrite crushed in the disintegrator
Mass ratio, %
No - Mixture 0, . comp.?
Gypsum Lo TOREEL s 13 Limestone flour | Citric acid | Water pH kg/m MPa
crushed
1 46.2 9.3 7.5 — 37 7 870 4.5
2 25.68 25.68 25.68 0.02 22.94 7 550 3.0

to use fluoroanhydrite with a high specific surface value,
which ensures the formation of a porous structure by in-
creasing the contact area of grains and the rate of pore
formation.

The results of physical and chemical studies of samples
using calcium carbonate and fluoroanhydrite are shown
in Figure 1.

According to the results of thermal analysis, it was
found that on the DTA curve of the age of 7 days, there
were endoeffects at temperatures of 150, 750, 400—600°C,
which is associated with the processes of dehydration of
gypsum dihydrate, rearrangement of the anhydrite crystal
lattice and dissociation of calcium carbonate. At the age
of 28 days, endoeffects at temperatures of 400—600 and
750°C practically vanish, which indicates to complete
hydration of the soluble anhydrite and binding of the cal-
cium carbonate.

In the previously studied porous mineral mixtures in
the form of calcium carbonate and “acidic” fluoroanhy-
drite, due to insufficiently high dispersion, a large-pore
structure with an uneven distribution of pores in the vol-
ume is formed. The microporous structure in such ma-
terials can be obtained using chemical components that
are introduced directly into gypsum mixtures and, when
interacting with each other, form pores in the gypsum

matrix of the material. Additives of sodium carbonate
(technical soda) and calcium chloride are proposed as
such additives, which, when interacting, form calcium
carbonate. When the calcium carbonate interacts with the
sulfuric acid, the carbon dioxide is released, which forms
pores in the gypsum matrix.

Na,CO, + CaCl, = 2NaCl + CaCO,.
H,SO, + CaCO, = CaSO, + H,0 + CO,.

A highly dispersed phase with a particle size of no
more than 7 nm is formed from the resulting calcium
carbonate, and over time, the formation of amorphous
calcium carbonate and gelation are observed, which does
not contradict the literature data [ 16—22]. (Fig. 2a).

According to the results of electron microscopic analy-
sis, it was found that the hydration process ends by the
7" day, then a disordered structure of prismatic and la-
mellar crystals of gypsum dihydrate is formed, with crys-
tals of insoluble anhydrite and small particles of unbound
calcium between. At this, samples with a finely porous
structure are formed.

According to the results of the spectrum analysis of
the samples with complex additives, calcium dihydrate
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Fig. 1. Derivatograms of gypsum matrix with pore-forming additions of calcium

carbonate and fluoroanhydrite aged: 7 and 28 days respectively
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Fig. 2. Microstructure of samples with complex pore forming additives of sodium carbonate and calcium chloride at
the age of 7 and 28 days: a — 7 days, b — 28 days, respectively.

decomposes at 150°C (Fig. 3a). There are no endoeffects
associated with the rearrangement of the anhydrite crystal
lattice at 400—600°C for the samples at the age of 28 days.
The calcium carbonate disappears practically in the full
scope. When using complex additives, samples with a uni-
form porous structure are formed. The main indicators
of the porous material, such as average density, distribu-
tion and pore size, depend on the amount of modifying
chemical additives that form the nanodispersed calcium
carbonate. According to the results of the microstructure
analysis of material samples with a density of 550 kg/m?,
the average micropore diameter is 0.45 mm, the thermal
conductivity coefficient is 0.25 W/m°C, which is 30%
lower than the thermal conductivity of the samples with-
out the use of complex additives.

Based on the chemical composition of the fluoroanhy-
drite, represented mainly by the insoluble anhydrite, and
the results of physical and chemical studies, most of the
insoluble anhydrite is not hydrated and acts as a filler in
the gypsum anhydrite binder, so the binder can be fully
used as a porous gypsum anhydrite material. According
to the research results, porous materials belong to light
structural and heat-insulating concretes of class B2.5,
B5 and can be used in the production of wall blocks, in-
cluding external walls, provided that the required water
resistance is ensured (GOST 25820-2014), as well as for
monolithic construction in private house building (PHB).

According to the research results [23—33], the exist-
ing technology for the production of porous materials
was adjusted. According to well-known technologies,
production of porous gypsum wall materials is carried

out with a high value of the gypsum paste normal con-
sistency. The formed products have high humidity, and
therefore require a long time and additional energy con-
sumption for drying. The technology developed by the
authors is based on the production of a dry mechani-
cally activated mixture, including activation of fluoro-
anhydrite raw materials, joint short-term grinding and
mixing with gypsum binders and modifying additives.
This approach allows not only grinding the binder, but
also creating new chemically active surfaces, which leads
to the formation of new compounds in the future. The
preparation of porous materials is carried out by mix-
ing the dry mixture with water in a high-speed mixer
and pouring the porous mixture into the formwork for
hardening under normal conditions. This technology
allows to obtain a given density and high early strength in
the absence of contraction. Fast curing of gypsum anhy-
drite wall materials, good thermal insulation properties,
no contraction deformation, fire resistance of materials
increase the performance of residential buildings.

CONCLUSIONS

Regularities are established for the formation of a po-
rous strong structure of gypsum anhydrite wall materials
with complex chemical additives, in which the porous
structure is formed at different scale levels due to the oc-
currence of chemical reactions at the phase boundary:
gypsum matrix — fluoroanhydrite. Methods for directed
control of structure formation processes of gypsum wall
materials with fluoroanhydrite activated in the disintegra-
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Fig. 3. Results of differential thermal analysis of samples with complex pore forming
additives of sodium carbonate and calcium chloride: a — 7 days and b — 28 days

tor and chemical additives are developed. To increase the
efficiency of product pore forming, it is recommended to
introduce dispersed calcium carbonate and/or complex

chemical additives into the composition of the gypsum
mixture with fluoroanhydrite as the main gas-releasing
and pore-forming components.
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dopmupoBaHne NOPUCTbIX CTPYKTYP B TEXHOJNOTMN
NPON3BOACTBA CTPOUTENIbHbIX MaTepuanoB
Ha OCHOBE CTPOMUTEJIbHOrO rmnca

AHHa UnbacoBHa KypmaHranuesa' (0}, Jlio6oBb AnekcaHgpoBHa AHMKaHoBa' (2}, Anekcangp MiBaHoBuny Kyaakos' (12},
Anekcein bopuncosuny Crewenko' (), Anekcanap ®epoposuy Bypbanos? (°), Hapgexpaa AnekceeBHa JlykbaHoBa? (|2},
Anekcangp Cepreesny lHosemues? (o), Ceprein CepreeBuy iHo3emLieB?

' ToMCKMIA roCyiapCTBEHHbIN apXUTEKTYPHO-CTPOUTENbHbBIN YHUBepcuTeT, Tomck, Poccun
2 HaumoHanbHbIN nccnenoBaTenbckmii MOCKOBCKMIA FOCyAapCTBEHHbIV CTPOUTENbHBIN YHMBepcuTeT, MockBa, Poccua

* ABTOp, OTBETCTBEHHbIN 3a Nepenuncky: e-mail: puma3027@mail.ru

AHHOTALUA: BBegeHue. B faHHON cTaTbe NpeAcTaBieHbl pe3ynbTaTbl UCCIeA0BaHMI N0 GOPMUPOBAHMIO MOPUCTON CTPYKTYPbI
CTPOUTENIBHOTO FMMca C UCMONIb30BaHUEM BTOPUYHOIO aHTUAPUTOBOIO CbipbsA U XMMMYECKMX JO06ABOK 1 NprBefeH cnocob npo-
M3BOACTBA CTEHOBbIX MaTEPUANOB. AKTYaJIbHOCTb laHHON CTaTbU 3aK/iouaeTcs B HEOOXOAMMOCTU pacLlUMpPEeHUsi HOMEHKaTYpbl
1 yBeIMYEHUN 0OGbEMOB MPOV3BOLACTBA TEMION30NALMOHHbIX Y KOHCTPYKLMOHHO-TEMOM30MALMOHHBIX U3Ae/Ii HA OCHOBE FMMNCo-
BbIX BAXYLUVX M MECTHOTO MUHEPaJSIbHOTO CbiPbsl, @ TaKXKe B pa3paboTKe TeEXHONOrMIA, 06ecrneUnBaioLLx NPOr3BOACTBO MMINCOBbIX
MaTepuasioB C NMOBbILIEHHbIMU IKCMITyaTaLUMOHHbBIMM XapakTepucTMKamu. ABTOpamu NPeAoxeHbl Cnocobbl pOpMMPOBaHUSA NOPUCTON
CTPYKTYpPbl CTPOUTENIBHOTO MMCa 1 YAyULleHNaA SKCMIyaTaLMOHHbIX XapaKTePUCTUK MO BEIMYMHE MOPUCTOCTA 1 TENNONPOBOAHOCTU
3a CYET NCMONb30BaHVsA MOANPULUPOBAHHOTO BTOPUYHOTO CbIPbA 11 XMMUYECKMX 06aBOK XJIOPUCTOrO KasbLKsA 1 KapboHaTa HaTpus.
Marepuanbi u metogbl. VccnefoBaHue BIAHUSA MoandULMpYOWKX J06aBOK Ha CBOMCTBA CMeCK NMPOBOAMIOCh C MCMOMb30Ba-
HMeM TecTa HopMasibHOM rycToTbl (HI = 55%). M3rotoBneHne 06pa3LioB 1 NpoBefeHVie UCMbITAHUA MPOBOAUNOCH MO METOAVKAM,
YKa3aHHbIM B HaLMOHabHbIX CTaHAapTax C NopusytoLwmmy JobaBkamMmu KapboHaTa KanbLus, GTopaHrmaputa u XMmMmnyeckux o6aBok
Ha peonornyeckune CBOMCTBa CMeCK, CPeAHIo NMIOTHOCTb U MPOYHOCTb 06PA3LOB, YCTaHOBNEHBI 3aKOHOMEPHOCTM U MEXAHM3M
NPOLLeCcCOB CTPYKTYPOOOPa30BaHUA MMNCOBOro KaMHA. Pesynbratbl. [pvmeHeHne MoanGULMPOBaHHOTO B ie3nHTerpaTope ¢ro-
paHrapuTa C SKBUMONAPHBIM KOMIMYECTBOM KapboHaTa KanbLua NPUBOANT K CHUXKEHUIO CpeaHel NioTHoCcT o6pa3uos Ao 40%
C paBHOMEpPHO pacnpefeneHHbIMU NopamMu. AHaM3 MUKPOCTPYKTYPbl 06pa3L0oB TEMIOU30IALMOHHOIO MaTepurasa C MiOTHOCTbIO
550 Kr/m> nokasan, uto CpefiH1I raMeTp MUKPOMop cocTaBnseT 0,45 MM, Npyi 3TOM 06pasLibl C KOMMIEKCHBIMU XVMUYECKUMUN A0-
6aBKamy UMetoT KoabduLmeHT TennonposoaHocTy 0,25 BT/m°C, uto Ha 30% HUXKe TENIONPOBOAHOCTU 06pa3LioB 6e3 1CMNob30Ba-
HUA KOMMJEeKCHbIX 406aBOK. BbiBoAbI. [onyueHHble pe3ynbTaThl CO3al0T OCHOBY [/151 CMOJIb30BAHUSA B KAUeCTBE NMOPU3YIoLLEro
KOMTMOHEHTa BTOPUYHOTO CblPbsi U OTEYECTBEHHbIX MOAUMULIMPYIOLLNX AOOABOK, MO3BONSIOLMUX PEFYNMPOBATh CTPYKTYPY MMCOBOro
KaMHS C Liefibio MPon3BOACTBA SPPEeKTNBHbBIX CTEHOBbIX MaTepUanos.

KNIO4YEBBIE CJIOBA: runcosas matpuua, nopoobpasyioLyne o6aBKY, CTPYKTYpoobpasoBaHue, MPOYHOCTb Ha CxKaTue, CpeaHas
MNOTHOCTb.

BNNAFTOAAPHOCTW: nccnepnoBaHvie BbINONHeHO npu riHaHcoBon nogaepxke HAY MICY B pamkax koHKypca 2023 roga Ha npo-
BeAeHve byHAaMEeHTanbHbIX 1 NpUKnagHbix nccnegosanduii (HUP/HVOKP) HayuHbIMUM KonnekTMBamuy opraHm3auuii — uneHos OTpac-
N1eBOro KoHcopumyma «CTponTenbCTBO M apXMTEKTYpay B LIENAX NCNOTHeHNA nporpammbl pa3sutma HAY MICY Ha 2021-2030 rogbl
B pamMKax peanusauum [porpammbl cTpaTernyeckoro akagemmyeckoro nugepctsa «Mprnoputet-2030». MiccnegoBaHma (ckaHupytoLan
3M1eKTPOHHasA MruKpockonus, ITA) BbINoNHeHbl Ha 060PpyA0BaHNMN TOMCKOrO PEervoHanbHOro LeHTPa KOJUIEKTUBHOIO NOJb30BaHUA
HaLMOHaNbHOro nccnegoBaTenbCckoro ToMCKOro rocyfapCcTBEHHOIO YHMBepCUTeTa.
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BBEJEHUE

TpaTerMIeCKOe Pa3BUTHE CTPOUTEIBHON OTpacin

Poccuut mo 2035 roma 6a3upyercst Ha peaau3aiuu
3(pPEeKTUBHBIX MEP U MHCTPYMEHTOB T10 00ECIIEYECHUIO
00BEKTOB CTPOUTEIIECTBA CTPOUTETLHBIMI MaTepHaIaMU
BBICOKOTO Ka4eCTBa, M3TOTOBICHHBIMY C MAKCHMAJTEHBIM
HCTIOJTb30BAaHMEM MECTHOTO CHIPhSI, B TOM YHCIIC Y OTXO-
IIOB IIPOMBITIIUICHHOCTH. Bosbilioe BHUMaHME yaSISIeTCS
TEXHOJIOTHSIM IIPOM3BONICTBA CTCHOBBIX MaTEPHUAJIOB, 00e-
CIICYMBAIOIINX CTAOMIIPHO TPEOYEMYIO HECYIIYIO CITO-
COOHOCTB, TETUIO3AIIUTY TIPH SKCIUTyaTallid M HU3KYIO
CTOMMOCTb 30aHMI. B CBSI3M ¢ M3MCHEHUSIMU KeTaHUIA
U TpeOOBaHUM HaceJieHUs K obecreueHno KoMGpopT-
HOCTU TIPOXHWBAaHUS 0CO00¢ BHUMaHME yIeIsIeTCS pe-
CYPCHOMY O0ECIICUCHIIO CTCHOBBIMU MaTepHaIaMu TP
WHINBUOYAITbHOM cTponTebeTBe Kb (MK C). K oc-
HOBHBIM KOHTPOJIMPYEMBIM TPEOOBAHMSIM IT0 KaUECTBY
TIPUMEHSIEMBIX CTCHOBBIX MaTepHaJIOB, 00eCIICUYNBAIO-
meMy 0e30IacHOCTb M SHeproa(hGeKTUBHOCTD 3MaHUS,
OTHOCSITCSI TPOYHOCTD Ha CXXATHE M TETIOIIPOBOTHOCT,
BEIOOp CTEHOBBIX MaTEepPHAIOB M KOMITOHEHTOB TSI X
W3TOTOBJICHMSI 3aBUCUT OT TEXHOJIOTUH CTPOUTEIIBCTBA —
0JIOYHOE OHO WJIM MOHOJIUTHOE. Yalie Bcero Impu U3ro-
TOBJIEHUU U3ACJIUI 17151 (POPMUPOBAHUS TOPU30BAHHOM
MAaTPHIIHI UCIIOJB3YIOT MIUHEpaIbHBIC BSLKYIIIC W pa3-
JIMIHBIE TTIOPO-Ta3000pa3yrolye T00aBKM, a HATIOJTHUTE -
JIA — TUTOTHBIE TIOPUCThIE MUHEPATbHBIC WA OpraHude-
CKU€ 3epHUCThIC MaTepUasIbl pa3IMUHbIX pa3mMepoB [1—5].
KagecTBO CTCHOBBIX MAaTepPHAIOB 3aBUCUT OT IIPOYHOCTHU
MEKTTOPOBBIX TIEPETOPOIOK (BUIA BSIKYIIIETO), a TAKXKE
pa3sMepoB, CoIepKaHUS 1 pacIipeaeICHIS TIOp B 00beMeE.
[TosToMy MccienoBaHUs 10 YIIPABICHHUIO TIPOILIECCOM
(bopMHUpOBaHUS U COXPAaHCHUS TIOPUCTON CTPYKTYPHI
CTCHOBBIX MaTEePUAJIOB B 3aBUCUMOCTH OT BUIA IIpHUMe-
HSIEMOTO MCXOITHOTO CHIPhSI M YCIIOBUI 3KCILTyaTallun
Ha TIPOTSKEHWU BCETO KM3HEHHOTO IIMKIIA M3OCINit
BOCTPEOOBAHBI U TIPEICTABIISIOT HAYIHBIN MHTEPEC IS
pa3pabOTKN HOBBIX TEXHOJIOTHIA.

J11s1 Mpou3BOJCTBA CTEHOBBIX MaTepuaioB 3pdek-
TUBHBIM U TICPCIIEKTUBHBIM CUMTACTCST MCIIOJIb30BaHIE
KOMIIO3UITMOHHBIX TUTICOBBIX BSDKYIIIMX BellecTB. Pac-
IMUpeHe HOMEHKIIATYPHI ¥ YBEJTMYECHNE 00BEMOB IIPO-
M3BOJICTBA TEIJIOM3OJISIIIMOHHBIX M KOHCTPYKIIMOHHO-
TETUIOU30JISIIIMOHHBIX N3ICINIA Ha OCHOBE TUTICOBBIX
BSDKYILIUX 1 MECTHOTO MUHEPAJIbHOTO ChIPbS SIBJSIETCS
TIePCIIEKTUBHOM 3amadeii, ocooeHHO M1t CHOMPCKOTO
pernoHa. B permonax, rjae OTCyTCTBYIOT MECTOPOXKICHUS
TUTICOBOTO KaMHSI, ICXOMHOTO CHIPBS TSI IIPOM3BOICTBA
CTPOUTEIHHOTO THIICA B KAYECTBE aTbTePHATUBBI MOX-
HO TIPUMEHSITh BTOPUYHOE CHIPhE, COCTOSIIEE U3 pa3-
JIMYHBIX MoguduKaLuunii cynbgara Kaubuus. B kauecTBe
TAKOTO CHIPhSI MOXKET OBITh MCITOJIB30BaH (DTOPAHTUIPUT,
TTIOOOYHBIHA TIPOMYKT IMTPOM3BOACTBA ITABUKOBOM KHMCIIO-
Thl, COCTOSIIIUIA B OCHOBHOM U3 0€3BOIHOIO CyJibdaTa

KanbIys. Exxeromabiit 00beM (PTOPaHTUAPUTOBOTO BTO-
PHUYHOTO CHIPhst CHOMPCKOTO XMMMIECKOTO KOMOMHATA
(r. Tomck) cocTaBisteT — 25 ToIC. TOHH, 3A0 «["amormo-
smmep» — 70 TeIC. TOHH [6-8].

Kaxk ormeuaetcs B [TocranoBieHnn MuHuCTEpCTBA
crpoutenncTBa 1 KKX «IIpuMmeHeHe BTOpUYHBIX pe-
CYPCOB M BTOPUYHOTO CBHIPHSI B C(Ppepe CTPOUTEIBCTBA
1 XKUJIUITHO-KOMMYHAJILHOTO X03siicTBa Ha 2020—
2030 rombl», 5 hHEKTUBHOE UCITOIL30BaHNE BTOPUYHBIX
pPeCypCcoB B IPOM3BOMICTBE CTPOUTEITHHBIX MAaTECPUAJIOB
SIBJISIETCSI pEIICHUEM 3a1a9l KOMITJICKCHOTO MCITOIb30-
BaHUS IPUPOTHBIX PECYPCOB, YMECHBIICHUS OTUYKICHUS
3eMJIH JUISTI XpaHEHUST OTXOMOB UM 3arpsI3HEHUST CPEIbI
00UTaHMS YeJIOBeKa.

DTOpPaHTUAPUT HE MOJTYUMII eIle IMUPOKOTO pac-
MIPOCTPAHEHUS TIPHU M3TOTOBIICHIUY TUTICOBBIX CTCHOBBIX
MaTepHUaIoB B CBSI3U C HEIOCTAaTOUHOM MH(MOpMAII-
el 0 3aKOHOMEPHOCTSIX (POPMUPOBAHUS CTAOMITBHOM
HOPUCTON CTPYKTYPbl, CBOMCTB U TEXHOJIOTUI MPO-
n3BoncTBa. McXomst 13 BEIIeCTBEHHOIO cocTaBa (hbTo-
paHTUAPUTA, COCTOSIIETO U3 PACTBOPUMOIO M Hepac-
TBOPUMOTO aHTHUIAPHUTA W aACcOpOMPOBAHHON Ha €ro
3¢pHAX OCTAaTOYHOU CepHOM KHMCIIOTHI, TIpemiaracTcs
HCITOJIb30BaTh KMCJIOTY B KA4eCTBE Ta3000pa3yIonIero
KOMIIOHEHTA B TBEPACIONIC CTPOUTEIHHOMN THITCOaH-
TUAPUTOBOI KOMITO3UIINM.

MATEPHUAJIBI U METOAbI

IIpu TIpoBeAecHNUM UCCICAOBAaHNNA TUTICOAHTUIP-
TOBBIX ITOPM30BAHHBIX KOMITO3UIINIT MCITOJIb30BAINChH
CJICYIONIe MaTepUAIIbL:

— crpouteabHbIi TuIic Mmapku I'-5AII (TOCT 125-
2018), oCHOBHBIE XapaKTePUCTUKNA KOTOPOTO TIPeI-
cTaBJieHbI B Ta0. 1.

— (TOpPaHTUAPUT, COCTAB M KAUYCCTBCHHBIC XapaKTe-
PUCTHUKU TIPUBEICHBI B Ta0JI. 2. XUMUUECKUI CO-
CTaB BTOPUYHOTO CHIPBS 3aBUCUT OT TeMIIEPaTypPhI
00pa30BaHUSI OCHOBHOTO MPOAYKTA, TP 3TOM TeM-
repaTypa Ha BBIXOIE M3 IIEY MOXET COCTaBIISIThH
170—280°C. B pabote ncnonb30BaH (PTOPAHTUIAPUT
¢ TeMIlepaTypoii Ha Beixoze 13 reun 180°C, KoTopblii
MIpeICTaBlIcH B OCHOBHOM HEPAaCTBOPUMBIM aHTUIIPH -
TOM, C aICOPOMPOBAHHOI Ha €T0 3epHAX OCTATOYHOM
cepHOoIt KucaoTou. s mpoBeaeHUS UCCIeIOBaHUMN
ITOPU30BAHHBIX TUTICOBEIX MAaTEPHUAIOB MCITOIH30-
BaH (DTOPAaHTUIPUT €CTECTBCHHOU TPAaHYJIOMETPUN
1 U3MEJIbYCHHBIN B IM3WHTETPATOPE M0 YICIbHOMU
noBepxHocT 300 M?/KT;

— kapb6onarHasg myka (I'OCT 14050-93), npencras-
JIEHHasl B OCHOBHOM KapOoHaTtoM KaiabLust (85%),
C yIe/IbHO moBepxHocThIO 300 M?/KT;

— aumonHas kuciora (TOCT 31726-2012), 6e3BoaHast,
HCITOJIb3yeMas B paboTe B KaUeCTBE 3aMEIJINTEIIST
CXBATBIBAaHUSI TUTICOAHTUIPUTOBOTO BSKYIIIETO;
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Tabauya 1
Du3NK0-MeXaHHYeCKHe XapaKTePUCTHKH THIICa
HopmanbHas Cpoku cXBaThIBAHNS, MUH IIpenen npounoctn, MIla
Mapka rumnca
rycrora, % Hauvano Komnen Ha n3ru6 Ha cxxarue
55 He paHee 6 He no3aHee 30 2,5 5 I'—5AI1I
Tabauuya 2
CocTtaB ¥ KayeCTBEHHbIE XaPAKTEPUCTUKH KHCJIOTO ()TOPAHTHIPUTA €CTECTBEHHOI IPaAHyJIOMETPHH
dou Xumndeckuii coctas (propanruapura, mace. % L B0 ik CH T ETRi
parypa YaCTHbIE OCTATKH HA CUTaX, % Uc- Cpemusis
¢ropan- THHHAS el
IJIOT-
ruapuTa 10T~ HOCTH
Ha BbI- . 1,25... 0,63... 0,315... 0,16... HOCTb, 2
e 3 CaSO,p | CaSO," | CaF, |H,SO,| HF | 2,5...5 25 1,25 0.63 0,315 | &r/w Kr/m3
neyu
180° 15 81,3 0,5 3,0 0,2 8,4 11,0 4,2 40,7 35,7 2570 1470

XUMUUYECKre MoanbUIupyoime 100aBKU: XJI0-
pucterit Kanpiuit (TOCT 450-77) n kapboHAT Ha-
tpust (FOCT 5100-85).
HcribiTanre 06pa3IioB 13 BSLKYIIETO, BKIIOYAIOIIETO
CTPOUTEIBLHBIN TUTIC, (PTOPAHTUIPHUT U MOTU(UITIPYIO-
1ye 100aBKU, OCYIIEeCTBISUIOCH B cooTBeTCTBUM ¢ [OCT
23789-2018, a onrenka kayectBa — TOCT 125-2018.
OrnpenencHue (ha30BOro COCTaBa KOMIIOHEHTOB THTI-
COBOM CTPOMUTETBHOI KOMIIO3UITNH ITPOBOIMIOCH C MC-
TOJTb30BaHMEM PEHTIeHO()A30BOT0 aHaIM3a Ha Tudpak-
tomeTpe XRD-6000 («Shimadzu», SdnoHust) o MeTony
MOPOIIKOBLIX AudpakTorpamm. JduddepeHunanbHbIin
TePMHUICCKUI aHAIN3 TIPOBOAMIICS Ha IepuBaTorpade
Netzsch STA 409 PC/PG («Netzsch», epmanmus). [Tpo-
rpaMMHBII HarpeB ocymiecTsisuics 10 1000°C co ckopo-
cthio 10°C/MuH.

PE3YJIbTATbI

AHaIM3UPY$ BEIIECTBEHHBIN COCTaB (PTOpaHTUIPUTA
M pa3InvHble MEXaHU3Mbl TOPOOOPA30OBAHNS CTPOUTEb-
HBIX MaTeprasoB, pazpaboTaHa padboyasi TMIoTe3a O BO3-
MOXHOCTH 00pa30BaHUs TOP B pe3yJIbTaTe BbIACICHUS
rasa npu B3auMOJEHCTBUU OCTATOYHOI CEPHOM KUCIOTbI
(TopaHTHIpPUTA ¢ MUHEPATHLHBEIMU TOOaBKAMU M YIIPaB-
JIEHUIO TIOPUCTOCTBIO MPU MPOU3BOACTBE CTEHOBBIX
CTPOUTEILHBIX MAaTepUAIOB U U3NEIUI C TTIOBBIIIEHHBIMU
TETUIO3alIMTHBIMU CBOIicTBaMu. MccienoBaHbl TIpo-
ecchl MOTUMUIINPOBAHUS (PTOPpAHTUIPUTA HA CTATUHN
TEXHOJIOTUYECKOTO TIPOLIeCcCa U3TOTOBJICHUS TOPU30BaH-
HOI'0 CTEHOBOTO Martepuaja. B oCHOBY peryiaupyeMbix
MPOLIECCOB CTPYKTYPOOOPA30BAHMSI MOJOXKEHbBI XMMUYE-
CKME pEaKM1 HEUTPATN3ALMU OCTATOYHOW CEPHOM KHC-
JIOTHI Ha 3epHax (hTOpaHTUAPUTA C 0Opa30BaHUEM Ta3a
u (hopMHUpOBaHNEM TIOP, PABHOMEPHO pacIipeneIeHHBIX

B 00beMe MaTpHIIEI MaTepuaia. TpedyeMast IPOYHOCTh
CTECHOBOTO MaTepHalia 00ecIieunBacTCs 3a CUeT ruapaTa-
LI TUTICOBOTO BSLKYIIETO ¥ PACTBOPMMOTO aHTUAPUTA,
BO BTOPUYHOM CHIpbe. ['a3000pa3oBaHme IIPONCXOIUT
COTJIACHO CJICAYIONIEH XUMUUICCKON peaKIIim:

CaCO, + H,SO, = CaSO, + CO, + H,0.

BcmyunBaHue GTOpaHTUIPUTOBOM CMECU TPO-
HWCXOONUT 3a CYET BBIACIISIONIETOCS YTIISKMCIIOTO Ta3a.
Hcronp30BaHre BTOPUIHOTO CHIPhS IIO3BOJISIET CYIIIC-
CTBEHHO CHHM3UTb CTOMMOCTD TMTICOBBIX MaTePUAJIOB.
YcraHOBIEHUE TPeOYEeMOTro COOTHOIICHMS Ta30BbIIC-
JISTIOIITAX KOMITOHEHTOB JIJIST TTOJTYYEHMST TTOPU30BaAHHBIX
MartepuanoB (PTA -+ kapboHaTHAsI MyKa) OCYIIIECTBIISI-
JIOCh UCXOMS U3 00eCTICUCHUS BETMINHBI BOTOPOIHOTO
mokaszatenst cmecu (pH) 5—8. MccaemoBanust mpoBo-
IIACH IIPY MaKCUMAJIbHOM KOJIMYECTBE BBIACIISICMOTO
yIJIEKUCIoTo ra3a. B paboTax [9—15] ycraHOBJICHO, UTO
TIPH YAETbHOU ITOBEPXHOCTH aHTHIPUTOBOTO BSKYIIIETO
300—400 m?/Kr obecrieynBaeTCs MOBBILICHHAS THAPA-
TallMOHHAs aKTUBHOCTH, a C yYeTOM HaJIWYUS Ha I10-
BEPXHOCTH 3epeH (DTOpPaHTUAPUTA OCTATOTHON CEPHOMI
KUCJIOTHI YBEIMIYMBACTCS TUTOIIAIh KOHTAKTa I CKOPOCTh
MIPOTEKAHUST XUMUICCKUX peakinii. [T aKkTuBalium
IIPOIIECCOB HEUTpaIN3aluy U TUAPATAIIUN BSKYIIIETO
OCYIIECTBIISIICS MIPEeIBaPUTEIbHBIN KPaTKOBPEMEHHBIN
ITOMOJT (PTOPAHTUIPHUTA C TTOCIICAYIOIINM IepeMelTnBa-
HHEM C TUTICOM CTPOUTETbHBIMI Jo0aBKaMMu. [ paHymo-
METPUUYCCKUIT COCTAaB MEXaHNMUCCKH aKTUBHUPOBAHHOTO
¢dropaHTHApUTA IPUBEIEH B Ta0d. 3. Pa3mephl yacTuil
n3MeabdeHHoro propanruaputa ot 0,1 1o 150 MKM.

OCHOBHBIC MHTPEIUCHTH M MX KOJMIECTBO TTOI0-
OpaHO ¢ y4eTOM SKBUMOJISIPHBIX COOTHOIIICHUI I
MOJTHOM HENTpaIN3alii OCTaTOYHOM KUCIIOTHI (PTOpaH-
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Tabauuya 3
I'panyiomMeTpUYECKHii COCTAB AKTUBMPOBAHHOTO
B JIe3MHTErpaTope (hpropaHruapuTa

AKTHBHPOBAHHDII B Ie3MHTErpaTope (hTOPAHTUIPUT
JlnaMeTp 4acTuil, MKM ¢T§)‘;iiﬁ;:::, %
0,1-5,0 40
5,0-8,0 23
8,0—15,0 17
15,0-30,0 3
30,0—100 7
100—150 10

TUAPUTOBBIX YaCTHIL KapOOHATAMHU KaJIbIIMS M HATPHUSL.
PanmmonanbHO TomoOGpaHHBIE COCTaBEI M CBOMCTBA II0-
PU30BaHHBIX TUTICOAHTUIPUTOBBIX BSIKYIITNX C TIPUME-
HeHUeM (DTOpPaHTUAPUTA €CTECTBEHHOI TPpaHyIOMETPUHI
¥ U3MEJIBYCHHOTO TIPEICTABICHBI B TA0J. 4 1 5.
MaxkcuMaIbHBIC pe3yIbTAThI 110 BEJIMYMHE IIPOI-
HOCTHU 00pa3IoB Ha CKATHE TTOJYICHBI IIPU BETMINHE
BOIOPOIHOTO TTOKA3aTelIsI, COOTBETCTBYIOIICH HENTpaTh-

HOI cpelne, TIPU 3TOM HCIOJIb3yeTCs MaKCUMAaJIbHOE
KOJIMYECTBO BTOPMIHOTO IIPOAYKTA, COCTABIISIIOIIETO
20—25 macc.%. MuHUMaIbHOE 3HaYeHUE CPETHEN TUIOT-
HOCTHU 00pa3LoB, cocTapisiolnee 690 Kr/M?, mocTuraeTcst
IIPY paBHBIX COOTHOIIIEHMSIX CTPOUTETLHOTO THTICA, (hTO-
paHTUIPUTA ¥ KApOOHATHOI MYKHM, TIPY 9TOM 00eCTIeUn-
BaeTCss MUHUMAJTBHBIN KO3(D(OUIINEHT TeTUIOIPOBOIHO-
CTH, COOTBETCTBCHHO OOCCITIEUNBAIOTCST TTOBBIIICHHBIC
TEIUTOTEXHNUECKNE XapaKTepUCTUKU. MHTpequeHTHBII
COCTaB 1 CBOMCTBA ITOPM30BAHHBIX TUTICOAHTUAPUTOBBIX
BSDKYIINX C IIPUMEHEHUEM U3METbYCHHOTO B IIC3MHTE-
rpatope (hbTOpaHTUAPHTA IIPEACTaBICHBI B TA0. 5.

J71s1 TIpOM3BONCTBA TETUION3OJISIIIMOHHBIX MaTePH-
aJIOB ¢ HU3KOU TUIOTHOCTBIO ITO pe3yabTaTtaM TaoiI. 5
PaLMOHAIBHO UCIIOIB30BaTh (PTOPAHTUAPUT C BBICOKOI
VICIBHO ITOBEPXHOCTHIO, 00eCITeYnBaroIIeil 00pa3oBa-
HHE TTIOPHUCTOM CTPYKTYPHI 3a CUET YBETMICHUS TIOIIAIN
KOHTAaKTa YaCTHII M CKOPOCTH ITOPOOOPA30OBAHMSI.

Pe3ynbratsl pU3NKO-XUMHUIECKUX UCCIICTOBAHUI
00pa31oB ¢ IpUMeHeHeM KapOoHaTa KaJlbLus 1 pTo-
paHTHIOPUTA IIPEACTABICHBI Ha puc. 1.

ITo pe3ynbTaTaM TepMOaHaIM3a YCTAHOBICHO, YTO
Ha kpuBoii JITA B Bo3pacTe 7 CyTOK UMEIOTCSI 3HIO-
sddexrer mpu Temiieparypax 150, 750, 400—600°C,
YTO CBSI3aHO C MPOLIECCAMU AETUIPATALIUA TBYBOIHO-

Tabauya 4
VHrpeMeHTHDII COCTAB M CBOICTBA MOPU30BAHHBIX MATEPUAJIOB C MPUMEHEeHHeM (PTOPAHTHAPUTA €CTEeCTBEHHOM
IPaHyJIOMeTPUH
CoortHomenune mace, %
Ne I L1 0 Kr/M R
o AMOHHAS
cMecH m’ MP
Tumc @ropanrmapur | KapoonaTtHas myka . Bona a
1 32 31,6 4.8 — 31,6 1 1280 3,0
2 47,3 15,5 3,2 — 34 4 1170 4,2
3 46,2 9,3 7,5 — 37 7 1200 3,5
4 40 8 12 — 40 9 1100 3,2
5 34,09 21,59 21,59 — 22,73 7 1660 6,0
6 31,00 20,00 19,00 — 30,00 7 1570 4,9
7 32/26 20,43 20,43 0,03 26,85 7 1360 3,2
8 25,68 25,68 25,68 0,02 22,94 7 690 2,5
Tabauya 5
VIHrpeMeHTHDIIi COCTAB M CBOWCTBA MOPH30BAHHBIX MATEPHUAJIOB C MPUMEHEHHEM H3MeJIbYEHHOTO B JIe3UHTerpaTope
¢ropanruapuTa
CoorHomenune mace, %
Ne I L1 0 Kr/M Rews
o AMOHHAS
cMecH | ' m?
Tianc ®ropanruapur | KapooHartHas myka cioTa Bona MPa
46,2 9,3 7,5 — 37 870 4,5
2 25,68 25,68 25,68 0,02 22,94 550 3,0
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Puc. 1. JlepuBaTorpaMMbl rMIICOBOIi MATPHUIIbI C TOPH3YIOMIMMHU J100ABKAMHM KAPOOHATA KaJblus U GTOPAHTHAPUTA

B Bo3pacTte: 7 1 28 CyTOK COOTBETCTBEHHO

TO TUIICa, NEPECTPOUKON KPUCTAJUINYECKOM PEeIIeT-
KM aHTHAPUTA W UCCOIIMALIMCH KapOoHaTa KaabIIus.
B Bo3pacte 28 cyTok 3HT03(D(HEKTH P TeMIIepaTypax
400—600 u 750°C npakTU4eCcKU HUBEIUPYIOTCS, YTO
CBUIICTEIBCTBYET O MOJTHOM TMApaTallii pACTBOPUMOTO
AHTUIPUTA U CBI3BIBAHUM KapOOHAaTa KaIbIIHs.

B paHee ncciemoBaHHBIX TTOPM30BAHHBIX MUHEPAITh-
HBIX CMeCSIX B BUAC KapOOoHaTa KaJbIUsS W «KHICIOTO»
(ropaHTHAPUTA B CBSI3U C HEOAOCTATOUYHO BBEICOKOM
IHUCIIEPCHOCTHI0 00pa3yeTcss KPYITHOIIOPUCTAsT CTPYK-

Typa ¢ HEpaBHOMEPHBIM pacIIpeaeICHIEM TTOp B 00b-
eMe. MUKpOTIOPUCTYIO CTPYKTYPY B TaKHUX MaTepHa-
JIaX MOXHO TIOJIVYUTH C MUCITOJIb30BaHNEM XUMIICCKIX
KOMITOHEHTOB, KOTOPBIE BBOASITCS HEMOCPEICTBEHHO
B TUTICOBBIC CMECH 1 ITPY B3aUMOICHCTBAN MEXKIY CO00it
MOPU3YIOT TUIICOBYIO MaTpUlly Matepuaia. B kauecTse
TaKMX 100aBOK IIpeIIOXeHbl J0OABKM KapOoHaTa Ha-
TpUSI (TEXHUTIECKOI COMBI) M XJIOPHCTOTO KaJIbIINS, KOTO-
phle TIpY B3aNMOACHCTBUM 00Pa3yIOT KapOOHAT KaIbIIHSI.
I1pu B3anMomeiicTBUM KapOoHaTa KaJbIUsI C CEPHOI
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KUCJIOTOM BBIAEISETCS YIVIEKUCIIBIA Ta3, TTIOPU3YIOLLIUIA
TUTICOBYIO MaTpUILy.

Na,CO, + CaCl, = 2NaCl + CaCO,.
H,S0, + CaCO, = CaSO, + H,0 + CO,.

W3 ob6pasytomierocst KapboHaTa Kanbius Gopmu-
pyeTcst BeiIcOKoaucTiepcHast ¢aza ¢ pa3MepaMu 9acTUIL
He 0ojiee 7 HM, a C TEYEHHWEM BPEMEHU HaOIIOAaeTCs
obpazoBaHue aMOp(pU30BAaHHOTO KapOOHATA KaIbIUs
U refieo0pa3oBaHNe, YTO HE TIPOTUBOPEUUNT JIUTEPATYP-
HBIM JaHHBIM [16—22]. (puc. 2a).

ITo pe3ynbrataM 371€KTPOHHOMUKPOCKOTTNIECKOTO
aHajaM3a yCTaHOBJIEHO, YTO TPOIIeCC TUAPATAIIUN 3a-
KaHYMBAeTCS K 7-MU CYTOUHOMY BO3pacty, (hopMupy-
eTcsl HeYNOpSIIOUYeHHAsT CTPYKTypa MPU3MaTUIECKUAX
U TUTACTMHYATHIX KPUCTAJITIOB IBYBOHOTO TUTICA, MEXITY
KOTOPBIMU PACTIONIOKEHBI KPUCTAJLTBI HEPACTBOPUMOTO
AHTUAPUTA W MEJIKME YaCTUIKKU HECBSI3aHHOTO Kap0o-
HaTa Kanbuus. [1pr aToM 06paszyrorcst o0pasibl ¢ Mell-
KOIIOPUCTON CTPYKTYPOM.

Mo pesynbraTaM aHaIM3a CIIEKTPOB 0OPA3IIOB C KOM-
TJIEKCHBIMU J0OABKaMU TIPOUCXOAUT PA3IOKEHUE JBY-
ruapara Kanbiuys ipu 150°C (puc. 3a). DH103hGeKTHI,
CBSI3aHHBIC C [MEPECTPONKON KPUCTAUIMYECKOW PELLIETKA
anruapura, mpu 400—600°C B Bo3pacTte 28 CYyTOK OTCYT-
cTByI0T. [IpakTHUecKu MOTHOCTHIO UcUe3aeT KapOoHaT
Kanbuus. [1py UCrosb30BaHUU KOMILUIEKCHBIX 000a-
BOK (hopMUPYIOTCST 00pa3iibl ¢ pABHOMEPHOU MOPUCTOMN
cTpykTypoit. OCHOBHBIE ITOKA3aTEeIN MMOPU30BAHHOTO
Marepuaa, Takue Kak CpeHsisl ITNIOTHOCTD, pacripee-
JIEHWE ¥ pa3Mep TIOp 3aBUCST OT KOJTMUECTBA MOAUDUIIN-

PYIOIINX XUMUUYECKUX TOOABOK, 00pa3yomnX HAaHOI! -
CTIEpCHBI KapOoHat Kabins. [1o pe3ynbraTam aHanmmsa
MUKPOCTPYKTYPBI 00pa3IioB MaTepuaia ¢ TNIOTHOCTHIO
550 xr/m? cpeqHuit TuamMeTp MUKporop paBeH 0,45 M,
koadbduimeHT TernonposoaHoctu 0,25 Br/M°C, uto
Ha 30% HUXe TeIIONPOBOIHOCTH 0Gpa3IoB 6e3 uc-
TOJTb30BaHMST KOMIUIEKCHBIX TOOABOK.

Hcxonst n3 XuMm4IecKoro coctaBa (pTOpaHTUIPUTA,
TPEACTaBIEHHOTO B OCHOBHOM HEPAaCTBOPUMbBIM aHTH-
JIPUTOM, U PE3YyIbTaTOB (PU3UKO-XUMHUIECKUX UCCIIe-
JIOBAaHWI, OOJIBIIIAst YaCTh HEPACTBOPMMOTO aHTUIIPUTA
HE TUAPATUPYETCS] U BBITIOJHSIET POJb 3aTOJTHUTENS
B TUTICOAHTUIPUTOBOM BSIKYIIIEM, TTOITOMY BSDKYIIIEe
B TIOJTHOM Mepe MOXHO UCTIOJIb30BaTh B KAYECTBE T10-
PM30BaHHOTO TUTICOAHTUIPUTOBOTO MaTepuara. [1o pe-
3yJIbTaTaM UCCIIeNOBAHUI, TOPU30BAHHBIE MaTePUATTbI
OTHOCSITCSI K JIETKUM KOHCTPYKIITMOHHO-TEIION30-
JISIIMOHHBIM OeToHaM Kitacca B2.5, B5 m MoryT OBITH
WCTIOIb30BaHbBI TIPYU TTPOU3BOJICTBE CTEHOBBIX OJIOKOB,
B TOM YICJIe HAPYKHBIX CTEH TP YCIIOBUY 00ECTICUeHUs
Tpedyemoii Bomoctotikoctu (TOCT 25820-2014), a Tak-
3Ke JUISI MOHOJIUTHOTO cTpouTenbeTBa B M2KC.

ITo pesynbratam uccienoanuii [23—33] mpoeneHa
KOPPEKTUPOBKA CYIIECTBYIONIEH TEXHOJIOTUY TTPOU3-
BOJICTBAa TTOPU30BAHHBIX MaTepuaaoB. [1o n3BecTHbHIM
TEXHOJIOTUSIM TIPOU3BOICTBO TIOPU30BAHHBIX CTEHOBBIX
TUTICOBBIX MAaTEPUAJIOB OCYIIECTBIISIETCS C BBICOKUM
3HaUYeHWEM HOPMAaJTbHOM T'YCTOTHI TUTICOBOTO TECTA.
CdopmoBaHHbIe U3aeTUs 001aNal0T BHICOKOW BIaX-
HOCTBIO, B CBSI3U C OTUM TPEOYeTCS IITUTEIHbHOE BpeMsI
¥ TOTIOJTHUTEJIbHBIE 9HEPTO3aTPAThl HA CYIIKY U3IEIUIA.
Pa3paboTtanHas aBTOpaMu TEXHOJIOTHSI OCHOBaHA Ha U3-
TOTOBJIEHUU CYXOW MEeXaHOAKTMBUPOBAHHOUW CMecH,

Puc. 2. MukpocTpyKTypa 00pa3ioB ¢ KOMILIEKCHBIMH HOPU3YIOIIMMH 100aBKAMU KAPOOHATA HATPHS U XJIOPHCTOrO
KaJIbIus B Bo3pacte 7 1 28 CyTOK COOTBETCTBEHHO: a — 7; 0 — 28 CyTOK
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Puc. 3. Pesyabratsl auddepeHimaibHo-TepMUYECKOro aHAIM3a 00Pa310B KOMILIEKCHBIMH IOPU3YIOLIMMH 100aBKAMH
KapOoHATa HATPUS U XJOPHCTOro KaJbiMs: a — 7; 6 — 28 cyTok

BKJIIOUAIOIIECH aKTUBALINIO (PTOPAHTUAPUTOBOTO ChIPHS,
COBMECTHBIN KPaTKOBPEMEHHbII TTOMOJI U IIEpeMellIn-
BaHME C TUIICOBBIM BSDKYIIMM U MOAU(PUIUPYIOLIUMUA
nobaBkamu. Takoil moaxoa MO3BOJSIET HE TOJIbKO M3-
MEJIbYATh BSIXKYIIEE, HO M CO3[1aBaTh HOBBIE XUMUWYECKU
aKTUBHBIE ITOBEPXHOCTH, YTO IIPUBOIUT K 00pPa30BaHUIO
B JajbHEHIIeM HOBBIX coequHeHui. [1puroropieHue
MOPU30BAaHHBIX MAaTePUAJIOB OCYIIECTBISICTCSI 3aTBO-
pEeHUEM CYXOil CMECH BOJIOI B CKOPOCTHOM CMECHUTE-
JIe U 3aJIMBKOM MOPU30BAHHOI CMECHU B OIAIyOKYy IJIst
TBEpACHUSI B HOPMaJIbHBIX YCIOBUSIX. Takast TEXHOJIOTUSI
MO3BOJISIET MOJIYYUTH 3aJaHHYIO IVIOTHOCTb U BHICOKYIO
PaHHIOIO TIPOYHOCTH ITPU OTCYTCTBUU YCaIKU. BrICTphIit
Ha0bOp MPOYHOCTHU TMIICOAHTUAPUTOBBIX CTEHOBBIX Ma-
TEePUI0B, XOPOIIKe TEMJIOU30JMPYIOIIEe CBOMCTBA,
OTCYTCTBUE YCaIOYHBIX ITeopMalinii, OTHECTOMKOCTh
MaTepuayioB MOBBIIIAIOT SKCIIIyaTallMOHHbBIE KauyeCcTBa
KWJIBIX 3MaHUN.

BbIBO/IbI

YcTaHOBIIEHBI 3aKOHOMEPHOCTH (DOPMUPOBAHUSI
ITOPUCTON IMTPOUYHOU CTPYKTYPHI TUTICOAHTUAPUTOBBIX
CTCHOBBIX MAaTePHUAJIOB ¢ KOMITICKCHBIMY XUMUYCCKIMK
Io0aBKaMU, B KOTOPBIX ITIOPUCTASI CTPYKTYpa (popMuIpy-
eTCs Ha pa3HBIX MACIITaOHBIX YPOBHSX 3a CUET IIPOTe-
KaHUsI XMUMUYECKUX peakKlMii Ha rpaHulie pasaena das:
rurcoBast maTtpuna — ¢propaHruaput. PazpadboraHbl
CTIIOCOOBI HAIIPABJICHHOTO YIIPaBJICHUS IIpolleccaMm
CTPYKTYpPOOOPa30BaHMUSI TUTICOBBIX CTCHOBBIX MaTepHra-
JIOB ¢ aKTUBHPOBAHHBIM B JI¢3WHTErpaTope (pTopaHTm-
IPUTOM M XUMHUUECKUMU T0OaBKaMM. J1JIsT TTOBBIIICHMS
5 GEKTUBHOCTY TTOPU3AIUN U3NCTUIN PEKOMEHIYSTCS
BBEICHNE B COCTaB TUTICOBOM CMECH ¢ (DTOPAHTUIPUTOM
JIMCTIEPCHOTO KapOOHATa KaIbIINS U/ WIA KOMITIEKCHBIX
XUMHUYECKNX J0OABOK B KAYECTBE OCHOBHBIX Ta30BhIIC-
JISTIOIINX ¥ TIOPOO0OPAa3yIOIINX KOMITOHEHTOB.
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ABSTRACT: Introduction. When developing a composite material, it is important to understand how the components included in
its composition affect its properties. Fillers, by interacting with the matrix, can alter its initial structure, resulting in the composite
acquiring characteristics different from the matrix. The high modifying ability of nanofillers is determined by their significant specific
surface area. This allows for the total interfacial area between the matrix and the dispersed phase to be covered even with a relatively
low concentration of particles, thereby enabling the use of a small amount of filler. Methods and materials. Composite materials
with nano carbon fillers were investigated, including fullerenes, nanotubes, and graphene. Fractographic analysis of the tensile
fracture surfaces of the samples was chosen to evaluate the structure of the composites, which allows determining the nature of
the failure and the ability of the composite to restrain crack propagation. The microstructure of the composite materials, as well as
the morphology of the reinforcing nano carbon fillers, were examined with a Tescan MIRA3 scanning electron microscope. Results
and discussion. In a graphene composite, crack energy is dissipated through branching and elongation of the crack path. Carbon
nanotubes, being embedded in the crack walls, hinder the opening of the crack edges. Crack energy is also consumed in overcom-
ing friction forces during the extraction of nanotubes from the epoxy matrix. Agglomerates of fullerenes act as effective crack front
arresters, forcing the crack to circumvent them, thereby creating new areas of fracture surfaces. This leads to an increase in the crack
front length and the energy required for material failure. Conclusion. Adding nano-carbon fillers (graphene, CNT and fullerenes)
as reinforcing components in the epoxy binder alters the structure. The study defines possible mechanisms for hardening of the
composite materials due to adding the nano-carbon fillers.

KEYWORDS: composite material, fractographic analysis of cracks, scanning electron microscope.
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INTRODUCTION

Q s of today, polymeric composite materials are actively

sed in various areas: aircraft and space engineering
[7—9], instrument and mechanical engineering [ 10, 11, 33,
34], construction [12—15], oil and gas. It is used as repair
materials and protective covering for surfaces to prevent
corrosion [1—6, 28—32].

The scope of application of composites directly im-
pacts requirements to their physical and mechanical prop-
erties. When developing a composite material, it is impor-
tant to understand how the components that make up its
composition affect its properties. Fillers, by interacting
with the matrix, can modify its original structure, thereby

giving the composite characteristics different from those
of the matrix. This allows for the creation of composite
materials with desired physico-mechanical properties.
Unlike macro- and micro-sized fillers, nano-filler
have a high modifying power determined by their sig-
nificant specific area [8, 9, 37—43]. Therefore, relatively
small concentration of particles allows to cover the entire
surface of the boundary line between the matrix and the
dispersion phase. In addition, this feature allows to ef-
fectively influence physical and mechanical properties
of the composites despite of small amount of the filler.
The aim of this study was to investigate the influence
of fillers on the morphology of the epoxy binder and the
composite’s ability to restrain crack growth.
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Fig. 1. The structural formula of ED-20

METHODS AND MATERIALS

Epoxy diane resin ED-20 was used as a polymeric
matrix. The structural formula of the resin is presented
in Fig. 1. Epoxy resin is an oligomer. It has epoxy groups
at the ends of the chain.

Polyethylenepolyamine (PEPA) was used as a harden-
er. The structural formula of the hardener is presented in
Fig. 2. When the material is hardening, it causes a chemi-
cal reaction with the hardener’s amino-groups. The reac-
tion disrupts the epoxy group and forms a cross-linked
polymer.

The reinforcing fillers are nano-carbon materials, such
as fullerens, nano-tubes and graphene. Such a list is deter-
mined by different morphology of the fillers’ structures.

Carbon nano-tubes (CNT) are one-dimensional
structures. They are rolled up sheets of graphene. They
form hollow cylindric molecules. Their specific area is
approximately 500-1,000m?/g [16]. The typical structure
of CNT is presented in Fig. 3a and 3b.

Graphene is a two-dimensional allotropic form of
carbon.Its specific area may reach up to 2,630 m?/g [16].
The typical structure of graphene is presented in Fig. 3¢
and 3d.

Fullerenes are the three-dimensional fillers since they
are polyatomic molecules with an enclosure and the sur-

H,N[— CH,CH,NH —] H,

Fig. 2. The structural formula of polyethylene polyamine

face of a high curvature. Their specific area is approxi-
mately 1,340 m?/g [35]. The typical structure of fullerenes
is presented in Fig. 3e and 3f.

The diluent of the experiment is a kerosene-based
liquid. The liquid has magnetic particles Fe,O, sized from
5 to 30 nm. This diluent can improve the composite’s
movement through narrow channels [1, 36]. The liquid
does not form huge agglomerates of magnetic particles,
because it has a surface active agent (SAA) in it. The agent
is stearic acid C _H,,COOH. The acid pulls to O"H" po-
lar structures to the magnetic particle surface and forms
a 2 nm molecular layer around Fe,O, particles. Flexible
non-polar tails of the SAA in the non-polar dispersive
environments are pointed away from the particles toward
the liquid. (Fig. 4).

The component proportions in the composite materi-
als are chosen based on the previous factorial experiments
done by the authors of this research [21]. As a result, the
study detects the most suitable patterns for getting the
required balance of the adhesive and cohesive strength
of the composites.

To evaluate the structure of the composites, this
study applies fractographic research to test sample cracks
for tensile strength. The test allows to define the destruc-
tion and how the composite resits the expansion of the
cracks.

The microstructure of the composite materials, as
well as the morphology of the hardening nano-carbon
fillers, are studied with a scanning electron microscope
(SEM) Tescan MIRAZ3. Initially, the sample surface was
sprayed with a thin layer of carbon using Polaron E6700.
The approximate thickness is 20 nm.

RESULTS AND DISCUSSION

The surface of the epoxy resin without fillers and its
typical structure are presented in Fig. 5.

It is distinct that destruction is caused by insufficient
strength of the material since the crack is straight. Few
pores do not influence the crack’s expansion. There are
also limited areas which prove that the material is flowing
while getting destroyed. The long microcracks are found
across the whole surface of the crack. They expand in the
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Fig. 3. The typical structure of nanocarbon fillers: a, b — graphene, ¢, d — carbon nanotubes, e, f — fullerenes
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Fig. 4. Fe,O, Particle with Adsorbed Layer of SAA on it

same direction as the main crack (Fig. 5a). Microcracks
spread in a coral-like manner (Fig. 5b).

Unlike the epoxy resin without the fillers, if we add
carbon fillers to the epoxy resin, it will form numerous
pores (Fig. 5a). This is associated with the fact that the
nano-fillers have the big specific surface area. As a result,
they are able to adsorb the epoxy resin or the hardener. At
the same time they alter the stoichiometry in the limited
areas. The nano-sized particles also tend for adhesion and
can form agglomerates. The size of the agglomerates may
reach hundreds of micrometers [11].

Adding graphene to the composite material causes
a layered structure (Fig. 6b). The crack in the sample is
straight. Therefore, the destruction is caused by strength
insufficiency. (Fig. 6a). The composite is found to become
stronger because the crack energy disperses to overcome
the friction forces between the layers of the composite
material (Fig. 6¢). Also the energy is dispersed because
the crack is branching (Fig. 6b).

Adding CNT as the filler forms a fibred compos-
ite material (Fig. 7b). The surface of the crack in the
composite with CNT, and its typical structure are pre-

Fig. 5. Typical Macrostructure (a) and Microstructure (b) of Epoxy Resin Crack without Fillers

http://nanobuild.ru 331 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction 2023; 15 (4):
HaHoTexHonorum B crpouTenbcree 328-336 NanObU|

THE STUDY OF THE PROPERTIES OF NANOMATERIALS

Fig. 6. Typical Macrostructure (a) and Microstructure
(b, ¢) of Crack in Composite with Graphene Filler: Fig. 7. Typical Macrostructure (a) and Microstructure
Arrows Indicate Branching of Microcrack (b, ¢) of Crack in Composite with CNT Filler
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Fig. 8. Typical Macrostructure (a) and Microstructure (b) of Crack in Composite with Fullerene Filler: Circles
Indicate Places Where Crack Front Goes Around Fullerene Agglomerates

sented in Fig. 7. It is clear that the microcracks expand
radially away from the pore concentration area. CNT
get attached to the walls and prevent the crack edge
from expanding (Fig. 7b). For example, we have similar
findings in [26]. The CNT-filled composite material
hardens because the crack energy disperses due to fric-
tion forces caused by CNTs extracted from the epoxy
matrix (Fig 7c¢).

Adding the fullerenes does not significantly alter
the structure of the default matrix (Fig. 5b). However,
the sample faces major plastic destruction (Fig. 8a).
The fullerene agglomerates effectively obstruct the crack
expanding. It forces the crack to go around the agglomer-
ates. (Fig. 8b). This causes the new crack areas, extension
of the crack front and boosts the energy necessary for the
material to get destroyed. For example, we have similar
findings in [27].
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€TCA 3HAUNTENbHON YAENbHON MIOLWaAbio MOBEPXHOCTU. ITO fAaeT BO3MOXKHOCTb MPU OTHOCUTENbHO HEGONbBLUION KOHLEHTPaLMK
4acTUL, NepeKpbIBaTb CyMMapHYo MoLWwaab rpaHnL, pasaena Mexxay maTpuuein u ancnepcHon $Gason aaxe npy UCMNONb30BaHWN
HebonbLIOro KonmyecTsa HanonHutens. Metoabl  MaTtepmansl. V3yyanncb KOMNO3ULIMOHHbIE MaTepUasbl C HAHOYTIEPOAHBIMU
HaMoNHUTENAMM, B KaUeCTBe KOTOPbIX NCMONIb30Banu dynnepeHbl, HAHOTPYOKM 1 rpadeH. 1A OLEeHKM CTPYKTYPbl KOMMNO3MTOB
BblOpaHO $ppakTorpaduyeckoe nccnejoBaHme N3NoMoB 06pa3sLIOB Ha PacTAXeHNe, KOTOPOe NO3BOJAET ONpPeaeUTb XapakTep
pa3pyLleHnsa U CNOCOBHOCTb KOMMO3MTa CAEPXKUBaTb POCT TPELMH. MUKPOCTPYKTYpa KOMMO3MLMOHHbBIX MaTepuanos, a Takxke
MopdOonorna ynpoyHAILWUX HAHOYMNEPOAHbIX HAMONHKTENe NCCIEA0BaNNCh Ha PAacTPOBOM 311EKTPOHHOM MUKPOCKore Tescan
MIRA3. Pesynbratbl 1 06cyKaeHue. B komnosute ¢ rpapeHoM SHeprua TpeLmMHbl paccenBaeTcs 3a cYeT BETBAEHWSA 1 YAJIMHEHUA
nyTy ee pa3BUTUA. YriepofHble HAHOTPYOKM, 3aKPENUBLUMCH B CTEHAX TPELLMHbI, MPENATCTBYIOT PAaCKPbITUIO ee 6eperos. dHeprua
TPELLUVHbI TaKXKe PacXOAyeTCA Ha MPeOoAONIEHE CVM TPEHKA NpW BbiTArMBaHUM YHT 13 snoKcraHo matpulbl. Arnomepatbl gynnepe-
HOB ABNATCA 3OOEKTVBHBIMU MECTaMV 3afiePKK1 GPOHTa TPELLMHDI, BbIHYKAaA ero ornbatb cebs, B pesynbraTe yero obpasytorca
HOBblE MJIOLWAAN NOBEPXHOCTEN pa3pyLueHs. [py 3TOM NPOUCXOANT yBeNMYeH e AIHbI GPOHTa 1 POCT SHEPTUN, HEOOXOAUMOIA
AN1A pa3pyLueHna MaTeprana. 3aknveHme. [lobasneHne HaHOyrnepoaHbiX HanonHuTenen (rpadena, YHT n dynnepeHoB) kak apmu-
PYIOLMX KOMMOHEHTOB B SMOKCUAHOE CBA3YyloLLee COCOOCTBYET M3MEHEHMIO €r0 CTPYKTYPbI. YCTaHOB/IEHbI BEPOATHbIE MEXaHW3MbI
YNPOYHEHNA KOMMO3MLVOHHbIX MaTEPUANoB nNpu J06aBAeHNIN B HUX HAHOYTePOAHbIX HAMOMHUTENEN.

KJTIOMEBDIE CJZIOBA: KOMNO3ULMOHHbBIV MaTepuan, dynnepeH, yrnepofHble HAaHOTPY6KU, rpadeH, dpakTorpaduyecknin aHanus
M3JI0OMOB, PaCcTPOBbIA 3NIEKTPOHHbIA MUKPOCKON.

ANnAa UUTUPOBAHUA: UnburHa B.H., inbun C.B., Xannkosa I'P, ladaposa B.A., Kysees W.P. iccnefoBaHue BnnAHMA HaHoyrnepopa-
HbIX HaNonHuTenen Ha MophoNorMo AMOKCUAHOrO cBA3yoLero // HaHoTexHonorum B ctpoutenbcTae. 2023. T. 15, N2 4. C. 328-336.
https://doi.org/10.15828/2075-8545-2023-15-4-328-336. — EDN: KDJDUV.

BBEJIEHUWE

Ha CETOMHSIIIHUI JeHb IMOJIMMEPHbIE KOMIIO3ULIM -
OHHBbIE MaTepUaJIbl HAIIUIN IIKPOKOE IPUMEHEHUE
BO MHOTUX cepax: aBUALIMOHHOMN 1 KOCMUYECKOM TeX-
HUKe [7-9], Tpubopo- u MmammmHOCcTpoeHn  [10, 11, 33,
34], ctpoutenbHOi nHIycTpuu [12—15], B TOM uncie
B He(pTera3zoBoil OTpaciiu, LIe OHU IIPUMEHSIOTCS B Ka-
YeCTBE PEMOHTHBIX MATEPHAJIOB U 3aLIUTHBIX ITOKPBITHIA
MOBEPXHOCTEN OT KOPPO3HMOHHOIO BO3AeCcTBUS [1—6,
28—-32].

O06acTh MPUMEHEHUST KOMITO3UTOB HATIPSIMYTO BIIHSI-
€T Ha TpeOOBaHMS, TIPEIBIBISICMbIC K (PU3UKO-MEXaH!-
YeCKHM CBOMCTBAM 3TUX MaTepuaioB. [1pu pa3paboTke
KOMIIO3UITMOHHOTO MaTeprajia BaxKHO IMOHUMAaTh, KaK
KOMITOHCHTBI, BXOISIIVE B €TO COCTAB, BIMSIIOT HA CBOMA-
crBa. HamoHuTemm, B3anMoneicTBYsI ¢ MaTpHUIleit,
MOTYT U3MEHSITh €€ MCXOIHYIO CTPYKTYPY, 3a CUET YeTO
KOMITIO3UT IIPHUOOPETAeT OTIIMIHEIC OT MAaTPHIIHI XapaK-
TEPUCTHKM, YTO TaeT BO3MOKHOCTh CO3IaBaTh KOMIIO-
3ULIMOHHBIE MaTEPUAJIbI C 3aJaHHBIMU (DPU3UKO-MeXa-
HUYECKUMM CBONCTBAMMU.
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rpymnra rpymnra

Puc. 1. Crpykrypnas dopmyna BJ1-20

Bricokas MomubummpyoIias criocoOHOCTh HAHOHA-
MOJIHUTENIEH, B OTIMUKME OT MAaKpO- U MUKPOPA3MEPHBIX,
OIpeaesieTcsl 3HAaUMTEIbHOM yIeIbHOM IUIO0IAIbI0 MO-
BepxHocTH [8, 9, 37—43]. BT0 maeT BO3MOXHOCTb MIPHU
OTHOCUTEJBbHO HEOOJIbIIONW KOHLEHTPALMU YaCTHUIL
nepeKpbiBaTh CYMMapHYIO TIONIAAb FPaHULL pa3aesia
MEXAy MaTpULEH U TUCTIEPCHOM (pa30ii, a TAaKXKe IM03BO-
nsieT 3(ppeKTUBHO BO3AEHCTBOBATh HA (DU3UKO-MEXaHM -
YecKure CBOMCTBA KOMITO3UTOB JaXKe TTPU UCTIOJIb30BAaHUM
HEeOOIBIIOrO KOJMYECTBA HATTIOJTHUTEIS.

Llenpio naHHO paboOThl OBLIO MCCAEA0BAHUE BIM-
STHUSI HATIOJIHUTEJIE Ha MOP(OJOTUIO STTOKCUIHOTO
CBSI3YIOIIETO M CITOCOOHOCTh KOMITO3UTA CAEPKUBATh
POCT TPELIMH.

METO/bI 1 MATEPUAJIBI

B xauecTBe moIMMEpHOI MaTPUIIBI MCIIOJIb30BaA-
JIach STIOKCUIHO-IMaHoBas cMmoia D/1-20, cTpykTypHas
(bopmya KoTopoit mpencrasieHa Ha puc. 1. DTToKcu-
Has CMoJIa TIPEACTABIISICT COOOM OJIMTOMED, Ha KOHIIaX
eI MOJIEKYJIBI KOTOPOTO PacITOIaraloTCsT SIOKCHI-
HBIC TPYIIITHL.

B kauecTBe OTBepaUTEIST NCITOTB30BAICS TTOTNATH-
nmeanommaMuH (I1BT1A), ctpykrypHas hopMyiia KOTO-
poro mpuBeIeHa Ha puc. 2. B mpoiiecce oTBepKIeHUS

H,N[— CH,CH,NH —] H,

Puc. 2. Crpykrypnas dopmyna IIDIIA

B pe3yabTaTe XUMUUECKON peaKIIMy ¢ aMIHOTPYIIIa-
MM OTBEPIUTEIIS IIPOUCXOIUT PACKPHITHEC SITOKCUIHBIX
TPYIIII C 00pa30BaHUEM CIIUTHIX IIOJTUMEPOB CETIATOTO
CTPOCHUS.

B xadecTBe apMHUPYIOIINX HAITOJTHUTEJICH BRIOPAHBI
HaHOYTJIEPOIHBIC MaTepHAIIb: (DYJIepEeHBI, HAHOTPYOKM
u rpadeH. Mx BbIOOp 00yCIOBIIEH pa3anudyHoil Mopgo-
JIOTUEN CTPYKTYP.

Yraeponabie HaHOTPYOKHU (YHT) siBIIsttoTcst omHO-
MEPHBIMH CTPYKTypamMu. OHH TPEICTaBISIOT COOO0M
CBEpHYTHIC JIUCTHI rpaceHa, KOTOpPhIe 00Pa3yioT IOJIbIe
MOJICKYJTbI MIMHAPIIECKOMN (POPMEI, MX yIeabHasI TI0-
LIAab IOBEPXHOCTU cocTaBisieT okoio 500 — 1000 M2/t
[16]. Turtmunas ctpykrypa YHT npusenena Ha puc. 3a
u 30.

I'pacden siBisieTCsI AByMEPHO aJlJIOTPOIHOM (hopMOit
yoiepoaa. Ero yaenbHas riomanb NoBEpXHOCTU JOXOAUT
10 2630 mM?/r [16]. TunuuHas crpykrypa rpadeHa mnpu-
BelleHa Ha puc. 3B u 3T.

@ysurepeHBI OTHOCST K TPEXMEPHBIM HATIOJTHUTEIISIM,
TaK KaK OHM IIPEACTABIISTIOT COO0I MHOTOATOMHBIE MO-
JIEKYJTBI C 3AMKHYTBIM 00bEMOM 1 IIOBEPXHOCTBIO 00JTh-
IIOM KPUBU3HEI, UX YAeIbHAS IUIOMIAIb ITOBEPXHOCTH
cocrapisieT 0koJj10 1340 m?/t [35]. TunmuHas CTpyKTypa
dymrepeHOB IpUBeacHA Ha puc. 310 1 3¢.

B xauecTBe pa3doaBUTEIST IIPUMEHSIIACH XUIKOCTD
Ha OCHOBE KePOCHHA, CoAepKallasi MArHUTHBIC YACTHIIBI
Fe 0, pasmepom ot 5 10 30 HM, BIGOP KOTOPOIi 00Y-
CJIOBIICH €€ CIIOCOOHOCTBIO CHIKATh COIIPOTUBIICHUE
IBIDKCHUIO KOMITO3UIIMOHHOTO MaTepualia B Y3KUX
kaHazax [1, 36]. s mpenoTBpalieHns 00pa3oBaHUs
KPYITHBIX arJIoOMepaToOB MaTrHUTHBIX YaCTHUII B COCTaB
KMIKOCTH BXOIWJIO TIOBEPXHOCTHO-aKTUBHOE BEIIICCTBO
(ITAB) — creapunosas kucinora C .H,.COOH, koropas
o6pasyeT BOKpyr yactuil Fe,O, MOJIEKyIApHBIIA CI10i
TOJIIIIMHOM OKOJIO 2 HM 3a CUET IIPUTSKCHUS TTOJIIPHOM
cTpykTypsl O~"H* K TOBEpXHOCTH MAarHUTHOM YaCTHIIHI.
B HemoISIpHBIX TUCTICPCUOHHEBIX Cpeax, TAKNX, KaK Ke-
pocuH, ruOKue HeroJisipHble KOHLIBI [TAB HanmpaBieHbI
OT YaCTHUIIBI K XKUIKOCTH (puc. 4).

CooTHOIICHNST KOMITOHEHTOB B KOMITO3UITMOHHBIX
MaTepuaiax ObUTM BBIOPAHBI MCXOMIs U3 IPOBEICHHBIX
paHee aBTOpaMM JaHHOI pabOTHI MOJHBIX (PaKTOPHBIX
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Puc. 3. Tunmynas cTpykTypa yriaepoansix HamogHuTteneii: a, 6 — YHT; B, r — rpadeH; 1, ¢ — dyepeHbl
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5-30 nm

Henonsapueiii pparment
mouiekyisl ITAB

Puc. 4. Yacruua Fe,O, ¢ ancopouposannbiM Ha Heid cioem [TAB

9KCIIepUMEHTOB [21]. B pe3ynbrare ObLIH OIpeneIeHbI
OITUMAJIbHBIC COCTABHI [IJII 00eCIIeYeHUS TpedyeMo-
ro OajlaHca aare3uOHHOM M KOre3MOHHOU MPOYHOCTHU
KOMIIO3UTOB.

B pamkax maHHOI paOOTHI IUIST OLICHKHW CTPYKTYPHI
KOMITO3UTOB BEIOpaHO (ppaKkTorpachmIecKoe NCCiea0Ba-
HHE U3JIOMOB 00pa3IIoB Ha pacTsSLKeHNE, KOTOPOE ITO3BO-
JIIeT OIPEAETTUTD XapaKTep pa3pylIeHHS 1 CITIOCOOHOCTh
KOMIIO3UTA CACPKUBATh POCT TPEIIHH.

MuKpOCTPYKTypa KOMITIO3UIITMOHHBIX MaTepHAJIOB,
a TakkKe MOP(OIIOTHST YITPOUHSTIOIINX HAHOYTJIEPOTHBIX

HaIOJTHUTEJICH CCIIeIOBAICH HA PACTPOBOM 3JICKTPOH-
HOoM MuKpockomre (POM) Tescan MIRA3. I1pensapu-
TEJIbHO Ha TTIOBEPXHOCTH 0OPa3I0oB HAITBUISITIACh TOHKAS
IJIEHKA yriiepona ¢ nmomoiibio Polaron E6700, TonmunHa
ITIOKPHITHUS COCTaBIIsIa 0KoJIo 20 HM.

PE3YJBbTATBI 1 OBCYKIEHUE
[ToBepxHOCTP M3I0Ma STIOKCUAHON CMOJIBI O6€3 Ha-

ITOJTHUTEJICH, a TaKKe ee TUITMIHAST MUKPOCTPYKTYpa
MIpUBeNCHBI Ha PUC. 5.

Puc. 5. TunnaHoe MakpocTpoeHue (a) 1 MUKpOCTpoeHne (0) n3;10Ma 3MOKCHIHOI CMOJIbI 0e3 HANOJTHUTe e
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Puc. 6. Tunnynoe MakpocTpoenue (a) 1 MUKPOCTPOEHHE
(0, B) M3/10Ma KOMIIO3UTA C HATIOJIHUTEIEM rpadeH: Puc. 7. Tunmynoe MakpocTpoeHue (a) 1 MUKPOCTPOEHHE
cTpeIKaMH 0003HAYEHO BETBJIEHHE MUKPOTPELIMHbI (0, B) M3;10Ma KOMIO3UTA ¢ HanmoJHuTe eM YHT
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Puc. 8. TunnaHoe MakpocTpoeHue (a) 1 MUKpocTpoeHne (0) m3;10Ma KOMIIO3MTA ¢ HANOJIHUTEEM (yiiepeH: KpyraMu
0003HaYeHbI MecTa Oru0aHNs ()POHTA TPEIUHDI aArIOMepaToB (yiepeHoB

BunHo, 9To pa3pyiieHre HOCUT XPYIIKHIT XapaKTep,
TaK KaK M3JIOM SIBJIIeTCS TIpAMbIM. Hanmmame He3Haun-
TEJILHOTO KOJIMYECTBA TIOp HE BIMSICT HA pacIIpoCTpaHe-
HIE MaKpOTpeIInHEI. HabmromatoTes TakoKe JIOKaIbHEIS
00J1acTH, CBUACTEIBCTBYIONINE O TCUCHNN MaTepraia
B IIpollecce ero pa3pymreHust. Ha Bceil moBepxHOCTH
CKOJIa PaCIIOIOKECHBI IPOTSKEHHBIC MUKPOTPEIITNHBI,
OPUEHTHPOBAHHBIC B HATIPABJICHNN POCTA MaTUCTPaJIb-
HOH TpelIMHBI MPU paspyleHuu (puc. S5a). Pacnipenee-
HYe€ MUKPOTPEIINH UMEET «BEEPOOOPA3ZHBIIN» XapaKTep
(puc. 56).

Hob6aBieHNEe yIIepPOAHBIX HAaHOHAMOJNHUTEIICH
B BMOKCUIHYIO CMOJIY IIPUBOAUT K (hOPMUPOBAHUIO
OOJTBIIIETO KOJIMYECTBA TTOP, IO CPABHEHMIO C STIOKCHI-
HOIT cMoJToi 0e3 HamoHuTeel (puc. 5a). DTo cBa3a-
HO C TeM, YTO HAHOHATIOJIHUTEIN 00IaIafoT OOJIBIIOMN
YIEIbHOM TUIOIIAIBIO TIOBEPXHOCTH, B pe3yIbTaTe YeTro
OHU MOTYT aIcOPOMPOBATH SIMOKCUIHYIO CMOJIY W
OTBEPINTEIb, MCHSISI CTEXHMOMETPHIO B JIOKAJTBHBIX 00-
nmactsx. HaHopa3MepHBIC YaCTUIIBI TaKKe MTPOSIBIISIIOT
TIOBHITIICHHYIO CKJIOHHOCTD K CJIMTIAHMIO I 00pa30BaHIIO
arJIoMepaToB, pa3Mepbl KOTOPBIX MOTYT TOCTUTATh COTCH
MUKpOMeTpoB [11].

Jlo6asneHue rpadeHa B KOMITO3UIIMOHHBIN MaTe-
pHaj IPpUBOIUT K 00Pa30BaHUIO CIIOUCTOI CTPYKTY-
poI (puc. 66). Ckost o6pasiia ABIsgeTCs MPSIMbIM, YTO
CBUIETEJIBCTBYET O XPYIIKOM XapaKTepe pa3pylIeHUS
(puc. 6a). BepoSITHOCTHBIM MEXaHU3MOM YIIPOYHEHMS
TaKOTO KOMITO3UTA SIBJISIETCS TO, YTO SHEPTHS TPCIITUHBI
TIPU €€ PaCKPBITUHM PACXOIAYyeTCs Ha TIPEOHOJICHIE CUIT
TpeHUS MEXKIY CIIOSIMU KOMITO3UIIMOHHOTO MaTepuala

(puc. 6B), a TaKXe YIJIMHEHKE IIYTH Pa3BUTUS TPELLMHbI
B pe3yjbTate ee BeTBIeHusI (puc. 60).

JloGaBneHue B KauectBe HarnogHuTeAs1 Y HT npuso-
INUT K TTOJIYICHHUIO BOJIOKHHCTOTO KOMITO3UIITMOHHOTO
Martepuaia (puc. 76). [ToBepXHOCTb M3710Ma KOMITO3UTA
¢ YHT, a Takke ee TUIIMYHASI CTPYKTYpa MpPeACcTaBICHbI
Ha puc 7. BugHo, 9T0O MUKPOTPEIIMHBI pacIIpocTpa-
HSIOTCS paguaJbHO OT MecTa ckoryieHust nop. YHT,
3aKpEIMBIINCH B CTEHAX TPEIIMHEI, IIPETISITCTBYIOT pac-
KpHITHIO ee OeperoB (puc. 70). [TomoOHBIC pe3yabTaThl
MOJIyYeHbl, HarIpuMep, B [26]. MexaHU3MOM YIIpOY-
HEHHUST KOMIO3UIIMOHHBIX MaTepuanoB ¢ YHT moxer
SIBJISITH TO, YTO TIPU PACKPBITUM TPEIIUHBI SHEPIUS
paccemBaeTcs 3a CUeT TPECHUS IIpH BeITSTnBaHuu YHT
W3 3TTOKCUIHON MaTpHIIHEI (pHC. 7B).

HobaBieHue GymiepeHOB 3aMETHO HEe M3MEHSIET
CTPYKTYPY UCXOAHOU MaTpulibl (puc. 50), 0M1HAKO B 00-
pa3siie TMOSIBIIACeTCS OOJBINas OJISA IIACTUICCKOTO pa3-
pytieHus (puc. 8a). ArtoMepathl (QY/UIEPEHOB SIBIISTIOTCS
MeCTaMU 3aIePXKKH (PpOHTA TPEIIUHBI, BEIHYKIAST €TO
orn0ath ceos (puc. 8§0). DTO MPUBOAUT K 0OPa30BaAHUIO
HOBBIX ILIOIIANEH TTIOBEPXHOCTEH pa3pyIIeHNSI, YBEII-
YEHWIO [UTMHBI (DPOHTA TPEIIWHBI U POCTY SHEPTUH, He-
o0xonuMoii sl pa3pyiueHust Matepuana. [TomoOHbIe
pe3yIbTaThl OBLIN TTOIYICHEI, HarpuMep, B [27].

3AK/IIOYEHUE

B pabote nmokazaHo, 4To go6aBIeHUE HAHOYTJIE-
ponHbIX HamoaHUTenei (rpadena, YHT u dymiaepe-
HOB) KaK apMUPYIOIINX KOMIIOHEHTOB B 3IIOKCUIHOE
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CBSI3YIOIIIEE CITOCOOCTBYET M3MEHEHMIO €TO CTPYKTYPHI.
YcTaHOBIIEHBI BEPOSITHBIC MEXaHU3MBbI YIIPOIHECHUS
KOMITO3UIIMOHHBIX MATEPUAJIOB TIPU T00ABICHUM B HIX
HAHOYTJICPOIHBIX HATIOJHUTEICH. B KoMImo3ure ¢ rpa-
(beHOM PHEPIUS TPEIIUHEBI pacCenBacTCS 3a CUCT BET-
BJIICHUS U YIUTMHEHUS TIYTH €€ Pa3BUTHUS. YTJICPOIHBIC
HAHOTPYOKH, 3aKPEIUBIINCH B CTCHAX TPEIIMHEI, TIpe-
MISITCTBYIOT PACKPHITHIO e¢ OeperoB. DHEPIusI TPEIIMHEI

TaKXXe pacxomyeTcs Ha IpeooJieHre CUJl TPEHUS TP
BeITsiruBaHuu Y HT u3 anokcuaHo MmaTpulibl. Ariaome-
pathl QyIIepeHOB ABIAIOTCSI 9 GEKTUBHBIMUA MeCTaMU
3a7epXKU (DpOHTA TPEIINHBI, BEIHYXKIAas1 €T0 OTHOAaTh
cebs1, B pe3yJbTaTe 4ero 00pa3yloTcss HOBBIE TTOIIAIN
MOBEPXHOCTEH paspyureHud. [1py 5ToOM IIPOUCXOIUT
yBeJIMYeHUE JJIUHBI PPOHTA U POCT DHEPTUM, HEOOXO-
IMMOI IS pa3pyllIeHNsT MaTepuraia.
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WUHAN UNIVERSITY OF TECHNOLOGY

uhan University of Technology (WUT), is a state

key university directly affiliated to the Ministry of
Education of the People’s Republic of China. WUT is
among the first batch of universities which have entered
the national “211 Project” and China’s “Double-First
Class” Initiative. WUT is jointly developed by the Min-
istry of Education and the Ministry of Transport. As the
university directly affiliated to the Ministry of Education
which cultivates the largest amount of talents in three
major industrial sectors, namely, building and construc-
tion materials, transportation, and automobile industries,
WUT becomes an important base for the cultivation of
high-level scientific talents and technological innovation
for the three industrial sectors.

WUT has three campuses, including Mafangshan
campus, Yujiatou campus and the South Lake campus,
with a total land area of 2.67 million square meters and
a total gross floor area of 1.95 million square meters.
Currently, WUT has over 50,000 faculty and students,
24 academic schools, 4 National Technology Innova-
tion Bases and 4 modern libraries with a collection of
3.61 million books. Since 2000, WUT has been awarded
over 20 national science and technology prizes, rank-
ing in the forefront of all Chinese colleges and universi-
ties. In 2019, WUT was listed in Times Higher Educa-
tion World University Rankings, U.S. News Best Global
Universities Rankings, Shanghai Jiao Tong University’s
Academic Ranking of World Universities and QS Asia
University Rankings.

Since the founding of New China, WUT has cultivated
more than 600,000 senior professionals. In the recent

10 years, the first-time employment rate of graduates has
remained above 95%, and about 55% of total employment
join world’s top 500 enterprises and fields of strategic
emerging industries.

Over the years, WUT has formed educational ideol-
ogy system with distinctive characteristics, with the lofty
ideal of “Building an excellent university to win world-
wide recognition and admiration”, the spirit of “Sound
in morality, broad in learning and pursuing excellence”,
the principle of “Taking students’ cultivation as our es-
sence, and taking academic development as our priority”,
and the educational concept of “Implementing excellent
education, nurturing excellent talents and creating an
excellent life”. Guided by the WUT Charter approved
by the Ministry of Education, WUT is committed to the
modernization of the governance system and capability,
aiming to rank among the world-class universities with
distinctive features.

MSE Discipline of Wuhan University of Technology

Founded in 1958, the Materials Science & Engineer-
ing (MSE) discipline of Wuhan University of Technology
(WUT) was supported in priority through the “State 211
Project for Higher Education Universities” from 1995
to 2015, and has been supported via the “World-Class
University & World-Class Discipline” development
plan of China since 2016. WUT’s MSE ranks A+ among
172 leading universities in China (No.l alongside MSEs
of Tsinghua University and Beihang University) in the
4" round national discipline evaluation organized by the
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Ministry of Education in 2017, and is world top 1%o in
Clarivate Analytics’ Essential Science Indicators.

WUT’s MSE owns 1 member of Chinese Academy of
Sciences, 3 members of Chinese Academy of Engineer-
ing, 3 members of Academia Europaea, 1 member of
the Royal Academy of Belgium, 1 member of the World
Academy of Ceramics, 1 fellow of the Australian Academy
of Technology and Engineering, 10 fellows of the Royal
Society of Chemistry, American Physics Society and
American Ceramic Society. It also owns 23 national high-
level talents including recipients of the National Natural
Science Foundation of China for Distinguished Young
Scholars (equal of NSF Career Awards), and 22 national
high-level young talents.

WUT’s MSE has established 2 state key laboratories,
the State Key Laboratory of Advanced Technology for
Materials Synthesis and Processing and the State Key
Laboratory of Silicate Materials for Architectures. The
State Key Laboratory of Advanced Technology for Mate-
rials Synthesis and Processing was evaluated “Excellence”
among 21 state key laboratories in MSE in 2018. It also
has built 2 state international joint-research laboratories,
and 4 bases of foreign outstanding expertise-introduction
for discipline innovation (also known as “111 Project”).

International School of Materials Science
and Engineering

The International School of Materials Science and
Engineering (ISMSE) was selected into the list of “Net-
work of International Centers for Education” supported
by the State Administration of Foreign Experts Affairs and
Ministry of Education of P. R. C. in June 2015 as one of
the 16 international schools all over the country.

Driven by the “National innovation driven develop-
ment strategy” and the great demand for national higher
education reformation, ISMSE is devoted to building

a world-leading MSE discipline through optimizing
a high-level research and teaching team, constructing
an innovative training pilot zone and establishing an
innovative talents training system. Guided by the idea
of “enterprise cooperation, international cooperation
and research cooperation”, ISMSE organized 21 mentor
teams lead by academicians or distinguished professors
and 4 interdisciplinary innovation and entrepreneurship
training teams.

Aiming at leading the world’s building materials and
new materials in the 21st century, ISMSE values the inno-
vative ability as one of the core capabilities and reform the
innovative talent training system of the bachelor program,
master and PhD program and international program.
ISMSE provides students with a comprehensive curricu-
lum, which covers materials science, life science, energy
science, environmental science, information science and
advanced manufacturing science. To expose all students
to international experiences, joint training programs were
created in cooperation with world-leading universities.
Furthermore, ISMSE built a variety of platforms for
students’ all-round development, such as Distinguished
Scholars Forum, International Vision Forum, Quality
Education Seminar and Material Advantage WUT Chap-
ter. The Material Advantage WUT Chapter was awarded
Chapter of Excellence Award in the past 5 years from
2018 to 2022.

State Key Laboratory of Advanced Technology
for Materials Synthesis and Processing
(Wuhan University of Technology)

The State Key Laboratory of Advanced Technology for
Material Synthesis and Processing was approved by the
State Development Planning Commission in 1987. After
state inspection, it was opened for the public in March
1990. The laboratory is under the direct administration
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of the Ministry of Science and Technology. Currently,
Professor Gu Binglin, an academician of the Chinese
Academy of Sciences, is the Chair of the laboratory’s
academic committee, and Professor Fu ZhengYi, an aca-
demician of the Chinese Academy of Engineering, is the
Director of the laboratory. The laboratory is located in
the Wuhan University of Technology, and it is a state key
laboratory that specializes in the field of new materials.
The Department of Materials Science and Engineering
at the Wuhan University of Technology has been clas-
sified as a first-class State Key Discipline, included in
the national “985” project of “Build a world-class disci-
pline program,” and is ranked as A+ in the fourth round
of national discipline evaluation. Aiming at the global
frontier research of materials science and addressing the
primary national needs, this laboratory provides a world-
class platform for materials compounding and preparation
technology, for developing advanced composite materials
for national major projects and pillar industries, and for
providing support at the national strategic level. Original
and systematic research results, with international impact

in transformative technologies, frontier new materials,
and interdisciplinary fields, have been reported in this
laboratory, and therefore, it leads the international de-
velopment in several strategic frontier new materials. The
laboratory fosters the development of global first-class
research talent through advanced scientific research in
the field of materials science and technology. In addi-
tion, the laboratory has created a culture of international
collaborative innovation and has carried out “Win-Win”
international cooperative research, thereby enhancing
the international influence, attractiveness, and cohesion
of the laboratory. The laboratory has achieved a historic
breakthrough in the evaluation of the State Key labora-
tories in the field of materials science.

Centering on the overall vision and objectives, the
laboratory focuses on the establishment and development
of multi-component, multi-scale, and multi-level com-
posite principles and material design theories that are built
on core research platforms comprising material gradient
composite technology, in-situ composite technology,
nanocomposite technology, and their integrated innova-
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tions. Currently, research on five key materials, including
advanced composite materials for national major projects
and pillar industries, efficient energy conversion and stor-
age materials for new energy technologies, nanocompos-
ite biomaterials for life sciences, information functional
materials for information technology, and frontier new
materials for transformative technologies, is being carried
out in this laboratory. Therefore, the laboratory has es-
tablished the following five distinctive research directions:
gradient composite technology and new materials, in-situ
composite technology and new materials, nanocomposite
technology and new materials, transformative technol-
ogy and frontier new materials, and material composite
principles and material design.

The laboratory has an active and innovative research
team that mainly comprise young and middle-aged re-
searchers. There are hundred permanent staff members,
including one academician of the Chinese Academy of
Sciences, two academicians of the Chinese Academy of
Engineering, one academician of the Royal Academies
for Science and the Arts of Belgium, two academicians
of the European Academy of Sciences and Arts, one aca-
demician of the Australian Academy of Technology and
Engineering, one academician of the World Academy of
Ceramics, twelve national level researchers, one chief
scientist of the National “973” program, five recipients
of the national “Outstanding Youth Science Fund,” and
thirty recipients of the “national talent Support Plan”. etc.
This laboratory has been actively supporting outstand-
ing scholars to visit and conduct collaborative research
worldwide in world-class universities and research insti-
tutions. In recent years, the laboratory has sent several
outstanding young scholars to world-class international
universities for more than one year to conduct visits and
collaborative research.

The laboratory emphasizes global academic exchange
and collaboration. In the last five years, we have hired
twenty-five international scholars as honorary and visit-

Nanob%

ing professors in the main research areas, with an aim to
create cordial working conditions for world-renowned
scientists to conduct collaborative research in the labo-
ratory.

The laboratory has carried out substantial “Win-Win”
collaborations with the University of Michigan; Japan
Aerospace Exploration Agency (JAXA); the Institute
for Materials Research, Tohoku University (Japan); the
Materials Research Center, University of Oxford (UK);
Composites Research Center, the University of California
(US); and the National Institute of Fuel Cells (Canada),
among other internationally renowned research insti-
tutions. The Ministry of Science and Technology has
established the “International Joint Laboratory of Ad-
vanced Technology for Materials Synthesis and Process-
ing,” which is one of the first thirty-three international
joint laboratories in China. Additionally, the State Ad-
ministration of Foreign Experts Affairs and the Ministry
of Education have jointly formed three discipline bases
supported by the Program of Innovation and Talent Intro-
duction, namely “New Material Composite Technology
and Advanced Functional Materials,” “Advanced Prepa-
ration Technology and Application Engineering of New
Functional Thin Film Materials,” and “Innovation and
Talent Introduction Base of Life Composites.” Relying on
these important international collaboration platforms, the
laboratory has undertaken several state key projects with
international collaborations and achieved fruitful results
in international collaboration and exchanges.

Currently, the laboratory has a floor areca of
25,350 square meters, with several advanced materials
synthesis and processing instruments, as well as state-
of-the-art instruments specializing in materials structure
analysis, characterization, and performance testing. The
total estimated value of the instrumentation asset is ap-
proximately 430 million RMB.

Introduction to Interdisciplinary Materials

The new scientific journal Interdisciplinary Mate-
rials (ISSN: 2767-441X) has been launched by Wuhan
University of Technology and John Wiley & Sons, Inc in
Dec, 2021. The first issue will be published in Jan, 2022
and the journal is free for publication in the first 3 years.

Interdisciplinary Materials is an open-access, peer-
reviewed, and rapid-publication journal focusing on the
interdisciplinary researches between materials science
and other disciplines, such as physics, chemistry, math-
ematics, mechanics, biology, energy, environment, infor-
mation, engineering, etc. The journal aims at reporting
cutting-edge developments across science and technology
around the world.

Interdisciplinary Materials is expected to take an in-
terdisciplinary, frontier, and integrated approach to all
areas of materials research while cultivating the exchange
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of ideas between scientists involved in the different dis- Interdisciplinary Materials invites you to submit high-
ciplines. Readership will include physicists, chemists, quality, innovative full-length research articles, rapid
mathematicians, mechanics, biologists, and energy, en- communications, reviews, perspectives, comments, and
vironment, materials scientists, engineers from academia  other editorial content of general interest to the field of
and industry as well as policymakers. interdisciplinary materials.

Contact information Address: 122 Luoshi Road, Hongshan District, Wuhan, Hubei, P. R. China R

Postal Code: 430070

Supporting Institution: Wuhan University of Technology
Tel: 86-27-87884448; Fax: 86-27-87879466

E-mail: skiwut@whut.edu.cn

Contacts: Zhao Xiang, Zhou Lihua
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YXAHbCKUWN TEXHOJNTOTMYECKUN
YHUBEPCUTET

YXaHLCKI/Iﬁ TexHoJormdeckuii yausepcuteT (YTY) —
HaIlMOHAJIBHBIN CTPaTeTUICCKII YHUBEPCUTET IO,
IPSIMBIM yIIpaBlieHeM MUHUCTepCTBAa 00pa30BaHUS.
SBnsieTcss OMTHUM M3 TIEPBBIX YHUBEPCUTETOB, BOIIICT-
X B TOCYIAapCTBeHHBIC TTporpaMMhbl «211 Project»
u «Double-First Class» m1s1 coneiicTBIS pa3BUTHIO YHU-
BEPCUTETOB U HAYYHBIX HAIIPABJICHUIL MUPOBOTO YPOBHSI.
YTY 6511 06pa3zoBaH MUHMCTEpPCTBOM 00pa30BaHUS
COBMECTHO ¢ MUHHMCTEPCTBOM TpaHCITOpTa. Tak Kak
YHUBEPCUTET ITOMUNHSICTCS HAIIPSIMYI0O MUHUCTEPCTBY
00pa30BaHMsI, KOTOPOE PACTUT M Pa3BUBACT TaJaHTII-
BBIC KaIphI B 00JIACTU CTPOUTEIIHCTBA M CTPOUTEIIHHBIX
MaTepuaioB, TPaHCIIOpPTa U aBToMobOuiIecTpoeHus:, YTV
CTaJT BAXKHBIM IICHTPOM T10 TTOATOTOBKE HAYIHBIX KaIpPOB
¥ TEXHOJIOTMUYCCKUX MHHOBAIIMOHHBIX Pa3pabOTOK ISt
3THUX TPeX KPYIMTHEHIITNX ITPOMBIIIJICHHBIX CEKTOPOB.

YHuBepcuTeT BKIIOYAeT 3 KaMmItyca: MadaHTImaH,
KOm3utay n CaydJleiik, B 001IIei CITOKHOCTH 3aHIMAIO-
LIMX IUIOLIAAb 267 TeKTapoB 001Lei IIOMIAAbIO 30aHMiA
1,95 mutn M2, B Hacrostiee Bpemsi B YTV pabotaltot 6osiee
50 THIC. YeJTOBEK IepCOHAlIa 1 CTYICHTOB, 24 aKameMu-
YecKre MKOJIbI, 4 HallmoHaTbHBIX TEXHOJIOTUUECKUX
MHHOBAIIMOHHBIX IICHTpa U 4 COBpeMEHHBIEC OMOINO-
Teku ¢ pormom B 3,61 mutH nzganuii. C 2000 roma YTY
yaoctomcs 20 TocymapcTBEHHBIX HAITMOHATBHBIX HAYd-
HBIX ¥ TEXHUIECKUX TIPEMMIA, 3aHUMAsI TIePBBIC TO3UIIAN
B PCUTHHTE BCeX KUTANCKNX YHUBEPCUTETOB 1 KOJIIC -
xkeit. B 2019 romy YTV Obu1 BHeceH B peitmHTY Times
Higher Education World University Rankings, U.S. News
Best Global Universities Rankings, Shanghai Jiao Tong
University’s Academic Ranking of World Universities
and QS Asia University Rankings.

C momenTa obpaszosanuss Hosoro Kurag YTV nox-
roroBu1 6ojiee 600 ThIC. BLICOKOIPO(ECCHOHATBHBIX
CIICIINAINCTOB. B TeueHMe OCIeIHIX IeCSITH JIET IPO-
LICHT BITEPBBIC TPYIOYCTPOSHHBIX BEIITYCKHIKOB OCTACT-
cs1 cBbilie 95% 1 cocTaBIsieT 0K0JIO 55% OT BCex TPYHOy-
CTPOCHHBIX BHIITYCKHIUKOB B MEXKIYHAPOIHOM PEHTHHTE
«Top 500 koMIIaHWI1 ¥ HOBBIX OTpaCIIeii».

Ha npotsxenuu mHorux jet YTV chopmuposan
OTJINIUTEIIFHYIO MACOJIOTUI0 CUCTEMBI 00pa30BaHUs
C BBICOKMMU UICAJIAMH «IIOCTPOCHUS OTIIMIHOTO YHU-
BEpPCHUTETA JUIST 3aBOCBAHUS BCEMUPHOTO IIPpU3HAHUS
W BOCXUILIEHUS», CIeays NeBU3Y «ObITh HPABCTBEHHO
HETIOKOJICOMMBIM, PAa3HOCTOPOHHUM B YICHUM, CTPEMSI-
IIAMCSI K COBEPIIICHCTBY», a TAKIKE IMPUHIINITY «CIeTaTh
BOCIIUTaHME CTYICHTOB HaIllCH CYIIHOCTHIO, a aKaje-
MHUYECKOe Pa3BUTHEC — IMPUOPUTECTOM». YHUBEPCUTET
BOILIOINIAET 00Pa30BaTEIbHYIO KOHIICIIITNIO «BHEIPCHIE
OTJIMYHOTO 00pa30BaHMS, BOCIIMTAHUE TIEPBOKIIACCHBIX
KaJIpoB U CO3IaHNe ITPEeKPAaCHOM X13HN». PyKOBOICTBY-
sgcb Xaptueidt YTV, yrBepxneHHOW MUHUCTEPCTBOM
oOpaszoBanusi, YTY BoBjieueH B MOJIEPHU3ALIAIO CUCTE-
MBI TOCYTapCTBEHHOTO PETYIMPOBAHMSI C LIEJIBIO 3aHATh
CBOE MECTO CPeIr YHHUBEPCUTETOB MUPOBOTO YPOBHS
C OTJIMYUTEIbHBIMU TTPU3HAKAMM.

3paHue Kopnyca Hay4yHOro HanpaBneHus
«MaTepunanoBepeHue n HXKeHepHoe geno» (MUA)
YXaHbCKOro TeXHOIOFMYeCKOro yHuBepcureTa

OcHoBanHoe B 1958 rony B YTV HaydHOe Hampasiie-
HHe «MarepuanoBencHIe U WHXKeHepHoe ae1o» (M)
TIPUOPUTETHO TIOIEPKUBATIOCH TOCYIAPCTBEHHOM TIPO-
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rpaMMoii «211 TIpOEKTOB IIST YHUBEPCUTETOB» («State
211 Project for Higher Education Universities») B mepuoxn
¢ 1995 mo 2015 roapl, a ¢ 2016 roma momaepxkKa crajia
OCYILIECTBIISIThCS yepes TiaH pa3putuss KHP «YHusep-
CUTETHI MUPOBOTO YPOBHSI I HAYIHBIC HATIPABICHUS M-
posoro ypoBHsI» («World-Class University & World-Class
Discipline»). PeTHHT 3TOTO HamIpaBIeHUSI COCTABIISICT
A+ cpenn 172 Begymux yHuBepcuteToB B Kutae (Ne 1
HapaBHE C 3TUM HaIlpaBJICHHEM B YHUBepcUTeTax TIIimH-
xya u belixaH) B 4-0M payHjIe OLICHKH, OpTaHU30BaHHOM
MunucrepcTBoM obpazoBanus B 2017 rogy, a Takxke
BXoauT B ToIl 1% B MexayHaponHblii cucteme Clarivate
Analytics’ Essential Science Indicators.

B pazsutue MUJI BoBneuensl: 1 unen Kuraiickoit
akageMuM Hayk, 3 uieHa Kuraiickoit mHKeHepHOit
akamemud, 3 uieHa EBpomelickoit akageMuu, 1 4ieH
benvruiickoit KopoJjieBckoil akageMuu, 1 yieH Mex-
TYHApPOMHOI aKameMUU KepaMUKH, | ctumeHanaTt AB-
CTPaJIMIACKON aKageMNU TEXHOJIOTUM U WHXECHEPUU,
10 ctunenauaTtoB KopoaeBCKOTO XMMHYECKOTO OOIIIe-
cTBa, AMEpMKaHCKOro o011ecTsa GU3MKU U AMEepUKaH-
ckoro obmectBa kepamuku. Takxke B MU pabGoraror
23 KWTaCKUX BEICOKOTIPO(hECCHOHABHBIX COTPYIHH-
Ka, HEKOTOPBIC M3 KOTOPBIX SIBJISIIOTCS CTUTICHIMATA-
mu HammmonanwsHoro ¢onga National Natural Science
Foundation of China for Distinguished Young Scholars
(ananormueH mpemun NSF Career Awards), n 22 KuTaii-
CKHX MOJIOIBIX CITCITNAJINCTA.

151 comeicTBUS pa3BUTUIO HAYIHOTO HATIPaBICHUS
MMU]JI 6611 OCHOBAHBI 2 TOCYIAPCTBEHHBIX KITIOUEBBIX
nmaboparopun: ['ocymapcTBeHHas KirrodeBas 1adopaTo-
U TIEPETOBBIX TEXHOJIOTHI CMHTEe3a M 00padOTKI Ma-
TeprajioB U ['ocymapcTBeHHas KITFoUeBast 1abopaTopust
CHUIMKATHBIX MaTepUaJIOB IUIST apXuTeKTyphl. [lepBas
JTabopaTopusI MOJIydnsa OLEHKY «IIPEBOCXOIHO» CPEeIU
21 rocymapcTBeHHOM KiTFoueBoii tadopaTtopun 1o MUJI

jinn

I

B 2018 romy. [ToMnMo0 5TOr0, OBUIN TTOCTPOEHHI 2 TOCY-
MapCTBEHHBIX MEXKIYHAPOIHBIX JJAOOPATOPUM IUIST CO-
BMECTHBIX HCCIICIOBAaHMI 1 4 6a3bl BHEAPEHMS 3apy0OexK-
HBIX KOMIICTCHIINI KaK MHHOBAIIMOHHOTO COCTAaBIISIIO-
IIeTO HAyIHOI 00/1acT! (M3BeCTHBIN Kak «111 Project»).

MexpayHapoaHas LLikona matepnanosegeHus
" HXXeHepun

MexnyHapomgHasl IITKOJIa MaTepUaIOBEICHIS 1 MH-
keHepHoro nena (MILIMIM/I) 6bl1a BKITFOUEeHA B CITMCOK
«CeTHn MeXIyHapOIHBIX 00pa30BaTEIbHBIX IIEHTPOB»
IIpu TToaaepkKe ['ocymapcTBeHHON afMUHUCTpAIUN
KHP 1o neiaM nHOCTpaHHBIX 9KCIIEPTOB 1 MUHUCTEP-
crBa obpasosanusg KHP B mtone 2015 roma kak omHa
u3 16 MeXayHAPOIHBIX LIKOJI 10 BCEIi CTPaHe.

PykoBoncTBysich «HammmoHanpHOM cTpaTerneit pas-
BUTHS, OPUCHTUPOBAHHON HAa MHHOBALIMI» W OOJIBIIION
ITOTPEOHOCTHIO B pe(POPMHUPOBAHNYT HAIIMOHAIBHOM CH-
cTeMbl Beiciiero oopasobanusi, MIIIM U] ctpemutcst
co3garth Beayllee B Mupe HarpasieHue MU/ myrem
IIPUBJICICHUS NCCIIEIOBATEICKOTO 1 TIPEIoaaBaTelb-
CKOTO COCTaBa BHICOKOTO YPOBHSI, CO3MaHMs MHHOBA-
IIMOHHOM MIJIOTHO# 30HHBI 00y4YeHUs U (hOPMUPOBA-
HUS MTHHOBALIMOHHOM CMCTEMBI ITOATOTOBKY TAJIAHTOB.
PyKOBOACTBYSICh MIEIMU «COTPYIHUUYECTBA TIPEITPU-
SITUI, MEXITYHAPOIHOI KOOIIepalli ¥ COTPYTHUYECTBA
B obsactu uccneposanuii», MIIIMW]I opranuzosana
21 TpyIIITy HaCTaBHUKOB IIO PYKOBOICTBOM YICHBIX VI
BHUIHBIX IIPO(ECCOpPOB, a TAKKE 4 MEKIUCITUTIINHAPHEBIC
TPYIIIBL IO OOYYECHUIO MHHOBAIIMSAM U IIPEIIIPUHIMA-
TEJIbCTBY.

CTpeMsICh cTaTh BeIyIIMMHU MUPOBBEIMHU pa3padboT-
YUKaMU CTPOUTEILHBIX MaTepHAaIOB M HOBBIX MaTepH-
asnoB B 21 Beke, MIIIMW]I olieHBaeT MHHOBAIIMOHHBIE
CIIOCOOHOCTH KaK OTHY U3 KITFOUEBBIX BO3MOXKHOCTEH
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¥ TIPOBOAUT pechOpMUPOBAHNE MHHOBAIIMOHHOM CH-
CTEMBI MTOATOTOBKY KaJPOB B paMKax MPOTpaMMBbI Oa-
KajaBpuara, MarucTpaTypbl U JOKTOPAHTYPHI, a TAKXKe
MeXIyHapoIHOU nmporpaMmmbl o0ydeHus. MIIMUN T
TpeiaraeT CTyaeHTaM BCEOObEMITIONIYIO YUEOHYTO TIPO-
rpaMMy, KOTOpast OXBaThIBAET MaTepUAIOBEICHUE, ECTE-
CTBEHHBIC HAyKW, OTPACIIEBbIC IHEPTETUUECKIE HAYKH,
HayKu 00 OKpyXalolleit cpene, MHPOPMAaTUKY 1 U3yde-
HIE TepeOBbIX IPON3BOJICTBEHHBIX TeXHOIOTHIA. UTOOI
TTO3HAKOMUTH BCEX CTYIEHTOB C MEXXIYHAPOIHBIM OIThI-
TOM, PEaTN3YIOTCSI COBMECTHBIE TTIPOTPAMMBI O0yUEHUST
B COTPYITHUYECTBE C BEAYIIIMMU MUPOBBIMU YHUBEPCUTE -
tamu. Kpome toro, mpu MILIMU/I co3naHo HECKOIBKO
athopM 71T BCECTOPOHHETO Pa3BUTUSI CTYIEHTOB,
Takux Kak GopyM BeIIAIONIMXCS UccaenoBareneil, Mex-
JYHApOIHBIN (hOPYM TT0 BUIEHUIO OYIyIIEro pa3BUTHS,
CemuHap o1leHKU KauecTBa oOpa3oBanusi, CTyneHue-
ckoe HayuyHoe ob6miectBo (CHO) maTepuanoBeneHus
YxaHbcKOTO TexHoJornueckoro yuusepcurera. CHO
MaTepuaIoBeIecHUS IISTh J1eT mompsia ¢ 2018 mo 2022 rox
ynoctanBaetcs Harpanbl Chapter of Excellence Award.

locypapcTBeHHas cTpaTernyeckas naboparopus
nepcrneKTUBHbIX TEXHOJIOMMIA CHTE3a N 06paboTkn
maTepuanoB (YXaHbCKUI TeXHONOrm4yecknn
YHUBeEpCUTET)

TocynmapcTBeHHas KITtoueBast 1abopaTopust IepCrieK-
TUBHBIX TEXHOJIOTUI CUHTE3a U 00pabOTKM MaTepua-
J0B ObUTa yTBepXkneHa ['ocymapcTBeHHOI KoMUccuei
aHupoBanust pazsutus B 1987 romy. [1ocie rocynap-
CTBEHHOI MHCIIEKIINY OHA ObIJIa OTKPBITA TSI O0IIIe -
crBeHHOCTH B MapTe 1990 roma. JlabopaTtopus Haxo-

JIUTCS B HEMIOCPENCTBEHHOM BeleHUU MUHUCTEpCTBA
HayKU ¥ TexHojiornu. B Hacrosiee Bpemst mpodeccop
I'y bunnunb, akanemuk Kuralickoi akanieMuu Hayk,
SBIIIETCA TIpeacenaTenaeM akanemudeckoro Komurera
naboparopuu, a mpodeccop Py Yskan U, akanemuk Ku-
TaliCKOW MHXXEHEPHOU akalieMUu, SIBJISIETCS AUPEKTOPOM
Jlaboparopuu. JlabopaTopus pacroysioxkeHa B YXaHbCKOM
TEXHOJIOTUYECKOM YHUBEPCUTETE U SBJISIETCS KITIOYEBOM
rocyIapCTBEHHO JIabopaTopuei, ClieUaTU3UPYIOLIEei-
¢S B 00JIACTU HOBBIX MaTepUAJIOB.

®@akynbpTeT MaTepuasoBeAeHUS U WHXEHEPHOTO
JieJ1a YXaHbCKOTO TEXHOJIOTMYECKOTO YHUBEPCUTETA ObLT
KJ1accuUIIMpPOBaH KaK MEePBOKIIACCHOE TOCYIaPCTBEH -
HOE KJII0YEBOE HAyYHOE HAIPABJIECHUE, BKIIOUYEHHOE
B HAIIMOHAJBHBIN MPOeKT «985», «Co3maHue yaeOHO
TIPOrPpaMMBbI MIPOBOTO YPOBHSI», M TIOJIYUIJT OLICHKY A+
B UETBEPTOM PayH/EC HALIMOHAJIBHON OLIEHKU HAYYHBIX
HarpaBsJIEHUN.

CTpemsich K TJIO0AIBHBIM TIEPEIOBBIM UCCIIEI0BA-
HUSM B 00JIACTU MaTEPUAIIOBENCHUS U YIOBIETBOPSIS
OCHOBHBIE HALIMOHAJIbHBIE MOTPEOHOCTH, 3T JJAOOPATO-
pust TIpeCTaBISIET cO0O0I TUTaT(hopMy MUPOBOTO KJIac-
ca U TEXHOJIOTUW KOMITayHINPOBAHUS U MMOATOTOBKA
MAaTepUaIOB, IS pa3pabOTKU MEePeIOBbIX KOMITO3UTHBIX
MaTepUaIOB I KPYITHBIX HAIMOHAJIBHBIX TPOEKTOB
U OTpacjeil MPOMBIIUIEHHOCTH, a TAKXKE JJI1 OKa3aHUS
THOIIEPKKU HA HALIMOHAJIbHOM CTPATErMYECKOM YPOBHE.
JlabopaTtopus coobimia 00 OpUTMHATIBHBIX U CUCTEMA-
TUYECKUX Pe3yJIbTaTaX UCCIETOBAHUN C MEXIYHAPOIHBIM
yJactueM B 001acT TpaHC(hOPMAITMOHHBIX TEXHOJIOTHIA,
TepeIOBbIX HOBBIX MATEPUAIIOB U MEXIUCUUTUTAHAPHBIX
obJacTeil, 1 MO3TOMY OHa BO3IJIABIISIET Pa3pabOoTKy He-
CKOJIBKMX CTPATETUYECKUX ITEPENOBBIX HOBBIX MATEPUAIOB
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Ha MeXIlyHapOIHOM ypoBHe. JJabopaTopust CmiocoOCTBYET
Pa3BUTHIO TIEPBOKJIACCHBIX MCCIIEN0BATEIbCKUX TaJlaH-
TOB BO BCEM MHUPE MOCPEACTBOM IE€PEIOBbIX HAYUYHBIX
WccienoBaHUI B 00J1aCTU MaTepUaOBEAEHUST U TEXHO-
Jgoruii. Kpome Toro, naboparopus co3gana KyJabTypy
MeXXAYHAapOAHBbIX COBMECTHBIX MHHOBALIUI U MpoBeJia
MEXIyHapOJIHble COBMECTHbIEC UCCIIETOBAHUS IO TIPUH-
LUITY «Win-win», TeM caMbIM YKPEIUB MEXITyHAPOIHOE
BJIMSIHUE, TIPUBJIEKATEILHOCTD U CILTOYEHHOCTD JIabopa-
Topuu. JlabopaTopusi 1o61IaCh UCTOPUIECKOTO MPOPhIBA
MO0 OLIEHKE KJIIOUEBbIX TOCYIapCTBEHHBIX JabopaTOpuii
B 00JIaCTU MaTepUaIOBEICHUSI.

CocpenoTOUYNBIINCH Ha OOIIEM BUICHUHN M 1IEIISIX,
JlabopaTtopust (hOKYyCUPYETCsl Ha CO3AaHUM U pa3paboTKe
MHOTOKOMITOHEHTHBIX, pa3HOMACIITAOHBIX U MHOTO-
CJIOMHBIX KOMIO3UTHBIX MaTepUaJIOB U TEOPUU TIPO-
eKTUPOBaHUSI MaTEPUAJIOB, U3yYeHUE KOTOPBIX CTPO-
WUTCSI HA OCHOBHBIX UCCEA0BATENbCKUX IIaTPopMax,
BKJIIOUYAIOIIMX TEXHOJIOTUIO TPAIUEHTHBIX KOMITO3UTHBIX
MaTepuaioB, TEXHOJIOTUIO U3TOTOBJIEHUS KOMITO3UTHBIX
MaTepuajioB «B MOMEHT 00pa3oBaHMsI», HAHOKOMIIO-
3UTHYIO TEXHOJIOTHIO U MUHTETPUPOBAHHbIE MHHOBALIWU.

B Hacrosiiiee BpemMsi MpoBOASITCS UCCIAEIOBAHUS
MSTU KJTIOUEBBIX MAaTEPUAJIOB, B TOM YHCJIE€ TIEPEIOBBIX
KOMITO3UTHBIX MaTepUaoB JIJisI KPYMHBIX HALIMOHAIb-
HBIX TPOEKTOB U OMOPHBIX OTpacyieil, MaTepuaIoB sl
3 deKTUBHOTO NTpeodpa3oBaHUs U XpaHEHUSI SHEPTUN
JUIS1 HOBBIX DHEPTETUUYECKUX TEXHOJIOTHUI, HAHOKOM -
MO3UTHBIX OMOMAaTEePUAOB JJIs1 €CTECTBEHHBIX HayK,
MH(POPMAITMOHHBIX (DYHKIIMOHATBHBIX MATePUAJIOB LTSI
MH(GOPMAIIMOHHBIX TEXHOJIOTHI 1 TIEPEIOBBIX HOBBIX
MaTepuaioB JJis1 TpaHC(HOPMALIMOHHBIX TEXHOJOTUIA.
Takum obpazom, nabopaTopust yCTAaHOBUJIA CJIEIYIO-
1Me TMSITh OTJUYMTENIbHBIX HallpaBJAEeHU uccienoBa-
HUI: Tpaii€HTHAsE KOMITO3UTHASI TEXHOJIOTUST U HOBbIE
MaTepuaibl, TEXHOJIOTHS U3TOTOBJACHUS KOMITO3UTHBIX
MaTepUaioB «B MOMEHT 00pa30BaHUsI» U HOBbIE MaTe-
puabl, HAHOKOMITO3UTHAsl TEXHOJIOTUS U HOBbIE Ma-
Tepuabl, Ipeodpa3yrolas TEXHOJOTUSI U MepeaoBbIe
HOBbI€ MaTEpUAJIbl, @ TAKXKE TMTPUHLIAIBI KOMITO3UTHBIX
MaTepuaJioB U IU3aliH MaTEpUAIIOB.

B naGoparopuu paboraet akTMBHAsI 1 MUHHOBAILIMOH-
Hasl ucciieoBaTe/IbcKas TpyIla, COCTOsIIIAas BOCHOBHOM
13 MOJIOJIBIX MCCieqoBaTeie u ucciaeaoBaresieil cpea-
Hero Bo3pacTta. 100 TOCTOSTHHBIX COTPYIHUKOB, B TOM
yucie 1 akameMnk Kurtaiickoit akameMuu HayK, 2 aka-
nemuka Kuraiickoit mHXXeHepHOI akageMuu, 1 akazae-
MUk KoposieBcKoii akaneMuit HaykK 1 UCKYcCTB benbruu,
2 akagemuKa EBporrelickoit akageMu HayK 1 ICKYCCTB,
1 akaneMuK ABCTPpAIMICKON MHKEHEPHO-TEXHOJIOTH-
yeckol akanmemuu, 1 akagemMuk BceMupHo# akageMuun
KepaMuKH, 12 uccaemoBaTesicii HAlIMOHAIBHOTO YPOBHS,
1 raBHBIN Hay4yHbI coTpynHUK HalmoHaiabHOM mpo-
rpaMMBI «973», 5 cTUIIeHIMaTOB HAllMOHAILHOTO (DoHaa
«Outstanding Youth Science Fund» u 30 cTumieHnmaToB

«HatnmonaapHOTO TIIaHa TTOMIEPKKU TaJIaHTOB» U T.I.
JlabopaTopust aKTUBHO TTOIIEPKUBACT BHIIAIOIIIXCST
YIEeHBIX, KOTOPBIC MPUE3KAIOT M IIPOBOISIT COBMECT-
HBIC WCCICAOBAHUS IO BCEMY MUPY B YHUBEPCUTETaX
1 MICCIIEI0BATEIbCKINX MHCTUTYTaX MIPOBOTO YPOBHSI.
B 1mrocienaMe TOOB TabopaToprs HaIpaBUiIa HECKOIb-
KO BBIIAIOIINXCST MOJIONBIX YUCHBIX B MEXKIyHAPOIHBIC
YHUBEPCHUTETHI MUPOBOTO YPOBHS 00JIee YeM Ha OIMH TOIT
IIJIST TIPOBEICHMST COBMECTHBIX MICCIICIOBAHMIA.

JlaBoparopus aenaet ynop Ha r1o0aibHbI aKageMH-
YeCKHi1 0OMEH U COTPYIHUYIECCTBO. 3a TTOCICTHIE TISTh
JIET MBI TIPUHSUIN Ha paboTy 25 3apyOeXHBIX YICHBIX
B Ka4eCTBE IMOYCTHBIX U MPUTIIAIICHHBIX TTPodeccopoB
B OCHOBHBIX 00JIaCTSIX MCCICIOBAHUIA C LIEIBIO CO3TaHUS
OJIAaTOIIPHUSITHBIX YCIIOBUIA paOOTHI TSI BCEMUPHO M3BECT-
HBIX YUCHBIX 1 IIPOBEACHUS COBMECTHBIX MCCIICIOBAHUIA
B J1abOpaTOpUU.

JlabopaTopus Hanaauyia B3AMMOBBITOIHOE COTPY/I-
HUYeCTBO ¢ MUUNUTAaHCKUM YHUBEPCUTETOM; ATTOHCKIM
areHTCTBOM a3pPOKOCMMYECKUX MccaemoBaHmii (JAXA);
HMHuctutyToM MaTepuanoBeneHust Y HuBepcutera Toxoky
(Amonms); LlenTpoM mnccemoBanus MaTepuanoB OKc-
dopuackoro yHuBepcuteta (Benmnkoopuranus); LleH-
TPOM HccieoBaHUs KoMImo3uToB KammnbopHuiickoro
yauBepcuteTa (CILIA) n HarmmoHambHBIM MHCTUTYTOM
TOIUTMBHBIX 371eMeHTOB (KaHama), a Takke ¢ IpyruMu
BCEMHUPHO M3BECTHBIMM HAyIHO-MCCIICAOBATEIHCKIMHI
yupexkneHUusIMIA. MUHUCTEPCTBO HAYKW U TEXHOJIOTHI
coznano «MexXIyHapOTHYI0 COBMECTHYIO JJa00PaTOPUIO
TepeaOBBIX TEXHOJIOTHUIT CMHTEe3a 1 00pabOTKHM MaTepH-
aJIOB», KOTOpasl SIBJIICTCSI OMHOM M3 TIePBBIX 33 MEXIY-
HapOJIHBIX COBMECTHHBIX J1abopaTtopuii B Kutae. Kpome
toro, l'ocynapctBeHHas agmuHuctpauus KHP no nenam
MHOCTPAHHBIX 9KCIIEPTOB 1 MUHUCTEPCTBO 00pa30Ba-
HUSI COBMECTHO c(hOpMUPOBAIIN TPU HAyIHBIC 0a3Hl,
ronaepkuBacMbIe IIporpaMMoit THHOBAIIIA M Pa3BUTHS
TaJaHTOB, a MMEHHO «HOBbIC KOMIIO3UTHBIC MaTePUAIIBI
1 TIepeIoBhIe (DYHKIIMOHAJIBHBIC MaTepualbl», «Ilepe-
JTIOBBIC TEXHOJIOTMH MIOATOTOBKH 1 TIPUKIIATHOTO ITPOCK-
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MEX/JYHAPO/JHOE HAYYHO-TEXHUYECKOE COTPYAHUYECTBO

TUPOBAHMS HOBBIX (DYHKIIMOHAIBHBIX TOHKOILICHOUHBIX
MartepuanoB» U «MTHHOBAaLIMU U TaJlaHThI VIS yBEJIMYE-
HUS CPOKa CIYKOBI KOMITO3UTOB». OTIMpasch Ha 3TU
BaKHBIC TUIATOPMBI MEKITYHAPOIHOTO COTPYIHINYCCTBA,
J1a00paTOpUsl OCYIIECTBUIA HECKOJIBKO KJIIOUEBBIX IO-
CYIapCTBEHHBIX MIPOEKTOB C MEXIYHAPOIHBIM COTPY/I-
HUYECTBOM U JOOUIACH ILUIOJIOTBOPHBIX PE3YJIBTATOB.

B Hacrosiiee BpeMsI IUI0LIALb TJa00PaTOPUU COCTAB-
nstet 25 Thic. 350 M2, ¢ OcHaIleHeM COBPEMEHHBIM 000-
pyIOBaHUEM [IJisI CHHTE3a U 00pabOTKU MAaTEPUAJIOB,
a TaKXKe CaMbIMM COBPEMEHHBIMU MPUOOPAMMU [IJIST aHAa -
JIN3a CTPYKTYpPhl MaTepUAIOB, XapaKTePUCTUKU U Te-
CTUPOBAaHUS IIPOU3BOAUTEILHOCTU. O0Iast OLEHOYHAS
CTOMMOCTD OCHAIlIeHUsI JTa00paTOPUU COCTABIISICT IIPU-
omm3uTennbHO 430 MITH 0aHEH.

3HaKOMCTBO C XKypHanom
Interdisciplinary Materials

Hosrrit HayuHBIN KypHAI Interdisciplinary Materials
(ISSN: 2767-441X) ObL1 3amylieH YXaHbCKUM TEXHOJIO-
TUYECKAM YHUBEPCUTETOM coBMecTHO ¢ John Wiley &
Sons, Inc B nekadpe 2021 roma. [IepBEIif BBITYCK XKyp-
HaJia BBIIIEN B cBeT B stHBape 2022 roma, MyOIMKaIIIs
B XypHaJie OecIiiaTHasI B TeYEHUE TIEPBBIX TPEX JIET eTO
CYIIIECTBOBAHUSI.

KoHTakTHas
nHpopmavlma

Interdisciplinary Materials — 3TO pelIeH3MPYEMBIA
JKYpHAaJl OTKPBITOTO JOCTyTa ¢ OBICTPOi TyOInMKaimeit
crateil, GOKYCUPYIONIUIACA Ha MEXIUCIUTUIMHAPHBIX
WICCIIETOBAHMSIX MEXKIY MaTepUaIOBEICHUEM W IPYTUMU
JTUCIUTUIMHAMM,, TAKUMU KaK (hU3UKa, XUMUSI, MaTeMa-
TUKa, MEXaHHWKa, OMOJIOTHSI, SHEPTeTUKA, OKPYKaroIast
cpena, naHdopmaus, nHxXeHepus u T.11. ZKypHai cTpe-
MUTCSI TIPEICTABISATH MHMOPMAIIUIO O TMepeIOBbIX Pa3-
paboTKax B 00JIaCTU HAYKW U TEXHUKU IT0 BCEMY MUDY.

Oxumaetcs, uTo Interdisciplinary Materials OymeT mc-
MTOJTb30BaTh MEKIUCIIMILTMHAPHBIN, 0COOBIN MTePeI0BOIA
Y KOMIUIEKCHBIN TTOJX0J KO BceM 00JIacTsSIM MaTepua-
JIOBEJICHWST, OMHOBPEMEHHO CTIOCOOCTBYST OOMEHY HIe-
SIMU MEKITY YYEHBIMM, 3aHUMAIOITUMUCS Pa3TUIHBIMU
HaIpaBJICHUSIMU UCCIICOBaHUI. AYTUTOPYS XypHaia
OyIeT BKITIOYATh YICHBIX-(DU3MKOB, XUNMUKOB, MaTeMa-
TUKOB, MEXaHUKOB, GOJIOTOB, CIIEIIMAIMICTOB B 00JIaCTH
SHEPreTUKM, OKPYKAIOIIEH Cpellbl, MaTeprUaOBEeICHMS,
WHXXEHEPOB-TEOPETUKOB U TIPAKTUKOB, a TaKXKe TIOJTU-
TUYECKUX JesITesei.

XKypnan Interdisciplinary Materials ipuTIIamiaet Bac
MPEICTaBUTh BHICOKOKAYECTBECHHbIC, MTHHOBAIIMOHHBIC
MOJTHO(OPMAaTHBIE UCCIIEIOBATEILCKUE CTAThH, 0030DHI,
TOYKHU 3pEHUSI, KOMMEHTApUK 1 IPYTO peIaKMOHHBII
KOHTEHT, TIPEACTABIISIONINIA OO MHTEpEC B 00JacTh
MEXTUCIUTITMHAPHBIX UCCIICTOBAHU.

YXaHbCKNI TEXHONIOrMYeCKNii yHnBepcuTeT R
430070, Kutain, npoBrHUua Xy6el, I. YxaHb,
panoH XyHriwaH, 122 Jlyoww Poyg,

Ten: 86-27-87884448; ®akc: 86-27-87879466

E-mail: skiwut@whut.edu.cn

KoHTakTHble nnua: Ixkao Canr, Ixoy Jluxya
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Production method of nanostructured wood-polymer
composition with microwave application

Evgeny V. Boev (o), Liliya Z. Kasyanova (2}, Aigul A. Islamutdinova (2}, EImira K. Aminova*

Branch of the Ufa State Petroleum Technological University in Sterlitamak, Sterlitamak, Russiaa
* Corresponding author: e-mail: k.elmira.k@yandex.ru

ABSTRACT: Introduction. Currently, wood-polymer compositions (WPC) are widely used in the national economy and construc-
tion. The composition of WPC varies widely depending on the further purpose. Improving the binding quality in the wood-polymer
system is one of the promising areas for enhancing operational characteristics. Organic and inorganic substrates nanostructured with
individual substances, including metal particles, are used as binding components. In the petrochemical industry, most high-capacity
productions use catalysts based on active carriers like heavy metals when developing targeted products for various purposes. After
several stages of regeneration, recovering these heavy metals becomes impossible. Consequently, spent catalysts accumulate in
sedimentation tanks and sludge collectors, lacking an efficient method for disposal and secondary use. One of the components
included in the composition of spent catalysts is chromium (+6), which belongs to carcinogenic metals. Numerous disposal methods
are currently inadequate for neutralizing this metal on an industrial scale, which is of interest for research. Methods and materials.
The study is aimed at converting carcinogenic chromium (+6) into non-carcinogenic chromium (+3) by ultrahigh frequency exposure
(microwave), which will open up opportunities for its use as a chromium-containing nanocomplex binding a tree-polymer. Results
and discussions. The ultrahigh-frequency effect on the mixture of wood-polymer composition and spent chromium (+6) causes an
increase in the penetration depth of high-frequency waves, characterized by a uniform distribution of energy over the entire area
of the composite, which is explained by the reduction of chromium (VI) oxide into chromium (lll) oxide, and there is also a change
in the color of the nanostructured wood-polymer composition (WP — compositions) from yellow to malachite. Conclusion. This
study, which consists in the application of microwave exposure to the wood-nanoparticle-polymer system, confirms the receipt of
a durable construction product and its use in the construction of roofs, facade boards, sidewalks, piers, port facilities, etc.
KEYWORDS: wood-polymer materials, spent alumochrome catalyst, chromium cations, nanocomplex, compounding, microwave
radiation, polypropylene.

FOR CITATION: Boev E.V,, Kasyanova L.Z., Islamutdinova A.A., Aminova E.K. Production method of nanostructured wood-polymer
composition with microwave application. Nanotechnologies in Construction. 2023; 15(4): 342-348. https://doi.org/10.15828/2075-
8545-2023-15-4-342-348. - EDN: LWTISZ.

INTRODUCTION

Currently, the consumption of wood materials is grow-
ing annually with an increase in consumption in vari-
ous areas of construction. Among the most popular tree
species, pine, spruce, cedar and larch should be singled
out. Their popularity in the Russian Federation can be
attributed to their widespread availability and afford-
ability. Products made from these wood varieties boast
exceptional strength, durability, and resistance to decay.
Statistics show that the woodworking industry generates
a large amount of waste (sawdust) that is not fully used.

The accumulation of large volumes of sawdust, most
often stored on the soil surface, has a serious negative

© Boev E.V,, Kasyanova L.Z,, Islamutdinova A.A., Aminova EK., 2023

impact on it and significantly acidifies the soil cover, as
well as impoverishes it in nitrogen. In this regard, part of
the research is aimed at studying the possibility of quali-
fied use.

The production of thermally stable plastic wood-
polymer materials is currently a priority and constantly
developing direction in the construction industry. Waste
from the technology of sawmilling and woodworking
production is multi-tonnage and harms the soil by oxi-
dizing it. To date, the use of sawdust in the production
of wood-polymer materials is generally recognized and
environmentally friendly. Various types of polymers are
used as a binding component of wood-polymer materials.
Part of the polymers are by-products, the second is waste
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or substandard product. Materials that do not cause nega-
tive effects on humans and are resistant to environmental
influences (light, air, temperature changes, humidity, etc.)
are in great demand. Despite this, most building materi-
als do not satisfy consumers in terms of technological
indicators, having low-quality components and fillers
[1—4]. The method of introducing nanocomponents
into the structure of polymer-plant materials is diverse.
The technology of introducing nanocomponents into the
composition of building materials allows you to adjust the
performance characteristics of the product according to
customer requirements [5—9].

One of the most common methods is compounding,
since it allows the nanoadditioning to be evenly distrib-
uted in the main polymer-wood material with subsequent
heat treatment [5—11]. The great demand for this type
of nanostructured plant material is associated with an
increase in demand due to the increase in construction
sites in the newly annexed territories of the Russian Fed-
eration. Thus, the growing demand for wood-polymer
compositions requires the search for more effective bind-
ing materials to meet customer orders.

One of the interesting approaches to obtaining nano-
structured wood-polymer materials is to obtain them us-
ing spent or secondary materials of petrochemical indus-
tries. As practice shows, it has been proved by research
that metals forming complexes are capable of forming
nanostructures that ensure the strength and durability of
the building material.

In this regard, we have studied chromium-containing
catalyst waste, which accumulates annually in large vol-
umes and has not yet found proper use.

The main source of chromium-containing waste is
large-tonnage production associations and other pet-
rochemical industries. Alumochrome catalysts are mi-
crospherical and are used in processes such as dehydro-
genation of light hydrocarbons, in particular, isobutane
and isopentane. The process is carried out in a fluidized
bed. Despite the fact that the technology that uses such
catalysts containing hexavalent chromium, which is a car-
cinogen, is justified from an economic point of view, since
the components included in this catalyst are cheap and
affordable, the use of these catalysts is economically justi-
fied, and the disposal of solid waste from production using
alumochrome catalysts is an urgent task.

Petrochemical enterprises spend billions of rubles an-
nually on the disposal of spent catalysts. Despite this, the
number of accidents is growing. However, enterprises take
into account only the possibility of regeneration of spent
catalysts and their reuse in catalytic processes. Although
these wastes can be considered from the point of view of
valuable recyclables, for many industries, including in
construction, about 95% of industrial wastes used alu-
mochrome catalysts are not qualified due to their high
toxicity. More than 80% of accidents occur due to a high

degree of deterioration and long-term use of storage fa-
cilities. Many researchers have been developing ways to
recycle these wastes. The previously proposed methods of
waste disposal of alumochrome catalysts have a number
of disadvantages: incomplete extraction of solid waste of
valuable metals, separation of components using aggres-
sive media of acids and alkalis, methods involving high
costs for processing, significantly exceeding the cost of
raw materials, which is not economically justified.

The paper proposes the processing of carcinogenic
chromium-containing waste under the influence of
a microwave field into non-toxic chromium (+3) and its
secondary use as a nanostructured complex in the pro-
duction of building materials. The proposed method can
be implemented in production using the technologies of
heterogencous catalysts widely used in petrochemistry.
The use of microwave radiation will lower the calcination
temperature. Lowering the temperature will significantly
reduce energy consumption by reducing the calcination
time and conducting reactions in milder conditions.
In production, during the dehydrogenation of isoparaf-
fins, in particular, isopentane, an alumochrome catalyst
of the IM-2201 brand is used, the active center of this
catalyst is hexavalent chromium. By subjecting the spent
alumochrome catalyst of the IM-2201 brand to reduction
in the microwave field, it is possible to neutralize highly
toxic chromium (VI) oxide into less toxic chromium (I1I)
oxide. This transition will significantly increase the speed
of the recovery process of hexavalent chromium oxide.

Ultrahigh-frequency exposure, firstly, ensures uniform
distribution of heating and drying of almost any mate-
rial at a high speed [12]. Secondly, it effectively warms
and dries composite materials without radiating harm-
ful effects on the external environment with a wide fre-
quency coverage. Absorption of residual moisture from
the studied objects is usually used in the range of more
than 300 MHz [13, 14].

In [15, 16], the authors applied microwave exposure
during the preparation of heterogeneous catalysts, which
allowed increasing the rate of catalyst production, uni-
form distribution of active centers and uniform heating
of the bulk phase of contact. The subject of the study
is attractive because these alumochrome catalysts are
widely used in the production of popular monomers of
the composition C3—C35, intermediates of high-molecular
compounds [17].

The use of microwave exposure to various materials
was actively studied back in 2000—2010 and still arouses
the interest of scientists, in connection with which the
possibility of microwave processing of a wood-polymer
composition, which includes a spent catalyst containing
chromium and aluminum ions, the main component of
which is carcinogenic chromium (+6) as a complex, has
been investigated nano-binding. Under microwave expo-
sure, chromium is simultaneously restored and a three-
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component wood-metal nanoparticle-polymer complex
is formed.

A modern and effective method of recycling waste
from the woodworking industry is the creation of wood-
metal compositions. The presence of metal fillers in the
composition of the wood-polymer composition makes it
possible to obtain materials with high vibration-damping
properties, in addition, they provide high thermal con-
ductivity of the composition, such characteristics are im-
portant for building structural materials.

The analysis of scientific literature has shown that an
increase in the wear resistance of parts and structures
made of wood-metal compositions is probably achieved
by improving the volumetric characteristics associated
with the structure and physico-chemical properties of
individual structural components of the wood matrix and
metal nanostructure. The presence of metal fillers makes
it possible to obtain more durable materials.

The use of metal elements introduced into the vol-
ume of wood-polymer compositions leads to a change
in the structure of the surface layer, improves the mutual
microgeometry of the contacting surfaces. This compo-
sition increases the coefficient of friction and effectively
removes heat from the metal surface over the entire arca
of the composition. This thermal effect contributes to
the formation of high adhesion in the wood-metal-poly-
mer complex. With the further use of such materials in
construction, it is possible to obtain products with the
geometric shape required by consumers, such as sheets,
beams, slabs, floors, etc.

Depending on the fraction and composition of saw-
dust and polymer materials, when solid waste of an alu-
mochrome catalyst is included in their composition, it
is also possible to regulate such basic physical properties
for the consumer as plasticity, flexibility, heat resistance,
moisture capacity and color fastness.

METHODS AND MATERIALS

The paper proposes a study of sawdust obtained by
longitudinal and transverse cutting of sawmaterials, which
include crushed wood in an amount of 5—10% of the total
weight. The fractional composition of sawdust (diameter)
ranges from 5.5 to 0.16 mm (the fraction was sorted by
a sieve with a diameter of no more than 5.5 mm). Sawdust
having a diameter of more than 6 mm, when compounded
with polymer and catalyst waste during microwave pro-
cessing, showed an uneven surface of the material, a de-
crease in the quality of adhesion, and heterogeneity of the
nanocomposition. Thus, it was decided to continue the
study using smaller fractions of wood processing industry
waste, not exceeding 6 mm.

Polyethylene, polypropylene, and polystyrene films
of substandard composition were studied as a polymer
material. Thus, the problem of an additional method of

recycling polymer industry waste was solved in the work.
Of the studied polymer waste, polypropylene proved to be
the most preferable for compounding due to its strength
and resistance to environmental factors. The disadvantage
of polystyrene composite is the presence of an odor that
is not acceptable when used in construction, especially
in enclosed spaces.

For the processing of waste from the woodworking
industry, it is necessary to take into account their physico-
chemical parameters when exposed to high-frequency ra-
diation. An important indicator determining the depth of
penetration is the degree of absorption of electromagnetic
radiation by a wood-polymer composition [18, 19]. The
calculation of the height of the layer of a wood-polymer
composition is determined by the depth of full penetration
of microwave radiation [20]. The effect of an electromag-
netic field on an alumochrome catalyst contributes to the
conversion of a hexavalent chromium (Cr*®) nanoparticle
into trivalent chromium (Cr*3). The geometric dimensions
of the wood-polymer composition are significantly larger
than the penetration depth of the electromagnetic field,
which leads to uneven absorption of electromagnetic en-
ergy and heterogeneity of heating of the WP-composition.

The impregnation method for the synthesis of catalysts
based on aluminum-chromium includes the following se-
quential operations. The preparatory stage consists of the
preparation of an impregnation solution, impregnation
of the contact base of the catalyst, its drying with subse-
quent activation. The process of preparation of the cata-
lyst is associated with its physical and chemical changes,
therefore, the effect of microwaves and the depth of their
penetration during the compounding of wood-polymer
waste with aluminum-chromium catalyst waste is differ-
ent at each stage.

The calculation of the distance of penetration of mi-
crowave radiation into the studied nanocomposition is
shown in Fig. 1. Research conditions: RF = 2450 MHz,
G = 366.24 watts.

research material corpus waveguide
\ / / magnetron
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Fig. 1. Installation of radiation depth detection
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Table 1
The penetration depth of microwave radiation
Name of samples of wood-polymer Bulk density, Penetration depth, Specific power,
composites g/cm? cm kW/kg

Sample WP-composition 1
(without chromium, wet) L7 10 3.571
Sample WP-composition 2
(chromium — 5%) 1,21 17 4.123
Sample WP-composition 3 1.25 15 ) 575

(chrome — 10%)

RESULTS

The results of the study on calculating the penetration
depth of electromagnetic exposure to a WP-composition
containing chromium nanoparticles are shown in Table 1.

According to the table, the penetration depth of elec-
tromagnetic radiation was 10 cm without compounding
with waste of alumochrome catalysts, and in the compo-
sition with chromium — 5% and 10%, 17 cm and 15 cm,
respectively.

The installation of high-frequency electromagnetic
exposure is shown in Fig. 2. Samples of the wood-polymer
composition were exposed in the resonator of an electro-
magnetic radiation generator. Experimental conditions:
G =900 W, CHI = 2450 MHz (wavelength 12.2 cm).
The uniformity of the heating distribution of the trans-
verse layer of the test sample was carried out by control

points in the experimental unit of the electromagnetic
furnace with a mercury thermometer. The rate of temper-
ature change in the studied samples was monitored using
a Testo 882 thermal imager every 10 minutes. The dura-
tion of the experiment is 30 minutes, at the end of the
experiment, the samples were subjected to weight analysis.

At the end of the microwave exposure, the penetration
depth of samples 2 and 3 was 17 and 15 cm. The pen-
etration depth increased significantly, which is explained
by the significant content of crystallization water in the
wood-polymer material without chromium. As moisture
is removed during heat treatment from WP-compositions,
the depth of penetration of radiation increases to 17 and
15 cm. A WP-composition with a chromium content
of 5% has a greater depth of penetration of microwave
radiation, an increase in the concentration of waste re-
duces the depth of penetration of the microwave field.

Fig. 2. Diagram of a laboratory microwave installation: 1 — electromagnetic generator;
2 — waveguide; 3 — experimental unit; 4 — ventilation holes; 5 — voltmeter; 6 — ammeter;
7 — WP-composition samples; 8 — electromagnetic radiator housing
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Fig. 3. The curve of the heating rate of the WP composition

This is due to a change in the nanostructure of the WP-
composition in terms of such indicators as density and
strength. It should also be noted that the microwave expo-
sure caused a change in the chemical composition of the
WP-composition: Cr*¢ recovered to Cr** (CrO, - Cr,0,).
The heating rate depending on the temperature in the
range from 20 to 200°C in time is shown in Fig. 3. The
heating rate curve demonstrates in the first five minutes of
the experiment a sharp removal of moisture in the upper
layers of the WPC sample. Then, over the next 15 min-
utes, there was a slow evaporation of water associated
with the transformation of the nanostructure and the
transition of chromium (VI) to chromium (III). Further,
a sharp rise in the velocity curve indicates the transition
of the WP-composition into a homogeneous structure.

DISCUSSION

The conducted studies using microwave radiation on
a compound of WP-composition and spent chromium
(+6) allow solving the environmental problem of catalytic
processes where carcinogenic chromium compounds are
formed to obtain strong and durable nanomaterials in de-
mand in construction. The depth of penetration of high-fre-
quency waves is determined, which contributes to a decrease
in the valence of chromium, and a change in the color of the
nanostructured wood-polymer composition (WP-compo-
sition) from yellow to malachite is also observed.

The resulting nanostructured wood-polymer compos-
ite was tested for the technological indicators presented
in Table 2.

Table 2
Technological indicators
<. WP-composition WP-composition
The name of the indicator (chrome 5%) (chrome 10%)

Density 0.911 0.978

Tensile strength 20.136—30.338 30.178—39.15

Compressive strength 35

Flexural strength 18—33 37.5

Swelling 0.01 0.01
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The proposed WP-composition is not inferior in
its technological characteristics and improves bending
strength, surpassing the performance of a pure polymer.
In terms of strength, it surpasses the indicators of pure
wood.

The second advantage is the low water absorption rate,
which contributes to durability and resistance to micro-
biological decomposition.

Water absorption is noticeable in the outer layers of
the WP-composition, it decreases evenly into the depth
of the material.

Thus, microwave exposure is an effective way to obtain
a WP-composition. It is worth paying attention only to
the size of the treated area of the WP-composition when
used in industrial conditions or it is necessary to design
special microwave exposure devices [22].

CONCLUSION

With microwave exposure to the charge, the compo-
sition of softwood sawdust — chromium (III)-polypro-
pylene is preferable to use a fraction of sawdust in the
range of 2.5—1 mm. The resulting product after micro-
wave treatment is a homogeneous, almost smooth plastic
mass. This nanocomposite material was extruded through
a die (extrusion method) to obtain a construction profile.
The nanostructured compositions obtained by us based
on waste from the woodworking industry will allow us to
solve two technological problems: firstly, to reuse waste
from woodworking, and secondly, to dispose of carcino-
genic chromium (+6) to obtain safe, high-performance
nanomaterials that can be used in the construction of
roofs, facade boards, sidewalks, piers, port facilities, etc.
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pacIpoCcTpaHEeHHOCTHIO Ha TeppuTtopuu Poccuiickoit
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CKoruteHre 0OIBIINX 00hEMOB OIMJIOK, Yallle BCETO
CKJIAIMPYIOLIMXCS Ha TTOBEPXHOCTU TTOUYBbI, OKa3bIBAET
Cepbe3HOE HEraTuBHOE BO3AEHCTBUE HA HEe U Cylle-
CTBEHHO 3aKHCJISIET TOYBEHHBIU MTOKPOB, a TaKXkKe 00e-
TTHSIET ee 110 a30Ty. B CBSI3M ¢ 9TUM YacTb UCClIeT0BaHUI
HaIpaBJieHa Ha N3yIeHNE BO3MOKHOCTH KBATU(DHUITNPO-
BaAHHOTO MPUMEHEHMSI.

I[TonyuyeHue TepMOCTaOUJIbHBIX TJIACTUYECKUX
JNIPEeBECHO-MOJMMEPHBIX MaTepraloB B HACTOSIIEE
BpEMSI SIBJISIETCSI TPUOPUTETHBIM U TOCTOSIHHO pa3BU-
BaIOLIMMCSI HAllpaBJI€HUEM B 00JIACTU CTPOUTEIbHOM
uHIycTpun. OTXOIBI TEXHOJIOTHH JIECOIIILHO-Iepe-
BOOOpabaThIBaIOLIETO TTPOU3BOACTBA SBISIOTCS MHO-
TOTOHHAXKHBIMU U HAHOCST BpeJl TIOYBE, OKUCIISIS €e.
Ha cerogHsimiHuit neHb o01IENPU3HAHHBIM U 9KOJIO-
TUYHBIM SIBJISIETCS UCTTIOJIb30BaHKE JPEBECHBIX OMTUIIOK
MpU MPOU3BOJCTBE APEBECHO-MOJUMEPHBIX MaTePU-
asoB. CBSA3YIOIINM KOMIIOHEHTOM JIPEBECHO-TIOJM -
MEPHBIX MaTepraaoB UCIIOJb3YIOT pa3JIMYHbIe BUIbI
noauMepoB. YacTb MOJUMEPOB MpeACcTaBsieT co0oi
MOOOYHBIE TIPOAYKThI, BTOpasik — OTXO/bl WJIM HEKOH-
JULMOHHBIN MPOAYKT. BoibllIoi cripoc MMeT MaTe-
puabl, He BbI3bIBAIOIIME HETATUBHOTO BO3EHCTBUS
Ha YEJIOBEKA U CTOUKME K BO3IECUCTBUIO OKPYXAOIIEH
cpenbl (CBET, BO3MyX, Iepenaabl TeMmepaTyp, Biax-
HOCTB 1 1p.). HecMoTpst Ha 3T0, OOTBITUHCTBO CTPOU-
TEJbHBIX MaTEPUAJIOB HE YIOBJIETBOPSIET OTpeOUTENEN
MO TEXHOJIOTUYECKUM IMOKa3aTesIM, UMesI B COCTaBe
HEKaYeCTBEHHBIC KOMITOHEHTHI ¥ HATIOJTHUTENN [ 1—4].
Cr1oco6 BBeIeHUSI HAHOKOMIIOHEHTOB B CTPYKTYPY IT0-
JIMMEPHO-PACTUTEJIbHBIX MaTepruaaoB pa3HOOOpa3eH.
TexHonorus BBeaeHUS HAHOKOMITOHEHTOB B COCTaB
CTPOUTEJILHBIX MaTepUaioB MO3BOJISIET PETYJIUPOBATh
9KCIUIyaTallMOHHbIE XapaKTEPUCTUKU TTPOAYKTa CO-
J1acHO TpeOOBaHUAM 3aKa3uuka [5—9].

OmHuM 13 HanmboJIee pacIpoCcTpaHEHHBIX METOIOB
SIBJISIETCS KOMITAYHIMPOBAaHUE, TaK KaK OH MO3BOJISIET
pPaBHOMEPHO paclpeaeauTh HaHOA00aBKY B OCHOBHOM
MOJUMEPHO-APEBECHOM MaTepuajie ¢ MoCaeayolei
TepMuueckoit oopadborkoit [S—11]. bonbiioit cripoc
Ha TaHHBIA BUJL HAHOCTPYKTYPUPOBAHHOTO PACTUTEIb-
HOTO MaTepuaja CBSI3aH C yBeJIUUYEeHUEM NTOTPEOHOCTHU
B CBSI3U C YBEJMUYEHUEM CTPOUTEJIbHBIX TUIOMIAA0K
Ha BHOBb MPUCOEAMHEHHbBIX TeppuTopusix Poccuii-
ckoii ®enmeparun. TakuM 00pa3oM, pacTyIIUA CIIPOC
Ha JIPeBECHO-TMOJMMEPHBIE KOMITO3ULIMU TPEOYeT Mo-
ncKa 6osee 3(P(eKTUBHBIX CBSI3YIOIINX MaTePHUAJIOB TSI
YIOBJIETBOPEHMS 3aKa30B MOTPEOUTEEH.

ODHUM U3 UHTEPECHBIX MOAXOIOB I10 TIOTyICHUIO
HAHOCTPYKTYPUPOBAHHBIX IPEBECHO-MOJUMEPHBIX
MaTepuasoB SIBJISIETCS TOJyYeHUE UX C MIPUMEHEHUEM
OTpabOTaHHBIX WJIM BTOPUUYHBIX MaTepUaaoB HEPTEXU-
MUYECKMX TTpou3BoACTB. Kak nmokasbiBaeT MpakTHUKa,
MCCIEA0BATEIbCKUM MyTEM AOKa3aHO, YTO MEeTaJlbl,
o0pasymoliune KOMIJIEKChI, CITOCOOHBI 00pa30BbIBAThH

HaHOCTPYKTYPBI, 00eCIICUNBAOIIIE TIPOYHOCTH 1 JIOJITO-
BEYHOCTh CTPOUTEIIFHOTO MaTepHaJa.

B cBs13u ¢ 3THM B paboTe HaMU ObLIN U3Y4YEeHBI XPOM-
cozepKaIIne KaTaln3aTOPHBIC OTXOMIBI, KOTOPBIC eXKe-
TOJHO HAKAIUIMBAIOTCS B OOJBIIMX O0ObeMaxX M JO CHUX
ITOp He HAIIIXA HaIjIeXallero IPUMEHCHMSI.

OCHOBHBIM UCTOYHMKOM XPOMCOIEPXKAIINX OTXOIOB
SIBJISTIOTCSI KPYITHOTOHHAXKHBIC TIPOU3BOICTBEHHBIC O0h-
eOUHECHUS U Ipyrue HepTeXUMUIeCKIEe IIPON3BOICTBA.
AJTIOMOXPOMOBBIE KaTaJIM3aTOPHI SIBJISTFOTCSI MIKpOcde-
PUYECKUMH U MCIIONB3YIOTCSI B TAKMX IIpoIleccax, Kak
IETUIPUPOBAHUE JIETKUX YTJICBOIOPOIOB, B YACTHOCTH,
n300yTaHa M U30IleHTaHa. [1poliecc TpOBOMST B TICEB-
IOOXIDKeHHOM ciioe. HecMoTpst Ha TO, 9YTO TEXHOJIO-
T'Usl, B KOTOPOU MCITOIB3YIOTCS TaKKWe KaTaln3aToOphl,
coaepKalre IeCTUBAJICHTHBINA XPOM, SBJISTIOIIUIACS
KaHIIEpOT€HOM, OTIPABIbIBACTCS C 9KOHOMMYECKOI TOU-
KU 3peHMS, TaK KaK KOMITOHECHTBI, BXOMISIINE B JAHHBIA
KaTaJm3aTop, SIBJISTIOTCS TEeIIEBHIMA U TOCTYITHBIMU,
HCITOJIb30BaHNE 3TUX KaTaIM3aTOPOB SKOHOMMNYCCKH
OIIpaBIaHO, a YTIJIN3AIUS TBEPIBIX OTXOIOB ITPOU3-
BOJCTB C MCITOJIb30BAaHNEM aTFOMOXPOMOBBIX KaTaJIu-
3aTOPOB SIBJISICTCS aKTYaJIbHOM 3amMaueid.

HedTexummaeckne MMpeanpusIiTAS 3aTPauynBaroOT
€XXeroaHO MUJITMApIbI PyOJIeil Ha 3aXOpOoHEHUE OTpa-
0OTaHHBIX KaTaanu3aTopoB. HecMoTps Ha 3T0, Kolmye-
CTBO aBapUITHBIX CiTydaeB pacTeT. OmMHAKO IPeaITpUS TS
VUHUTHIBAIOT TOJIBKO BO3MOXKHOCTD pereHepamuy oTpa-
OOTaHHBIX KaTaJIU3aTOPOB U ITOBTOPHOTO MX MCITOJIb-
30BaHMS B KaTaJIUTUUECKUX TIpolieccax. XOTs JaHHbIe
OTXOIIBI MOXHO PAaCCMOTPETh C TOUKH 3PCHUST LICHHOTO
BTOPCHIPBS, IJII MHOTHX IIPOM3BOICTB, B TOM YHCIIC
B CTPOUTEITBCTBE, OKOJIO 95% OTXOMOB IIPOU3BOICTB, HIC-
TTOJTB3YEMBIX ATFOMOXPOMOBEIC KaTaIM3aTOPHI, KBATU(DH-
LIMPOBAaHHO HE MIPUMEHSIETCS B CBSI3U C MX BEICOKOI TOK-
cuyHOCThIO. bonee 80% aBapuitHBIX CJIy4aeB BO3HUKAET
M3-3a BRICOKOU CTETICHU N3HOIIEHHOCTH 1 JJTUTETHHOTO
HCTIOIB30BaHUS XpaHWIUII. MHOTHE UCCIeA0BaTeIN 3a-
HUMAJIACh pa3pabOTKOI CIIOCOO0B MepepadbOTKI JaHHBIX
otxonoB. [Ipemaraembic paHee CITOCOOBI YTUIA3AINN
OTXOIIOB aJTIOMOXPOMOBBIX KAaTaJIM3aTOPOB UMCIOT PSIIT
HEIOCTAaTKOB: HEITOJTHOE M3BJICUCHIE TBEPIBIX OTXOIOB
LICHHBIX METAJIJIOB, BHIIEICHIEC KOMITOHEHTOB C TIOMO-
IIBIO aTPECCUBHBIX CPel KUCIIOT U IIEJI0Ueii, CITOCOOHI,
IIpeIToIaramplIne Ha ITepepaboTKy OOJIBIITNE 3aTpaThl,
3HAYUTEJILHO ITPEBHIIIAIOIINE CTOMMOCTD MCXOTHBIX Ma-
TEpPUAJIOB, YTO SKOHOMMNIECKH HE OIIPaBIaHoO.

B pabore nipemiaraercst mepepaboTKa KaHIIEPOTeH-
HOTO XPOMCOEPKAIIETo OTXOAa IO BO3IeiiCTBIEM
CBY-1107151 B HETOKCUIHBII XpoM (+3) 1 €T0 BTOPUIHOE
HCIIOJIb30BaHNE B KAUECTBE HAHOCTPYKTYPHPOBAHHOTO
KOMIUIEKCA B IIPOU3BOICTBE CTPOUTEIIEHBIX MaTEPUAJIOB.
IIpennaraemslii cIt0co6 MOXKET OBITH BHEAPEH B IIPOU3-
BOJZICTBO, MCITOJIB3YIOIICE TEXHOJIOTUM TeTePOTCHHBIX
KaTaJIM3aTOPOB, IIMPOKO IIPUMEHSIEMBIX B HE(DTEXUMU.
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[TpuMeHeHE MUKPOBOJTHOBOTO M3JTyUYCHUS TTO3BOJIAT
TMOHU3HUTH TeMIIepaTypy mpokanuBaHus. CHIKCHNE
TEeMIIepaTyphl TIO3BOJIUT CYIIIECTBEHHO CHU3UTH SHEp-
ro3aTpaThl 3a CYCT YMCHBIIICHUST BPEMEHM TTPOKAINBa-
HUS U TIPOBEICHUS PEaKIIii B 00JI¢e MITKIX YCIOBUSIX.
Ha mpon3BoncTBe 1py AeTMIpUpOBaHUN M30TTapaHOB,
B YaCTHOCTH, M30TICHTaHA, UCIIOJIB3YIOT aTIOMOXPOMO-
BBIN KaTaym3aTop Mapku UM-2201, akTUBHBIM LIEHTPOM
MaHHOTO KaTaJau3aTopa SBJISICTCS IIeCTUBAJICHTHBIN
xpoM. [TonmBeprHyB 0TpabOTaHHBIN ATIOMOXPOMOBBIH
Karaym3atop Mapku MM-2201 BocctanoBienuio B CBY-
ToJie, ymaeTcss 00e3BpeanTh BEICOKOTOKCUIHBIN OKCHT
xpoMma (VI) B MmeHee TokcmuHbI okena xpoma (I11).
JaHHBII TTepexo MO3BOJIUT 3HAYUTEIIFHO YBEJINIUTh
CKOPOCTB ITpOIIecca BOCCTAHOBJICHHUS IIIECTUBAJICHTHOTO
OKCHZa XpoMa.

CBepXBBICOKOYACTOTHOE BO3IEHCTBIE, BO-TICPBHIX,
obecrieunBaeT paBHOMEPHOE pacIipenesicHre HarpeBa
¥ OCYIIKHU TIPaKTUIECKH JTI000TO MaTeprajia ¢ BEICOKOI
ckopocThio [12]. Bo-BTOphIX, 3(D(HEKTUBHO ITPOrpeBaeT
¥ OCYIIIaeT KOMITO3UIIMOHHBIC MaTepHUaIbl, HE U3JIydast
BpEIHOE BO3ICUCTBIE HAa BHEIITHIOO CPELY C IMMPOKIM
YacTOTHBIM OXBAaTOM. BIIMTHIBaHME OCTAaTOYHOI BIaru
M3 UCCIICMYeMBIX 00BEKTOB OOBITHO ITPUMEHSIIOT B 1A~
na3oHe 6onee 300 MI'tr [13, 14].

B pa6orax [15, 16] aBropsl mpumenuaun CBY-
BO3IEHCTBHE B IIPOIIECCE TIPUTOTOBIICHMS T€TePOTeHHBIX
KaTaJm3aTopOB, YTO ITO3BOJIMIO YBEJIMINTH CKOPOCTh
TMOJYYeHUST KaTaJau3aTopa, paBHOMEPHOE pacrpeme-
JICHWEe aKTUBHBIX IICHTPOB W PaBHOMEPHEIA ITPOTpeB
0o0beMHOI (ha3bl KOHTaKTa. TemMaTrka ucciaeaoBaHus
TIpUBJICKAaTeIbHA TeM, YTO JaHHBIC aJITIOMOXPOMOBEIC
KaTaJan3aTophl IMIPOKO IMPUMEHSIIOTCS IIPY ITOJTYICHUHT
BOCTPeOOBAHHBIX MOHOMEPOB coctaBa C,—C,, moiny-
MPOIYKTOB BICOKOMOJIEKYJISIPHBIX COeAUHEHU [17].

[IprMeHeHNEe MUKPOBOTHOBOTO BO3ICICTBIS Ha pa3-
JINYHbBIE MaTepUaJIbl aKTUBHO M3ydajioch emre B 2000—
2010 rT. ¥ 10 CHX TTOp BBI3BIBACT MHTEPEC YICHBIX, B CBSI-
31 ¢ 4YeM mcclienoBaHa Bo3MoxkHOCTE CBY-00paboTku
IPEBECHO-TIOIMMEPHON KOMITO3UIINH, B COCTaB KOTO-
POl BXOOUT OTPaOOTAaHHBIN KaTaIM3aToOP, COMEePKAIITIIA
MOHBI XpOMa U aTIOMUHUSI, OCHOBHBIM KOMIIOHEHTOM
KOTOPOTO SIBJISIETCS KaHLIEPOreHHBII XpoM (+6) B Ka-
YecTBe KOMIUIEKCHOTO HaHocBs3ytomero. I[Tog CBY-
BO3IECTBIEM MPOMCXOIUT OMHOBPEMEHHOE BOCCTA-
HOBJICHHE XpoMa 1 00pa30BaHNE TPEXKOMIIOHCHTHOTO
KOMIIIEKCa IepeBO-HAaHOYACTUIIA METaJIIa-TIOJIIMED.

CoBpeMeHHBIM 1 3(D(DEKTUBHBIM METOIOM TIepepa-
OOTKHU OTXOMIOB IepeBOOOPAOATHIBAIOIICH TTPOMBIIILICH-
HOCTH SIBJISIETCSI CO3MaHME APEBECHO-METAUIMICCKIX
KoMITO3uIInii. Hammane MeTammaecKiX HarloJTHUTE e
B COCTaBE APEBECHO-TIOIMMEPHON KOMIIO3UITNHY TT03BO-
JISIET TIOJTYYUTh MaTepHralibl C BEICOKMMH BUOpOTACSI-
UMM CBOMCTBAMHU, KPOME TOTO, OHU 00€CIIeUnBaIOT
BBICOKYIO TECIIJIONIPOBOTHOCTH KOMITO3UIINH, TAKHME Xa-

PaKTEPUCTUKU BaXKHbI JIJIS1 CTPOUTETbHBIX KOHCTPYKIIM -
OHHBIX MaTEPUAJIOB.

AHainu3 HaydyHOW JIMuTepaTyphl IoKas3aji, 4YTo yBe-
JIMYEHNE U3HOCOCTOMKOCTHU AeTajlell U KOHCTPYKIIUIA
U3 IPEBECHO-METAITINYECKMUX KOMIIO3ULIMIA, BEPOSITHO,
JIOCTUTAETCS 3a CUET YJYUIIEeHUsI 00bEMHbBIX XapaKTepu -
CTUK, CBSI3aHHBIX CO CTPOCHUEM 1 (PU3UKO-XUMUICCKHU-
MM CBOMCTBAMU OTIIEIbHBIX CTPYKTYPHO-KOMIOHEHTHBIX
COCTaBJISIIOIIMX IPEBECHON MaTPULIbl U METAJUTMYECKOM
HAHOCTPYKTYpbl. Hajimune MeTaninuyeckux HarmoJHM-
TeJe TaeT BO3MOXHOCTb MOJYYUTb 00JIee MPOUYHbIE
MaTepuabl.

ITpumeHeHrEe MeTaJUIMYECKUX JIEMEHTOB, BBOJUMbIX
B 00bEM JIPEBECHO-TOJUMEPHBIX KOMITO3ULINMI, TTIPUBO-
JIUT K U3MEHEHUIO CTPYKTYPbl TIOBEPXHOCTHOTO CJIOS,
VJIy4lIaeT B3aMMHYI0O MUKPOTEOMETPUIO KOHTAKTHUPY-
IOIIMX TTOBepXHOCTe!. JIaHHAsh KOMITO3UIIMS TTOBBIIIIAET
IToKazareib KoadduumeHTa TpeHus 1 3G PEKTUBHO OT-
BOIUT TEIJIO OT MOBEPXHOCTU MeTasljla Mo BCE TIoIaau
KOMIO3UIINH. JIaHHBIH TETUIOBOI 3((MEKT CIIOCOOCTBYET
00pa30BaHNIO BLICOKOTO CLIETIJIEHUS B KOMILJIEKCE Ape-
BeCcHHa-MeTaul-noaumep. [lpu nanpHeiieM Ucnob-
30BaHUM TaKUX MaTEPUAIOB B CTPOUTEIbCTBE UMEETCS
BO3MOXXHOCTb TOJYUYEHUST TIPOAYKIIMU C TpeOyeMoii
MOTPEOUTENIMU TEOMETPIUIECKOI (POPMOIA, TAKOI KaK
JIUCTBI, OaJIKU, TIJIATHI, NEPEKPHITUS U T.JI.

B 3aBrcUMOCTH OT (DpaKIIMU M COCTaBa IPEBECHBIX
OMUJIOK M MOJMMEPHBIX MAaTepUaOB MPU BKIIOUYEHUN
B X COCTaB TBEP/ABIX OTXOJ0B aTlOMOXPOMOBOIO KaTa-
JI3aTopa MOXHO TaKXXe peryJiMpoBaTh TaKMe OCHOB-
HbIe (DM3MYECKIE CBOMCTBA IS IIOTPEONTEISI, KaK Ila-
CTUYHOCTb, TMOKOCTh, TEPMOCTONKOCTb, BIarOEMKOCTb
U LIBETOYCTONYNBOCTb.

METO/bI 1 MATEPHAJIBI

B paboTte mpemraraeTcsl UCClIeOBaHHUE IPEBEC-
HBIX OTTMJIOK, TIOJIYYeHHBIX ITyTEM IPOIOIHHOTO U TI0-
IIEPEIHOTO PACKpPOs IMAJIOMATEPaIoB, B COCTaB KOTO-
PBIX BXOIWUT U3METbUCHHAS IpeBeCHHA B KOJIMICCTBE
5—10% k obuieit macce. MpaKIIMOHHBINA COCTAB OIMAIOK
(mnametp) cocrapisieT oT 5,5 10 0,16 MM (COpTUpPOBKa
paxmy IpoU3BOIMIACE CHTOM C TMAMETPOM He 0oJiee
5,5 mM). Onmiiku, UMeIoLIKe JuaMeTp 0osee 6 MM, IIpU
KOMITaYHIMPOBAHUY C TTOJIMMEPOM U KaTaTn3aTOPHBIMI
otxomamu ipu CBY o6paboTke 1mokas3anm HepaBHOMEP-
HOCTb TTIOBEPXHOCTH MaTepHaia, CHUKECHIE KauyecTBa
CLICTIICHUST, HCOTHOPOTHOCTh HAHOKOMITO3WIINH. Takmm
00pa3oM, OBUTO TIPUHSITO PEIIeHUE MPOIOJIKUTE HCCIIe-
IOBaHME C MCIIOIb30BaHUEM 00JIce MEIKUX (DpaKIImii
OTXOIIOB JIepeBOIIepepadaThIBAIOIICH ITPOMBIIIICHHOCTH,
HE IIPEBBIILIAIOIINX 6 MM.

B xauecTBe moOMMMEpPHOTO MaTepuraja ObLIH U3yde-
HBI TIOJIMSTUJICHOBBIC, TTOJIUITPOITAICHOBBIC, TTOTUCTH-
pOIBHBIC TJICHKY HEKOHIWIIMOHHOTO cocTaBa. Takum
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o0pa3om, B paboTe peliajaack IpodjemMa JOIOJHUTEIb-
HOTO CIToc00a mepepadoTKN OTXOIOB ITOJIMMEPHOM TTPO-
MBIIIIEHHOCTH. M3 M3y4eHHBIX TTOIMMEPHBIX OTXOI0B
Han0oJ1ee MpeATrIOYTUTETLHBIM TIPY KOMITAaYHANPOBAHNHI
TIOKA3aJT ceOsI ITOIUITPOTIMIICH 3a CUET CBOCH IIPOTHOCTH
¥ CTOMKOCTH K BO3IECHCTBUIO OKPYKAIOINX (DAKTOPOB.
HemoctaTkoM OMMCTUPOIHFHOTO KOMITO3HUTA SIBIISICTCS
MIPUCYTCTBHUE 3allaxa, He IMPUEMJIEMOTO TIPU UCTIOb-
30BaHUU B CTPOUTEILCTBE, OCOOCHHO B 3aKPBITHIX I10-
MEIICHUSIX.

J1st mepepaboTK OTXO0B IepeBO0OpadaThIBAIOIIECIH
TIPOMBIIIJICHHOCTH HEOOXOIMMO YINTHIBATD UX (DU3UKO-
XUMHMYECKHE TTOKA3aTeJIN TP BO3IECHCTBUM BRICOKOYA-
CTOTHOTO M3Ty4eHUs. BaskHBIM TTOKa3aTeieM, ompee-
JISTIOIIAM TJIyOMHY TPOHUKHOBEHMUS, SIBJISIETCSI CTEIICHD
TOTJIONMICHUS IPEeBECHO-TTOIUMEPHON KOMITO3UIIMECH
3JIEKTPOMArHUTHOTO M3nydeHus [18, 19]. PacueT BbI-
COTBI CJIOS APEBECHO-TTOIMMEPHOM KOMITO3UIINH OIIpe-
TIEJISTIOT BETMIMHON TITyOWHBI TTOJTHOTO TTPOHUKHOBEHMS
CBY-uznyuenus [20]. Bo3oeiicTBre 2/1eKTPOMAarHUTHO-
TO TIOJIST Ha aJTIOMOXPOMOBBII KaTaIr3aTop CITOCOOCTBYET
MepeBOy HAHOYACTHUIIBI IIIECTUBATIEHTHOTO XpoMa (Cr*t)
B TpexBasieHTHBIN XxpoM (Crt3). [eoMmeTpuyeckue pasme-
PHI IPEBECHO-TIOJIMMEPHOM KOMITO3UIINH CYIIECTBEHHO
00JIbIIIe, YeM IITyOMHA IIPOHUKHOBEHUS JIEKTPOMATrHHT-
HOTO TIOJIST, YTO IIPUBOANT K HEpaBHOMEPHOMY TTOTJIOIIIe-
HUIO 3JIeKTPOMATHUTHOM SHEPTUU M HEOTHOPOTHOCTH
Harpesa /JII1-komno3unuu.

[IponUTOYHEIN CITOCOO CHHTE3a KaTaJIn3aTOpPOB
Ha OCHOBE aJTIOMIUHMI-XpOM BKJTFOUACT CJICTYIOIINE TT0-
ciemoBaTebHBIC onepauy. [1oAroTOBUTEIBHBII 3TAIT
COCTOUT M3 TIPUTOTOBIICHUS IIPOITMTOYHOTO PacTBOpa,
TIPOITUTKI OCHOBBI KOHTAKTa KaTaJIn3aTopa, €r0 OCYIITKI
¢ TIocyemytomeii akTuBamueid. [1poriecc IprUroToBICHNS
KaTajam3aTopa COIPSIKEeH ¢ ero (PU3NICCKUMU 1 XUMU-
YeCKUMU U3MEHEHUSIMU, CJICIOBATEILHO, BO3ICUCTBIC
MUKPOBOJIH U TIyOMHA NX TIPOHUKHOBEHMS ITPY KOMIIA-
YINPOBAaHUU IPEBECHO-TIOJIMMEPHBIX OTXOI0B C OTXO-
JIOM aJTIOMOXPOMOBOTO KaTaIM3aTopa Ha KaXKIOM STalle
pa3ImJHa.

Pacuer paccTossHUS TPOHUKHOBECHUSI MUKPOBOJI-
HOBOTO U3JIyUYCHUS B M3yJaeMyI HaHOKOMITO3UIIIO

nccnepyemblii Matepran  Kopnyc BOJIHOBOJ,

\_/ /
\r

MarHeTpoH

eMKOCTb
c BogoM

Puc. 1. YcTaHoBKa onpee/ieHus IIyOMHbI H3Iy4eHuUsI

npeacrTasieH Ha puc. 1. YciaoBus uccinenopanus: PU =
2450 MTI'u, G = 366,24 Br.

PE3YJIbTATBI

Pe3ynbTaThl McceTOBaHUS TI0 BEIYUCICHUIO TIIyOM-
HBI IIPOHUKHOBEHHUSI 3JICKTPOMATHUTHOTO BO3IECCTBIS
Ha JIIT-KoMITo3u1Inio, comepKariyro HaHOYACTHUIIBI XPO-
Ma, IpUBeIeHBI B TA0I. 1.

CornacHO TaHHBIM TaOJMIIBI, TIyOMHA IIPOHUKHO-
BEHUSI DJICKTPOMArHUTHOTO M3TYYCHMS COCTaBUIIA Oe3
KOMIIayIUPOBAaHUS C OTXOIaMHU aTIOMOXPOMOBBIX Ka-
tanmsaTopos 10 cM, a B coctase ¢ xpoMoM — 5% 1 10%,
17 cm 1 15 cM, COOTBETCTBEHHO.

YcTaHoBKa BEICOKOYACTOTHOTO 3JIEKTPOMATHUTHOTO
BO3ICHCTBUSA TIpeACcTaBlIeHa Ha puc. 2. O0pa3Ibl apeBec-
HO-TIOJTUMEPHOM KOMITO3UIINH ITOIBEPTAINCh BO3ICH-
CTBUIO B Pe30HATOpPE TeHEpaTOpa 3IEKTPOMATHUTHOTO
U3IyIeHUSI. YCIIOBUS IIPOBEACHUS SKCIIepuMeHTa: G =
900 Bt, UM = 2450 MTI't (mmuHa BostHb 12,2 cM). Pas-
HOMEPHOCTB pacpeeIeHIsT HarpeBa MOIePeUHOTO CIIOST
HCCIIeAyeMOro 00pa3iia BeJIM IT0 KOHTPOJIBEHBIM TOUKAM
B 9KCITCPIMEHTAILHOM OJIOKE 3JIEKTPOMATHUTHOM TICIH
PTYTHBIM TepMoMeTpoM. CKOPOCTh U3MCHEHUS TeM-

Tabauya 1
[nyOmHa npoHNKHOBEHNS MUKPOBOJIHOBOTO M3/ TyJdeHHS
Hanmenosamme Hacpmuas , [nyouna VinenbHAsg MOIHOCTb,
IUIOTHOCTB, T/CM NMPOHUKHOBEHHUS, CM KBT/KT
Oo6pasernn ZlH—KOMHO:jI/ILU/IH 1 117 10 3,571
(6e3 xpoma, BiIaxKHBI1)
Oo6pazen JIT-xkommozuims 2 121 7 4123
(xpom — 5%)
Oo6pazeu AIT-kommno3uius 3 1.25 15 2,575
(xpom — 10%)
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Puc. 2. Cxema 1adoparopHoii CBY ycraHoBku:

1 — 37eKTpOMarHUTHBIN TeHepaTop; 2 — BOJTHOBOI;
3 — 3KCIepUMEeHTANIbHBIN 0JI0K; 4 — OTBEPCTUS ISt
BEHTWISILIUK;, 5 — BOJIBTMETP; 6 — aMIIepMETP;

7 — obpasisl AI1-koMmo3unum; 8§ — Koprmyc
3JIEKTPOMArHUTHOTO U3JIy4aTeIst

TepaTypsl B UCCIIEATYEMBIX 00pa3iiaXx KOHTPOJIMPOBAIN
C TTOMOIIBIO TETUIOBU30pa MapKu Testo 882 kKaxmbie
10 MmunyT. JIMTENbHOCTD 3KcIIepuMeHTa 30 MUHYT,
110 3aBEepIICHNH SKCTICPUMEHTA 00Pa31Ibl IOIBEPTaINCh
BECOBOMY aHAJIA3y.

ITo oxonuanum CBY-Bo3neiicTBS IITyOMHA TTPOHUK-
HOBeHUsT 00pa3noB 2 u 3 coctaBuia 17 n 15 cm. [myouna
MIPOHUKHOBEHMUS YBEIMUMIIACH 3HAUNTEIIBHO, 9TO 00b-
SICHSIETCSI 3HAUMTEIFHBIM CONepsKaHNEM KPUCTAJUIN3a-
OUOHHOI BOIBI B IPEBECHO-IIOJIMMEPHOM MaTepHaje
6e3 xpoMa. [1o Mepe ymaneHusT BIarv mpu TePMUICCKOM
obpabotke n3 JI1-koMro3uuuii BeanuynHa riryonHa
MPOHUKHOBEHUS M3ayueHust pactet no 17 u 15 ecm. AI1-
KOMITO3ULIMSI C COIEpKaHKEM XpoMa 5% rMeeT OOJIBLIYIO
nyouHy nmpoHnkHoBeHns CBY-usnydyeHus, yBemueHe
KOHIICHTPAIIMU OTXOJa CHIDKAET TIIyOMHY ITPOHUKHO-
BeHnst CBY-11o07151. D10 CBSI3aHO C M3MEHEHMEM HAHO-
CcTpYKTYpHI JIT-KOMITO3UIINK 110 TaKUM ITOKA3aTeIIsIM,
KaK IUTOTHOCTh 1 IPOYHOCTh. CIIeayeT TaKsKe OTMETHUTD,
yto CBY-Bo3aciicTBIIEC BBI3BAIO N3MCHEHNUE XIUMUUC-
ckoro cocrasa JI1-kommosunuun: Cr® BoccTaHOBUIICS
mo Cr** (CrO, » Cr,0,).

CKOpOCTh HarpeBa B 3aBUCUMOCTH OT TEMIICPATypPHI
B nuamna3oHe ot 20 1o 200°C Bo BpeMeHH IpeacTaBiIeHa
Ha puc. 3. KpuBasg ckopocTr HarpeBa IeMOHCTPUPY-
€T B IIePBEIC TISITh MUHYT 3KCIIEPUMEHTA PEe3KHUI CheM
Biaru B BepxHux ciosix JI1K-o6pa3ua. Jlanee B Teue-
HUE CICAYIOIUX 15 MUHYT IPOUCXOINIO MEIJICHHOE
HCITapeHNe BOIBI, CBSI3aHHOE ¢ IIpeoOpa3oBaHMEM Ha-
HOCTPYKTYpHI U tepexogoM xpoma (VI) B xpowm (I1I).
Haiee pe3Kuii TOaAbeM KPUBOI CKOPOCTU CBUIETEIh-
cTByeT o Tepexone AI1-KOMITO3UIINY B OMHOPOIHYIO
CTPYKTYDY.
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Puc. 3. KpuBas ckopoctu Harpesa JII1-kKommo3umuun

OBCYXJIEHUNE

IIpoBeaeHHbIE MCCIEeAOBAHUS C UCTIOJIb30BAHU-
€M MUKPOBOJHOBOIO U3JlydeHUs Ha KommayHa JI1-
KOMIIO3ULIMM 1 OTPAabOTAHHOTO XpoMa (+6) IO3BOJISIOT
PELIUTh 3KOJIOTMUECKYI0 MPOOIeMy KaTaTuTUIECKUX
MPOLIECCOB, Ie 00pa3yloTCsl KaHIIEPOTeHHbIE COEaU-
HEHUS XpoMa C MOoJIydeHUEM BOCTPEOOBAHHBIX B CTPO-
WUTEJIbCTBE MPOYHBIX U T10JTOBEYHBIX HAHOMATEPHUAJIOB.
B pabGote onpeneneHa riayorHa MPOHUKHOBEHUS BOJIH
BBICOKOW 4acCTOThI, CITOCOOCTBYIOIIASI CHUXKEHUIO Ba-
JICHTHOCTM XpOMa, TaK>Ke HabJII01aeTcsl U3MEHEHNE 11Be-
Ta HAHOCTPYKTYPUPOBAHHON IpEeBECHO-TTOJMMEPHOMI
komnozuuuu (AIT — KOMITO3ULIMK) € XKEATOrO 1IBETA
Ha MaJIaXUTOBBIN.

ITony4yeHHBIF HAHOCTPYKTYPUPOBAHHBIN APEBECHO-
MOJMMEPHbBII KOMIMO3UT UCTIBITAH HA TEXHOJOTUYECKUE
ITOKAa3aTeN, IIPEICTaBICHHBIC B TA0. 2.

Ilpennoxennast JIl-koMImo3uuus He ycTymaer
10 CBOMM T€XHOJOTMYECKUM XapaKTepUCTUKaAM U YIyd-
1IaeT IPOYHOCTD MPU U3rUOE, MPEBOCXOs MOKa3aTEIN
yucTtoro nojumepa. [lo mpouyHOCTH TTPEBOCXOIUT MO-
KaszaTreJu YUCTOTO JiepeBa.

BTopbIM mpeuMyIiecTBOM SIBASIETCS HU3KMIA TTO-
Kaszaresib BOAOMOMIOLIEHUS, YTO CIIOCOOCTBYET JA0JITO-
BEYHOCTU U CTOMKOCTH K MUKPOOMOJOTUYECKOMY pa3-
JIOXKEHUIO.

[TornoiieHue Boabl 3aMEeTHO B HApYKHBIX c10s1x JII1-
KOMMO3UIIMU, OHO PABHOMEPHO CHMXKAETCS B TIyOb Ma-
Tepuaia.

TakuMm obpaszom, CBU-Bo3aeiicTBIE gBIsIETCS (-
(deKTUBHBIM criocobom nonydeHus JI1-kommo3uuum.
CrouT 00paTUTh BHUMaHNE TOJBKO Ha pa3Mephl o0pa-
OaTtbiBaeMoIi 30HbI JI1-KoMmo3uLu 1mpu UCIOJIb30-
BaHWU B IIPOMBIIIJIEHHBIX YCIOBUSIX UM HEOOXOAUMO
KOHCTPYUpPOBaHUE CIIeUAIBHBIX annapaTtoB CBY-
Bo3neiicTBuA [22].
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Tabauuya 2
Texnoaoruueckue nNoKasaTeam
JII-koMmo3umms JIIT-KoMno3unus
HaumenoBanue nokasareisi (xpoM5%) (xpom 10%)
IInotHOCTB 0,911 0,978
ITpoyHOCTb MpU pacTsKEHUU 20,136—30,338 30,178—39,15
ITpoyHOCTb pU CXKaTUU 35
ITpouHOCTH ITpH N3TrNOE 18—33 37,5
Hab6yxanue 0,01 0,01
3AKJIIOYEHUE npodus. [ToaydyeHHbIe HAMU HAHOCTPYKTYPHBIE KOM-

ITpu CBY Bo31eiicTBMM HA INXTY, B COCTABE OMMIIKI
XBOMHBIX Topox — xpoM (I11)-TromumnponmneH mpenmno-
YTUTEJbHEE UCTOJb30BaTh (PPaKIIMIO ONUIOK B AUA-
na3one 2,5—1 mMm. IToydgeHnHsbIi poaykT mmociie CBY-
00pabOTKM MpeacTaBiasIeT COO0 OMHOPOIHYIO, TTIOUTHU
MIaAKYIo TIaCTUYHYI0 Maccy. JlaHHBIIT HAaHOKOMIIO-
3UIIMOHHBIN MaTepHajl OB BEIIABICH Yepe3 (prIbe-
py (MeTom 3KCTPY3UH) C MOJIYICHUEM CTPOUTEIBHOTO

CIINCOK NCTOYHUKOB

ITO3UIIMY Ha OCHOBE OTXOIOB AepPeBOOOpadATHIBAIOIICHA
IIPOMBIIIICHHOCTH TTO3BOJISIT PEIINTH IBE TEXHOJIOTHUIE-
CKMe TIPOOJIEMBI: BO-TIEPBBIX, BTOPUYHO MCITOIb30BaTh
OTXOIBI AepPEeBOOOPAOOTKI, BO-BTOPHIX, YTUIN3NPOBATh
KaHLEPOIreHHBIA XpoM (+6) ¢ rmosryyeHreM 0e30I1aCHBIX,
XapaKTePU3YIOIINXCS BBICOKUMU SKCIUTyaTalllOHHBIMU
ITOKAa3aTeIIMA HAaHOMAaTepHUAaJIOB, KOTOPEIEC MOTYT OBITh
HCTIOJTb30BaHbI B CTPOUTENIBCTBE KPOBIIH, (hacagHOI 10-
CKH, TPOTYapOB, IIMPCOB, IIOPTOBBIX COOPYKECHUI U T.1I.
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Potentiometric method for assessing the pozzolatic
activity of highly dispersed materials
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ABSTRACT: Introduction. Pozzolatic activity is an important indicator for highly dispersed materials, particularly clay soils. It
determines their effective use and characterizes the ability of the active components in their composition to interact with calcium
hydroxide. Various methods are employed to assess this pozzolatic activity. Potentiometric methods are effective. They are based
on measuring the electrode potential, which is functionally related to the change in the concentration (activity) of calcium ions in
the analyzed solutions as the main information parameter of the pozzolatic reaction. The purpose of the research is to test the po-
tentiometric method to assess the pozzolatic activity of highly dispersed materials, as well as the application of suggested approach
to determine the rational amount of an active mineral lime-containing additive as a binder component for producing soil-concrete.
Materials and Methods. We have chosen clay soil models with different plasticity index and sandy loam of the Arkhangelsk re-
gion as the objects. The potentiometric analysis method involved sequentially adding 0.015 mol/I calcium hydroxide solution, in
amounts ranging from 0.2 to 0.8 ml, to a suspension containing 0.5 g of soil in 80 ml of distilled water. The potential of the system
was measured while continuously stirring at a fixed speed. Results and Discussion. All studied objects are characterized by the
pozzolatic activity, which increases in the series sandy loam sandy — clay loam light silty = clay light silty = sandy loam silty and has
the order of absolute values coinciding with the literature data. The rational amount of the active mineral lime-containing additive
was 1-2% for clay soil models, depending on the plasticity index, and more than 2 % for the sandy loam of the Arkhangelsk region
(from the soil mass on dried basis). Conclusion. We have shown the applicability of the potentiometric method of analysis using
a calcium-selective electrode to assess the pozzolatic activity of highly dispersed materials on the example of models of clay soils
with different plasticity index and sandy loam of the Arkhangelsk region.

KEYWORDS: potentiometric method, sorption capacity, coefficient of hydraulic activity, pozzolatic activity, sorption capacity of
calcium ions, highly dispersed material, clay soil, active mineral additive, soil-concrete.
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INTRODUCTION

Engineering and geological analysis showed that one
of the most common types of soils in the north of
the European part of Russia are clay soils. Thus, on the
territory of the Arkhangelsk region, in particular on the
Solovetsky Islands, clay formations belong to sandy loams
[1, 2]. This subclass of dispersed soils has such properties
as high deformability under load, quick state, low water
resistance (slakening, high hydrophilicity, and swelling),
heaving, stickiness, plasticity, cation exchange capacity
and high adsorbability. Such properties change under the

influence of climatic and man-made factors and, thus,
they make difficulties for the development of transport in-
frastructure to ensure high-quality and safe maintenance
of tourist and pilgrimage routes [3—9].

To improve the physical and mechanical characteris-
tics of clay soils, there are various methods of strength-
ening and stabilization, among which complex physical
and chemical methods are the most effective and widely
used. They consist in mixing soils with binders and ac-
tive additives of various compositions, allowing through
the formation of new rigid (crystallization) and plastic
(coagulation) structural bonds between soil particles to
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obtain materials with the required physical, mechanical
and operational characteristics (soil-concrete) [10—19].

Thus, it is known that when lime or lime-containing
wastes with a high content of calcium hydroxide (for ex-
ample, carbide sludge) are injected into the soil, cement-
ing compounds such as calcium hydrosilicates (CSH),
calcium hydroaluminates (CAH) and calcium alumino-
silicates (CASH) form as a result of the pozzolatic reac-
tion [20, 21].

The possibility of this reaction on the surface of clay
particles is associated with their pozzolatic activity. Poz-
zolatic activity is an indirect indicator of the effective use
of highly dispersed materials. It characterizes the ability
of the active components in their composition to interact
with calcium hydroxide [22, 23]. One of the first artifi-
cial pozzolans is fine baked clay, the firing and grinding
of which require significant energy costs. Therefore, the
production of such pozzolans is not of economic benefit
[24]. At the same time, it should be noted that pozzolatic
activity (indirectly expressed through sorption capac-
ity) is also characteristic of clay soils in the initial state,
which were not subjected to thermal and mechanical
activation. So, this parameter ranges from 18 mg/g for
light silty clay loams to 65 mg/g for silty clays [25, 26].
This is due to the features of the mineral composition,
particle size distribution, microaggregate composition
and structure of clay rocks. They are the presence of clay
minerals (micaceous, smectites, kaolinite-serpentine,
mixed lattice, chlorites) with a high content (up to 61%)
of natural pozzolatic compounds (SiO,, Al,O,, Fe,0,),
nano- and micrometer particle sizes (from thin plates to
flakes, tubes and leaflike formations from 10 nm to 20
um in length and a maximum thickness (diameter) from
1 nm to 2 um), crystalline, high specific surface area (from
10 000—75 000 m?/kg for kaolinites to 550 000—900 000
m?/kg for montmorillonites) and the presence of X-ray
amorphous substance (up to 25 %) [1, 27—29].

There are various methods to determine the pozzolatic
activity of highly dispersed additives, among which there
are direct and indirect methods. Direct methods (chemi-
cal, X-ray diffraction, differential thermal, Zaporozhets’
method, Fratgini’s method) are aimed at measuring the
content of calcium hydroxide during the pozzolatic reac-
tion, and indirect methods are connected with measuring
the physical properties of the test sample (compressive
strength, electrical conductivity, generation of heat by
calorimetric measurements) [30]. At the same time, the
modern development of the instrumental base of physi-
cal and chemical research methods characterizing the
interaction process between various components makes
it possible to expand the list of possible analysis methods
used to assess the pozzolatic activity of highly dispersed
materials. For example, potentiometric analysis methods
based on measuring the electrode potential functionally
related to the concentration (activity) of the determined

component in the test solution are very effective in terms
of accuracy, rapidity and labor intensity.

During the pozzolatic reaction, the main information
parameter is the change in the concentration of calcium
ions (Ca?") in the reaction medium. This is solved po-
tentiometrically by using an ion-selective electrode, the
potential of which has a pCa-function and is described
by equation (1):

E=E,+Slgac.z+, (1)

where E is standard electrode potential, mV;

S is the steepness of the linear part of the electrode
characteristic, S = (27 £5) mV/pCa;

a.,,, is the activity of calcium ions in solution.

Thus, the research aim was to test the potentiometric
method to assess the pozzolatic activity of highly dispersed
materials on the example of models of clay soils with dif-
ferent plasticity index and sandy loam of the Arkhangelsk
region. As well as the study was aimed at the application
of suggested approach to determine the rational amount
of an active mineral lime-containing additive as a binder
component for producing soil-concrete.

MATERIALS AND METHODS

Clay soil models (samples 1—3) and sandy loam as
one of the most representative types of clay soils in the
Arkhangelsk region (sample 4) were chosen as research
objects. Clay soil models were obtained by mixing river
polymineral sand from the Krasnoflotsky-Zapad de-
posit and a saponite-containing material representing
a large-tonnage waste from the industrial processing of
kimberlite ores from the diamond deposit named after
M.V. Lomonosov, and corresponded to soils with differ-
ent plasticity index (sandy loam, clay loam and clay). The
results of the compositional analysis of clay soil models
are presented in Table 1.

In addition, a 0.015 mol/1 solution of calcium hydrox-
ide and solutions of calcium chloride with a concentration
of 10°—10~" mol/I were used as reagents.

Initially, composition and properties of the analyzed
objects were studied to assess that the developed models

Table 1
Compositional analysis of clay soil models
Content of components, %
No. sample saponite-
sand : .
containing waste
1 85 15
2 40 60
0 100
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correspond to clay soils in the north of the European part
of Russia, as well as to pre-assess their pozzolatic activity.
The particle size distribution of soils was determined us-
ing complex of research methods such as focused beam
reflectance measurement on a Lasentec D600E analyzer
and photon correlation spectroscopy on a Delsa Nano Se-
ries Zeta Potential and Submicron Particle Size Analyzer.
The elemental composition of soils (in terms of oxides)
was determined by X-ray fluorescence spectroscopy on
a Shimadzu EDX-800 HS spectrometer. The plasticity
index of soils was calculated based on the values of liquid
limit and plastic limit, which were measured in accor-
dance with GOST 5180-2015. The soils were classified
by the plasticity index and the content of sand particles
(2—0.05 mm) according to GOST 25100-2020.

To conduct a potentiometric analysis, we assembled
a laboratory unit shown in Figure 1. Before the start of
the experiment, we soaked a calcium-selective elec-
trode of the XC-Ca-001 type in a 0.01 mol/I solution of
calcium chloride for 3 days. After that, we thoroughly
washed the electrode in distilled water to the lowest
possible value of the electrode potential and carried
out a calibration measurement in the prepared stan-
dard solutions of calcium chloride with a concentration
of 10°—10~" mol/1, successively changing the solution
concentration from lower to higher. Based on the data
obtained, electrode potential (E) — negative logarithm
of the concentration of calcium ions in solution (pX)
graph was plotted (Figure 2). A typical electrode charac-
teristic in coordinates of electrode potential — logarithm
of activity (concentration) of an ion is a straight line
(equation 2) with possible deviations from linearity in
low concentrations.

Fig. 1. Experimental unit: 1 — calcium-selective
electrode of the XC-Ca-001 type; 2 — reference
electrode; 3 — measuring transducer (ionomer
Expert-001-3.0.1); 4 — magnetic mixer PE-6110

300
."'--...,._”
=0 Lo B,
200 + R S
5 fov
g 150
=)
100
50 +
0 : :
0 1 2 3 4 3 6
pX
Fig. 2. Calibration graph
Calibration equation:
E=-239pX+ 297.7. )

It should be noted that during the experiments,
we assumed the conditional equality of the activity of
calcium ions (a.,+) to their concentration in solution
(C,2+)- This fact is associated with the use of CaCl,
calibration solutions in the main range of potential mea-
surements in low Ca?* ion concentration (1073—10-°
mol/l), for which, according to the theory of strong
electrolytes, the activity coefficient (y) of dependence
(3) can be equated to one:

aCaz"' = TCa2+ ) CCaz"', (3)

Preliminary preparation for the experiment also in-
cluded mixing of suspensions at a quantitative ratio of
components: 0.5 g of soil (samples 1—4) per 80 ml of
distilled water.

The experimental procedure consisted in successive-
ly adding 0.015 mol/I calcium hydroxide solution in an
amount of from 0.2 to 0.8 ml to each suspension and mea-
suring the system potential with constant stirring at a fixed
speed. Comparing the obtained potential value with the
calibration graph (Figure 1) or calculating according to
equation 2, we determined the concentration of calcium
ions in the analyzed sample as the antilogarithm of the
values corresponding to pX. The concentration of cal-
cium ions in the initial suspensions is at the boundary of
the range of measured concentrations (0.41 « 10> mol/1).
Therefore, we did not take into account it in the calcula-
tions (the sensitivity limit of the electrode function). We
recorded the appearance of an excess of calcium ions in
the analyzed sample, when we observed a jump in the
electrode potential by more than =3 mV when adding
calcium hydroxide solution.

We calculated the given molar concentration of cal-
cium hydroxide based on the law of multiple proportions
according to the formula (4):
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Ceatom) » Vea(om)s C,, is the actual mass concentration of calcium hy-

Cgiv = T ov. (4)  droxide, mg/l.
susp The sorption capacity of calcium hydroxide was re-
where CCa(OH)2 is the concentration of the calcium  calculated into the sorption capacity of calcium oxide by
hydroxide solution added to the suspension, CCa(OH)2 = the formula (7) based on two reasons. Firstly, the main
0.015 mol/I; characteristic of a lime-containing material, which deter-
Vv is the volume of 0.015 mol/I calcium hydroxide = mines the effective use its as an active mineral additive and

Ca(OH), )
solution added to the suspension, ml;

VSUSlD is the total volume of the suspension, equal to the
sum of the volume of distilled water (80 ml) and the added
0.015 mol/1 calcium hydroxide solution, ml.

Assuming that the number of moles of calcium ions is
equal to the number of moles of calcium hydroxide, we
determined the actual molar concentration of calcium
hydroxide according to the formula (5):

Ceaz+Mearom
_ Cg~ 7 Lalbfiz
CElCt - 5 (5)
MCE

where Cc;ﬂ* is concentration of calcium ions deter-
mined by the potentiometric method, mol/I;

MCa(OH)2 is molar mass of calcium hydroxide, MCa(OH)2 =
74.093 g/mol;

M_,, is the molar mass of calcium, M, = 40.08 g/mol.

The amount of absorbed calcium hydroxide was cal-

culated by the formula (6):
ACciomy, = Caiv — Cact, (6)

where Cgiv is the given mass concentration of calcium
hydroxide, mg/I;

allows you to establish its minimum amount to achieve
rational conditions for soil-concrete structure formation,
is the content of active calcium oxide. Secondly, the num-
ber of moles of calcium hydroxide is equal to the number
of moles of calcium oxide.

AC _ ACcarom)e Mean
Ca0 Meaom)n

(7

where M is the molar mass of calcium oxide,
M, = 56.08 g/mol.

In addition, we calculated the coefficient of hydraulic
activity by the sorption capacity of calcium oxide using
the following dependence (8):

FC( = ]'naw,.l' Ccan, (8

where a._, is activity, determined by the sorption of

calcium oxide from lime mortar (equal to AC_ ).

RESULTS AND DISCUSSION

Characteristics and classification of soils are presented
in Tables 2—4.

Table 2
Plasticity indicators of samples
Value of indicator for samples
Name of indicator
1 2 3 4
Upper limit of plasticity — liquid limit, w,, units 0.23 0.31 0.85 0.27
Lower limit of plasticity — plastic limit, w,, units 0.19 0.23 0.65 0.22
Plasticity index, /,, units 0.04 0.08 0.20 0.05
Classification of soil by the plasticity index sandy loam clay loam clay sandy loam
Table 3
Particle size distribution of samples
Particle content (%) by fractions in the range, mm Classification of soil by the
No. sample 0.5— 0.25— 0.1— 0.05— | 0.01— plasticity index and the
1-0.5 | s 0.1 0.05 0.01 | 0002 | <0002 | content of sand particles
1 — 10.81 46.44 20.85 6.78 0.12 15.00 sandy loam sandy
2 — 5.09 21.85 9.81 3.19 0.06 60.00 clay loam light silty
3 - - - - - - 100.00 clay light silty
4 — — 1.00 17.73 44.79 19.89 16.59 sandy loam silty
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Table 4
Elemental composition of samples (in terms of oxides)
. Content of elements (%) for samples
Oxide
1 3 4
SiO, 85.41 67.59 51.75 61.06
MgO 2.91 11.64 19.40 0.83
AlLO, 5.80 8.01 9.97 25.39
Fe,O, 2.11 6.50 10.41 11.85
CaO 0.84 2.62 4.20 —
TiO, 0.19 0.63 1.02 0.65
K,0 0.56 1.15 1.69 —
SO, 0.06 0.20 0.32 —
ZrO, — — 0.08
PO, 0.10 0.40 0.66 —
Cr,0, 0.02 0.07 0.11 0.03
ZnO — 0.02 0.03 0.01
BaO 0.03 0.12 0.20 —
MnO 0.02 0.10 0.16 0.09
SrO 0.01 0.02 0.04 —
CuO 0.01 0.02 0.04 —
Na,O 1.16 0.55 — —
LOI 0.77 0.36 — 0.01

A comparison of the obtained characteristics with
literature and reference data showed that the developed
model systems of clay soils (samples 1—3) correspond in
terms of particle size distribution, elemental composi-
tion and plasticity indicators to clay soils in the north of
the European part of Russia. In addition, all the studied
objects (samples 1—4) are characterized by pozzolatic
activity, which is confirmed by the predominance of silty
and clay particles less than 20 um in size in their compo-
sition and the presence of natural pozzolatic compounds
(Si0,, AL O,, Fe,0,). However, the ranking of clay soils
according to the coefficient of hydraulic activity, calcu-
lated taking into account the chemical composition (in
terms of oxides), is incorrect. This is due to that Table 4
presents the total content of elements included also in the
composition of the minerals of the sandy soil component,
and oxides included only in clay minerals and an X-ray
amorphous substance determine the pozzolatic activity.

The obtained experimental values of the electrode po-
tential (E) depending on the volume of the added calcium
hydroxide solution (VCa(OH)z) for different soil systems, as
well as the mathematical processing of the experimental
results, are presented in Figure 3 and Table 5.

When processing and analyzing the experiment re-
sults, we excluded the part of functional dependences

E= f(VCa(OH)Z) in the range of Ca(OH), solution volumes
from 0.2 to 4 ml from the calculation. This is due to the low
concentration of calcium ions in the system, and as well
as their possible competition with solvent molecules for
active sites on the surface of soil particles [31].

To calculate the sorption capacity of soils, we divided
functional dependences of the E = /(VCa(OH)Z) type into
characteristic parts, approximated by linear functions
with high validity coefficients (R = 0.97£0.03). It should
be noted that a similar character of the change in the
electrode potential is observed during the interaction of
clay soil models (samples 1—3) with calcium hydroxide
(Figures 3 a, 3 ¢, 3 ¢). When adding 4 ml of calcium hy-
droxide solution to suspensions, the sorption process of
calcium ions by soil begins to be potentiometrically fixed.
With a further increase in the volume of the added cal-
cium hydroxide solution to a certain value (part 1), the
electrode potential remains almost constant and the slope
of the linear functions is close to zero (blue straight lines
in Figures 3 b, 3 d, 3 f). The sorption process is completed
when an excess of calcium ions appears in the system, and
the electrode potential rises sharply with an increase in
the volume of added calcium hydroxide (part 2), which is
graphically displayed as a linear function with a non-zero
slope (red straight lines in Figures 3 b, 3 d, 3 f).
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Fig. 3. Functional dependences of the electrode potential on the volume of the added calcium hydroxide solution for:
a, b —sample 1; c, d — sample 2; e, f — sample 3; g, h — sample 4, where a, c, e, g — obtained experimental data;
b, d, f, h — mathematical processing of the experimental results
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The character of the functional dependence
E= f(VCa(OH) ) for sandy loam of the Arkhangelsk region
(sample 4) (zFigure 3g, h) differs from clay soil mod-
els (samples 1—3), which is due to the features of the
mineral composition of soils in the north of the European
part of Russia. When adding from 4 to 10 ml of calcium
hydroxide solution to the suspension, we observed the
establishment of the equilibrium potential of the electrode
function on the membrane (part 1) (the potential value is
reproduced with an accuracy of =3 mV). When increasing
to 13 ml of calcium hydroxide solution (part 2), the elec-
trode potential decreases sharply. This corresponds to the
pozzolatic reaction on the surface of clay particles and is
graphically displayed as a linear function with a non-zero
slope (blue straight line in Figure 3h). The interaction
process ends (part 3) when the electrode potential reaches
a constant value and the slope of the linear function is

The obtained results showed that the sorption capac-
ity and the coefficient of hydraulic activity increase in
the series sandy loam model — clay loam model — clay
model = sandy loam and have the order of absolute values
coinciding with the literature data [25, 26, 32]. These
indicators for sandy loam and clay model practically co-
incide, which is most likely due to the predominance of
active silty and clay particles in the particle size distribu-
tion of the studied samples (more than 80%). However,
it should be noted that the pozzolatic activity of clay soils
is 2—3 times lower than for active mineral additives sub-
jected to preliminary thermal or mechanical activation.

Table 5
Results of mathematical processing
of the experimental data

close to zero (red straight line in Figure 3h). Coefficients in an
: ; : No. equation y = ax+b
Solving systems of 2 linear equations, the slope coef- sample No. part q y R
ficients, constant terms and validity coefficients for which a b
are given in Table 5, we determined the coordinates of 1 0 198.00 1.00
points of intersection. They correspond to the end of the 1 5 07 192.6 0.95
sorption (interaction) process of calcium ions for each : 92.69 9
sample and indicated in Figure 3 (b, d, f, h). We calcu- 5 1 0.35 189.97 0.97
lated concentrations of calcium ions, given and actual 2 1.11 183.75 0.99
concentrations of calcium hydroxide, the sorption capac- | 1-10-5 | 191.00 L00
ity of calcium oxide by soil, coefficients of hydraulic activ- 3 . :
ity and the rational amount of an active lime-containing 2 2.02 167.28 0.96
mineral additive for the values of the electrode potential ) —2.52 222.28 0.98
at th? points of 1qtersect10n of linear functlpnal depen 3 017 191.31 0.97
dencies. The obtained results are presented in Table 6.
Table 6
Calculation of the pozzolatic activity and the rational amount of an active mineral additive for studied samples
5 > % 3 Q =
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1 4.9 849 | 198 | 4.17 | 6.74 | 2.70 | 0.87 | 64.14 | 12.45| 9.23 | 54.92 9 6.81 0.64 0.7
2 8.2 88.2 | 193 | 438 | 4.16 | 1.67 | 1.39 | 103.33 | 7.69 | 5.70 | 97.63 17 12.87 | 0.85 1.3
3 11.8 | 91.8 | 191 | 446 | 3.43 | 1.38 | 1.93 | 142.86 | 6.34 | 4.70 | 138.16 25 18.92 | 0.98 1.9
4 132 | 932 | 189 | 455 | 2.83 | 1.13 | 2.12 | 157.41 | 5.23 | 3.88 | 153.53 29 21.95 | 1.03 2.2
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To complete interact with the active phase of the soil
and obtain soil-concrete with the required operational
characteristics, the rational amount of active mineral
lime-containing additive (at 100% content of active cal-
cium oxide in its composition), calculated taking into
account the sorption capacity of calcium oxide by the soil,
was 1—2% for clay soil models depending on the plasticity
index and more than 2% for sandy loam (from the soil
mass on dried basis).

CONCLUSIONS

Based on the conducted research, we can draw the
following conclusions:

1. We studied the pozzolatic activity and determined
the rational amount of the active mineral lime-containing
additive for models of clay soils with different plasticity
index and sandy loam of the Arkhangelsk region using the
potentiometric method. This method is based on deter-
mining the sorption capacity of calcium ions by measuring
the change in the electrode potential, functionally related
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MoTeHUMOMeETPUYECKNI MEeTOA OLLeHKW NYLLL0/IaHOBOW
AKTVNBHOCTM BbICOKOANCNEPCHbIX MaTepunanos

IOnunsa BacunbesHa Cokonosa* , Mapusa ApkagbeBHa ®ponosa (|2},

AHHa AnekcaHppoBHa LnHKapyk

, Apkaguin Muxamnnosuny Aii3eHWITaaT
, TaTbAAHa AHaTonbeBHa MaxoBa

CeBepHbIl (ApKTUYecknin) degepanbHbi yHUBepcuTeT uMeHn M.B. JlomoHocoBa, ApxaHrenbck, Poccua

* ABTOp, OTBETCTBEHHbIN 3a nepenucky: e-mail: yu.sokolova@narfu.ru

AHHOTALUA: BBegeHune. BaxkHbiM NOKa3aTenem BbICOKOAMNCNEPCHbIX MaTepUanos, B YaCTHOCTH, FIMHUCTbIX TPYHTOB, onpefensto-
LM 3PHEKTUBHOCTb UX MPUMEHEHUA 1 XapaKTepr3yIoLMM CMOCOOHOCTb aKTUBHbBIX KOMIMOHEHTOB B UX COCTaBe B3arIMOLENCTBOBATb
C F’MAPOKCUAOM KaNbLUA, ABNAETCA NyLL0NaHOBaA aKTVBHOCTb, /1A OLEHKM KOTOPOW NMPYMEHAIOT pa3fivyHble MeToAbl. dbdek-
TVBHBIMY ABAAIOTCA MOTEHLMOMETPUYECKME METOAbI, OCHOBAHHbIE Ha M3MEPEHUN 3NIEKTPOAHOIO NnoTeHumana, GyHKLMOHaNbHO
CBA3aHHOIO C 3MEHEHVEM KOHLEHTPaL MM (aKTMBHOCTY) MOHOB KasbLMA B aHaNM3MpyeMblX pacTBOpax Kak OCHOBHbIM UHbOpMa-
LIVOHHbIM NMapameTpoM NyLLoNaHOBOW peakumu. Lienbio nccnenosaHua Asnanach anpobauma NoTeHLMOMETPUYECKOro MeTofa And
OLIeHKM MyLL0aHOBOW aKTUBHOCTI BbICOKOAMNCMEPCHbIX MaTePUasoB, a TakXke NpUMeHeHVe JaHHOro NoAxoAa ANA onpeaeneHns
pauMOHaNbHOro KONMYeCTBa akTUBHON MUHePanbHON N3BECTbCoOAepKalLel OOaBKM Kak KOMMOHEHTa BAXKYLLETO f/1A NoSTyYeHns
rpyHTobeToHa. MaTepuanbl 1 MeToAbl cCIeA0BaHUA. B KauecTBe 06beKTOB Obinv BbIGPaHbl MOAENU MIMHUCTOTO FPYHTa C pas-
HbIM YMCNIOM MIACTUYHOCTU 1 Cynecb ApxaHrenbcKoi obnactv. MeToarka NOTEHLMOMETPMYECKOTO aHau3a 3aKyanach B no-
cnepoBaTenbHOM AobaBneHnn B cycrieHsmio (0,5 r rpyHTa Ha 80 M guctunnupoBaHHoi Bofbl) 0,015 Monb/n pacTBopa rmapoKcraa
Kanbuua B Konnyectse o1 0,2 10 0,8 M/ 11 M3MepeHnn NoTeHLMana cucTembl NPV NOCTOAHHOM NepeMeLLIMBaHm C GUKCUPOBAHHOW
CKopocCTbio. PesynbraTtbl n o6cyxaeHme. Bce nccnepyemble 06beKTbl XapaKTepr3yoTcA MyLL0NaHOBOI aKTUBHOCTbIO, KOTOpas yBe-
JINYMBAETCA B pAfy: Cyrnecb NecyaHncTasa — CyrfIMHOK NIEerk1i nblieBaTbin = MNHa erkas nbliesatas = Cynech nbiiesatasd — n UMeeT
nopALOK abCONMIOTHBIX 3HAUEHWI, COBMAAAILLMX C IMTEPaTYPHbIMU AaHHbIMU. PaLiMoHanbHOe KONMYeCTBO aKTUBHOW MHEPanbHO
U3BECTbCOAepKalleln AO6aBKM COCTaBUNO ANA MOAENEN MVHNCTOrO rpyHTa 1-2% B 3aBUCUMOCTY OT YMc/1a NAacTUYHOCTY, a AnA
cynecu ApxaHrenbCKoro pervroHa — 6onee 2% (0T Maccbl rpyHTa B NepecyeTe Ha MacCy CyXoro BeLiecTBa). 3akntoveHme. NokasaHa
NPUMEHNMOCTb NOTEHLIMOMETPUYECKOTO MeTOa aHasM3a C UCNONb30BaHNEM KalbLMNCENEKTUBHOIO 3N1eKTPOAa ASA OLeHKN NyLi-
LI0/TaHOBOW aKTMBHOCTU BbICOKOAMCMNEPCHbIX MaTepuasioB Ha NpuMepe mogenen rUHUCTbIX TPYHTOB C Pa3HbIM YMC/IOM MaacTuy-
HOCTU 1 cyrnecy ApXaHrenbCKoro pervoHa.

KJTIOYEBBIE CJIOBA: noTeHLMOMETPUYECKUA MeTO, COPOLMOHHasA eMKOCTb, KO3bULMEHT rMapaBANYeCcKo akTUBHOCTY, NyLl-
Ll0flaHOBaA akKTUBHOCTb, EMKOCTb MOTMOLWEHNA NOHOB KanbLA, BbICOKOAMCNEPCHbIN MaTepuarn, IMNHUCTBIA FPYHT, akTUBHaA M-
HepasnbHanA fJo6aBKa, FPyHTOOETOH.

BNNATOAAPHOCTMW: ViccnepoBaHUA BbIMOSIHEHbI C MCMOMb30BaHEM YHUKaJIbHOW HayYHOWN YCTaHOBKM «DU3NKOXMMUA NMOBEPX-
HOCTW HaHogucnepcHbix cuctem» CAQY nmeHn M.B. JlomoHocoBa npu duHaHCOBON noanepKe rpaHTa POCCMINCKOro HayyHoOro
¢doHpa N° 23-13-20013.

ANA UWATUPOBAHMUA: Cokonoga t0.B., AnzeHwTanTt A.M., ®ponosa M.A,, LUnHkapyk A.A., MaxoBa T.A. loTeHUOMETpUYECKUI
METOA OLIeHKM NyLL0IaHOBON aKTYBHOCTY BbICOKOAMCMEPCHbIX MaTepranos // HaHoTexHonorum B ctpouTenbcTee. 2023.T. 15, N2 4.
C. 349-358. https://doi.org/10.15828/2075-8545-2023-15-4-349-358. - EDN: KIHBHW.

BBEJIEHUE

A HaJIU3 WHXCHEPHO-TEOJOTNIECKUX YCIOBUI 1O~
a3ajl, YTO OOHUM U3 PACIIPOCTPAHCHHBIX TUITOB
TPYHTOB Ha ceBepe eBPOIICHCKOM yacTu Poccum siB-
JISTIOTCS TIIMHUCTBIC TPYHTHL. Tak, Ha TeppuTopuu Ap-

XaHTEeJIbCKOM 001acTH, B YaCTHOCTH, Ha COJIOBEIIKMX
OCTPOBAX, 3TO INIMHUCTHIC 00pa30BaHMSI, OTHOCSIITIC-
cg X cyrecaM [1, 2]. JlaHHBIN TTOIKIIACC TUCITEPCHBIX
TPYHTOB 00JIamaeT TAKMMH CBOMCTBAMM, KaK OOJIbIIAsT
nIedopMIPyeMOCTb IO IeCTBUEM HAarpy3KHU, TTBIBYH-
HOE COCTOSIHHE, clTabasi BOOHOCTOMKOCTh (pa3MOKaHHeE,

© Cokornosa l0.B., AiizeHwTagTt A.M., ®ponosa M.A,, LUnHkapyk A.A., Maxosa T.A., 2023

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://orcid.org/0000-0002-6863-9113
https://orcid.org/0000-0003-2904-2549
https://orcid.org/0000-0003-4079-5066
https://orcid.org/0000-0002-3578-5974
https://orcid.org/0000-0002-4500-3251
https://creativecommons.org/licenses/by/4.0/deed.ru

2023; 15 (4):
349-358

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

PE3Y/IbTATbI UCC/IE4OBAHUW YHYEHBIX U CMIELUAJIUCTOB

BBICOKAs TUAPOMUILHOCTD, CTIOCOOHOCTh K HAOYXaHMIO),
MYIUHHUCTOCTD, TUITKOCTD, TNIACTUIHOCTD, EMKOCTh Ka-
THOHHOTO OOMEeHa M MOBBIIIICHHAS amcopPOIIMOHHAs
CIIOCOOHOCTD, KOTOPBIE U3MEHSIIOTCS TIOJ IeCTBUEM
TIPUPOTHO-KIMMATUIECKNX U TEXHOTEHHBIX (haKTOPOB
", KaK CJICICTBUEC, 3aTPYIHSIIOT Pa3BUTHE TPAHCIIOPT-
HOM MH(MPACTPYKTYPHI TS 00eCIIeYeHUS Ka4eCTBEHHOTO
1 0€30ITaCHOTO OOCTY>KUBAHUS TYPUCTHUCCKIX 1 TTAJIOM-
HUYECKMX MapuIpyToB [3—9].

Hna yaydaimeHus (pU3NKO-MeXaHNICCKUX XapaKTe-
PUCTUK TIUHHUCTHIX TPYHTOB TIPUMEHSIIOT Pa3INIHbBIC
METOIBI YKPETICHUS U CTAOWIIN3AIINY, CPEIU KOTOPHIX
Haumboiee 3(p(HeKTUBHBIMY U IITTPOKO PACTIPOCTPAHCH-
HBIMU SIBJISTIOTCST KOMITJICKCHBIE (PU3UKO-XIMUIECKIE
METOIBI, 3aKJIIOYAIOIINecsS B CMEIIIMBAHUHU TPYHTOB
C BSKYIIMMU 1 aKTUBHBIMU TOOaBKaMU Pa3IMIHOTO
COCTaBa, ITO3BOJISTIONINMH 32 cUeT (PopMUPOBAHUS HO-
BBIX JKECTKUX (KPUCTATN3AIMOHHBIX) U TIJIACTUYHBIX
(KOaryasimMOHHBIX) CTPYKTYPHBIX CBSI3ei MEXKIy Ja-
CTUIIAMH TPYHTA IIOJyJaTh MaTepHaIbl C TPEOYeMbIMU
(pM3UKO-MEeXaHUUECKUMHU 1 SKCIUIYaTAlIMOHHBIMHA Xa-
pakTepuCTUKaMM (TpyHTOOeTOHBI) [10—19].

Taxk, n3BeCTHO, YTO TIPX BBEACHUM B TPYHT U3BECTH
WUJTA M3BECThCOIEPKAIINX OTXOHIOB (HaIpuMep, Kapoui-
HOTO WJIa), XapaKTePU3YIOIIUXCI BBICOKUM COJEpKa-
HUEM TUAPOKCHIA KAJIbLMSI, B Pe3yIbTaTe IPOTEKAHUS
MYIILIOIAHOBOI peaKIIny 00pa3yIoTCs IIEMEHTHPYIOIITIE
COCOUHEHUS — THUApOoCcUInKaThl Kanbus (CSH), ru-
npoamoMuHaThl Kanblinst (CAH) m amroMoCHIMKaTH
kanpumst (CASH) [20, 21].

B03MOXHOCT IPOTEKAHUS peaKIINU JaHHOTO THTIA
Ha TTOBEPXHOCTH TJIMHUCTHIX YAaCTHII CBsI3aHa C WX
MYLII0JIAHOBOM aKTUBHOCTHIO. [1yIoranoBast akTHB-
HOCTbh — 3TO KOCBEHHBIN ITOKa3aTellb 3(pHeKTUBHOCTH
TIPUMEHEHMS BRICOKOTMCIICPCHBIX MAaTepHajIoB 1 Xa-
PaKTEPUBYIOIINIA CITOCOOHOCTh aKTUBHBIX KOMITOHEH -
TOB B MIX COCTaBe B3aMOIIEIICTBOBATh C TUAPOKCUIOM
Kamplug [22, 23]. OgHo¥ 13 TIepBBIX UCKYCCTBEHHBIX
MYLII0JIAaHOBBIX J00ABOK SIBJISICTCS TOHKOIUCIICPCHAS
0003CKeHHAas TIIMHA, TIPOIICCCHI 00KUTA M U3METbUCHUST
KOTOPO TPEOYIOT CYIIECTBEHHBIX SHEPTETUUECKMX 3a-
TpaT, II03TOMY IIPOU3BOIACTBO TAKMX ITYIIIOJIAHOB KO-
HOMUYECKU HEBHITOMHO [24]. BMecTe ¢ TeM, crienyeT
OTMETHUTH, YTO IYIIIOJIAHOBAsI aKTUBHOCTDH (KOCBEHHO
BbIpaXKeHHasl Yepe3 COPOLIMOHHYIO eMKOCTh) XapaKTep-
Ha 1 TS TIMHUCTBIX TPYHTOB B MCXOTHOM COCTOSTHUM,
HE MOABEPTHYTHIX TEPMO- M MeXaHOAKTUBalIMU. Taxk,
TAHHBIN TTapaMeTp COCTABIISIET OT 18 MT/T IJIST CYTIIMHKOB
JIETKMX IbLUICBATHIX 10 65 MI/T 151 [JIMH IbLIeBaThIX |25,
26]. D10 00YCIOBIEHO OCOOEHHOCTIMIA MUHEPAJIBHOTO,
TPaHYJIOMETPUICCKOTO U MUKPOArperaTHOrO COCTaBOB
¥ CTPYKTYPBI TIIMHUCTHIX ITOPOJ: HATMINEM TJIMHUCTHIX
MMHEPAJIOB (CIIIOANCTHIC, CMEKTHUTHI, KAOJIMHUT-CEePITCH-
TUH, CMEIIAHOCIIOIHBIE, XJIOPUTHI) C BRICOKUM COIepKa-
HueM (10 61%) IPUPOIHBIX ITYLILIOJIAHOBBIX COSAMHEHMIA

(Si0,, AL O,, Fe,0,), HaHO- 1 MMKPOMETPOBBIMU Pa3-
MepaMU YacTHII (OT TOHKUX IUTACTUHOK IO YEIITyeK, TPY-
0OOK U JIMCTONOTOOHBIX 00pa3oBaHUIl IITMHOM OT 10 HM
1o 20 MKM ¥ MaKCUMAJIbHOI TONIIINHON (IMaMeTpOM)
oT 1 HM 10 2 MKM), KPUCTAJUTMIECKIM CTPOCHUEM, BBI-
COKOI1 yieJ1bHOI ToBepXHOCTHIO (0T 10 000—75 000 M?/kr
y KaoJmHUTOB 10 550 000—900 000 M?/KT Yy MOHTMOPWII-
JIOHMTOB) ¥ HAJTMYMEM PEHTTeHOaMOP(MHOTO BeIIeCTBa
(mo 25%) |1, 27-29].

CyIIecTBYIOT pa3IWUHbIC METOIBI OIIpPEACTICHUS
ITyLIII0JIAHOBOM aKTUBHOCTU BBEICOKOOUCIICPCHBIX 10-
0aBOK, CpeIr KOTOPBIX BBIICIISTIOT MPSIMBIC METOIBI
U3MEPEHMS COMEePKAHMS TUAPOKCUIA KAIbLUsI B X0/
IIPOTEeKaHUS MYIIIOJaHOBON peakKny (XUMUICCKUIA,
peHTreHoda3oBbIit, AU depeHINATbHO-TEPMUYECKIIA,
MeTon 3arnopoxiia, Meton @paTrnHm) 1 KOCBEHHBIC Me-
TOIBI NCITBITAHWI, HATIpAaBJICHHBIC HA M3MepeHMe (Pu-
3MYECKUX CBOMCTB MCITBITYEeMOTO 00pa3iia (IIpOYHOCTh
Ha cXaTue, 3JICKTPOIIPOBOTHOCTD, BEIICICHNE TEILIa
1o KajjopuMeTpudccknuM u3MmepeHussM) [30]. Bmecre
C TeM, COBPEMEHHOE Pa3BUTHEC MHCTPYMEHTATbHOMN
0a3bl GU3NKO-XUMHUICCKUX METOIOB MCCIICIOBAHMUS,
XapaKTepU3YIOIINX MPOIeCC B3aUMOIECHCTBUS pa3-
JIMIHBIX TTI0 CBOEH MPUPOIEe KOMIIOHCHTOB, ITO3BOJISICT
paCIIMPUTH TIepeUYeHb BO3MOXKHBIX METOIOB aHAJN3a,
MIPUMEHSIEMBIX IIJIST OLICHKHU ITYIIIOJaHOBOM aKTUBHO-
CTH BBICOKOIMCIIEPCHBIX MaTeprajoB. Tak, Hallpumep,
ITOTEHITMOMETPUICCKIE METOIBI aHAJII3a, OCHOBAHHEIC
Ha M3MEPCHUH 3JIEKTPOTHOTO ITOTeHIMAa, (PYHKIIHO-
HaJIbHO CBSI3aHHOTO C KOHLEHTpaLuel (aKTUBHOCTbIO)
OITpeIesIIeMOTO KOMIIOHEHTA B CTIBITYEMOM PacTBOpE,
SIBJISTIOTCS BecbMa 3 (MEKTUBHBIMU ¢ TOYKH 3pESHUST TOU-
HOCTH, 9KCIIPECCHOCTH M TPYIOEMKOCTH.

B mpoirecce mpoTeKaHMs MYHIIOIAHOBON peaKIIny
OCHOBHBIM MH(MOPMAIIMOHHBIM ITApaMETPOM SIBIISICTCST
M3MeHeHUe KOHLeHTpauuyu MoHOB Kasbius (Ca®") B pe-
aKIIMOHHOM cpezie, TOTCHIIMOMETPUICCKH 3TO PEIIacTCsI
ITyTeM TIPUMEHEHUS MOH-CEJIEKTUBHOTO 3JIEKTPOA, IT0-
TEHIIAaJI KoToporo obmamaeT pCa-hyHKIINei 1 OITICHI-
BaeTcs ypaBHeHUEM (1):

E=Eq+Slgaca+, (1)

rae E, — cranmapTHBIN MoTeHIMa 2J1eKTpoa, MB;

S — KpyTu3Ha TUHEHHOTO YIacTKa 3JIeKTPOIHOM Xa-
pakTepuctukH, S = (27+5) MB/pCa;

a2+ — AKTUBHOCTb MOHOB KaJIbIIMS B PACTBOPE.

Takum obpa3oM, 1ieJIbl0 UCCAeT0BaHUS SIBSIACh
anpobanuys NOTeHIIMOMETPUYECKOTO METOAA /ISl OLIEH-
KM TIYLII0JIAHOBOM aKTUBHOCTU BbICOKOAMCHEPCHBIX
MaTepUaJIOB Ha IIPUMEPE MOAEIIEN TJIMHUCTBIX TPYHTOB
C Pa3HbIM YMCJIOM IIJIACTUYHOCTHU U CyNieC ApXaHTelb-
CKOIO perMoHa, a Takke MpUMMeHEHUeE JaHHOTO TTOAX01a
JIJISI OTIpeNeIEeHUS pallMOHAJIBLHOTO KOJIMYECTBA aKTUB-
HOI MMHEpaJIbHOI M3BEeCTbCcoAepKallleil 100aBKM KakK
KOMITOHEHTA BSDKYIIETO IS TTOJYyYeHUsI TPYHTOOETOHA.
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MATEPUAJIBI U METO/JIbI UCCIENJOBAHUA

B xauecTBe 00BEKTOB HMCCAEIOBAHUS OBIIU BbI-
OpaHBI MOACIN TIIMHUCTOTO TpyHTa (00pas3mber 1—3)
¥ CyIlech KaK OOWH M3 Hambojee MpeacTaBUTCIbHBIX
THUIIOB TJIMHUCTBIX TPYHTOB ApXaHTEJILCKOI 00J1acTh
(oOpa3err 4). Monenu TAMHUCTOTO TPYHTA OBUIH TTOJTY-
YEHBI ITyTEM CMEIITMBAHUS PEYHOTO ITOJMMUHEPATBEHO-
ro necka MectopoxneHus «KpacHodorckuit-3amnam»
¥ CAITOHUTCONEPKAIIIETO MaTepHraia, TIPEICTaBISIONIEIO
MHOTOTOHHAXKHBIN OTXOJ IIPOMBIIIIICHHOTO OOOTAIIICHIST
KIMOEPJIUTOBBIX Py MECTOPOXICHMS aTMa30B MMCHH
M.B. JlIomoHOCOBa 1 COOTBETCTBOBAJIM Pa3HOBUIHOCTSIM
TPYHTOB 1O YHCIY IUIACTUYHOCTH (CyIeCH, CYTIIMHKY
¥ T7He ). KOMIIOHEHTHBIN cOCTaB MOJIEIeil TIIMHUCTHIX
TPYHTOB TpeACTaByieH B TaoI. 1.

Taxcke B KauecTBe PeaKTUBOB OBLIN MCIIOJIH30BAHBI
0,015 Mo1b/IT pacTBOP TUAPOKCHIA KATBIIUS M PACTBOPHI
XJIOpKAa KanbLys ¢ KoHueHTpauuei 10-3—10~" Mmojb/71.

IlepBoHaYaIIEHO TS OIICHKY COOTBETCTBHS pa3pado-
TaHHBIX MOJIeJICHt TIMHUCTBIM TPYHTAM CeBepa eBPOIICii-
ckoit yactn Poccni, a Takoke TIpeIBapUTEIbHOM OLICHKH
MYIIIOJAaHOBOM aKTUBHOCTH aHAIM3NPYEMBIX O0OBEKTOB
OBLTM M3YyYEHBI NX COCTAaB M CBOMCTBA. I’ paHyIOMeTpH-
YeCKUI COCTaB TPYHTOB OIPEICIISUIN C UCTIONb30BaHUEM
KOMIIIEKCa METOIOB MCCJICIOBAHUS: aHAIN3a OTpaKe-
HUA c(pOKyCHpOBaHHOTO JIyda Ha aHaiam3arope Lasentec
D600E 1 ¢oTOHHO-KOPPETSIIIMOHHON CITEKTPOCKOITNNA
Ha aHaym3aTtope Delsa Nano Series Zeta Potential and
Submicron Particle Size Analyzer. DJ1eMeHTHBII cOCTaB
TPYHTOB B TIepecueTe Ha OKCUABI OIIPEICIISIIN METOIOM
PEHTTeHO(ITYOPECIIEHTHOI CIIEKTPOCKOITY Ha CIICKTPO-
Metpe Shimadzu EDX-800 HS. Yucno mimacTuaHOCTA
TPYHTOB PaCCUNTBIBAIIN NCXOMIS U3 3HAUCHUI BITaXKHOCTH
Ha TpaHUIle TeKYIeCTH U BIAXKHOCTU Ha TPaHUIIE pac-
KaTbIBaHUS, M3MepeHHbBIX B cooTBeTcTBUM ¢ [OCT 5180-
2015. I'pyHTHI KiTaccDUIIMPOBAIH 10 YUCITY TIACTHY-
HOCTHU M COIEpKaHUIO TecyaHbIX gacTulr (2—0,05 Mm)
o 'OCT 25100-2020.

s mpoBeneHNs MOTEHIIMOMETPUIECKOTO aHaIM3a
ObLTa coOpaHa yCcTaHOBKA, MpeaCcTaBIcHHAs Ha puc. 1.
Ilepen HauaaOM MPOBEICHUS SKCIICPUMEHTA KaJIbIIMIi-
ceJIeKTUBHBIN 21ekTpox Tnita XC-Ca-001 BeIMaunBa-
7 B TeueHue 3 cyTok B 0,01 Mob/7T pacTBOpe XI0pHIa

Tabauya 1
KoMnoHeHTHbIii cocTaB MojieJieil INIMHUCTBIX TPYHTOB

CozaepxaHue KOMIIOHEHTOB, %
Ne oGpazua CATIOHUTCOIEPIKA-
ecoK .
i 0TXO0A,
85 15
40 60
3 0 100

Puc. 1. DrcnepuMeHTaIbHAS YCTAHOBKA:

1 — KaapLUUiCeNeKTUBHBIN 31eKTpoa Tuma XC-
Ca-001; 2 — syexTpoj cpaBHEHUS; 3 — U3MEPUTEITb-
HBIN peobpasoBaTesb (MoHOoMep DKcrepT-001-3.0.1);
4 — memmayika MmaruuTHast [19-6110

Kaiblys. [Tocie 3Toro 31eKTpoI TIIATETbHO OTMBIBAIN
IUCTUITAPOBAHHOU BOIOM 0 BO3MOXKHO 00Jiee HU3-
KOT'0 3HAUYCHUS 3JCKTPOIHOIO ITOTCHIINAJIA W IIPOBO-
IVJIA KaJTOPOBOYHOE M3MEPEHNE B IIPUTOTOBICHHBIX
CTAaHIAPTHBIX PACTBOpaX XJIOpUAA KaJIbIIMS C KOHIICH-
tpauneit 105—10-! MoJIb/J1, ITOCIEIOBATEIbHO MEHSISI
KOHIICHTPAIIMIO pacTBOpPA OT MEHBIIE K OOJBIICH.
ITo nmostyueHHBIM JaHHBIM ObLIT ITOCTPOEH TpaUK 3aBU-
CHMOCTH TToTeHIIMana sekrpona (E) ot orpuiiatersHOrO
JoraprcMa KOHIIEHTPAIIM MOHOB KaJIbIIVsI B PACTBOpE
(pX) (puc. 2). TunmmaHas 3;IeKTpOIHAS XapaKTepUCTUKA
B KOOpAMHATAX ITOTCHIINAI 3JICKTpOIa — Jorapudm ax-
TUBHOCTH (KOHIICHTPAIIMN) MOHA TIPEACTaBIIsIET CO00i
MIPSIMYTO JTUHUIO (YpaBHEHHUE 2) C BOSMOXKHBIMU OTKIIO-
HEHUSIMU OT JMHEHHOCTH B 00JIaCTH HU3KUX KOHIICH-
Tpalui.

300
250
200

2]

= 150
=
100

50

pX

Puc. 2. KanuopoBouHblii rpaguk
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KanubpoBouHoe ypaBHEHUE:
E = —23,9pX + 297,7. )

HeobxoamMo OTMETUTD, YTO TIPU IIPOBEACHUN SKC-
TIEpUMEHTOB HaMHU OBIJIO TIPUHSITO YCJIOBHOE PABEHCTBO
AKTMBHOCTY MOHOB KaJIbLMSA (2 . »+) UX KOHIIEHTPALUK
B pactBope (C »+). [laHHbIi (hakT cBA3aH ¢ UCTIONb-
30BaHMEM KaInOpoBOYHBIX pacTBOpoB CaCl, B 0CHOB-
HOM HMana3oHe U3MEpPeHUN MOTeHIINAa B 00J1aCcTsIX
HU3KOI KoHLIeHTpauuu noHa Ca** (10-3—10-° moip/1),
IUIST KOTOPOM COTTIAaCHO TEOPUHU CUJIBLHBIX SJICKTPOJIUTOB
3HaYeHME KO3 GUIMEHTa aKTUBHOCTH (7Y) 3aBUCHMOCTHI
(3) MOXXHO TIPUPaABHSITH K CAUHUIIC:

aC‘az"' = YC&2+ ’ CC‘az"'- (3)

[IpenBapuTenbHAs ITOATOTOBKA K IIPOBEICHUIO KC-
TIepMMEHTa BKITIOYAJIa TAKKe TIPUTOTOBJICHUE CYCIICH3MI
TIPU KOJIMYECTBEHHOM COOTHOIIICHUN KOMITOHEHTOB:
0,5 T rpyHTa (00pa3um! 1—4) Ha 80 MII TUCTUILTHPOBAH-
HOU BOABI.

MeTonuka 3KCIepUMEHTa 3aKiIiodaiach B IO-
CIIeI0BaTeIbHOM J00AaBIICHNHU B KaXKIYIO CYCIICH3UIO
0,015 mMonb/7 pacTBOpa TMAPOKCHUAA KATBIINS B KOJIH-
yecTBe oT 0,2 10 0,8 MJI 1 U3MepeHNM TTOTeHIIAalIa CH-
CTEMBI TIPU TIOCTOSTHHOM TICpeMEITUBAHNY ¢ (PUKCHPO-
BaHHOM cKopocThio. CpaBHMBAsI MOJTyICHHOE 3HAUCHIE
TOTEHIIMAA ¢ KATMOPOBOYHEBIM rpacduKoM (puc. 1) mmm
pPacCYUTHIBASI IO YPABHEHUIO 2, OIIPEAC/ISIIIA KOHIICH-
TPaLMIO NOHOB KaJIbIIMs B aHATU3UPYEeMOil IIpobe Kak
aHTuyIorapum 3Ha4eHM1, COOTBETCTBYOIINX pX. KoH-
HCHTpAINs MOHOB KaJbIIUS B MCXOMHBIX CYCIICH3USIX
HaXOMUTCS Ha TpaHUIIC AMAlla30Ha MU3MepSIeMBIX KOH-
uentparnuii (0,41 ¢ 10~ MoJb/1) U B pacyeTax He y4u-
THIBaJIACh (TpaHUIIA UyBCTBUTEIBHOCTH 3JICKTPOTHOMN
byuxkun). [TosBIIeHNE B aHAIM3UPYEMOM 00pa3Ile n3-
OBITKA MOHOB KaJbLMS (PUKCHPOBAIN B MOMEHT, KOTIa
IpY 100aBIICHUHM pacTBOpa THUIPOKCHIA KaJbIUs Ha-
OJIromaICsT CKavoK ITOTEHIIMAIIA 3JIEKTPOIa Ha BETNINHY
6onee, yeM =3 MB.

3agaHHYI0 MOJISIPHYIO KOHIICHTPAIIMIO TUAPOKCHIA
KaJIbLIMS PACCUNTHIBAIN UCXOMS U3 3aKOHA SKBUBAJICH-
TOB 110 (hopmyiie (4):

Ceaom) 2 Viaion)
C — 2, 2 3 2 4
3ag vc}"cn: ’ ( )
roe C — KOHIIEHTPALIMS PACTBOPA TUIPOKCH-

Ca(OH),
Ila KaJblINsI, T00aBIsIeMOTO B cycrieH3nio, C =

Ca(OH);
0,015 monb/m;
Ca(OH), 00beM H00aBIIEHHOTO B CYCIIEH3UIO
0,015 Momb/7 pacTBOpa THAPOKCHUAA KATBIIVSI, MIT;
wwen — CYMMAapHBbIiT 00bEM CYCIICH3UH, PABHbIIT CyMMe
o0beMa TUCTIIIMPOBAaHHOM BoAbI (80 MiT) M mOOABIICH-
Horo 0,015 Mob/T pacTBOpa TUIPOKCHUIA KATBIIHS, MIIL.

[MpuHuMast, 4TO KOJIMYECTBO MOJIE MOHOB Kallb-
LIMSI PaBHO KOJIMYECTBY MOJIEH MMAPOKCUIA KAIbLIMSI,
(hakTHUECKYIO MOJIIPHYIO KOHLIEHTPALIMIO THUAPOKCHUIA
KaJIBLINS OTIpeIesIsun 1Mo (popmyite (5):

Ceaz+Meaon,

Copay = 22 Cel0H)2 (5)
El] MEE
Tae CCa2+ — KOHUCHTpaluus MOHOB KaJIbLIM, OIIpC-
JeJICHHAd IMTOTCHIUMOMETPNYCCKNUM METOAOM, MOI[L/J'I;
MCa(OH) — MOJISIpHasI Macca TMAPOKCHUIA KaJlbIInsd,

M = ?74,093 I'/MOJIb;

Ca(OH),

M_., — MonspHas macca Kanbiust, M., = 40,08 r/moib.
KonnuecTBO MOMIOLIEHHOTO TMAPOKCUIA KAIbLIMS

ObLIO paccunuTaHo 10 popmyJie (6):
ACcacomy, = Csaz — Cpanr, (6)

rne C_ — 3amaHHas MaccoBasi KOHIECHTPALMS TH-
IPOKCHUOA KaJbIIUs, MT/I;

C e — (PAKTIUECKAST MACCOBAsT KOHLICHTPALIUS TH-
IPOKCHUOA Kb, MT/I.

Tak KaK OCHOBHOI XapaKTepHUCTUKOM U3BECThCONEP-
JKallero maTepuaia, ooyciasiuBatolieit 3(h(heKTUBHOCTD
ero MpUMEHEHHUS B Ka4eCTBE aKTUBHOW MUHEPATbHOMN
I00ABKY 1 TIO3BOJISTIONIEH YCTAHOBUTH €TO MITHUMATBHOE
KOJIMIECTBO TS OCTVKCHUST PallMOHATBHBIX YCIOBUIMA
CTPYKTYpOOOpa30BaHMSI IPYHTOOCTOHA, SIBIISICTCS COIep-
JKaHMe aKTUBHOTO OKCHIA KaJIbLWs, ¥, IPUHUMAS, 9YTO
KOJIMYECTBO MOJIEN TUIPOKCHUIA KATbLIUSI paBHO KOJIM-
YECTBY MOJICH OKCHIA KaJIbIINS, eMKOCTh IOTJIOIICHUS
TUIPOKCHIIA KATbIIMS ObLIA TIepecYdTaHa B eMKOCTb I10-
[JIOIIECHMS TPYHTOM OKCHIIA KabIns 1o opmyde (7):

ACeyo = ACcarom)e Mean ;

=1 Meacom) (7)
2l 2

rie M., — MossipHasg macca OKCUIa KaJblMs,
M, = 56,08 r/moJb.

Kpome Toro, mo eMKOCTH ITOTJIOIICHMS OKCHIA KaJTb-
sl OBLT paccunTaH KO3(DOUIIMEHT TUAPAaBINICCKOMN
AKTUBHOCTH C MCITOJIb30BaHNEM CJICAYIONICI 3aBUCH-
MocTH (8):

FC( = ]'naw,.l' Ccan, (8)

e O, , — AKTUBHOCTD, OTIpCAC/IACMAasd TTOTJIOMICHM -
€M OKCHIa KajJbluAda U3 N3BECTKOBOI'O paCTBOpa (paBHa
AC

CaO)'

PE3YJBbTATBI 1 OBCYKIEHUE

XapaKTepUCTUKH U KJIacCuMUKAaLust TPYHTOB IIpe/i-
CTaBJICHBI B Ta0J. 2—4.

CpaBHeHHUE ITOJIyYEHHBIX XapaKTEPUCTUK C JINTEPa-
TYPHBIMU U CIIPABOYHBIMU JAHHBIMU I0KA3aJI0, YTO pa3-
paGoTaHHbIE MOIEIbHbIE CUCTEMBI TNIMHUCTBIX TPYHTOB
(00pa3upl 1—3) Mo rpaHyIOMETPUICCKOMY U DJIEMEHT-
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Tabauuya 2
IToka3aTe M NJIACTHYHOCTH 00pPa3LI0B

3HayeHHe MoKa3aTeJIs ik 00pa3ioB
HanmeHnoBaHue noka3ares
1 2 3 4
BepxHuii rpenes miacTUYHOCTH — BJIaXXHOCTh 0.23 0.31 0,85 0,27
Ha 'PaHMUIIE TEKYYECTH, W, , €]l
HwxHuii ipenes miacTU4HOCTA — BIaXKHOCTD 0.19 0.23 0,65 022
Ha 'PaHMULIE PACKATHIBAHUS, W, €]l
Yucno ninactuyHocTH, 1, €. 0,04 0,08 0,20 0,05
Kraccudukaius rpyHTa mo 4uciy miacTUYHOCTU cyIech CYIJIMHOK [JIMHA cyIech
Tabauuya 3
IpanyomeTpuuecKkuii cocTaB 00pa3ioB
Conepxanue yactuil (%) no ppakuusM B JUANA30HE, MM Knaccudmkanus
Ne TPYHTA 11O YHCITY
; IUIACTHYHOCTH
obpasua | 1—0,5 | 0,5-0,25 | 0,25—0,1 | 0,1—0,05 | 0,05—0,01 | 0,01—0,002 | <0,002 M COIePIKAHMIO
MeCYAHbIX YACTHIL
1 - 10,81 46,44 20,85 6,78 0,12 15,00 | cymech mecyaHucTast
2 - 5,09 21,85 9,81 3,19 0,06 60,00 | CYHHMHOKICTKIH
MbLIEBAThIA
[JIMHA JIeTKast
3 - - N N N N 100,00 nblaeBarast
4 - — 1,00 17,73 44,79 19,89 16,59 CyTieCh IbUIeBaTas
Tabauya 4

DJleMeHTHBIii cOCTaB 00pa3ioB (B mepecyere HA OKCHIIBI)

Conepxanue 3;eMeHTOB (%) AJ1s1 00pa3ioB

Oxkcun 1 ) 3 4
SiO, 85,41 67,59 51,75 61,06
MgO 2,91 11,64 19,40 0,83
AlLO, 5,80 8,01 9,97 25,39
Fe,O, 2,11 6,50 10,41 11,85
CaO 0,84 2,62 4,20 —
TiO, 0,19 0,63 1,02 0,65
K,0 0,56 1,15 1,69 —
SO, 0,06 0,20 0,32 —
ZrO, — — — 0,08
PO, 0,10 0,40 0,66 —
Cr,0, 0,02 0,07 0,11 0,03
ZnO — 0,02 0,03 0,01
BaO 0,03 0,12 0,20 —
MnO 0,02 0,10 0,16 0,09
SrO 0,01 0,02 0,04 -
CuO 0,01 0,02 0,04 —
Na, O 1,16 0,55 — —
TL.IL.T1. 0,77 0,36 — 0,01
http://nanobuild.ru 353 info@nanobuild.ru
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HOMY COCTaBaM M ITOKa3aTe/IsIM TUIAaCTUIHOCTH COOT-
BETCTBYIOT IJIMHUCTHIM TPYHTaM ceBepa eBPOIEUCKOM
yactu Poccun. Kpome Toro, Bce ucciaeayembie 00beKThI
(0oOpasier 1—4) XapaKTepHu3yrOTC ITYIIIOJAaHOBOM aK-
TUBHOCTBIO, UTO TTONTBEPKIACTCS MIPeodIagaHueM B X
COCTaBe TBIJICBATHIX U TIIMHUCTHIX YaCTHUIL pa3MepaMu
MeHee 20 MKM 1 HaJIMIMEM IIPUPOTHBIX ITYIIIIOIaHO-
BbIX coenunenuii (Si0,, ALO,, Fe,0,). Onnako pan-
KMpPOBaHNE TIIMHUCTHIX TPYHTOB IO KO3(PPUIINECHTY
TUAPABINICCKON aKTUBHOCTH, PACCINTAHHOMY C yUe-
TOM XMMWYECKOTO COCTaBa (B IIepecueTe Ha OKCHUIBI),
HEKOPPEKTHO BBUAY TOTO, YTO B TA0J. 4 TIPEICTaBICHO
CyMMapHOE CoIepKaHNe DJIEMEHTOB, BXOISIINX, B TOM
quciie, B COCTaB MUHEPAJIOB ITeCYaHON KOMIIOHEHTHI
TPYHTA, a MyIII0JaHOBYIO aKTUBHOCTD OIIPEACIISIIOT OK-
CHIBI, COCTABJISTIONINE TOJBKO TITMHUCTHIC MUHEPAIIHI,
a TaKKe PeHTTeHOaMOP(MHOE BEIIECTBO.

[ToxyueHHBIC SKCTIIepUMEHTATBHBIC 3HAUCHMS TTOTCH-
uana aiektpoaa (E) B 3aBucumMoctu ot oobeMa 100aB-
JIECHHOTO PacTBOpa TMAPOKCUIA KaJIbLIMSI (VCa(OH)z) IS
pa3HBIX TPYHTOBBIX CHCTEM, a TaKKe MaTeMaTHJIcCKas
00paboTKa pe3yabTaTOB 3KCIIEPUMEHTA IIPEICTABICHBI
Ha puc. 3 1 B Ta0. 5.

IIpu o6paboTke M aHanM3e Pe3yJbTaTOB IKCIIE-
pUMEHTa YJacTOK (DYHKIIMOHAJIBHBIX 3aBUCUMOCTE
E= f(VCa(OH) ) B inana3oHe o6beMoB pactsopa Ca(OH),
ot 0,2 10 4 MJ1 OBUT MCKJTIOUEH U3 pacyeTa, YTO 00YCIIOB-
JIEHO HU3KO¥ KOHIICHTpAIel MOHOB KaJIBIINS B CHCTE-
Me, a TaKKe MX BO3MOXKHOM KOHKYPEHIIMCH ¢ MOJIEKY-
JIAaMM PacCTBOPUTEJIS 33 aKTUBHBIC IIEHTPHI IIOBEPXHOCTH
gacThll rpyHTa [31].

st pacuyeTra COpOIMOHHON €MKOCTU TPYHTOB
(yHKLMOHAJIbHBIE 3aBUCUMOCTHU Buaa E = f(VCa(OH)Z)
OBUTM pa3desIcHBI Ha XapaKTepHBIC YIaCTKHU, alllIpOK-
CUMUpYeMbIe TMHCHHBIMU QYHKIIUSIMH C BBICOKIMU
Ko puIImeHTaMI TOCTOBEPHOCTHU AIIIPOKCUMAIIH
(R=10,97£0,03). CnemyeT OTMETUTD, YTO HAOTIOOACTCS
CXOXXUI XapaKTep U3MEHEHMS TTOTCHIIMAJIA 3JIEKTPOoIa
TIpH B3aMMOICHCTBUM MOJIEJICH IIMHMUCTOTO TpyHTa (00-
pasisl 1—3) ¢ ruapokcumoM Kanblus (puc. 3a, 3B, 3m).
[Tpu mobaBIeHNN B CYCIIEH3UHU 4 MJT pacTBOpa TUIPOK-
cHIa Kalbls HAYMHACT IIOTCHIIMOMETPUICCKI (PUKCH-
pPOBaThCS TIPOIIECC COPOLIMU TPYHTOM MOHOB KaJIbITHS.
IIpu manpHeiieM yBeaudeHUU o0beMa 100aBIEHHO-
TO pacTBOpa T'MAPOKCHAA KaJbIs IO OIPEICICHHOTO
3HaYeHUS (YIacTOK 1) ITOTeHIIMA JIEKTPOaa OCTaeT-
cs TIPAaKTUICCKU TTOCTOSTHHBIM, TaHTEHC yIJIa HaKJIOHA
JIMHEMHBIX QYHKIINIA OJIM30K K HYJIIO (CHHHE TIPSIMbIC
Ha puc. 30, 3r, 3e). [Ipouecc copbLmu 3aBepIIaeTcs,
KOTJa B CHCTEMeE TTOSIBIISICTCST M30BITOK MOHOB KaJIbIINS,
¥ MIOTCHIIMAJ 3JICKTPOAa pe3KO BO3pacTaeT IPH yBe-
JIMICHUN 00beMa MT00aBICHHOTO TUIPOKCUIA KATbIIHS
(ygactok 2), uTo Tpadmaecku 0ToOpaxkaeTcs TMHEITHOM
(byHKIMEH ¢ YyIIIOBEIM KOY(MDOUIIMEHTOM, OTIUIHBIM
OT HyJIsI (KpacHBIC IpsiMbIe Ha puc. 30, 3r, 3e).

XapakTep OYHKIMOHAIBLHOU 3aBUCUMOCTA E =
/(VCa(OH) ) IS CyTIecr ApXaHTeIbCKOTO perrnoHa (oopa-
3er 4) (puc. 3, 33) OTIIMYACTCS OT MOJIEIICH TIIMTHICTOTO
rpyHTa (00pa3isl 1—3), 9To OOYCIOBICHO OCOOCHHOCTSI-
MM MUHEPaJIbHOTO COCTaBa IPYHTOB CeBepa eBpOIICii-
ckoit yactu Poccun. [1pu gobaBieHUN B CyCIIEH3UIO OT
4 mo 10 MJ1 pacTBOpa IMIPOKCHIA KAIBIIUS HAOIIOOACTCS
YCTaHOBJICHIE PAaBHOBECHOTO ITOTEHIIMAJIA SJICKTPOIHOMN
$yHKIIMM HAa MeMOpaHe (yJacTok 1) (BelInmumHa ITOTeH-
LIMajia BOCIIPOM3BOOUTCS ¢ TOUHOCTRIO 13 MB). I1pu yBe-
JIMYCHUN 00beMa J0OaBICHHOTO pacTBOpa TMAPOKCHUIA
Kajablus (Y9acToK 2) mo 13 MJI moTeHIMa 3JIeKTpoIa
pe3KO YMEHBIIIAeTCSI, 9YTO COOTBETCTBYET MMPOTECKAHUIO
ITYIIIOJJAHOBOU peaKIINM Ha IMMOBEPXHOCTH TJIMHUCTBIX
YaCTHUII U TpaddmIecKy OToOpaXkaeTcs TMHEHHOM (PyHK-
LIMEH C YIIIOBBIM KO3(DOUIIMEHTOM, OTIUMYHBIM OT HYJISI
(cunsa mpsiMast Ha puc. 33). [1poliecc B3anMoneiicTBHS
3aBepIIaceTcs (yJ4acTok 3), Koraa ITOTEHITNAI 3JICKTpoIa
IOCTUTACT TTOCTOSTHHOTO 3HAYCHMSI ¥ TAHTCHC YIJIa Ha-
KJIOHA JIMHETHOM (PYHKIINM OIM30K K HYIIO (KpacHas
IIpsiMast Ha puc. 33).

Pemenmne cucteM m3 2-X IMHEWHBIX YpaBHEHHM,
yIJIOBbIe KO3(MMUIIMEHTHI, CBOOOIHbIE WIEHBI U KO-
(UIIMEHTHI TOCTOBEPHOCTH allIIPOKCUMAIINHU TSI KO-
TOPBIX TIPUBEACHBI B Ta0JI. 5, TTO3BOJIMIIO OMPEICINTD
KOOPIMHATHI TOUYCK TePECeUCHUsI, COOTBETCTBYIOIINX
OKOHYAHMIO TIpollecca copOrnm (B3aMMOOCHCTBHUS)
MOHOB KaJbIU IIJISI KaXI0TO o0paslia M yKa3aHHBIX
Ha puc. 3 (0, T, e, 3). 1)1 3HAUeHMIT TOTeHIIMAIA JIeK-
TpoJa B TOUKAX IepeceUeHUS IMHECHHBIX (DYHKIINOHATb-
HBIX 3aBUCHMOCTEH pacCUMTaHbl KOHIICHTPAIIUX NOHOB
KallblIMs, 3aMaHHbIC U (paKTUIEeCKIEe KOHIICHTPAIINU
TUAPOKCHIA KAJTBIINSI, EMKOCTH ITOIJIOIICHUS TPYHTOM
OKCHUIA KabINs, KO3(PPUIIMEHTH THAPABINUECCKON
AKTMBHOCTH U PallMOHAIBLHOE KOJINUYECTBO aKTUBHOM

Tabauya 5
Pe3yabraThl MaTeMaTH4€ECKOIi 00PadOTKH
IKCNEePUMEHTAJIbHBIX JAHHBIX

http://nanobuild.ru

KoaddummenTtni
Ne Ne B ypPaBHEHHH BUA
o6pasua | yuacTka y = ax+b R
a b
| 1 0 198,00 1,00
2 1,07 192,69 0,95
) 1 0,35 189,97 0,97
2 1,11 183,75 0,99
3 1 —1+10-%| 191,00 1,00
2 2,02 167,28 0,96
4 2 -2,52 222,28 0,98
3 —0,17 191,31 0,97
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Puc. 3. @yHKUMOHA/IbHbIE 3ABUCMMOCTH MIOTEHIMAJIA 3JIEKTPOIA OT 00beMa 100aBJIEHHOr0 PACTBOPA MMAPOKCHIA
KaJpls 1Jis: a, 0 — obpasua 1; B, T — obpasua 2; 1, e — obpasia 3; 3k, 3 — obpasua 4, rie a, B, I, XX — ITOJyYeHHbIe
AKCIepUMEHTANIbHbIC TaHHbIE; 0, T, €, 3 — MaTeMaThueckasi 00paboTKa pe3yJbTaTOB IKCIIEPUMEHTA
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Tabauya 6
Pacuer nynuo/1aHoBOii aKTHBHOCTH M PALMOHAILHOTO KOJMYECTBA AKTHBHOM MUHEPAIbHOI 100aBKU
JUIA MCCJIeyeMbIX 00pa31oB

< = = = % N = EX
s = ) > S = = = = = - S =
Ex 2|2~ |7 | % ls5.|8 |22|2 |5 |5,/ |3 |BEg
Q o @ = ) & & =~ = o= 1 = = O 2 S=-X—)
23 Bl 5| |8 | 8|88 |8 |28| 2|85 |SE| (B, . |Exm
s|e%| % | £| 8 |&_| = | 3% | 35| E8| Ec|=5|sF| EE(8% |28¢2
1<) ) ) = = = = = =5 = ) R = 2] = = = S &=
[S) = s = [} ] = = = = = S S| € a|l 2EE =@ Tz o2
ol = ~ o = =0 = = = S = =1
2| 82| 8| 3| 5 |E% 5| ES|BS| a5 | 88| 5| 58| 258 |25
S5 | = =5 E | & B | 82| 8° | ES| 29| 29| 2| ET|E® |Ex%
= 2 2 3 s | B = ER | E E= | g 5 54| g = g4
1 49 84,9 | 198 | 4,17 | 6,74 | 2,70 0,87 | 64,14 | 12,45 | 9,23 | 54,92 9 6,81 0,64 0,7
2 8,2 88,2 | 193 | 4,38 | 4,16 | 1,67 1,39 [103,33| 7,69 5,70 | 97,63 17 12,87 | 0,85 1,3
3 11,8 | 91,8 | 191 | 4,46 | 3,43 | 1,38 1,93 [142,86| 6,34 | 4,70 |138,16| 25 18,92 | 0,98 1,9
4 13,2 | 93,2 | 189 | 4,55 | 2,83 | 1,13 2,12 157,41 5,23 3,88 |153,53| 29 21,95 | 1,03 2,2

HM3BECThCOAEPKAIICH MUHEPAIbHOM T00aBKI, TIPEACTAB-
JIEHHbIE B Ta0JI. 6.

[TomyaeHHBIC pPe3yabTaThl MOKa3aaW, 9YTO COpPO-
IIMOHHAST eMKOCTh U KO(DOHOUIIUESHT TUAPABINIECKOMN
AKTUBHOCTH YBEJIMUMBAIOTCSI B PSITY MOMIEINb CYIIecH —
MOIENTb CYTJIMHKA ~ MOAEIb TJINHBI = CYIIeCh M UMEIOT
TIOPSIIOK a0COTIOTHBIX 3HAYCHUIA, COBITATAIOIINX C JTUTE-
paTypHBIMU TaHHBIMU [25, 26, 32]. JJaHHBIE TTOKA3aTEIN
IUTST CYTIECH Y MOJICITH TJIMHEI IIPAKTUYCCKU COBIIAMAIOT,
YTO OOYCIIOBJIICHO, BEPOSITHEE BCErO, IPpeodIamaHueM
B TPAHYJIOMETPHIECKOM COCTaBE MCCIIEIyeMbIX 00pa3-
IIOB aKTUBHBIX TTBUICBATHIX Y TIIMHUCTHIX YACTHUII (00JIee
80%). OnHako cleayeT OTMETUTh, YTO MYLILIOJaHOBAs
AKTUBHOCTH INIMHUCTHIX TPYHTOB B 2—3 pa3a HILKE, YeM
AKTMBHBIX MUHEPATbHBIX T00ABOK, TIOABEPIHYTHIX IIPEI-
BapUTEIHHOI TePMO- WJIN MEXaHOAKTUBALINH.

PanmoHambHOE KOTMIECTBO aKTUBHOM MIHEPATLHOI
u3BecTbcoaepxkaieit nodasku (rpu 100%-Hom comep-
JKaHUM B €€ COCTaBe aKTMBHOTO OKCHIA KaJIbIINs), He-
00XOIMMOeE TSI TIOJTHOTO B3aMMOIECTBUS C aKTUBHOM
(azoit rpyHTA U TTOTyIeHUS TPYHTOOETOHOB ¢ Tpedye-
MBIMH 3KCIUTyaTallMOHHBIMU XapaKTepUCTUKAMM U pac-
CUYATAHHOE C YYETOM €MKOCTH TOTJIOIMIECHUS TPYHTOM
OKCHIa KaJIbIINs, COCTABUIIO TSI MOJEJICH TIIMHUCTOTO
IPYHTAa B 3aBUCUMOCTH OT YMCJIa miactuyHoct 1—2%,
a st cyrecu — 6os1ee 2% (0T MacChl IPyHTA B IiepecueTe
Ha MaccCy CyXOro BeIlIeCTBa).

3AKTIOYEHUE

Ha ocHoBaHMM IpOBeIeHHBIX UCCIIETOBAHIIA MOXKHO
cIenaTh CIeyIONIe BEIBOJIBI:

1. MiccrrienoBaHa MyuIojlaHOBast aKTUBHOCTh M OTIpe-
JIeJIEHO pallMoOHaJIbHOE KOJIMYECTBO aKTUBHOW MHUHE-

pajbHOI U3BECThCOAEpKAlleil 100aBKU ISl MOJEICH
JIMHUCTBIX TPYHTOB € Pa3HbIM YMCJOM IJIACTUYHOCTHU
U CyTiecu ApXaHTeJIbCKOTo permoHa ¢ IpuMeHEeHUEM T10-
TEeHLIMOMETPUYECKOTO MeToa. JIaHHBI MeTOJ OCHOBaH
Ha orpeesIeHUU EMKOCTH TTOTJIOIIEHUST MIOHOB KaJIbLIMS
MyTeM U3MEPEHUST U3MEHEHUS DJIIEKTPOAHOTO MOTEH-
mrana, GyHKIMOHAIBHO CBSI3aHHOTO ¢ KOHIICHTpAII-
el (aKTUBHOCTHIO) MOHOB KaJIbIINSI B pa30aBICHHBIX
pacTBOpax, ¢ UCIOJb30BAaHUEM KAJIbLIMIACEIEKTUBHOTO
2JIEKTPOJA.

2. YcTaHOBIIEHO, YTO aOCONMIOTHBIE 3HAYEHUS COpO-
LIMOHHOM €eMKOCTU U KO3(P(puULiMeHTa ruApaBIndecKoi
aKTUBHOCTHU, PAaCCUYUTAHHbBIEC MO TAHHBIM MOTEHIIUO-
METPUYECKOTO aHaJiu3a, IJIs UCCIEAYEeMbIX 00BbEKTOB
COBITAJIAIOT C JIMTEPATYPHBIMU JAHHBIMU, YTO TOBOPUT
0 IPUMEHUMOCTU TIPEIJIOXKEHHOTO 3KCIIPecC-MeToaa
JUUIST OLIEHKU MYLII0JaHOBOW aKTUBHOCTH BBICOKOIM-
CIEPCHBIX MAaTepUAIOB.

3. [MuHMCTHIE TPYHTHI IIPOPAHXKUPOBAHEI 10 YBE-
JIMYEHUIO TTYLIIOJJAHOBOW aKTUBHOCTHU B CJIEIYIOIIEH
MOCJIeNOBATEILHOCTU: CyNech MecYaHUCTast ~ Cyru-
HOK JIETKMI MblJIeBaTbIl — TJIMHA JieTKas TblieBaTas
= CyIech IblaeBaras — 4TO 0OyCIOBJIEHO OCOOEHHO-
CTSIMU WX TPAHYJIOMETPUUYECKOTO U MUHEPATbHOTO
COCTaBOB.

4. PanmmoHaIbHOE KOJIMYECTBO aKTUBHOM MUHEPAITh-
HO u3BecThcoaepkaiieit modoasku (rmpu 100%-HoM co-
Iep>KaHUU B €€ COCTaBe aKTMBHOTO OKCHIIA KaJIbITUSI),
obecrieuuBaloniee NojaydeHue rpyHTo0eTOHOB € Tpe-
OyeMbIMM IKCILJTyaTallMOHHBIMU XapaKTepUCTUKAMMU,
COCTaBMJIO JJIS1 MOJIeJIeN IIMHUCTOTO IPYHTA B 3aBU-
CHMOCTH OT 4MCJIa IJIacTUYHOCTU 1—2%, a 11s1 cyrecu
ApXaHIeJIbCKOTO perrnoHa — 6osiee 2% (0T Macchl TpyHTa
B IIepecyeTe Ha MacCy CYyXOTo BeIleCTBa).
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ABSTRACT: Introduction. Currently a significant number of quarry restoration strategies have been developed, based on different
aspects of soil impact: specifically, mixing the topsoil with the empty rock of exhausted quarries; introducing organic waste; apply-
ing mulching and polymer structure formers; using the adapted plants. In this study we attempt to combine the positive aspects of
the previously mentioned methods. Therefore, the aim of our research is to create artificial soil-like structures with specified agro-
ecological properties. We anticipate further use of the obtained mixture as a layer between the quarry waste material and fertile
soil, which is to be applied to the reclaimed surface and followed by the planting of local plant species. Materials and methods.
Studies on the possibility of reclamation of mine tailings were conducted under conditions of model experiment with sodium lig-
nosulfonate (SL), a waste organic material from the pulp and paper industry, as the organic base for the soil-like body. Fine fraction
soil (FS) sampled from the mine tailings was mixed with SL in ratios of 1/0.5, 1/1, and 1/2; to accelerate the decomposition of organic
matter depending on the experimental scheme, strains of bacteria Acinetobacter calcoaceticus and Pseudomonas kunmingensis were
added. The obtained mixtures have been composting for three months at a room temperature, with regular mixing and maintaining
moisture levels. The phytotoxicity of the obtained mixtures was assessed by germinating seeds of a short duration radish variety
called "18 days". Results and discussion. The application of sodium lignosulfonate (SL) into the fine fraction soil (FS) significantly
increased the organic matter content and decreased the acidity of the medium. The fertilizing with nitrogen in the SL experimental
variants has led to a significant increase in the content of alkali-hydrolysable nitrogen compared to the variants in the absence of
N and the presence of SL. Conclusion. The research results showed that the application of sodium lignosulfonate (SL) to the fine
fraction soil (FS) contributed to a decrease in acidity, an increase in organic matter and alkali-hydrolysable nitrogen content in the
mixture, as well as a reduction in substrate toxicity.

KEY WORDS: sodium lignosulfonate; quarry reclamation; nano-fertilizer; microorganisms.

ACRONYMS LIST: SL - sodium lignosulfonate; FS - fine fraction soil of quarry waste; MO — microorganisms; OM - organic matter;
AHN - alkali-hydrolysable nitrogen; N — mineral nitrogen fertilizer.
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INTRODUCTION change on natural ecosystems is worsening the issue |2,

3]. In such circumstances, the land shortage needs to

ecent studies based on satellite space monitoring  be prevented not only through methods of controlled
how that the loss of the planet’s topsoil amount to  agriculture and soil degradation prevention, but also by

16 million hectares annually [1]. Meanwhile, the popula- actively restoring lost fertile territories. The reclamation
tion of the planet is growing, and the impact of climate =~ of abandoned quarries can provide new types of land use
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and mitigate the consequences of soil erosion [4, 5], while
the development of secondary forests on degraded areas is
of interest due to their potential in carbon sequestration
[6]. However, many of the abandoned quarries are not
subjected to targeted reclamation, and the self-restoration
of disrupted ecosystems can take many years or even de-
cades [7, 8].

In cases of reclamation, the most effective restora-
tion strategy is the application of a soil cover by returning
the removed top layer and planting vegetation on the re-
claimed areas [9]. In arid and semi-arid regions, the use of
such a method is limited by climatic factors such as high
evaporation rates and low precipitation amounts. Areas
with adverse conditions often face the problem of insuf-
ficient suitable soil for creating a new fertile layer [10].

Anthropogenic pressure while the extraction of miner-
als also creates a negative impact on the biological activity
of the region’s soils [11]. As a result, even with timely
reclamation, the newly created soils do not possess the
necessary physical, chemical, and biological characteris-
tics to support a sustainable ecosystem. Soil characteristics
directly affect erosion development, plant root develop-
ment, density and coverage, all of which determine the
development of natural vegetation and are key factors in
assessing ecological restoration [9].

Over the past years, numerous quarry restoration
strategies have been developed based on various aspects
of soil impact. There are methods for improving the ag-
rochemical composition of newly developed soils in re-
habilitated areas, for example, through the introduction
of organic waste [13, 14]. Landscape methods also exist,
which involve reducing erosion and protecting soil from
adverse climatic conditions by decreasing evaporation
and increasing infiltration, such as mulching and the use
of polymer structure-formers [15, 16]. Multiple strategies
for restoration have been described that are not based on
the addition of ameliorants to soils, but rather on creating
more resilient ecosystems under conditions that already
exist or have minimal impact on soils, for example, the
use of plant species adapted to nutrient and water limita-
tions for reclamation. Vegetation with morphological and
physiological adaptations to survive and grow in harsh
conditions of arid and semi-arid regions is more success-
ful in resisting negative environmental factors [17, 18].
There are also studies [19, 20] that examine the increase
in the amount of substrate introduced for reclamation by
mixing the topsoil layer with waste rock from exhausted
quarries. The authors of the mentioned studies concluded
that as a result, the organic matter content increased in
the overall mixture, probably due to the improvement of
the hydrological function and biomass production, as well
as the activity of microorganism dehydrogenases. The
improvements spread deeper into the soil profile, thus
contributing to the soil function restoration.

Any of the above strategies contributes to the pro-
cesses of reclamation of disturbed areas, but has its own
drawbacks. In the case of adding ameliorants, there are
limitations in the ecological requirements for the content
of heavy metals, nutrients, acidity of the environment, or
resistance to water and wind erosion, even without con-
sidering economic factors. In addition, the effective use
of ameliorants implies not only improving soil properties
but also providing mineral nutrients in accordance with
the needs of vegetation. The use of stable plant species
for land reclamation should not create competition for
the local existing flora, as it negatively affects the region’s
ecosystems as a whole [21, 22]. The method of mixing soil
and quarry rock is limited as the rock is to have a specific
structure and should not contain substances that hinder
the development of vegetation. For many nonferrous and
heavy metals extracting quarries, this condition is not
met, as they almost always contain significant amounts
of harmful elements for living organisms. In the current
research, we attempted to combine the positive aspects
of the methods mentioned earlier. To achieve that, we
assessed the addition of sodium lignosulfonate (SL) to
the substrate sampled from quarry dumps. We propose
to further use the resulting mixture as a layer between the
quarry dump material and fertile soil, which will be ap-
plied to the reclaimed surface and followed by the planting
of local plant species.

Widely known, that it is economically efficient utiliz-
ing production organic waste as ameliorants. This allows
reducing pollution of the environment when accumu-
lating the sludge and using it beneficially in agriculture
[13, 23, 24]. In this regard, SL is one of the promising
substances. In the process of the chemical processing of
wood in cellulose-paper and hydrolysis plants the most
difficult-to-utilize part of cellulose — lignin, becomes
waste and is usually sent to the storage facilities, where
it can be stored for decades due to the limited waste re-
cycling and high resistance to decomposition. The high
acidity of such lignin has a negative impact on the envi-
ronment, acidifying the soil and water, polluting the air
basin, and being a dangerous source of ignition [25, 26].
On the other hand, lignin is a natural resource that pro-
vides renewable aromatic compounds and is structurally
similar to the non-hydrolysable part of humic acid. As
a soil additive, it can serve as a source of organic carbon,
improving soil nitrogen balance as 1g of carbon helps fix
15—20 mg to 40 mg of atmospheric nitrogen [27, 28],
and as a basis for the accumulation and gradual release
of mineral components. Lignin is a major component of
lignosulfonate. In terms of its impact on the environment,
LS has proven sorption ability towards heavy metals, in-
cluding as a substance used in the treatment of industrial
wastewater [29, 38], meaning it will suppress the toxic
effects of quarry material. The anti-erosion resistance of
SL, highlighted in its use in road construction [31, 38],
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will also add a positive effect. Thus, SL can serve both as
a substance improving the agrochemical composition of
the soil, and as a structural former, and as a component
of quarry material, reducing toxicity and allowing for a
reduction in the amount of soil used for forming the top
layer.

Numerous compositions based on SL have been de-
veloped to be used as alternatives to conventional fertil-
izers in agriculture [25, 33]. Researchers generally agree
that the application of SL is more effective when: a) used
in combination with mineral components as a source of
nutrients for plants [34], and b) after pre-composting to
reduce acidity and increase its bioavailability, usually
with the involvement of microorganisms that facilitate
the decomposition of SL [35, 38, 37, 38]. In the first
case, SL is used as a matrix to retain mineral compo-
nents, while in the second case, it serves as a source of
humic substances.

Based on all the aforementioned facts, a model experi-
ment was conducted in laboratory conditions to investi-
gate the possibility of creating soil-like bodies through
composting a mixture of sodium lignosulfonate (SL) and
fine fraction of quarry waste (FS) with microorganisms
additives (MO) and nitrogen fertilizer (N).

2. MATERIALS

2.1 Fine fraction soil of quarry waste (FS). We used
for the experiment material from the waste dump of the
Kulurtay mine quarry, located in the Baymak district in
the southeast of the Republic of Bashkortostan. The de-
posit was used for the extraction of oxidized gold-bearing
ores, copper, zinc, and alluvial gold. The waste rock was
stored by forming waste dumps. Currently, mining op-
erations have been completed, the quarry is flooded, and
the area has a heavily disturbed relief, with the natural
soil cover removed. No reclamation has been carried out
after mining cessation. Self-overgrowing has been for at
least 30 years (since 1985), and there are visible patches
of secondary soil cover formation on the quarry waste
dumps, presumably partially alluvial and partially formed

Table 1
Technical characteristics of sodium lignosulfonate

in situ. The vegetation is represented by young birch and
pine bushes, with no grass cover.

The material of the quarry waste is dry, white, pow-
dery, with inclusions of yellow and dark orange, repre-
sented by grus and gravel. According to literature sources
[40], its composition is similar to that of extracted ores
and contains elements such as copper, zinc, gold, and sil-
ver. The overburden consists of basalts-andesites-basalts-
andesite-dacite-riolite subformation of andesite-basalt
formation [41]. The content of organic carbon is 0.5%,
alkali-hydrolyzable nitrogen is 42 mg/kg of fine sand, and
the medium’s reaction is strongly acidic (pH H,0 —2.9).

The area is characterized by dryness and insuffi-
cient moisture supply: the sunshine duration is 1950—
2000 hours per year; the average annual air temperature is
1.5—2°C; the average air temperature in July is 17.5—18°C;
the amount of precipitation per year is 350—400 mm; the
amount of precipitation during the warm period is 250—
300 mm; the average number of days with atmospheric
drought is 40—45 days per year; the average wind speed
is 3.5—4 m/s. The area is distinguished by a high anthro-
pogenic pressure on the natural environment, caused by
both mining industry and intensive agriculture [42].

For the model experiment, samples weighing at least
1 kg were collected from multiple points within the inner
part of the external quarry slope. The samples were mixed,
cleared of large fragments, stones, and plant residue, and
sifted through a sieve with a diameter of 1 mm. From the
obtained quantity, a portion of approximately 50 g was
separated by quartering method for agrochemical analy-
sis of the original substrate. The remaining portion was
thoroughly mixed and used in the experiment.

2.2. Sodium lignosulfonate (SL). We used for the ex-
periment waste from a pulp and paper mill, available for
purchasing. The liquid form of SL with the technical char-
acteristics presented in the Table 1 was used.

2.3. Mineral Fertilizer (N). In the experiment we
used a preparation with a trade mark “Mixed Mineral
Fertilizer Ammonium Nitrate with a Complex of minor
nutrient elements, N — 33%” produced by LLC “TPK
NOV-AGRO”. The content of nutrients by mass frac-

Appearance Viscous liquid of dark color
Mass fraction of dry matter, %, no less than 50
Ash content to the mass of dry matter, % 27
Hydrogen ion concentration, pH, no less than 4.5
Tensile strength of dried samples, MPa 0.6
Conditional viscosity, sec, no less than 80
Mass fraction of reducing substances to the mass of dry matter, % 15
Density, kg/m?, no less than 1280
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tion: nitrogen (N) — 33%, boron (B) — 0.03%, copper
(Cu) — 0.15%, iron (Fe) — 0.09%, manganese (Mn) —
0.16%, molybdenum (Mo) — 0.002%, zinc (Zn) — 0.04%.
The application rate depends on the culture and ranges
from 15—20 g/m?.

2.4. Microorganisms (MO). Strains Acinetobacter
calcoaceticus UOM 22 and Pseudomonas kunmingensis
CA 3, with proven ability to degrade hydrocarbons [44,
45, 45] were used. Cultures were grown up in the labo-
ratory of biotechnology at the Ufa Institute of Biology,
Ufa Federal Research Center of the Russian Academy of
Sciences. Strains were separately cultivated in liquid me-
dium King B [46], and then mixed in equal proportions.
The concentration of microorganisms in the solution was
approximately 109 CFU/mL. The recommended dosage
for application was 1 mL of the microorganism solution
per 300 g of substrate.

2.5. Radish. The phytotoxicity of the obtained mix-
tures was evaluated by germinating seeds of the fast-grow-
ing radish variety called “18 days” [47].

3. METHODS

The experiment was conducted in vegetative contain-
ers according to the scheme presented in the Table 2.

Pre-purified fine fraction soil of quarry waste was
sieved for more effective interaction with the introduced
additives. In the experiment, we used smaller than 1 mm
fraction. The amount of introduced SL was calculated on
the given weight ratio. Rate of complex fertilizer applica-
tion N was 1 g per container. Microorganisms were added
at a quantity of 1 ml per 300 g of substrate.

Table 2
Scheme of the model experiment

After all components were added (except microorgan-
isms, which were added by mixing them in the water for
irrigation), the mixtures were thoroughly mixed, then
100 ml of distilled water was added to each mixture and
mixed one more time. The obtained samples were left for
composting under laboratory conditions at a temperature
of 25—26°C, natural lighting, and ventilation. The vessels
were moistened as needed, and the number of irrigations
and the volume of water were recorded. Every two weeks,
after being preliminarily watered and thoroughly mixed,
a portion of 20—25 g of the samples was taken for analysis
and placed into a freezer to deactivate the life activities of
microorganismes.

Sampling for investigation by the composting time
were taken at a 3% day (Ist period), a 7*" day (2" peri-
od), a 13" day (3" period), a 27" day (4™ period), a 41*
(5™ period), 56" (6" period), and an 82" (7" period) day
(completion of composting). After the completion of
composting, the soil-like mixture was dried to an air-dry
state and re-analyzed at a 250" day (8" period) from the
launch of the model experiment.

In the selected samples, the content of organic mat-
ter (OM) was determined with the Turin method with
completion by Orlov and Grindel method, the alkali-
hydrolysable nitrogen (AHN) was determined with the
Kornfield method, and the pH of the aqueous suspension
was determined potentiometrically [39].

Composted mixtures were tested for phytotoxicity with
fast-growing radish seeds. A ground and sieved through a 1
mm sieve sample (1 g) was mixed with 10 ml distilled water,
stirred. A filter paper was impregnated with the resulting
solution. Ten seeds were placed on the surface of the moist

. . Composition of the mixture
Experimental options, : : : . :
(proportions) Fine fraction soil Sodium Nitrogen Culture
of quarry waste, g | lignosulfonate, g fertilizer, g bacteria, ml
1. Control (FS) 300 — - —
2. FS/SL (1/0.5) 300 150 — —
3. FS/SL (1/1) 300 300 - —
4. FS/SL (1/2) 300 600 — —
5.FS/SL (1/0.5) + N 300 150 1 —
6. FS/SL (1/0.5) + N + MO 300 150 1 1.5
7.FS/SL(1/1) + N 300 300 1 —
8. FS/SL (1/1) + N+ MO 300 300 1 2
9.FS/SL(1/2) + N 300 600 1 —
10. FS/SL (1/2) + N+ MO 300 600 1 3
11. FS+ MO 300 — — 1
12. FS+ N + MO 300 — 1 1
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paper. Control tests were also conducted with filter paper
impregnated with distilled water and water extract from
FS. Phytotoxicity was evaluated based on the number of
germinated seeds and the dry mass of seeds and seedlings in
48 hours. The test was repeated three times for each sample.
The obtained data were processed statistically.

4. RESEARCH RESULTS

In three days following the beginning of composting
(first period), the initial series of samples was collected for
examination. The introduction of SL to FS considerably
enhanced the content of organic matter and decreased
the acidity of the medium. The organic matter content
displayed a proportional increase in relation to the growth
of SL. Sodium lignosulfonate concentration did not sig-
nificantly impact the acidity of the fine fraction soil and
the content of alkali-hydrolysable nitrogen (Fig. 1, ex-
perimental variants 2—4).

It is known that the decomposition of SL occurs
slowly, and the availability of organic matter for plant
nutrition from it is low [25, 33]. Microorganisms and/or
nitrogen fertilizers have been used to intensify the process
of organic matter decomposition from SL [34, 35, 36, 37,
38]. Additionally, the application of nitrogen-containing
substances contributed to the increase of the extremely
low nitrogen level in the substrate (Figure 1b, experimen-
tal conditions 5—10, 12).

The application of nitrogen fertilizer on the variants
with sodium lignosulfonate compared to variants con-
taining only lignosulfonate led to a significant increase in
the content of AHN — alkali-hydrolysable nitrogen. The
amount of organic matter was slightly lower compared to
similar samples in the absence of N, indicating the begin-
ning of its decomposition process (Fig. 1a). The small-
est difference in organic matter content in experimental
variants with only lignosulfonate and lignosulfonate + N
was observed in the variant 5 (FS /SL (1/0.5) + N). This
variant also showed the least increase in the amount of
alkali-hydrolysable nitrogen, which does not correspond
to the trend of nitrogen fertilizer distribution in the sub-
strate mass (Fig. 1b).

Variant 5 (FS/SL (1/0.5) + N) by mass contains
450 grams of substance, variant 7 (FS /SL (1/1) + N) —
600 grams, and variant 9 (FS/SL (1/2) + N) — 900 grams.
However, with the same amount of nitrogen fertilizer ap-
plied to these variants, the smallest increase in its content
was observed in variant 5 (FS/SL (1/0.5) + N). This result
is likely due to an excessive amount of N on the substrate

Fig. 1. Agrochemical properties of SL based mixtures in
different periods: the 1* period — 3 days of composting;
the 7" period — 82 days of composting; the 8" period —

6 months of after finishing composting
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mass, which led to denitrification of nitrogen fertilizer and
reduced its beneficial effect. The reaction of the environ-
ment in variants with SL and N is similar to variants with
SL in the absence of N — the acidity decreased from 2.8
to 4.1—4.4 pH units in all samples (Fig. 1c).

The reaction of microorganisms to sodium lignosul-
fonate was evaluated with additional variants 11 and 12,
with the presence of microorganisms in fine fraction soil
and the absence of SL (variant 11); and presence both
microorganisms and N (variant 12). According to the
analysis results (Fig. 1), it can be seen that the addition of
microorganisms to the fine fraction soil without the ad-
dition of any other substances does not have a significant
effect on its agrochemical properties. The addition of
microorganisms in combination with nitrogen fertilizer
leads to a significant increase in soil humic acids content
and slightly increases the acidity of the medium (up to
pH 3 H,0). At the same time, the concentration of N
in the substrate was highest among all samples (1 g of
fertilizer per 300 g of substrate), but no loss of nitrogen
effect, as discussed in variant 5 (1 g of fertilizer per 450 g
of substrate), was observed.

The amount of sodium lignosulfonate added influ-
enced the dynamics of changes in the content of organic
matter and alkali-hydrolysable nitrogen in the mixture of
with SL, N, and microorganisms (MO). For the variants
FS/SL in the ratio of 1/0.5 and 1/1, the content of organic
matter was higher compared to the variants containing
nitrogen (by 0.3% and 4.8%, respectively), but lower than
in the variants with only sodium lignosulfonate (by 2.3%
and 1.8%, respectively). Alkali-hydrolysable nitrogen in
the presence of microorganisms is higher in the 1/0.5 ratio
variant compared to only N (210 mg/kg in the variant FS/
SL + N versus 406 mg/kg in the variant FS/SL + N +
MO), but becomes lower in the 1/1 ratio variant com-
pared to the corresponding N-only sample (322 mg/kg
in the variant FS/SL + N versus 308 mg/kg in the variant
FS/SL + N + MO). Variants with the FS/SL (1/2) ratio
demonstrate a decrease in both organic matter content
(62.7% for the FS/SL variant, 54.4% for FS/SL + N, and
53.8% for FS/SL + N + MO) and alkali-hydrolysable
nitrogen (308 mg/kg for FS/SL + N versus 140 mg/kg
for FS/SL + N + MO) (Fig. 1).

The assessment of the agrochemical condition of
soil-like bodies according to the experimental variants,
conducted both at the end of the experiment (the 7" pe-
riod) and for the second time after drying (the 8" period),
showed that the medium reaction of all samples with ad-
ditives became less acidic over time. In all of the variants,
except for the control (variant 1 — fine fraction soil), the
acidity values were decreasing (although insignificantly,
but consistently for all samples) even after composting,
indicating the influence of the introduced components
and the continuation of the substrate neutralization reac-
tion (Fig. 1c).

Nanobm

The dynamics of organic matter change was similar in
all samples, except for the variations with the FS/SL ratio
of 1/0.5. In other cases, samples with additives were char-
acterized by an increase in organic matter content after
82 days of composting (7" period) from 3.24% to 38.27%
(maximum value, variant 10 — FS/SL (1/2) + N + MO),
followed by a decrease in the level of organic matter con-
tent below the initial level by 2.62% (variant 10 — FS/SL
(1/2) + N + MO) to 28.58% (variant 4 — FS/SL (1/2)).
This reaction is likely due to the growth of microbial
mass in the nutrient medium of SL, with a tendency to
increase the amount of organic matter with increasing
concentration of sodium lignosulfonate and the addition
of microorganisms. While substrate was drying (8" pe-
riod), a decrease in organic matter content was observed
[48]. In the variants with a ratio of components FS/SL
(1/0.5), the dynamics of changes in OM depending on the
additives was less pronounced, while the amount of OM
after composting and drying of samples (the 8" period)
increased or corresponded to the initial content of OM.
In the variants 11 (FS+ MO) and 12 (FS + N + MO),
no significant changes were observed. It should be noted
that in variant 12 (FS + N + MO), the content of organic
matter increased to 1% at the 7" period of sampling and
then decreased to 0.3% after 6 months of composting
(8" period), which may indicate the prolonged action
of microorganisms and their ability to develop in pure
fine fraction soil in the presence of nitrogen-containing
fertilizers (Fig. 1a).

The change in the content of alkali-hydrolysable ni-
trogen unidirectionally followed the dynamics of organic
matter in the samples. In the overall scheme, samples
with the FS/SL ratio of 1/0.5, with no significant changes
in alkali-hydrolysable nitrogen content over time, were
observed (Fig. 1b).

Testing the obtained mixtures for phytotoxicity showed
100% seed germination in all experimental variants. Rad-
ish sprouts appeared simultaneously on the second day of
germination and reached a height of 3—4 cm by the end
of the germination period (Table 3).

The most successful variant of radish cultivation was
observed for a mixture with a ratio of FS/SL (1/0.5) in
the presence of nitrogen fertilizer and microorganisms
(dry biomass growth was 82.35%) (Table 3).

After completing the experiment and evaluating the
samples for organic matter content, alkali-hydrolysable
nitrogen, and pH H,O medium, the obtained data were
analyzed with computational methods.

The calculations were performed taking into account
the agrochemical analysis data of intermediate samples
for all variants based on the following predictors:

1. Initial concentration of introduced additives (SL,
N, MO);

2. Number of composting days for all sampling peri-
ods: from the 1% to the 8.
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Table 3
Germination rate and dry weight of radish seeds and sprouts
EXP%L“;:;?;X%‘;““ Sharsee:s:})guted Dry weight seeds, g Dry weight increase, %

1. Control (FS) 100 0.12 21.74
2. FS/SL (1/0.5) 100 0.12 33.33
3. FS/SL (1/1) 100 0.12 50.00
4. FS/SL (1/2) 100 0.13 8.33
5. FS/SL (1/0.5) + N 100 0.12 16.67
6. FS/SL (1/0.5) + N + MO 100 0.09 82.35
7.FS/SL(1/1) + N 100 0.14 30.43
8. FS/SL (1/1) + N+ MO 100 0.14 14.29
9.FS/SL (1/2) + N 100 0.12 14.81
10. FS/SL (1/2) + N + MO 100 0.12 15.38
11. FS + MO 100 0.12 21.74
12.FS+ N + MO 100 0.10 33.33
13. Control (on filter) 100 0.13 36.00

A regression analysis was conducted to identify the
relationship between these factors and the content of or-
ganic matter, alkali-hydrolysable nitrogen, and pH H,O
(Table 4, 5).

Upon the analysis, it is possible to assess the pres-
ence and direction (direct or inverse) of the relationship
between predictors and changing factors, as well as the
degree of their influence on each other. The obtained

values of regression statistics (Table 4) indicate the fol-
lowing:

1. The proportion of explained variations (coefficient
of determination: R-squared) for all three evaluated in-
dicators is above 0.8 (above 0.9 for OM), demonstrating
the high quality of the used model;

2. The Adjusted R-squared decreases slightly, con-
firming the optimal choice of the number of predictors.

Table 4
Regression statistics data
Indicator OM, % AHN, mg/kg pH H,O

Multiple R 0.96 0.91 0.90
R-squared 0.92 0.83 0.82
Adjusted R-squared 0.91 0.82 0.81
Standard error 6 60 0.24
Observations 96 96 96

Table 5

Coefficients obtained on the application of the regression analyses to assess the degree of influence of predictors

on the changing factors of OM, AHN, and pH H,0

Indicator OM, % AHN, mg/kg pH H,O
Y-intercept —0.16 40.601 3.18
Duration, days —0.0002 —0.0625 0.0011
Application of SL, g/g 81.67 25.36 1.96
Application of N, mg/g —0.63 116.22 0.09
Application of MO, ml/mg 0.80 2.99 —0.0003
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Based on the above, it can be assumed that the influ-
ence coefficients provide a fairly accurate representation
of the significance of each factor in the linear regression.
Analysis of the coefficients numerical values showed that
the organic matter content is primarily influenced by the
amount of SL applied, the change in AHN quantity oc-
curs with the addition of nitrogen, and the soil acidity
depends on the application of SL (Table 5).

The values obtained from the calculations are consis-
tent with experimental data and are logically consistent,
which is visually confirmed by convergence plots display-
ing the relationships between experimental and calculated
data for each changing factor (Fig. 2).

5. DISCUSSION

As noted earlier, for all mixtures containing sodium
lignosulfonate, there was an increase in the organic
matter and a shift of the reaction medium towards the
neutral (Fig. 1a and 1c). The addition of mineral nitro-
gen fertilizer was a key factor in increasing the content
of alkali- hydrolysable nitrogen (Fig. 1b). Regression
analysis confirmed that the main predictors with the
greatest weight in the formula of the linear regression
equation and with a positive impact are the concentra-
tion of SL in the mixture for the organic matter and pH
of the medium, and the concentration of nitrogen for the
alkali-hydrolysable nitrogen content (AHN) (Table 5).
The remaining predictors influence the changing factors
as follows:

— For the content of organic matter without taking into
account the factor that has the main significance (SL
concentration): additional application of MO has
a positive influence, negative influence — application
of N and composting period;

— For the AHN content (without N application): SL
concentration and application of MO have a positive
influence, but the period of composting has a negative
influence;

— For pH (without considering SL concentration): N ap-
plication and composting period have a positive influ-
ence, but MO input has a negative influence.

Such conclusions provide a general direction of the
influence of additives on the mixture but do not reflect
the essence of the processes occurring when the compo-
nents interact over time. Let’s consider the dynamics of
the measured factors for a better understanding of the
mechanisms of interaction between them and predictors,
based on the ratio of fine-grained soil/sodium lignosul-
fonate in the mixture.

Fig. 2. Convergence graphs between experimental
and calculated data for the OM content (graph a),
AHN (graph b) and pH H,O (graph c)
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5.1. Soil grounds with a ratio of SF/SL — 1/0.5. Ad-
dition of SL increased the organic matter (OM) con-
tent at the beginning of the experiment (1 period) up
to 30.7%; for the variant with just SL (Variant 2 — FS/
SL), but compared to this variant, the OM content was
lower by 2.3% for the mixture with N (Variant 5 — FS/
SL + N) and by 2% for the mixture with N+MO (Vari-
ant 6 — FS/SK + N + MO) (Fig. 1). By the 8" period,
the OM content decreased by 0.9% for the mixture with
SL without additives. However, for the variants 5 and 6
(FS/SL + N and FS/SL + N + MO), there was an in-
crease in OM content relative to the initial values by 1.6%
and 4.5%, respectively (Fig. 1a). Probably, the decrease
in OM content at the beginning of the experiment may
indicate that some of it was consumed for the nutrition
of microorganisms, and further increase indicated the
growth of the bacterial pool, with the bacterial biomass
being higher where additional MO was provided. Thus,
when the content of organic matter (OM) in the mixture
remained at the same level or slightly increased relative
to the initial level, its bioavailability in the soil presum-
ably increased. It should be noted that the OM content
in the sample with the only SL decreased by 2.9% after
82 days of composting (7" period) compared to the initial
content, but then increased by 2% by the 8th period. Such
results can be explained by carbon emission during the
composting process and subsequent sequestration from
the atmosphere when drying the sample, as well as by the
ability of microorganisms (MO) in the FS to process OM
from SL and thrive on it even without additional input of
N or bacterial culture.

The content of AHN, as can be seen from Figure 1b,
depends directly only on N application, but MO contrib-
uted to its retention and preservation in the substrate —
variant 5 (FS/SL + N) contains 196 mg/kg of AHN less
than variant 6 (FS/SL + N + MO) at the 1 period. The
change in AHN content by the end of the experiment
is insignificant — for the variant 5 (FS/SL + N) AHN
decreased by 6.7% relative to the initial value, for the vari-
ant 6 (FS/SL + N + MO) AHN value has not changed by
the 8th period, although at the period 7 it was 6.9% lower
than the initial value (Fig. 1b). Apparently, the consump-
tion rate of MO for mineral nitrogen matched the inten-
sity of their organic nitrogen mineralization process, al-
lowing the initial level of AHN content to be maintained.

The pH of the medium has been increasing through-
out the entire period of the experiment, from 2.8—2.9 pH
up to 4.4 for FS for the variant 2 (FS/SL) and up to
4.3 pH for the variants 5 (FS/SL + N) and 6 (FS/SL +
N + MO) (Fig. 1¢).

The phytotoxicity test showed 100% germination of
radish seeds (Table 3) with an increase in dry biomass
growth in the following order: the variant 2 (FS/SL), the
variant 5 (FS/SL + N), and the variant 6 (FS/SL + N +
MO). The best result (82.35% increase in dry biomass)

was observed in the mixture (FS/SL =1/0.5) + N + MO
(Table 3). Obtained results were likely due to both the
high content of AHN (406 mg/kg — the maximum value
among the mixtures with SL) and the optimal ratio of
available organic matter in the substrate, as it is confirmed
by the comparison with the variant 12 (FS + N + MO)
with 6.5% more AHN content (434 mg/kg) without SL,
with less biomass growth (Fig. 1a and 1b).

5.2. Soilgrounds with a FS/SL ratio of 1/1. Similar to
mixtures with a FS/SL ratio of 1/0.5, after the addition
of all amendments at the 1st period, the highest organic
matter content was observed only in the mixture with SL
(variant 3 — FS/SL). The organic matter content in the
mixture with FS/SL + N + MO (variant 8) was lower (by
1.8%), and the lowest content (6.6% less than in vari-
ant 3 — FS/SL) was observed in the mixture with the
only additive N (variant 7 — FS/SL + N) (Fig. 1a). After
82 days of composting (7" period), the organic matter
content increased relative to the initial level by: 1.5% for
the variant 3 FS/SL), 4.9% for the variant 7 (FS/SL +
N), and 15.8% for the variant 8 (FS/SL + N + MO).
6 months after composting (8th period), the organic mat-
ter content decreased in comparison to the original levels
across all variants by: 12.3% (variant 3 — FS/SL), 4.4%
(variant 7 — FS/SL + N), and 4.5% (variant 8 — FS/
CSL + N + MO) (Fig. 1a). The amount of AHN in the
7 variant and the variant 8 (FS/SL + N and FS/SL + N +
MO) with fertilizer application decreased by 22% and
50% respectively compared to the original levels (Fig. 1b).
Obtained results indicate intensive processes of mineral
nitrogen uptake for MO nutrition and an increase in their
biomass. An increase in organic matter content within the
composting process was observed in the variant 3 (FS/
SL) where no extra additives were applied, confirming the
hypothesis proposed above about the interaction between
MO inhabiting the original FS and SL (Fig. 1).

During the experiment, the medium’s pH for FS in-
creased from 2.8—2.9 to 4.5 in all experimental variants
(Fig. 1¢).

The phytotoxicity test showed a 100% germination
rate for radish seeds, with the increase in dry biomass
progressing in the following order: the variant 8 (FS/SL +
N + MO), the variant 7 (FS/SL + N), and the variant 3
(FS/SL). Thus, the best result for the FS/SL ratio of 1/1
was obtained when radish plants were germinated in the
presence of only SL in the mixture (50% increase in dry
biomass) (Table 3).

5.3. Soilgrounds with a FS/SL ratio of 1/2. After add-
ing all the supplements to the mixtures, the content of
OM was decreasing in the following order at the 1%-term:
FS/SL mixture (4" variant — 62.7%) > mixture FS/SL +
N (9" variant — 54.4%) > mixture FS/SL + N + MO
(10" variant — 53.8%) (Fig. 1a). After 82 days of com-
posting (7" period), the organic matter content increased
relative to the initial level by: 13.8%, 16.2%, and 20.6%

http://nanobuild.ru

367

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (4):
359-372

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobm

RESEARCH RESULTS OF SCIENTISTS AND SPECIALISTS

in each variant, respectively. 6 months after composting
(8™ period), the organic matter content decreased in com-
parison to the original levels by: 17.9%, 11.1%, and 1.4%
relative to the original level in variants 4 (FS/SL), 9 (FS/
SL + N), and 10 (FS/SL + N + MO) (Fig. 1a). These re-
sults demonstrate that high initial organic matter content
contributed to a more intensive growth of organic mat-
ter content during composting. Probably, this indicates
a better development of microbial mass with an increase
in the amount of OM for nutrition. Additionally, as for
the mixtures with the ratio FS/SL — 1/1, the extra intro-
duction of N contributed to the process of organic matter
accumulation (Fig. 1a and 1b). In the mixtures with N
introduction, the content of AHN decreased not only at
the end of the experiment by 36.4% for the variant 9 (FS/
SL + N) and by 20% for the variant 10 (FS/SL + N +
MO), but in 3 days of composting process (1% period),
AHN content has already differed significantly between
the variant 9 (FS/SL + N — 308 mg/kg) and the variant 10
(FS/SL + N + MO — 140 mg/kg) (Fig. 1b). This may
indicate that for the ratio of FS/SL — 1/2, the amount of
N was initially insufficient to maintain a higher level of
AHN. At the 7" period, there was an increase in AHN
content by 10% for the variant 10 (FS/SL + N + MO),
but then it has decreased by the 8™ period and reached
80% of the original value (Fig. 1b).

During the experiment, the medium’s pH for FS in-
creased from 2.8—2.9 to 4.7 in the variant 4 (FS/SL) and
the 10th variant (FS/SL + N + MO), and to 4.6 in the
variant 9 (FS/SL + N) (Fig. 1c).

The phytotoxicity test showed 100% seed germina-
tion for radish, and the biomass growth was increasing
from the variant 4 (FS/SL) to the variant 9 (FS/SL +
N), and then to the variant 10 (FS/SL + N + MO). Thus,
the most successful result for the FS/SL ratio of 1/2 was
achieved by germinating radish plants in the presence of
FS/SL + N + MO in the mixture (dry biomass growth of
15.38%). Germination of radish plants in the presence of
the FS/SL ratio of 1/2 showed the worst results among all
variants (dry biomass growth of 8.33%) (Table 3).

The results obtained for the dynamics of organic mat-
ter content during the composting of SL correlate with
the findings described by Davide Savy et al. [48]. In their
experiment on composting with lignin-based additives to
study microbial communities over a period of 180 days,
the amount of organic matter initially was increasing
and then was decreasing. It was concluded that there was
a cessation of sufficient nutrition for the microbial organ-
isms due to the humification of the organic matter and its
transition into a less accessible form for decomposition.
A similar dynamic of organic matter content can be as-
sumed in conducting our experiment.

Thus, the obtained mixtures not only demonstrated
the high content of organic matter and high AHN lev-
els upon the addition of mineral fertilizers but also had

a high probability of gradually transforming into humic
acids, which are the basis of soil, albeit requiring further
investigation. These mixtures, when utilized as an additive
to the nutrient-rich topsoil layer applied on the surface
of reclaimed anthropogenic disturbed lands, hold the
potential to decrease the volume of soil required for res-
toration, and enhance its agrochemical properties. This
is accomplished through the SL usage as a nanofertilizer,
which can contribute to gradual release of carbon and ni-
trogen for nourishment of soil microorganisms and plants.
The study revealed patterns in the relationship be-
tween the initial components and their number to the
final values of agrochemical indicators in the mixtures
for reclamation of quarry dumps based on SL. It also
enabled us to evaluate the processes occurring during the
composting of these mixtures. Analysis of the results for
phytotoxicity and agrochemical composition indicators
showed prospective applicability of the obtained mixtures
as additives to quarry dump material during reclamation
process. The studied mechanisms of the components’ in-
teraction in the mixtures can serve as a basis for planning
and developing new mixtures using the same components,
but meeting predetermined final parameters. Therefore,
the application of SL in the reclamation of technogenic-
affected areas will contribute to waste disposal from the
wood processing industry, provide a basis for the develop-
ment and creation of soil-like bodies with predetermined
properties, and allow its use as a nanofertilizer.

CONCLUSIONS

Variants combinations of fine fraction soil with sodium
lignosulfonate at different ratios of sodium lignosulfo-
nate (0.5, 1, and 2) in the absence extra additives showed
organic matter content of 29.8%, 35.2%, and 44.8%, re-
spectively. The addition of SL did not have any signifi-
cant impact on the content of AHN. Alkali-hydrolysable
nitrogen levels for all mixtures was being consistent with
the content in fine fraction soil at 42 mg/kg.

When adding 1 gram of mineral nitrogen fertilizer
to mixtures with a component ratio of FS/SL — 1/0.5,
1/1, and 1/2, the organic matter content increased up
to 30%, 36.5%, and 43.3% respectively. The content of
alkali-hydrolysable nitrogen was 196, 252, and 196 mg/kg
respectively.

The addition of liquid bacterial culture in the pres-
ence of nitrogen fertilizer to the mixtures with sodium
lignosulfonate under the same composting and drying ex-
perimental conditions resulted in the maximum increase
in organic matter content for each of the FS/SL ratios:
33.2%, 41.2%, and 52.4%. The maximum value of AHN
content was observed among all the studied mixtures for
the variant FS/SL (1/0.5) + N + MO — 406 mg/kg.

Variants without SL addition, both in the presence or
absence of nitrogen fertilizer, including the control vari-
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ant, did not show significant changes in organic matter
content and alkali-hydrolysable nitrogen content.

The medium reaction of all samples with SL content
has increased by the end of the experiment (from the orig-
inal level of FS 2.8—2.9 pH to 4.3—4.7 pH units) depend-
ing on the additives and their combination. The introduc-
tion of microorganisms into the FS without SL, both in
the presence or absence nitrogen fertilizer, contributed to
acidification to 4.0 and 3.6 pH units, respectively.

The conducted regression analysis of the obtained
experimental data showed that the concentration of ligno-
sulfonate has the greatest impact on the content of organic
matter and soil acidity, while the application of nitrogen
fertilizer affects the content of alkali-hydrolyzable ni-
trogen. The content of organic matter in the mixture in-
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AHHOTALIUA: BBepeHume. B HacToALlee BpemA pa3paboTaHO 3HaUMTEIbHOE KOMMYECTBO CTPATErMiA BOCCTaHOBJIEHMA KapbepoB, OC-
HOBbIBAIOLLMXCA Ha Pa3HbIX acreKTax BO34eNCTBUA Ha MOYBY: CMELUVBAaHUA BEPXHErO CNOA MOYBbI C MYCTON NOPOLOW BblpabOoTaHHbIX
KapbepoB; BHECEHNA OPraHNYeCKNX OTXOAOB; MPUMEHEHMA MyNbUYMPOBaHIA 1 NONIMMEPHDBIX CTPYKTYpoobpa3oBaTeneli; MCnonb3oBaHNA
afanTPOBaHHbIX pacTeHUiA. B AgaHHOM nccneaoBaHUM Mbl NPEANPUHANN NOMbITKY 06beAUHUTL NONOXKUTESNIbHbIE CTOPOHBI Nepeymnc-
JIeHHbIX paHee MeTOAOB. B CBA3M C YUem Lienblo HalMX NCCeA0BaHMNI ABUIOCh CO3AaHME NCKYCCTBEHHBIX MOYBOMOLOOHbIX Tes C 3a-
[aHHbIMK arpo3Konormyecknmmn ceoncteamu. lNpegnonaraem ganbHenLee NCNosb3oBaHKE NONYYEHHON CMeCH B KauecTse NPOC/IONKM
MeXJy mMaTepranom OTBanoB Kapbepa 1 NIOJOPOAHON NOYBON, HAHOCUMOW Ha PEKYNLTUBMPYEMYIO MOBEPXHOCTL C NoceaytoLen
BbICA[IKON MeCTHbIX BUAOB pacTuTenbHocT. MaTepuanbl n meToabl. ViccnefoBaHMA NO N3yYeHUI0 BO3MOXXHOCTY PeKybTBaLMN OT-
BaJIOB BblPabOTaHHOIO PyAHVIKa NPOBOANNCH B YCIOBMAX MOLEBHOIO OMbiTa C MICMOMb30BaHMEM B KaUeCTBe OpraHNYeCcKo OCHOBBI
noy4BonoAo6HOro Tena 0TXoAa LienoI03HO-6yMarKHOM MPOMbILLNEHHOCTY — IUrHOCYNbdoHaTa HaTpua (JIH). OTobpaHHbI C oTBaNoB
pyaHvKa menkosem (M) cmewmsanu ¢ JIH B cootHoweHumn 1/0,5, 1/1 1 1/2, pna yckopeHus pasnoXXeHna opraHnyeckoro Bellectsa
B 3aBMCMMOCTU OT CXeMbl OMnbiTa Ao6aBnANM Wrammbl 6akTepuii Acinetobacter calcoaceticus n Pseudomonas kunmingensis. Monyuen-
Hble CMeCy KOMMOCTUPOBANUCh B TeUeHne Tpex MecALEeB NPy KOMHaTHON TeMnepaType, NepeMeLliBaHmn 1 NOAAEPKaHUM peXknma
BIaXKHOCTU. DUTOTOKCMYHOCTb MONYYEHHbIX CMecell OLeHMBaNachb Npu NPopaLLMBaHUN CEMAH CKOPOCMENOoro pefmnca ¢ TOproBbiM
Ha3BaHueM «18 fHell». Pe3ynbraTbl n 06cyaeHne. BHeceHve JTH B MenKo3em CyLLecTBEHHO MOBbICUIIO COAepKaHne OpraHNYeckoro
BeLLeCTBa U CHU3UIO KNCIOTHOCTb CpeAbl. BHeceHme a3oTa Ha BapmaHTax ¢ JIH no cpaBHeHMIO C BapuaHTamul, COAep»KaLlumm TONbKo
JIH, nprBeno K 3HaunTenbHOMY yBeIMYEHWIO COAEPKaHMA LENOYHOMMAPONN3YeMOoro as3oTa. 3aKioUueHne. PesynbtaTbl MCCnefoBaHNUA
nokasasnu, 4to AobaBneHne IMrHocynbGpoHaTa HaTPUA K MENKO3eMy CroCOOCTBYET CHIKEHWIO KNCIIOTHOCTH, YBENMYEHNIO COAePKaHNA
OpraHNYecKoro BeLlecTBa 1 LWEeNoYHOrAPOIM3YEMOro a30Ta B CMECH, a TakKe CHUPKEHMIO TOKCUMUYHOCTY cybcTpaTa.

KJTIOYEBDIE CJTOBA: nurHocynb$oHaT HaTpus; peKynbTUBaLuA KapbepoBs; HAaHOYA0OpeHVE; MUKPOOPraHM3Mbl.

CMNCOK COKPALLIEHUW: JTH - nurHocynbdoHaT HaTpus; M — Meniko3em oTBanoB kapbepa; MO — MukpoopraHusmbl; OB — opraHu-
yeckoe BellecTBo; LA - wenouHormaponusyemblii a3ot; N — MrHepanbHOe a30THOe yaobpeHue.

BNIATOAAPHOCTW. PaboTa BbinosiHeHa B paMKax rpaHTa PHO N2 22-16-00145.

Ana UMTUPOBAHUA: Joporas E.C., CynenmaHos P.P, KysuHa E.B., lOpkeBuuy M.I, BaxmeT O.H. O BO3MOXKHOCTN MCMNONb30BaHUA
NUrHocynbdOoHaTa HaTPYA B KaYeCTBE HAHOOPraHNYEeCKOM OCHOBbI AJ1 CO3AaHMA NMOYBOMNOLOOHbIX TEN B LieSfX PeKy/bTUBALMM TEXHO-
reHHo-ferpaanpoBaHHbIX 3eMenb // HaHoTexHonorum B ctponTenbctae. 2023.T. 15, N2 4. C. 359-372. https://doi.org/10.15828/2075-
8545-2023-15-4-359-372. - EDN: KNZHCW.

BBEJAEHUE pUHTa, MOKA3bIBAIOT, YTO OTEPU BEPXHETO ITOYBEHHOIO
CJI0$1 TIJIAHETHI COCTABIIAIOT 16 MAJIZIMOHOB reKTap exe-

HOCJ‘[C,E[HI/IC HUCCJIeIOBaHMsI, OCHOBAaHHBIE HA UCIIOJIb- rogHo [1]. B To ke BpeMs IIPOUCXOAUT IMTOCTOSIHHBIN
30BaHUU CITYyTHUKOBOTO KOCMHUYECKOTO MOHUTO- POCT YHCIIEHHOCTU HaceJIeHU TUTAHEThI U YCYTYOIISIETCS
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BIMSTHAC KIMMATUICCKNX U3MEHEHUI Ha IIPUPOITHBIC
SKOCcUCTeMEHI [2, 3]. B TakuX ycIOBUSIX HEOOXOTUMO
He TOJIbKO MpeaoTBpalliaTh 1e(ULIUT 3eMeJIb METOTIaMU
KOHTPOJIMPYEMOTO 3eMJICACIINS M OOPBHOKI ¢ AeTpaTammeit
TOYB, HO ¥ ”THTEHCMBHO BOCCTAHABIMBATH YTPAUCHHBIC
TUTOIOPOTHBIC TepPUTOPUHN. PeKynpTuBaIis 3a0poieH-
HBIX KApbEPOB MOXKET 00CCITICYNTh HOBBIC BUIIBI 3¢MJIC-
TIOJTb30BAaHMST M CMSITIYUTD TTOCIICACTBIS 3PO3UH TI0UB [4,
5], a pa3BuUTHE BTOPUYHOTO Jieca Ha IerpagipOBaHHBIX
yJacTKax IPeACTaBISICT MHTEPeC B CBSI3U C TIOTCHITH-
aJIOM CBSI3BIBaHUS aTMocdepHoro yriepoaa [6]. Tem
HE MeHee, MHOTHE U3 3a0pOIIeHHBIX KaphepPOB HE IO~
BepraroTcs IeJicHAIIPaBICHHON PeKyIbTUBALINH, a CAMO-
BOCCTaHOBJICHIE HAPYIIICHHBIX SKOCUCTEM 3aTSTUBACTCS
Ha MHOTHE TOABI U Jaxe aecaTuietns [7, 8].

B ciygasix ipoBeneHUSI peKyJIbTUBAIINN HanboJjee
3((HEeKTUBHOI cTpaTerneii BOCCTAHOBJICHUS SIBIISICTCS
HaHEeCeHNe TTOYBEHHOTO ITOKPOBA ITyTEM BO3BpAIIICHUS
CHSTOTO ITOBEPXHOCTHOTO CJIOS M HACAXKIICHME PACTUTEITh-
HOCTH Ha peKYIbTUBUPYEMBIX y9acTKax [9]. B 3acymmmm-
BBIX 1 TTOJTy3aCyIUIMBEIX perMOHAX IPUMEHEHIE TAKOTO
METOIIa OTPAaHMYCHO KIIMMATHIECKUMHM (haKTOpaMHU, Ta-
KHMM KaK BBICOKasI ICITAPSIEMOCTh 1 HU3KOE KOJIMIECTBO
ocankoB. YacTo I MECTHOCTH C TTOMOOHBIMHU YCIIOBU-
SIMH CYIIICCTBYET IIPOOJIeMa HEXBATKH JOCTATOYHOTO KO-
JINYECTBA TTOYBHI, TTOAXOMSIICH IJIST CO3TaHNS HOBOTO
TutonopoaHoro ciiosd [10]. AHTporioreHHast Harpy3Ka Ipu
IOOBIUEe MCKOTIAeMBIX TAaKKe OKAa3bIBACT HETaTUBHOC BIIH-
SIHME Ha OMOJIOTMYECKYIO aKTUBHOCTD IOYB pervoHa [11].
B pesynbraTe maxke pu BOBpeMsI IIPOBEACHHOU PEKYITh-
THUBAIIMX HOBBIC CO3MaHHBIC ITOYBBI HE 00IagaloT HE00-
XOOUMBIMH (PH3MUCCKIMU, XUMIIECKIMU 1 ONOJIOTIIC-
CKUMM XapaKTEPUCTUKAMMU JIJIST TTOMICPKKY YCTONIMBOM
9KOCUCTeMHI [12]. XapaKTepuCTUKI MTOYBBI HATIPSIMYIO
BIIMSIIOT KaK Ha pa3BUTHE 3PO3UH, TaK U Ha YKOPCHEHNE
pacTeHH, UX TUIOTHOCTh U TTOKPHBITHE, TO €CTh Ha BCE TE
(bakTOPBI, KOTOPHIC OIIPEHCTISTIOT PA3BUTHE CCTCCTBEHHOM
PACTUTEIIFHOCTH U SIBJISTIOTCS KJTFOUECBBIMU JIJIST OIICHKU
9KOJIOTUIECKOTO BOCCTAHOBJICHUS [9)].

3a mmociemHMe TOOBI OBLIIO pa3padboTaHO MHOKECTBO
CTpaTeTHii BOCCTAHOBJICHUS KaphePOB, OCHOBBIBAIOIIINX-
cs Ha pa3HBIX aclleKTaX BO3IECTBUS Ha MOYBY. Taxk,
CYIIECTBYIOT METOIBI YIYIIICHHS arpOXUMIICCKOTO CO-
CTaBa HOBBIX IIOYB HA BOCCTaHABIMBAEMOU TEPPUTOPHH,
HaIIpuMep, 3a CYCT BHECEHMST OPTAaHNICCKIX OTXOIOB
[13, 14]. Unu Takue naHamagpTHBIE METOIbBI, TIPEAIToa-
raloure yMeHbIIEHUE CTENEHU 9PO3UHU U 3aLUTY TTOUBBI
OT HEOJIaTOTIPUSITHRIX KITMMATUIeCKIX YCIIOBHIA 3a CUCT
CHIKCHMSI NCTTApEHUS W YBeTMUCHUS MH(OWIBTPALINH,
KaK, HalIpuMep, MyJbUYNPOBaHUE U IIPUMEHEHHE T10-
JIMMEPHBIX CTPYKTypooOpaszosareseii [15, 16]. Onmucanbl
CTpaTeruy BOCCTAaHOBJICHUS, OCHOBaHHEIC HE Ha BHE-
CeHMU MEJIMOPAHTOB B TIOYBHI, 2 HA CO3MaHUM OoJiee
YCTOMYMBEIX SKOCHCTEM B TeX YCIOBUIX, KOTOPBIC YKe
WMEIOTCS, WM C He3HAUYNTEIbHBIM BIMSHUEM Ha T10-

YBBI, HAIIPUMeEP, C UCTIOIb30BaHUEM TSI PEKYIbTUBALINI
aJanTAPOBAHHBIX K HEXBATKE ITUTATEIFHBIX BEIICCTB
1 BOOBI BUIOB pacTeHMWIA. PacTuTe IbHOCTH, MMeroIIas
Mopdoornueckre u GU3NOIOTNIESCKHAE TTPUCIIOCO-
OJICHUSI, TTIO3BOJISIIOIINE BBIKABATh U PACTH B CYPOBBIX
YCIIOBUSIX 3aCYIUTMBBIX U TTOTY3aCyIIJIUBEIX PaiiOHOB,
yCIIeITHee TIPOTUBOCTOUT HETATUBHBIM (DAKTOpaM CpeIIbl
[17, 18]. CymecTByloT TakxKe ncciegoBanus [19, 20],
paccMaTpuBalole YBEIUYEeHUE KOJIUYECTBA BHOCU-
MOTO JJI51 pEKYJIbTUBALIMU CyOCTpaTa MPU CMEIIMBAHUN
BEPXHETO CJIOST TIOYBHI C ITYCTOM ITOPOI0i BEIpAOOTAHHBIX
KapbepoB. ABTOPHI PaOOT MPUIILIHN K 3aKIIIOUCHUIO, UTO
B pe3yJbTaTe B OOIIIEi CMeCH YBEIMIMBAIOCh COIepKa-
HIE OPTaHMYECKOTO BEIIIeCTBa, BEPOSITHO, 3a CUCT YIyd-
IIeHUS TUAPOJTOTUISCKON (PYHKIIUM U TIPOU3BOACTBA
O1oMacchl, a TAKKe aKTMBHOCTH IETUAPOTeHa3 MUKPO-
opraHu3MoB. [1pr 3TOM yIIydIeHUs pacIipoCTPaHSUIICh
LIIyoxKe 110 TPOGUITIO M TAKMM 00pa30oM CIIOCOOCTBOBAJIN
BOCCTAHOBJICHMIO (DYHKIIMU TTOUBHI.

Kaxxmast 13 rmepeurcaeHHbBIX CTpaTer il CIIOCOOCTBYET
IIpolieccaM PeKyJIbTUBAIIMY HapyIIEHHBIX TEPPUTOPHIA,
HO MMeeT COOCTBEHHBIC HEMOCTaTKU. B ciyJasix BHe-
CCHUS MEJTMOPAHTOB, Jaxke 0e3 yueTa SKOHOMHUYECKIX
(akTOpOB, CYIIECCTBYIOT OTPAHUUYCHUS B 9KOJTOTHTICCKIIX
TPeOOBAHMSIX ITO COMCPKAHUIO TSLKEITBIX METAJIJIOB, TTTA-
TEJIBHBIX 3JIEMEHTOB, KIUCJIOTHOCTHU CPEIbI MJIN YCTONYN-
BOCTH B MIPOSIBIICHUY BOTHOM 1 BETPOBOI 3po3un. Kpo-
Me Toro, 3 GEeKTUBHOE NCITOIb30BaHNE MEJIMOPAHTOB
TIPEIITONIaraeT He TOJIBKO YIIy4IIIeHIE CBOMCTB OB, HO 1
BBIZICJICHNE MUHEPATbHBIX ITUTATEIBHBIX BEIIECTB B CO-
OTBETCTBHH C TTIOTPEOHOCTSIMH PacTUTEIbHOCTHU. MIcTIOND-
3yeMBIC TS PEKYJIBTUBAIINY YCTOMIMBBIC BUIBI PACTCHIIA
He JOJDKHBI CO3IaBaTh KOHKYPEHIINI MECTHOI (pitope, Tak
KaK 3TO OTPUIIATEIIEHO BIMSIET HAa 9KOCUCTEMBI peroHa
B 1esoM [21, 22]. MeTon cMeIIMBaHMYsI TTOYBBI C TIOPOIOM
Kapbepa OrpaHIIeH TeM, UTO IOPOa IOJDKHA OBITH OITpe-
IIeJICHHOM CTPYKTYPHI M HE TOJKHA COMEPKATh BEIIIECTB,
TIPETISITCTBYIOIINX Pa3BUTHIO PACTUTEIBHOCTH. JI71sT MHO-
WX KaphepPOB I10 JOOBIYE IIBETHBIX U TSDKEJIBIX METAJIIIOB
5TO YCIIOBHE HE COOMOIAETCSI, B HUX MPAaKTUICCKU BCETIa
comepxXaTcsl 3HAUYNTEIbHBIC KOJTUICCTBA BPESIHBIX IS
JKMBBIX OPTaHU3MOB 2JIEMECHTOB.

B manHOM MCClIemOBaHUY MBI TIPEATIPUHSIIN TTOTTBIT-
Ky OOBCIMHUTD MOJIOXUTEIBHBIE CTOPOHBI IIEPEUHC-
JICHHBIX paHee MeToHoB. JIJIst TOro OIIeHMIN BHECEHIE
mmrHocynbdhoHaTa Hatpus (JIH) B cydcTpaT, oToOpaH-
HBII ¢ OTBaJIOB Kapbepa. [Ipenronaracm maabHEUIIIEe
HCITOJIb30BaHNE TTOJIYICHHOM CMEeCH B Ka9eCTBE IIPO-
CIIOMKM MEXKIy MaTeprajioM OTBaJOB Kapbepa M ILIO-
IOPOOHOM MOYBOM, HAHOCUMOI Ha PEKYJIbTUBAPYEMYIO
TTOBEPXHOCTB C TTOCIICAYIOIIEH BBICAIKOI MECTHBIX BUIIOB
PACTUTETBEHOCTH.

M3BecTHO, 9TO HanbOJIee SKOHOMUYCCKU BBHITOTHO
HCIIOJIH30BaTh B KAUECTBE MEJIMOPAHTOB OPTaHMIECKIE
OTXOIBI IIPOM3BOICTB. DTO ITO3BOJISIET CHU3UTh 3arpsi3-
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HEHUE MECTHOCTY ITPY HAKAIUTMBAHWH [IJTAMA 1 VICITOJb-
30BaTh €0 C BBITOIOM B CEJTLCKOM X03siicTBe [13, 23, 24].
B sToMm nnane JIH siBisieTcst omHUM M3 MePCIIEKTUBHBIX
BerecTB. [1py XUMIU4IECKO TTepepadOTKe IpeBeCUHEI
Ha IIeJUTIONI03HO-0yMaXKHBIX ¥ TUAPOIU3HBIX TIPEAIIPHU-
STUSIX HauOoJIee TPYIHO YTUIN3MPYyeMast 4aCThb IO~
JIO3BI — JIMTHUH — CTAHOBUTCS OTXOIOM 1 OTIIPABIISICTCS
B HAKOITMTEIN, TI¢ XPAaHUTCS OCCITUICTUSIMU BCIICI -
CTBHE HEOOIBIION CTEIICHN BTOPUIHON TIepepadbOTKHN
¥ BBICOKO¥ CTOMKOCTH K pa3yoxkeHnIo. [1pu aTom 13-3a
BBICOKOI KMCIIOTHOCTH TaKOTO JINTHUHA OH OKAa3bIBacT
HeraTUBHOC IeUCTBUE HAa OKPYKAIOIIYIO Cpemy, IO -
KUCJISIET TIOYBY 1 BOAY, 3arpsI3HSICT BO3AYIIHBIN OacceitH
1 SIBJISIETCSI OMTACHBIM MCTOYHMKOM BO3ropaHus [25, 26].
C apyroii CTOPOHBI, TUTHUH — 3TO IIPUPOTHBINA pecypc,
KOTOPBII 00eCITeYBacT BO30OHOBIISIEMbIC apOMaTHUe-
CKHE COCTMHEHUS U TT0 MOJICKYISIPHOMY COCTaBY CXO-
IIeH ¢ HeTUAPOIN3YeMOM YaCThIO TYMUHOBOI KMCIOTHI.
B kavecTBe MOYBEHHOI TOOABKHM OH MOXKET CITYKUTH KaK
MCTOYHNKOM OPTaHMUYECKOTO YIJIepoaa, YIy4Iliasi BMecTe
C TeM a30THBIN OaJlaHC TTOYB, TaK Kak 1 T yriaepoma Io-
Moraet pukcuponath oT 15-20 1o 40 M atMOochepHOTO
azorta [27, 28], Tak ¥ OCHOBO 1T HAKOTIJICHUS U T10-
CTETICHHOTO BBICBOOOXKICHUS MUHEPATBHBIX KOMIIO-
HeHToB. CO CTOPOHBI BIUSHUS Ha 3Kojoruto JIH nmeer
MOKAa3aHHYI0 COPOIIMOHHYIO CITOCOOHOCTD K TSIKEITBIM
MeTajlaM, B TOM YHCJIe, B Ka4eCTBE BeIleCTBa, IIPH-
MEHSIEMOTO TIPY OYHUCTKE ITPOU3BOACTBEHHBIX CTOTHBIX
Box [29, 38], To ecTh OymeT MOmABISITh TOKCUIECKOE
IeiicTBe MaTepuana Kapbepa. [IpoTuBO3po3noHHAS
ycToitanBocTh JIH, oTMedueHHAsT B €ero MCITOIb30BaHNHT
TP TOPOXHOM cTpouTeabcTBe [31, 38], Takke BHeceT
THOJIOXUTETbHBIN apdekT. Takum obpaszom, JIH Oynet
BBICTYIIATh U KaK BEIIECTBO, YIYUIIIAfoIIee aproXiuMude-
CKUII COCTaB ITOYB, ¥ KaK CTPYKTYPOOOpa30BaTeIb, M KaK
KOMITOHEHT MaTepHajia Kapbepa, CHIDKAIOIINIT TOKCHY -
HOCTPH 1 TTO3BOJISTIONINIT YMEHBIIUTh KOJIUYECTBO HC-
TIOJTb3yEeMO TIOUBHI [T (DOPMUPOBAHUS BEPXHETO CIIOS.

K Hacrosmmemy BpeMeHHU pa3paboTaHO MHOXKECTBO
cocTaBoB Ha ocHOBe JIH B KauecTBe aIbTepHATUBHI YIO-
OpeHUSIM IS IPUMEHEHNUS B CETbCKOM XO3siicTBe [25,
33]. UccremoBatesi B OOJBIIMHCTBE CBOEM CXOISTCS
BO MHeHMHU, yTo npuMeHeHue JIH 6onee apdexkTun-
HO, €CJIN: a) UCITOJIb30BaTh €TO0 COBMECTHO C KOMIIO-
HEHTaMU, SIBIISTIOIIMMMCS MCTOYHINKOM MWHEPaJTbHBIX
BelecTs [34] mwIs ydIero MUTaHus pacTeHUIA; 0) mocye
TIPeaBapUTEIIBHOTO KOMIIOCTUPOBAHMS IIJIST CHYDKCHUST
kuciotHoctr JIH 1 yBenmmaeHUs eTo OMOIOCTYITHOCTH,
OOBIYHO C YyYACTHEM MUKPOOPTAHMU3MOB, CIIOCOOCTBY-
IOIINX yCKopeHuio pasnoxenud JIH [35, 38, 37, 38].
B niepBom ciyuae JIH ncnonb3yeTcst Kak Matpuia st
yIepKaHUsI MUHEPAJIBHBIX KOMIIOHEHTOB, BO BTOPOM —
KaK MCTOYHUK T'YMYCOBBIX BEIIIECTB.

B cBs131 ¢ YeM, OCHOBBIBAsICh Ha BCEX BBINICIIEPE-
YHUCJICHHBIX (haKTaX, B Ja00OPATOPHBIX YCIOBUSIX OBLI

MPOBEIEH MOJIEIBHBIN OMBIT IO U3YYCHUIO BO3MOX-
HOCTH CO3[IaHUsI TIOYBOIMOAOOHBIX TEJI TTyTEM KOMIIO-
CTUPOBAHMS B CMeCHU IMTHOCYIbdoHata HaTpus (JIH)
u Mesnko3zeMa (M) ¢ nobaBiieHMEM MUKPOOPTaHNU3MOB
(MO) n azotHOTrO ynoopenus (N).

2. MATEPUAJIbI

2.1. Meako3em (M). B xauecTBe OCHOBHI B OTIBITE
HICIIOIb30BAaJICSI MaTepHrall C OTBajla Kapbepa BbIpa-
boraHHOrO pymHuka KymbpoopTay, pacImogokXeHHOTO
B baiimMmakckoMm paiioHe Ha 10T0-BOCTOKe PecrnyOimku
Bamkoproctan. MecToposkaeHNe UCIIOIb30BaIOCH MIJIST
IOOBIYM OKUCIIEHHBIX 30JI0TOCONEPKAIINX PYI, MCIH,
LIMHKA ¥ POCCHIITHOTO 30510Ta. CKITaampoBaHye BCKPHIIII-
HBIX TIOPOJI OCYIIECTBIISIIIOCH (DOPMUPOBAHUEM OTBA-
JoB. B Hacrosee BpeMs BBIpaOOTKa 3aBepIlicHa, Ka-
pbep 3aTOIlICH, MECTHOCTh MMECT CUILHO HapyIIeHHBII
penbed, ecTeCTBEHHBINM MMOYBEHHBIN TTOKPOB Cpe3aH.
PexynpruBanms mocie mpeKpaiieHusT JOOBIYN He TIpo-
Bommtack. CaMo3zapacTaHme cocTaBisieT He MeHee 30 et
(c 1985 1.), Ha oTBajax Kapbepa 3aMETHHI OTACIbHbBIC
yJacTKu (popMUPOBAHUS BTOPUYHOTO IIOUYBEHHOTO TT10-
KpOBa, IIPEATIOIOKUTEILHO, YaCTUIHO HAHOCHOTO, Ya-
CTUYHO c(hOPMUPOBAHHOTO Ha MecTe. PacTUTeThHOCTD
IIpeacTaBIcHa MOJIOOBIMHU 3apOCIISIMU Oepe3 M COCeH,
TPaBSTHOM MTOKPOB OTCYTCTBYET.

Matepuall OTBaJIOB Kapbepa CyXOl OeJIeCHIi IT0-
POIIUCTBIN ¢ BKPATUICHUSIMH KEJITOTO U TEMHO-OpaH-
JKEeBOT0, IIPEeICTaBlIeH ApecBoit n medHeM. CoriracHoO
JIATEPATYPHBIM NCTOYHMUKAM [40], TI0 COCTaBY CXOX C I0-
OBIBAaCMBIMHU PYIAMU U CONEPKUT TaKME JIEMEHTHI, KaK
MeIb, IIMHK, 30JI0TO M cepeOpo. BCKPHITITHBIC TTOPOIEI
CJIOXEHBI pynamMu 6a3aibT-aHae3uTO-0a3a1bT-aHAe3UT-
JMalUT-PUOJUTOBOM cyOdopManieil aHae3nTodazaib-
ToBoi1 hopmauuu [41]. ComepkaHre OpTaHUIECKOTO
yriepona — 0,5%, 11eJI04HOrMAPOIM3YEMOIO a30Ta —
42 MT/KT MeIKo3eMa, PeaKIus CPeabl CUJIBHOKMCIAS
(pH H,0 —-2)9).

MecTHOCTb OTHOCUTCST K CYXUM C HEIOCTATOYHOM
BJIar000€CIICYCHHOCTHIO: TIPOIOJIKUTEIIHHOCTD COTHEY-
Horo cusHus — 1950—2000 yacoB/rom; cpemHeronoBast
TeMIepaTypa Bo3myxa — 1,5—2°C; cpemHsIsI TeMIIepary-
pa Bosayxa B utojie — 17,5—18°C; KoJIM4ecTBO 0CaIKOB
B 1o — 350—400 MM; KOJIMYECTBO OCAAKOB B TETUILII
repron — 250—300 MM; cpemHee YMCII0 THEl ¢ aTMOC-
depnoit 3acyxoit — 40—45 mHE/Tom; CPeTHSISI CKOPOCTh
BeTpa — 3,5—4 M/c. PaiioH oTamyaeTcst BRICOKOM aHTPO-
IIOTEHHOI HaTrpy3Koil Ha IIPUPOIHYIO Cpemay, 00yCIOB-
JICHHYI0 KaK TOPHOAOOBIBAIOIIEN TPOMBIIUIEHHOCTBIO,
TaK ¥ MHTCHCUBHBIM CEJTLCKIM XO3STMCTBOM [42].

711 MOIEIBPHOTO OTBITa B HECKOJBKMX TOYKAX BHY-
TpeHHEH YacTH BHEIIHETO OTBajia Kapbepa OTOMpaIn
npoObl BecoM He meHee 1 Kr. [IpoObl TiepeMelmnBaiu,
0CBOOOXKIAIIN OT KPYITHBIX O0JIOMKOB, KAMHEI 1 OCTaT-
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KOB PacCTUTEIHFHOCTH, IIPOCCUBAIN Yepe3 CUTO THaMe-
TpoM 1 MM. M3 ITOIy4eHHOTO KOJIMYEeCTBa METOIOM
KBapTOBaHUS OTIEJISTA HaBecKy oKojo 50 T miIs arpo-
XUMHMYECKOTO aHaJIn3a NCXOTHOro cyocTpaTta. OcTaToK
TIIATEJIbHO TTePEeMEIINBAIA 1 MCITOIb30BAIM B SKCITE-
pUMECHTE.

2.2. Jlurnocyandounar narpus (JIH). Micrionp3oBanm
OTXO[I IIEJUTIOJIO3HO-0YMaXkKHOTO KOMOMHATA, TOCTYITHBIIA
B npojaxe. B onbiTe mpuMeHsn xXuakyto dopmy JIH
C TEXHUICCKNMH XapaKTepUCTUKaMU, TIPEICTaBICHHBI -
MU B Tab. 1.

Tabauuya 1
TexHuyeckue XapakTepuCTUKH JJUTHOCYJ/Ib()OHATA HATPUS
Bsazkasa
Buennuii Buj KHIKOCTh
TEMHOTO [BETa

MaccoBasl 10151 CyXUX BEILECTB, %, 50
HE MeHee
MaccoBas 10Jis1 3016l K Macce 27
CyXHX BellecTB, %
KoHIiieHTpalusi MIOHOB BOAOPO/A, 45
pH, He MeHee ’
[Ipenen mpoYHOCTH Ha pacTsDKeHUE 06
BBICYILIEHHBIX 00pa3ioB, MIla ’
Bs3kocTb ycioBHas, ceK, He MeHee 80
MaccoBas 107151 peAyLUpPYIOLIIX 15
BELIECTB K Macce CyXux BellecTs, %
[lnoTHOCTB, KI/M?, He MeHee 1280

Tabauya 2
Cxema MOJIeJIbHOTO ONbITA

2.3. MunepansHoe ynoopenue (N). B ombite mpume-
HSUIM TIpeTiapaT ¢ TOPTOBEIM Ha3BaHUEM «YI0OpeHMe
cMmeceBoe MUHepaiabHoe CenTpa aMMHUadHasl ¢ KOM-
IUIEKCOM MMKPO3JIEMEHTOB, Mapku N-33%», mpous-
BeneHHoe OO0 «TIIK «<HOB-AT'PO». Conepxxanue
9JIEMEHTOB ITUTaHUSI I10 MaccoBoii goJie: a3oT (N) — 33%,
6op (B) — 0,03%, mens (Cu) — 0,15%, xeneso (Fe) —
0,09%, mapranerr (Mn) — 0,16%, momubnen (Mo) —
0,002%, unHk (Zn) — 0,04%. Hopma BHeceHUSI B 3a-
BMCUMOCTH OT KYJIBTYpbl — OT 15—20 r/M?.

2.4. Muxkpoopranuzmsl (MO). VMcrnonb3oBanuch
mTaMMBbI Acinetobacter calcoaceticus UOM 22 u Pseudo-
monas kunmingensis CA 3 ¢ moKa3aHHOI CITOCOOHOCTBIO
K JCCTPYKILIHNU YTIACBOIOPOHoB [44, 45, 45]. KynbTypsl
HapabaThIBaIv B 1a00paTOpPUM OMOTEXHOJIOTUI Y pum-
ckoro nHctuTyTa 6uoyorun YDOUILL PAH. IlltamMmmbr
BBIPAIIMBAJINCh OTACIFHO Ha XUaKoit cpene Kunar B
[46], 3aTeM KyJIbTYPbI CMELIMBAIM B PABHBIX KOJIMYE-
cTBax. KoHIIEHTpalnss MUKPOOPTaHU3MOB B pacTBOpPE
cocrasisuia okoio 10° KOE/mi1. PekoMenayemast 1o3a
IJIST BHECEHUST — 1 MJI pacTBOpa MHUKPOOPTaHN3MOB
Ha 300 r cybcTparTa.

2.5. Pennc. ®UTOTOKCUIHOCTD IMOJTYICHHBIX CMECEH
OIICHUBAJIACH ITPY IIPOPAIIMBAHUN CEMSTH CKOPOCTICIIOTO
penuca ¢ TOPrTOBBIM Ha3BaHMEM «18 mHei» [47].

3. METOAbI

ONBIT IPOBOAMIICSI B BEreTallMOHHBIX COCYIaX
10 CXeMe, IPEICTaBICHHOI B Ta0I. 2.

[IpegBapuTeILHO OUNIIIEHHBII METKO3eM IIPOCENBa-
m 1t 6osiee 3(ppeKTUBHOIO B3aUMOIEICTBUSI C BHO-

Cocras cmecu
BapuanTsi onbita,
(nponopuum) MeIKozem. r JIurnocyashoHat A3oTHOE Kunkas KyJbTypa
> HATpUsA, T yaoOpeHue, T OakTepuii, M1
1. KoHtposb (M) 300 — — —
2. M/JIH (1/0,5) 300 150 — —
3. M/JIH (1/1) 300 300 — —
4. M/JIH (1/2) 300 600 — —
5. M/JIH (1/0,5) + N 300 150 1 —
6. M/JIH (1/0,5) + N + MO 300 150 1 1,5
7.M/JIH (1/1) + N 300 300 1 —
8. M/JIH (1/1) + N + MO 300 300 1 2
9.M/JIH (1/2) + N 300 600 1 —
10. M/JIH (1/2) + N+ MO 300 600 1 3
11.M + MO 300 — — 1
122.M + N + MO 300 — 1 1
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CHUMBIMHM T0OaBKaMU. B aKcIIeprMeHTe NCITOIh30BaIach
dpaxkusa menbiie 1 mm. KonngectBo BHocuMoro JIH
PaCCYMTHIBAIIOCH M3 3aJaHHOTO COOTHOIIICHUSI 110 BECy.
HopMma xommiekcHoro ynoopenust N cocraBisiia 1 r
Ha KaxXmelii cocyn. MUKpOOpraHn3Mbl BHOCUIIN B KO-
ymyectBe 1 mur Ha 300 T cybcTpara.

ITocne noGapieHMsT BCeX KOMITOHEHTOB (KpoMe MU-
KPOOPTaHN3MOB, UX BHOCHJIU IIyTeM TO0AaBJICHUS B BOLY
JUTSI TIOJIMBA) CMECH TIIATEIFHO TIepeMEIITNBAINCH, 3aTEM
B Kaxayro mo6asistin 1o 100 M1 TUCTHITMPOBAHHOMN
BOIBI I BHOBb nepeMerBaiy. [1omydaeHHBIE 00pa3Iibl
OCTAaBJISITU 111 KOMIIOCTHPOBAHUS B J1a00OpaTOPHBIX
YCJIOBUSAX MPU TemIiiepatype 25—26°C, ecTeCTBEHHOM
OCBCIIICHUHN U TIpoBeTpuBaHuu. [1o Mepe HeoOXxoamMo-
CTHU COCYIBI YBIAXHSITA. KOJIMUeCcTBO ITOIMBOB 1 00hEM
Bombl puKcupoBaiu. Pa3 B mBe Hemem n3 00pasos, IIpu
TIpeIBapUTEIILHOM YBJIAXKHEHUH U TIIATSIILHOM IIepe-
MEIINBaHUM, OTOUpAJI HaBeCKy I aHaiam3a 20—25 T,
KOTOPYIO 3aTeM IMOMEIIAIN B MOPO3UIIEHYIO KaMepy It
JeaKTUBAIINN XN3HEACSITCIHHOCTH MUKPOOPTaHU3MOB.

OTOOpBI TPOO IJISI aHAJIMW3a IO BPeMEHHU KOMITO-
ctupoBaHus TpoBoauian Ha 3 (1 cpok), 7 (2 cpok ),
13 (3 cpok), 27 (4 cpok), 41 (5 cpok), 56 (6 cpok) u 82
(7 cpoK) cyTKU (3aBepIIIcHNE KOMIIOCTUPOBaHM). [10-
cJie 3aBepIICHUSI KOMITOCTUPOBAHUS TTOYBOIIOIOOHAS
CMeCh BBICYIIMBAJIACH O BO3MYIITHO-CYXOTO COCTOSTHUS
¥ TIOBTOPHO aHaIM3upoBanack Ha 250 cyTKH (8 CpoK)
TocJIe Hayajia MOIEILHOTO OIThITA.

B otoGpaHHbIX 00pa3uax onpeaeasyii coaepxaHue
opranmueckoro BemectBa (OB) mo metony TropuHa
¢ okoHYaHUeM 110 OpioBy 1 ['puHACTD, IICTOIHOT -
npoauszyemoro azora (IIII'A) — mo Kopudunny u pH
BOTHOM CYCIICH3UM — MTOTCHIIMOMETpIUIecKu [39].

KowmmocTpoBaHHBIE CMECH TIPOBEPSIN Ha (UTO-
TOKCHYHOCTH C MCIIOJIb30BAHUEM CEMSTH CKOPOCIIEIIO-
ro pennca. B IpoTepThIit M IPOCETHHBIN Yepe3 CUTO
nraMeTpoM 1 MM obpaselr maccoit 1 T mobasmsiu 10 Mo
TUCTUIIMPOBAHHOM BOIBI, TIEPEMEIITMBAIIN U TTOJyIeH-
HBIM pacTBOPOM IIPONUTHIBAIN (DPUJIBTPOBAIBHYIO OY-
Mary. Ha moBepXHOCTP BIaXKHOIT OyMaru BEIKJIaTbIBAIN
o 10 cemsaH. KoHTponeM Takke OblIa (PUIHLTPOBAIIb-
Hast Oymara, TIpoIMTaHHAasI TUCTHTUPOBAHHOM BOIOM
¥ BOIHOM BEITSDKKOI ¢ MeaKo3eMa. DUTOTOKCUIHOCTD
OIICHUBAJIN TT0 KOJIMYECTBY ITPOPOCIIINX CEMSTH M CYXOi
Macce CeMsH M IIPOpPOCTKOB yepes 48 gacos. I1oBTop-
HOCTB TecTa TpexkpaTHas. [loryaeHHBIe TaHHBIC 00-
pabaThIBAIMCh CTATUCTUICCKIU.

4. PE3YJIBTATBI UCCJIETOBAHUI

Yepes Tpu gHA (1 cpoK) OT Havasla KOMIIOCTHPOBA-
HUSI ObLJIa OTOOpaHa IepBast cepust Ipo0 IJIsT aHATIU30B.
Buecenue JIH B Mesiko3eM CylIeCTBEHHO MTOBBICUIIO CO-
IepKaHNe OPraHMYEeCKOro BEIIecTBAa M CHIKAJIO KUC-
JIOTHOCTH cpembl. ComepkaHNe OPraHMIEeCKOro Bellle-

CTBa POCIIO TIPOTIOPIIMOHAIBHO YBeTmdeHMo 1o JIH.
KoHmeHTpanus TurHOCYIb(OHATAa HATPUS HE OKa3a-
JIa 3HAYMMOTO BIIMSTHUS Ha KMCIIOTHOCTh MEJIKO3eMa
1 CoIepsKaHNE B HEM IIEJIOUHOTUIPOIN3YEMOTO a30Ta
(puc. 1, BapraHTHI OITbITa 2—4).

W3zBectHO, uTo gectpykuust JIH naet MeaieHHo u no-
CTYITHOCTh OPTaHWYECKOTO BEIIIECTBA [IJIST ITUTAHMS pac-
TeHU# n3 Hero HU3Kag [25, 33]. g nHTeHCU(UKALIUKA
TIpoIiecca pa3IoKeH!s OpraHMIecKoro BemecTtsa n3 JIH
MIPUMEHSIJINCh MUKPOOPTAaHU3MBI M/MJIN a30THBIC YIO-
openus [34, 35, 36, 37, 38]. BHeceHMe a30TCcomEpXKAIINX
BEIICCTB, KPOME TOTO, CIIOCOOCTBOBAJIO TIOBBIIIICHUIO
KpaifHe HM3KOTO YPOBHS a30Ta B cyocTpare (puc. 10,
BapHWaHTHI orbiTa 5—10, 12).

BHeceHme a30THOTO yIOOpeHMsI Ha BaplaHTaX C JIUT-
HOCYJTBb(OHATOM HATPHS IO CPABHEHUIO C BapHaHTaMU,
comepKaIrMu TorbKo JIH, IprBeito K 3HaUMTeTEHOMY
yBeanueHuto conepxanus LIT'A. KonuuectBo opraHu-
YeCKOTO BEIIeCTBA IIPH 3TOM OBLIO HECKOJBKO HITXKE,
YyeM y aHAJIOTUUYHBIX MPpo0 60e3 N, 4TO MOXET yKa3bl-
BaTh Ha Havajo IIpoIecca ero pasjaoxeHus (puc. la).
Hawnmensliee pa3nmane B ComepKaHUM OPTaHNIECKOTO
BelllecTBa MexXay BapuaHTamu Tojibko ¢ JIH n JIH + N
HaOmomanuch B Bapuanre 5 (M/JIH (1/0,5) + N). g
5TOTO BapMaHTa TaKKe XapaKTepHO HANMEHBIIIEe TOBBI-
IIeHNE KOJIMYECTBA MICTOTHOTUIPOIMN3YEMOTO a30Ta,
YTO HE COOTBETCTBYET TPEHIY pacIpeeeHIs a30THOTO
yaoOpeHus B Macce cyocTpaTa (puc. 16). Bapuanr 5 (M/
JIH (1/0,5) + N) mmo Macce comepxkut 450 T BelrecTBa,
Bapuant 7 (M/JIH (1/1) + N) — 600 r u Bapuant 9 (M/
JIH (1/2) + N) — 900 r, omHaKo Tp¥ OJWHAKOBOM KO-
JINYECTBE BHECEHHOTO a30THOTO yIOOpEHUs B TaHHBIC
BapuaHThl HANMEHBIIICE YBEIIMUCHIE €TI0 COMEPKaHUSI
otMmeueHo B Bapuante 5 (M/JIH (1/0,5) + N). BepositHo,
TaKOU pe3yJIbTaT 00YCIIOBJICH Upe3MEPHBIM KOJIMIECTBOM
N Ha Maccy cyocTpaTa, 9To IPHUBEJIO K IEHUTPU(DUKAIIAN
a30Ta yIoOpeHUs M CHU3WIIO €TO IT0JIe3HOE BIUSHUE.
Peaxkuus cpensl B BapuanTtax ¢ JIH u N ananornuna
BapraHTaM TOJbKO ¢ JIH — KMCIIOTHOCTh CHUKAJach
¢ 2,8 mo 4,1—4,4 emuanir pH Bo Bcex obOpasiax (puc. 1B).

Peakimmio MUKpOOpraHN3MOB Ha JIUTHOCYIh(MOHAT
HATpHsI OLICHUBAJIY TT0 TOTIOJTHUTEILHBIM BapraHTaM 11
u 12, rae K Menko3emy 6e3 BHeceHust JIH no6aBiisiii Toib-
ko MO (Bapuanr 11) m MO ¢ N (BapuanT 12). ITo pe3ynb-
TaTaM aHaJau30B (puc. 1) BUIHO, YTO BHECEHME MUKPO-
OpraHu3MOB K MeJIKo3eMy 0e3 100aBjieHUs KaKuX-JIM0o
IPYTUX BEIIECTB HE 0KAa3aji0 CYIIECTBEHHOTO BIMSTHMUS
Ha ero arpoXMMIUYEeCcKIe CBoicTBa. BHeceHMe MuKpoopra-
HM3MOB B COUCTAHNM C a30THBIM YIOOPSHUEM TIPUBOIIIIO
K 3HaUMUTEIbHOMY yBeJmueHMIo KoaudectBa LIIT'A u He-
CKOJTBKO TTOBBIIIIAJIO KMCIIOTHOCTE cpenbl (mo 3 pH HZO).
I1pu sToM KoHueHTpaust N B cyOcTpaTte HaubOOJIbIIast
cpenu Beex 1po6 (1 r ymoopernus Ha 300 r cyoeTpara),
HO 3(heKTa IToTepH a30Ta, paCCMOTPSHHOTO TSI BapHaH-
ta 5 (1 r ynoopernst Ha 450 T cydcTpara), He HaOIFOIAIOCh.
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Puc. 1. ArpoxumMuyecKne CBOiiCTBAa cMeceii Ha 0CHOBe
JIH mo cpokam, rae 1 cpok — 3 THS KOMIIOCTUPOBAHMS,
7 cpok — 82 IHSI KOMIIOCTUPOBAHUS, 8 CPOK — 6 MeCsI-
LIeB I10CJIe OKOHYAHUST KOMIIOCTHPOBAHUS

KonuecTBO BHOCMMOTO TUTHOCYTh(OHATA HATPUST
BIIVSLIO HA AMHAMUKY U3MEHEHUS COIePXKaHMST OpTaHu-
YECKOTO BEIIeCTBA U MIEJIOUYHOTUAPOTN3YEMOTO a30Ta,
B cmecu Menko3ema ¢ JIH, N u MO. [l BappaHTOB
¢ cootHomienueM M/JIH B cootHomienuu 1/0,5 u 1/1
conep>KaHne OPTaHMYECKOTO BEIECTBA BBIIIIE IO CPaAB-
HeHuIo ¢ BapuaHTaMu, copepxammmu N (Ha 0,3 1 4,8%,
COOTBETCTBEHHO), HO HIKE, YeM Y BApMAHTOB TOJHKO
¢ JIH (na 2,3 u 1,8%, coorBercTBeHHO). LIIT'A B mipu-
CYTCTBUY MUKPOOPTAHU3MOB TIPU 3TOM B BapHUAHTE C CO-
otHotieHueM 1/0,5 Boiire, yem ToabKo ¢ N (210 Mr/kr
B Bapuante M/JIH + N nipotus 406 Mr/KT B BapuaHTe
M/JIH + N + MO), HO mj1g cooTHomeHus 1/1 ctaHo-
BUTCS HUKE, YeM B aHAJIOTUYHOU mpobe Tojabko ¢ N
(322 mr/kr B Bapuante M/JIH + N mpotu 308 mr/KT
B Bapuante M/JIH + N + MO). BapuaHTbl ¢ COOTHO-
meraueM M/JIH (1/2) meMOHCTpUPYIOT CHIDKEHIE KaK
coliepkaHUsT OpraHM4IecKoro Bemiectsa (62,7% s Ba-
puanTa Toibko ¢ M/JIH, 54,4% s M/JIH + N u 53,8%
it M/JTH + N + MO), Tak 1 IeI09HOTUIPOSTU3YEMOTO
azota (308 mr/xr mst M/JTH + N nipotus 140 mr/Kr mmst
M/JIH + N + MO) (puc. 1).

Or1ieHKa arpOXUMHUYECKOTO COCTOSTHUSI TTOUBOTION00-
HBIX TeJI TI0 BApUAHTAM OITbITa, TPOBOAMMAsT KaK B KOHIIE
akcriepuMenTa (7 Cpok), TaK ¥ TIOBTOPHO TTOCJIE BBICY-
mmBaHus (8 CPOK), MoOKa3aia, YTo peakilusl CPeabl BCeX
00pasIioB ¢ 100aBKaMU CO BpeMEHEM CTAaHOBUJIACH MEHEe
kucnoii. Bo Bcex BapuaHTax, KpoMe KOHTPOJILHOTO (Bapu-
aHT | — MeKo3eM), 3HaUeHUsT KUCJIOTHOCTU CHIDKAINCH
(XOTb ¥ HE3HAUUTENIBHO, HO CTAOMIIBHO JIJIST BCeX 00pa3-
1IOB) J1aXe IMMOCcie OKOHYAHUSI KOMITOCTUPOBAHMUSI, YTO
yKa3bIBaeT HA BIUSTHIE BHECEHHBIX KOMITOHEHTOB U TTPO-
JIOJDKEHUME peakiiny HeWTpanm3anuu cyoctpara (puc. 1B).

JAuHamMuka u3MEHEHUsT OPTaHNYECKOTO BEIeCTBA
CX0Xa BO Bcex 00pasiiax, KpoMe BaprUaHTOB C COOTHO-
menuem M/JIH (1/0,5). B ocTanbHbBIX Citydasix mpo-
ObI ¢ TOOAaBKaMM XapaKTEPU30BATUCH TTOBBIIEHUEM
COZiep>KaHWsI OPTraHWUYECKOTO BEIecTBa yepe3 82 mHs
kommoctupoBanus (7 ¢cpok) ot 3,24% no 38,27% (Mmax-
cuMasibHOE 3HaueHue, Bapuant 10 — M/JIH (1/2) + N +
MO) 1 ocnenyonM CHUXKEHNEM YPOBHST CONEPXKAHMST
OPraHUYECKOTO BEIleCTBA HIXKe HauyalbHOTO Ha 2,62%
(Bapuant 10 — M/JIH (1/2) + N +MO) — 28,58% (Ba-
puanT 4 — M/JIH (1/2)). BeposTHO, TaKkas peaKIus
00ycoBIEHa POCTOM MUKPOOHOI MacChl Ha TUTATEIb-
Hoii cpene JIH, mpu aToM mpociexkuBaeTcst TeHACHINS
TOBBINIEHUST KOJMYECTBA OPTAHUYECKOTO BEIIeCTBA
C YBEJIMUeHUEM KOHIIEHTPAIIUU JTUTHOCYIb(hoHATA HA-
TpUsI ¥ BHECEHNEM MUKPOOPTaHU3MOB. [1pu BhIChIXaHUH
cyocrpara (8 cpok) 0TMeYaioCh CHUXKEHUE COIePKaHUS
opraHuueckoro Beiectsa [48]. B BapuaHTax ¢ coort-
HomeHueMm kommnonentoB M/JIH (1/0,5) nunamuka
un3MeHeHust OB B 3aBUCUMOCTH OT TOOABOK MEHEE BbI-
paxeHa, a KonmrmdectBo OB mociie okoHYaHUST KOMITOCTHU-
pPOBaHMS M BBICYIIMBAHUS MPOO (§ CPOK) CTAaHOBUIIOCH
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BBIIIIC I COOTBETCTBOBAJIO HAUYATbHOMY COIEPKAHHIO
OB. B BapunanTax 11 (M + MO) u 12 (M + N + MO)
CYIIIECTBEHHBIX N3MEHEHNI He Habmomaaock. CiemnyeT
OTMETHUTBH, uTO B BapuaHTe 12 (M + N + MO) Ha 7 cpoke
0TOOpa comepKaHNe OPraHMIECKOTO BEIIeCTBA TTOBHI-
manoch 10 1% u 3aTeM COKpallaioch yepe3 6 MecsiieB
oCJIe OKOHYaHUsI KoMITocTrpoBaHus (8 cpok) 10 0,3%,
YTO MOXKET YKa3bIBaTh Ha IIPOJIOHTUPOBAHHOE ICICTBIIC
MUKPOOPTAaHNU3MOB U MX BO3MOXKXHOCTh pPa3BUBAThCS
Ha YMCTOM MEJIKO3eMe B IIPUCYTCTBUM a30TCOMEPKa-
mero ynoopenus (puc. 1a).

M3MmeHeHMe comepXaHus IeIOIHOTUIPOIN3YEMOTO
a30Ta OJHOHAIIPABJICHHO IO TMHAMMKE C M3MCHEHUEM
OpraHMYecKoro BelllecTBa B rpodax. M3 ob1eit cxembl
BBIICIISAIOTCS 00pa3iibl ¢ cooTHomeHueM M/JIH (1/0,5),
rIe He HaOIIoOaJI0Ch CYIIEeCTBEHHBIX N3MECHEHHUM CO-
nepxanns LIIT'A Bo Bpemenu (puc. 10).

[IpoBepka mMOTyYeHHBIX CMeceil Ha (DUTOTOKCHY-
HocThb nokasana 100% BCXOKeCTh CeMsIH BO BCEX Bapu-
aHTax oIbITa. POCTKM pemrica MOSIBUINCH OMHOBPEMEHHO
Ha BTOPO¥ AeHb IMPpOpaINBaHUs, K KOHILYy CpOKa IIpo-
pamIMBaHUS JOCTUTAIN 3—4 CM BBICOTHI (Ta0I. 3).

Haunboee ycnerHBIN BapuaHT BBIPAIIMBAHUS pe-
Irca HaOJIromascs Uit cMecH ¢ cooTHomeHnrem M/JTH
(1/0,5) B IpHCYTCTBUY a30THOTO YIOOPESHUSI I MUKPOOP-
raHU3MOB (IIPUPOCT CyX0ii OroMacchl cocTaBu 82,35%)
(Tadm. 3).

ITocne 3aBepIIeHUST OTIBITA M OLCHKM 00pa3IloB
Ha colep:KaHNe OPTaHMYECKOTO BEIIECTBA, IETOIHOTH-
nposusyemoro azora u pH H,O cpenbl iposeny aHam3
TIOJTyYeHHBIX JTaHHBIX C UCIIOJIb30BaHEM MAIIMHHOTO
BBIUMCIICHUS.

PacueTsl TpOBOAIIN C YICTOM TAHHBIX arPOXUMITIC-
CKOT0 aHaJIN3a IMIPOMEKYTOIHEIX ITPOO BCeX BAPMAHTOB
T10 CJICIYIOIIUM TIPEIUKTOPAM:

1. HavanbHast KOHLIEHTpalKsl BHECEHHBIX 1OOABOK
(JIH, N, MO);

2. KonmmuecTBO mHE KOMITOCTUPOBAHUS 10 BCEM
cpokam otbopa 1pob ¢ 1 mo 8 cpoku.

IIpoBenau perpecCHOHHBIN aHAIN3 IS BBISIBIICHUS
3aBUCUMOCTHU MEXIY TTepPeUNCICHHBIMHA (DaKTopaMu
u conepxanuem OB, III'A asora u pH H,O (tabu. 4, 5).

ITo maHHBIM aHaIM3a MOXHO OILICHUTH HaJIMUYME
U HaTIpaBlieHUe (TIpsiMasi M1 00paTHasT) 3aBUCUMOCTH
MEXIY TIPEIUKTOPaMH 1 M3MCEHSIEMBIMH BeIMIMHAMU
1 CTETICHb X BIUSHUSA IpyT Ha npyra. [lomydeHHBIC 3Ha-
YEHUS PETPECCUOHHOM CTAaTUCTUKY (Ta01. 4) YKa3bIBAIOT
Ha cJieayIomee:

1. Jlonst 0OBSICHEHHBIX Bapuannii (KO3 puiimeHT
IeTepMUHANUM: R-KBampar) Ijisd BCeX TpeX OLleHMBa-
eMbIx mokaszareseit Bemme 0,8 (m1g OB Berme 0,9), uto
JTOKA3bIBAaeT BBICOKOE KAUeCTBO MCITOJIB3YEeMOIT MOICIIH;

2. HopmupoBaHHbIii R? cHUXKaeTcst He3HAYUTENILHO,
IMOATBEpKAasT ONTUMATbHBIN BBIOOP KOJIMYECTBA TIpe-
TUKTOPOB.

Hcxonmst n3 BBIIIIECKAa3aHHOTO, MOXKHO TIPEIIT0NIO-
KWUTh, 9TO KO3 GUITMESHTHI BIUSHUS JAIOT JOCTAaTOYHO
TOYHOE TIPEICTaBICHIE O 3HAYMMOCTH KaxKIoro (pakTropa
B (bopMmyste TMHEIHOM perpeccrn. AHAIN3 YMCITOBBIX
3HaYCHU KO3(POUIIMEHTOB ITOKa3aJI, YTO Ha comepka-
Hue OB B epByIo ouepensb BIUSICT KOJIMIECTBO BHECCH-
Horo JIH, nuamenenue konmuectsa LII'A ipoucxonut
mpu nodasieHNM N, a KHCJIOTHOCTD ITOYBHI 3aBUCUT
ot BHeceHus JIH (Ta6m. 5).

Tabauya 3
BcxoKecTh M CyXO0ii BeC CeMsH M POCTKOB peauca
BapuanTsi onbiTa KosmuecTBo IIpupoct cyxoit
Ha (GUTOTOKCHYHOCTH NpPOPOCIINX CeMsIH, % (IR W, T ouomaccel, %

1. KonTpoas (M) 100 0,12 21,74
2. M/JIH (1/0,5) 100 0,12 33,33
3. M/JIH (1/1) 100 0,12 50,00

4. M/JIH (1/2) 100 0,13 8,33
5.M/JH (1/0,5) + N 100 0,12 16,67

6. M/JIH (1/0,5) + N + MO 100 0,09 82,35
7.M/JH (1/1) + N 100 0,14 30,43
8. M/JIH (1/1) + N + MO 100 0,14 14,29
9.M/JIH (1/2) + N 100 0,12 14,81
10. M/JIH (1/2) + N + MO 100 0,12 15,38
11.M+ MO 100 0,12 21,74
12.M + N + MO 100 0,10 33,33
13. KoHTpounb (Ha puabTpe) 100 0,13 36,00
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Tabauuya 4
JlaHHbIe perpecCHOHHOI CTATHCTHKHI
IToka3aTtenn OB, % IIITA, Mr/kr pH H,O
MHoxecTBeHHBI R 0,96 0,91 0,90
R-xBanmpar 0,92 0,83 0,82
Hopmuposanusliii R-xBampar 0,91 0,82 0,81
CraHgapTHasl OIINOKa 6 60 0,24
HabGmoneHust 96 96 96
Tabauya 5
Koaddumentsl, nojyuyeHHblie B pe3yjibTaTe NPUMEHEHHST PETPECCHOHHOTO METO/IA [/l OLIEHKH CTeNeHH BIMSHUS
NpeIUKTOPOB HA u3MeHsAeMble (hakTops conepxanusa OB, IIIT'A u pH H,0
IToka3arenn OB, % IITA, Mr/kr pH H,0
Y-niepeceyeHne -0,16 40,61 3,18
Cpok, mHI —0,0002 —0,0625 0,0011
Buecenne JIH, r/r 81,67 25,36 1,96
Buecenue N, mr/t —0,63 116,22 0,09
Brecenne MO, Mi1/mMr 0,80 2,99 —0,0003

[TorygyeHHBIC B pe3y/IbTaTe pacuyeToOB 3HAUYCHUS CO-
TJIACYIOTCSI C OITBITHBIMU TAHHBIMU U SIBJISTIOTCS JIOTHYC-
CKU HETIPOTUBOPEUMBBIMU, YTO BU3YaJIbHO TIOATBEPKIA-
eTcsl rpapuKaMi CXOIMMOCTH, Ha KOTOPBIX TSI KaXKIOTO
M3MEHSIONMErocsa pakTopa MOCTPOCHEBI 3aBUCUMOCTH
MEXy OIBITHBIMU U paCcCUYMTaHHBIMU 110 (popMyJie JIN-
HEIHOI perpeccuu TaHHBIMU (pucC. 2).

5. OBCYXKJIEHUE

Kak yxe 6bUT0 OTMEUEHO, 151 BCEX CMECEH C JIUT-
HOCYJIb(OHATOM HaTpus HabJI0AAICI POCT COAepKa-
HUSI OPTaHWYECKOTO BEILIECTBA U CABUT peaKLIMU CPEAbI
B HEUTpaJIbHYIO CTOPOHY (puc. la u 1B). BHeceHme Mu-
HEPaJIbHOTO a30THOTO YIOOPEHUS SIBISIIOCH KJIIIOUEBBIM
(baKTOPOM TIOBBIIICHUST COMEPKAHMS IIECTOUHOTHIPO-
JIM3yeMoro azoTa (puc. 10). PerpeccoHHBIN aHAIN3
MOATBEPANI, YTO OCHOBHbIE MPEAUKTOPHI, UMEIOIIE
HanOOJIBIINI BeC B (hopMyJie IMHEHHOI perpecCuOHHON
3aBUCUMOCTH U UMEIOLIIME TTOJOXUTEIbHOE BIUSHUE —
3TO KOHUeHTpauus JIH B cMecu njist conepkaHust op-
raHumyeckoro Beiectsa U pH cpenbl, 1 KOHIIEHTpaLMsI
N mrst conepskanmst LIITA (Ta6. 5). OcraabHble Ipean-
KTOpPBI BJIUSIOT HA U3MEHSsIEMbIE (DPAKTOPHI CIEAYIOLIUM
o0paszoM:

— 1 conepxanusg OB 06e3 yyeta hakTopa, UMEIOIIEro
OCHOBHOE 3HaueHMe (KoHueHTpaiys JIH): mormoran-
TeabHOe BHeceHne MO MMeeT IOJIOKUTEIBHOE BIIH-
sSIHWE, OTpULIaTeIbHOEe — BHeceHUEe N U KOJMYECTBO
JTHEW KOMITOCTUPOBaHUS;

— nd coaepxanus HIT'A (6e3 yueta BHeceHust N): mo-
JIOXKUTEJbHOE BIUSHUEC NMEIOT KoHIeHTparust JIH
1 BHeceHre MO, HO OTpULIaTeIbHOE BIUSIHUE — KO-
JINYECTBO THEU KOMITOCTUPOBAHUS;

— 1as pH (6e3 yueta koHueHTpauuu JIH): BHeceHne N
1 CPOK KOMIIOCTUPOBAHUST UMEIOT TTOJIOKUTEITBHOE
BIMSTHUE, HO OTpHIIaTeIbHOE — BHeceHne MO.
Taxkue BEIBOIBI ITOKA3BIBAIOT OOIIIce HAIIpaBIICHUE

BIVSTHUS JOOABOK HAa CMECh, HO HE OTPaXXaloT CYTH IIPO-

HACXOISIIINX TIPOIIECCOB TP B3aMOICHCTBUN KOMIIO-

HEHTOB BO BpeMeHH. PaccMoTpuM TMHAMUKY U3Mepsie-

MBIX (PaKTOPOB IS JIYUIIIeTO TOHUMAaHMSI MEXaHU3MOB

B3aNMOICHCTBUS MEXIY HUMHU U TIPESAUKTOPAMU, B3SIB

3a OCHOBY COOTHOIICHNE MEJIKO3eM/JTUTHOCYIh(OHAT

HaTpHS B CMECH.

5.1. ITouBorpynTsi ¢ cootHomennem M/JIH — 1/0,5.
Buecenne JIH noBwimrano conepxkanne OB B Hauane
onbiTa (1 cpok) mo 30,7% st BapuaHTa TojabKo ¢ JIH
(BapmanT 2 — M/JIH), HO OTHOCHUTEIIFHO 3TOTO BapHaHTa
conepxanue OB Obut0 HIKe Ha 2,3% mist cmecu ¢ N
(Bapuant 5 — M/JIH + N) u Ha 2% mnst cmecu ¢ N + MO
(Bapuant 6 — M/JIH + N + MO) (puc. 1). K 8 cpoky co-
nepxxanre OB yMeHbIIaI0ch OTHOCUTETLHO HAYaIBHOTO
TOJIbKO 17151 cMecu ¢ JIH 6e3 nonosHUTeIbHbIX 100aBOK
(Ha 0,9%). Ho B BapuanTax 5u 6 (M/JIH + N u M/
JIH + N + MO) oTMe4eHO yBeIMUCHUE COMEPKAHMST
OB orHOcHTEILHO HavyaibHOro Ha 1,6% u 4,5%, coot-
BETCTBeHHO (puc. 1a). BeposiTHO, CHIDKEHME KOTMYeCTBa
OB B Hauaje OIBITa MOXKET CBUIETEILCTBOBATH O TOM,
YTO HEKOTOPOE €r0 KOJIMICCTBO M3PACXOI0BATIOCH IS
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Puc. 2. I'padukn cXonuMoCTH MeXKIy ONBITHBIMHA H pac-
YeTHbIMH JAHHBIME 1151 copepxkanus OB (rpaduk a),
IITA (rpaduk 6) u mokasarens pH H,O (rpaduk B)

v

mmutannst MO, a manbHeliInee yBeIMdeHNE ITOKa3bIBaIo
poCT myJia 0aKTepHii, IIPW STOM IIPUPOCT MACCHI OaK-
TepUii OBIT BBIIIIE TaM, T UCITOIb30BaJIOCh JOTIOTHU-
tesbHOE BHeceHe MO. Takum o0pa3oM, Korma coaep-
xkaane OB B cMecH ocTaBaioch Ha OMHOM YPOBHE MU
HEMHOTO POCJIO OTHOCUTETFHO HAYaIbHOTO, TO IIPEITIO-
JIOXKUTEIBLHO €T0 OMOIOCTYITHOCTD B TTOUBE YBEINIMBA-
nack. ClreyeT OTMETUTD, N3MeHeHHne comepkanus OB
B ipo6e TobKo ¢ JIH uepe3 82 mHS KOMITOCTUPOBAHUS
(7 cpoK) CHIKAJIOCHh OTHOCUTETHHO HAaYaIbHOTO CONEp-
xaHus Ha 2,9%, HO 3aTeM K 8 CpOKy BHOBb YBEJIMUH-
Basioch Ha 2%. Takue pe3yabTaTbl MOXHO OOBSICHUTH
KaK SMUCCHEH yTaepoaa B IIporecce KOMITOCTUPOBAHUS
C TIOCTICMYTOIIIEH CeKBECTpaIIMeit ero M3 aTMoCc(epsl P
BBICYIIMBAHUY IIPOOKI, TaK ¥ TeM, uTo MO, HaXOmsIIIIH -
ecsa B M, crtocooHb! tepepadareiBath OB u3 JIH 1 pa3-
BMBAThCS HAa HEM Jaxke 0e3 TOIMOTHUTEIbHOTO BHECCHUS
N uiu KyabTyp 6aKTepuii.

Conepxanue HIT'A, kak BumHO U3 puc. 10, Hamps-
MYIO 3aBHCHUT TOJILKO OT BHeceHUsI N, Ho MO croco6-
CTBOBAJIM €T0 YICPKaHUIO M COXPaHEHMIO B CyOCTpaTe —
Bapuant 5 (M/JIH + N) comepxut Ha 196 mr/kr LLIT'A
MeHblie, yeM Bapuant 6 (M/JIH + N + MO) Ha 1 cpoke.
Ns3menenue cogepxanus IIII'A K OKOHUaHUIO OMbITA
He3HaunTeIbHOe — it BapuanTa S (M/JIH + N) ymeHb-
LIMIOCH Ha 6,7% OTHOCUTEIbHO HA4aIbHOTO, IJIsl BAPU -
anta 6 (M/JIH + N + MO) 3HaueHKe He M3MEHIIIOCH K 8
CPOKY, XOTsI Ha 7 cpoKe ObL10 Ha 6,9% HIKe HaYaIbHOTO
(puc. 16). INo-BugmmMomy, mpoiecc norpedbiaeHuss MO
MHWHEPAJIHbHOTO a30Ta COOTBETCTBOBAJI IT0 MHTCHCHB-
HOCTH MIPOILIECCY MUHEPAIN3AIINA UMU OPTaHNIECKOTO
a30Ta, TTO3BOJISIS COXPAHSITh HavyaJlbHBIN YPOBEHB CO-
nepxanust 1LLITA.

Peaxiust cpenbl B TeUeHME BCETro TIeproaa UCCIIeI0-
BaHUS yBeIMIWIACh ¢ 2,8-2,9 equuuil pH mist M no 4,4
B Bapuanrte 2 (M/JIH) u no 4,3 B Bapuanrax 5 (M/JIH +
N)u 6 (M/JIH + N + MO) (puc. 1B).

Tect Ha puroTOKCMYHOCTB Mokasan 100% BcxoxecTb
ceMsH penuca (TabJ. 3), mpyu 3TOM IIPUPOCT CYXOit OHOo-
MAacCHl YBETMUMBAJICS B CIICAYIONIEM ITOPSIAKE: BAPUAHT 2
(M/JIH), Bapuant 5 (M/JIH + N) u Bapuant 6 (M/JIH +
N + MO). Hawryummii pe3ynbTaT (IIPUPOCT CYXOii OHO-
Macchl 82,35%) ormeueH B cmecu (M/JIH = 1/0,5) +
N + MO (ta6m. 3). Takue pe3yabTaTsl, BEPOSITHO, OBLTN
TOCTUTHYTHI KaK 3a CUYeT BHICOKOTO comepxkanus IIITA
(406 Mr/Kr — MaKCUMaJIbHOE 3HAYEHHUE CPEIU BCEX CME-
ceii ¢ JIH), Tak 1 oNTUMAaIbHOTO OTHOIIEHUS TOCTYII-
Horo OB B cyGcTpare, 9TO IMTOATBEPXKIACT CPABHEHME
¢ BapuaHntoM 12 (M + N + MO), conepxkaiium Ha 6,5%
oompmre IIT'A (434 mr/xT) 63 JIH, TIpMt MeHBIIIEM TIpH-
pocte 6uomaccel (puc. lau 16).

5.2. IouBorpyntsi ¢ cootHomennem M/JIH — 1/1.
Kaxk u msg cmeceii ¢ cootHomennem M/JIH — 1/0,5,
TTOCJIe BHECEHMS BCeX T00aBOK Ha 1 cpoKe HanOoIbIIIee
comepxxaaue OB ormeueHo B cmecu TorbKo ¢ JIH (Bapu-
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ant 3 — M/JIH), conepxanue OB B cmecu M/JIH + N +
MO (BapuaHT 8) 0bUTO HIXeE (Ha 1,8%) 1 caMoe HU3KOe
conepxkanue (Ha 6,6% Hike, yeM B BapuaHTte 3 (M/JIH))
HaOII0IAJIOCh B cMecH TOJIbKO ¢ N (BapuanT 7 — M/
JIH + N) (puc. 1a). Yepes 82 mHSI KOMIIOCTAPOBAHMUS
(7 cpok) comepxkanne OB OoTHOCUTEIbHO HAYaJIBHOTO
BBIpOCIIO Ha 1,5% nist BapuanTa 3 (M/JIH), Ha 4,9% mis
Bapuanta 7 (M/JIH + N) u na 15,8% — nis BapuanTa 8
(M/JIH + N + MO). Yepe3s 6 mMecslieB mocjie OKOHYA-
HUSI KOMITOCTUPOoBaHUs (8 cpok) conepxkanne OB ymamo
OTHOCHUTETHLHO HAYaJIbHOTO TAKXKE BO BCEX BapUaHTax
Ha 12,3% (Bapuanr 3 — M/JIH), 4,4% (Bapuaunr 7 —
M/JIH + N) u 4,5% (Bapuant 8 — M/JIH + N + MO)
(puc. la). IIpu atom KommuecTBo IIIT'A B BapuanTax 7
u8 (M/JIH + N u M/JIH + N + MO) ¢ BHeceHueM
yInoOpeHus] CHU3WJIOCh OTHOCUTEIbHO HAa4yaJlbHOTO
Ha 22% n 50% cootBeTcTBeHHO (pUc. 16). [TomyueHHbIe
pe3yIbTaThl YKa3bIBAIOT HA MHTEHCUBHBIE TTPOIIECCHI
TOTJIONIEHUST MUHEPAIBHOTO a30Ta 1jist utanus MO
" yBeJIM4YeHNe Macchl ux myna. Poct comepxanus OB
B TIpoIlecce KOMIIOCTUPOBAHMST HAOTIOAJICS B BApUaH-
te 3 (M/JIH), rme He BHOCWIN TOITOJTHUTEIBHBIX 100a-
BOK, 4TO TIOATBEPKAAET MPEAIONIOXKEHNE, BEIIBUHYTOE
BBIIIE O B3anmoneiicTBun MO, oOUTAIONNX B UCXOI -
HOM M 1 JIH (puc. 1).

Peakiust cpensl B TeueHUE OMBITA YBEJIMYMIACH
¢ 2,8—2,9 enuaut pH m1st M o 4,5 mo BceM BapuaHTaM
ormbITa (puc. 1B).

Tect Ha puToTOKCMIHOCTE 1ToKaszan 100% BcxoxecThb
CeMSTH pearca, TIpU 3TOM MPUPOCT CyXOil OMOoMacChl
YBEJIMUUBAJICS B CIIEAYIONIEM TIOpsinke: BapuaHT 8 (M/
JIH + N + MO), Bapuant 7 (M/JIH + N) u BapuanT 3
(M/JIH). TakuM ob6pa3oM, HAMIYIIIWI pe3yIbTaT IS
cootHomeHust M/JIH = 1/1 GBI TTOJIy9IeH TIpU TIPO-
palMBaHUM PACTeHUS pearca B IPUCYTCTBUM CMECH
toJibko ¢ JIH (mpupoct cyxoit 6uomaccsl 50%) (tabi. 3).

5.3. IlouBorpynrsi ¢ cootHomenuem M/JIH — 1/2.
[Tociie BHeceHUst Bcex 1OOABOK B CMECH COIEpKaHUE
OB Ha 1 cpoke yMeHBIIAJIOCh B Topsinke: cMech M/JIH
(4 Bapuanr, 62,7%) > cmecb M/JIH + N (9 Bapuasr,
54,4%) > cmecs M/JTH + N + MO (10 Bapuanr, 53,8%)
(puc. 1a). Yepes 82 mHS KOMITOCTHPOBaHUSA (7 CPOK)
conepxxanue OB oTHOCUTETEHO HAYAJIBHOTO YBETUIM -
JIOCh BO Bcex BapuaHTax Ha 13,8%, 16,2% u 20,6% co-
OTBETCTBEHHO, a Yepe3 6 MecsIIeB Mocie OKOHYaHUS
KOMITOCTUPpOBaHMS (8 cpok) comepxkanne OB ymano ot-
HOCUTEJIbHO HavyajibHOro Ha 17,9%, 11,1% u 1,4% coort-
BETCTBEHHO 1151 BapuantoB 4 (M/JIH), 9 (M/JIH + N)
u 10 (M/JIH + N + MO) (puc. 1a). Kak BumHO 13 3THX
pe3yJIbTaToB, BEICOKOE HavasibHOE coepxkanue OB cro-
c00CTBOBAJIO 00JIEe MTHTEHCUBHOMY POCTY COMEPKAHUST
OB B mporiecce KoMIocTupoBaHus. BepositHo, 31O
TOBOPUT O JIY4YIlIEeM Pa3BUTUU MUKPOOHOI Macchl pu
yBenmueHnu Koinumuectsa OB 1st mutanust, mpu 3TOM,
KaK 1 It cMeceit ¢ cootHomennemM M/JIH — 1/1, mo-

IMOJTHUTEJIbHOE BHeceHe N cII0COOCTBOBAJIO IIPOLIECCY
HakoruieHuss OB (puc. 1a u 16). B cmecax ¢ BHeceHUEM
N conepxanue LIT'A cHIXaI0Ch HEe TOJILKO KO BpeMe-
HM OKOHYaHUS onbiTa Ha 36,4% nisa Bapuanta 9 (M/
JIH + N) u Ha 20% nnst Bapuanta 10 (M/JIH + N +
MO), Ho yxke depe3 3 gHs KoMItocTupoBaHUs (1 cpoK)
CHJIBHO pa3iInyajioch MexXmy BapuanTtoMm 9 (M/JIH +
N — 308 mr/xr) 1 Bapuaatom 10 (M/JIH + N + MO —
140 mr/KT) (prc. 16). DTO MOXET O3HAYATh, UTO IJIsT
cootHommeHnst M/JIH — 1/2 komudectBa N OBLIO M3HA-
YJaJIbHO HEIOCTATOYHO [UTS TTONAePKaHMsI 00Jiee BHICOKO-
ro ypoBHs coaepxkanust LIII'A. Ha 7 cpoke miist BapuaHTa
10 (M/JIH + N + MO) Hab100a/I10Ch MOBBIIICHHUE CO-
nepxanust IIT'A na 10%, HO 3aTeM CHU3UJIOCH K 8 CPOKY
u coctaBmiio 80% ot HayasbHOTO (puc. 10).

Peaxkimst cpenpl B TeUeHNE ONBITA YBEJIMUYMIACH
¢ 2,8—2,9 emuaun pH must M no 4,7 B BapuanTax 4 (M/
JIH) u 10 (M/JIH + N + MO) u 1o 4,6 B Bapuante 9 (M/
JIH + N) (puc. IB).

Tect Ha puroTOKCMYHOCTB Mokasai 100% BcxoxecTb
CeMSTH pennca, IIPUPOCT MAaCCHl YBEIMUUBAJICS OT Ba-
puanrta 4 (M/JIH) x Bapuanty 9 (M/JIH + N) u 3atem
Bapuanry 10 (M/JIH + N + MO). Takum o6pa3om, Han-
0oJIee YCTICTITHBIN pe3yIbTaT st cooTHomeHuss M/JIH =
1/2 6BLI TIOITy4YeH TIpU TIPOPAITUBAHUN PACTCHUS PEI-
ca B mpucyrctBuu cmecu M/JIH + N + MO (mipupoct
cyxoii 6romaccsel 15,38%). IlpopaliyBaHue pacTeHuUs:
penuca B mpucyTcTBun cMecu M/JIH = 1/2 umerno xym-
e pe3yIbTaThl CPEIU BCEX BAPUAHTOB (IIPUPOCT CYXOit
6uomacchel 8,33%) (tabu. 3).

[MoxyaeHHBIC pe3yIbTaThl TUHAMUKU COMEPKAHUS
OB Bo Bpems kommioctupoBanust JIH cooTHocsITCS € pe-
3ynbTaTaMu, onmmcaHHbeIMU Davide Savy et al [48], korma
B OITHITE C KOMIIOCTUPOBaHUEM B TeueHme 180 mHEH
¢ mobaBKaMu, pa3pabOTaHHBIMU Ha OCHOBE JIMTHUHA
IUTST M3YYeHUSI MUKPOOHBIX COOOIIECTB, KOJTMIECTBO
OB cHavama yBeIMYMBAJIOCh, a 3aTeM COKpPAIIaaoCh.
BbuI cienmaH BRIBOJ O IPEeKPAIIeHUH TOCTATOYHOTO TTH -
tanusg MO B pe3ynbrate TymMmudukamu OB u nepexo-
IIa €0 B MEHEE JTOCTYITHYIO IIJIs pa3IoKeHUsI (hopMy.
MOXXHO TIPEnNnoJIOXUTh aHAJIOTUIHYI0 TUHAMUKy OB
U TIPU TIPOBEICHNY TaHHOTO 3KCIIepMMeHTa. Takum
00pa3oM, MOIyIeHHBIE CMECH HE TOJIBKO JIEMOHCTPH-
poBaM HAJIMYKE BBICOKOTO comepxXaHus OB, a mpu
BHECEHUU MUHepajabHoro ynoopenus ewe u LIT'A, Ho u
C BBICOKOI1 BEepOSITHOCTBIO, TEM HE MEHee TpeOyIomei
IOTIOTHUTEIBHOTO M3YYEeHUS, ITOCTEIIEHHO MOTJIH
TpaHCc(OPMHUPOBATLCS B TYMHUHOBBIC KUCJIOTHI, SIBJISI-
foIIrecss OCHOBOM TTOYBHL. [IprMeHeHMe TaKNX cMeceit
B KauyeCcTBe J0O0ABKHU K IJIOAOPOTHOMY CJIOIO ITOYBHI,
HAHOCWMMOU Ha ITOBEPXHOCTh PEKYJIbTUBUPOBAHHBIX
TEeXHOTeHHO-HAPYIICHHBIX TEPPUTOPHUIA, B TIEPCIICKTUBE
ITO3BOJIUT CHU3UTH KOJIMYECTBO UCIIOIB3yEeMOM IS pe-
KYJbTUBAIIN IOYBHI ¥ IIOBEICUTH €€ arPOXUMMNICCKIEC
TmoKazaresu 3a cueT Aeiicteust JIH kak HaHOymoOpeHN,
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TIOCTEIICHHO BBICBOOOXKIAOIIETO YIJICPOI 1 a30T ISt
NUTaHUS TTOYBeHHBIX MO U pacTeHU.

[IpoBeneHHOE MCCICIOBAaHIE TTO3BOJIMIIO BEISIBUTH
3aKOHOMEPHOCTH 3aBUCHMOCTH MEXIY HadaJbHBIMU
KOMITOHCHTAMM U WX KOJIMYECTBOM M UTOTOBBIMU 3HA-
YeHMUSIMU arpOXUMUUYCCKUX IToKa3aTeleil cMecel ISt
PEeKyITUBAIINHI OTBAJIOB KapbepoB Ha ocHoBe JIH, a Tak-
K€ TIO3BOJIIIIO OIICHUTH MPOLIECCHI, IMPOTEKAIOIINE TIPU
KOMIIOCTUPOBAaHMU 3THX CMeceil. AHAIM3 pe3yaIbTaToB
Ha MIPOBEPKY (DUTOTOKCMIHOCTHU M TIOKAa3aTeNIeil arpo-
XUMHIYECKOTO COCTaBa ITO3BOJIIET TOBOPUTH O XOPOIIIEM
TIOTEHIIMAJIE TTOTyYeHHBIX CMecel T IPUMEHEHNST B Ka-
YecTBe M0OABKM K MaTepHajly OTBAJIOB KApbePOB IIPU X
PEeKyJIbTUBAINU. VI3ydeHHbIC MEeXaHN3MbI BO3ICHCTBUS
KOMIIOHEHTOB JIPYT Ha APyTa MOTYT CJIY>KATh OCHOBOI TSI
TUIAaHUPOBAHMS M Pa3pabOTKK HOBBIX CMECEI C MCTIOIh30-
BaHMEM TeX K¢ KOMITOHEHTOB, HO OTBEYAOIIINX 3apaHee
3aJaHHBIM UTOTOBEIM TTapameTpaM. TakmM o0pa3oMm, TIpH-
meHeHue JIH mpu peKyabTUBalIMA TeXHOTCHHO-HaPY-
IIEHHBIX TEPPUTOPUIL OYIET CIIOCOOCTBOBATH YTYIIM3AINN
OTXOIIOB JIePEeBOOOPAOATHIBAIOIICH TTPOMBIIIUICHHOCTH,
TIOCITY>KMT OCHOBOM IIJIST pa3pabOTKU M CO3NAHMS TTOYBO-
TOMOOHBIX TEJI C 3aJaHHBIMM CBOMCTBAMM W ITO3BOJIUT
HCIIOJIB30BaTh €T0 KaK HAHOYIOOpeHMeE.

BbIBOJbI

BapuaHThl cMeceil MeJIKo3eMa € JIUTHOCYJIbhoHa-
TOM HATpUs B 3aBUCUMOCTH OT YACTHU JIUTHOCYJIb(OHA-
ta HaTpud: 0,5; 1; 2 63 TOIMOJHUTEIHLHBIX T00aBOK —
MMEH colepKaHue opraHndeckoro Bemiectna 29,8%,
35,2% u 44,8%, COOTBETCTBEHHO. BIusHUS BHECEHMS
JIH na comepxanue LIII'A He BBISIBIEHO, €TI0 YPOBEHb
JUISL BCEX CMECEi COOTBETCTBOBAJ YPOBHIO COAEPKAHMS
B MeJIKo3eMe 42 MT/KT.

[Ipu oGaBIeHNN K CMECSIM C COOTHOLIEHUEM KOM-
norentoB M/JIH — 1/0,5, 1/1 u 1/2 o 1 T MuHepab-
HOTO a30THOTI'O YI00OpEHUsI CoAepKaHUE OPraHUYECKOTo
BelecTBa Bo3pocio 1 cocrasmio 30; 36,5; n 43,3%, co-
orBercTBeHHO. CofepKaHue LIEJIOYHOTUAPOIN3YEMOIO
a3zoTa cocTaBuiio 196, 252 u 196 Mr/Kr, COOTBETCTBEHHO.

BHeceHue XMUOKOI KyJIbTypbl OAKT€pUii B IIPUCYT-
CTBUM a30THOTO YIOOPEHUSsI ISl CMECEii C JIMTHOCYJIb-

CIINCOK NCTOYHUKOB

¢doHaTOM HATPHS TIPU TEX XKe YCITOBUIX KOMITOCTHPO-
BaHUS M BBICYIITUBAHMS TIPUBOIIIIO K MAKCUMAJTEHOMY
VBEITMICHUIO CONEPXKAHMS OPTaHMIECKOTO BEIIeCTBA TSI
Kaxmoro u3 cootHoiuenuii M/JIH: 33,2; 41,2; 52.4%.
OTMeueHO MaKcnMaIbHOe 3HaueHue conepxkanns LIITA
CpeIy BceX MCClefOBaHHBIX cMecelt It BapraHTa M/
JIH (1/0,5) + N + MO — 406 mr/Kr.

BapuaHTBI 0€3 BHEeCeHUS TUTHOCYIh(OHATa HATPUS
Ha ¢oHe 100aBIICHUS K MEJIKO3eMYy MUKPOOPTaHU3MOB
KaK B IPUCYTCTBUU a30THOTO yIOOpEHMUS, TaK 1 Oe3
HETOo, B TOM YKCJIe KOHTPOJIbHBIN BapUaHT, HE BHISIBUIIN
CYIIIECTBEHHBIX M3MEHEHMI COIepKaHMS OPTaHIICCKOTO
BEIIeCTBA M YPOBHSI COMEPKaHMS IIECTOUHOTUIPOIA3Y-
€MOTO0 a30Ta.

Peaxkiiust cpenbl Bcex npo6 ¢ JIH yBenuuunBanach
K KOHIIy ombiTa ¢ 2,8—2,9 emuaunt pH mrs ncxomHoro M
1o 4,3—4,7 enuani pH B 3aBUCMMOCTH OT JO0OABOK U MX
coueTaHUs. BHeceHMe B MeIKO3eM MUKPOOPTaHU3MOB
6e3 ncnonb3oBanus JIH kak Ha ¢hoHE a30THOTO ynoope-
HMUS, TaK 1 63 HeTO COMECTBOBAIN paCKUCIICHMIO 10 4,0
u 3,6 enuunil PH coorBeTcTBEHHO.

[IpoBeneHHBIN PerpeCcCUOHHBIN aHAIA3 TTOTYYCHHBIX
OTTBITHBIX JAHHBIX TT0KA3aJl, 9YTO HanOOJIbIIIee BIUSHIC
Ha colepkaHUE OPTaHMIECKOTO BEIIeCTBa U KUCIIOT-
HOCTH TTOYBBI OKa3bIBaeT KOHIICHTPALINS JTUTHOCYIIb-
¢oHaTa, a Ha cofepKaHUE ICITOUHOTUAPOIN3YEMOTO
a30Ta — BHECEHME a30THOTO ynoopeHusa. ComepkaHne
OpPraHMYECKOTO BEIIECTBA B CMECH YBEIMIUBAIOCH
B COOTBETCTBUU CO CPOKOM KOMITOCTHPOBAHUS TIPHU JI0-
CTaTOYHOM YBJIaXXKHEHUH. JlOTTOTHUTEIFHOS BHECEHNUE
MHMKPOOPTaHU3MOB U a30THOTO YIOOPEHUS TIPUBOIUIIO
K YBEIIMICHUIO COACPKaHUS OPTaHMIECKOTO BEIIeCTBa,
HCIIOIb30BaHKE TOJBKO a30THOTO YIOOPEHUS CII0CO0-
cTBOBAJIO CHIDKeHUIO Kommaectsa OB. I1pu aTom comep-
xanue OB u ILIIT'A co BpeMeHeM CHIKAJIOCh, a 3HAUeHUE
pH Bo3pacrano.

PesynbraThl aHamm3a Ha GUTOTOKCUIHOCTH CyOCTpa-
Ta MO3BOJISIOT ToBOpuUTh 0 100% BCXOXKECTU pacTeHUs
penrca mpu MpopaIIuBaHUM €0 B IIPUCYTCTBUM BCEX
IMOJIYYeHHBIX CMecel JIMTHocyabdoHaToM. Jlyumme
pe3yabTaThl BCXOXECTU M IIPUPOCTA CYXOM MacCHI T10-
Kazaya cMmech ¢ comepxxanumem (M/JIH = 1/0,5) + N +
MO (mipupocrt cyxoii Mmacchl 82,35% 1 100% BCXOXKECTb).
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ABSTRACT: Introduction. Current publications and technologies for digital modeling of construction projects often entail consider-
able expenses and lengthy project timelines. In order to effectively monitor and control a large number of objects, there is a need
to develop laser scanning technologies specifically for unmanned aerial vehicles, eliminating the need for ground-based imaging.
Materials and methods. The study employed a hexacopter-type unmanned aerial vehicle equipped with a laser scanner, as well
as specialized software for processing aerial imagery and laser scanning data, which included tools developed by the authors.
The octant method was utilized when developing an algorithm for point cloud comparison. Results and discussion. In the course
of the study, a technology for automating the monitoring and control of construction work was developed, in accordance with
which aerial photography is performed once and an orthophotomap of the object is built (to accommodate laser scanning data).
Then, with a certain frequency, laser surveys are carried out from an unmanned aerial vehicle, dense clouds of points are formed
for different dates. To compare them, a linear computational algorithm has been developed, which, using data on two dense point
clouds, allows obtaining the resulting cloud, which reflects the progress in the construction work. A feature of the algorithm is that
the search for points is not carried out over the entire cloud, but within the boundaries of octants. This speeds up data processing
and reduces the load on computing power. The technology received software implementation in the web application “Manage-
ment system for monitoring construction work at facilities that have passed the state examination. It allows the user to quickly get
a visual representation of the change in the construction object for the selected period, to carry out all the necessary measurements
(coordinates, geometric parameters, material consumption, etc.). Conclusions. The developed technology for automating the
monitoring of construction work can be used by developers, customers, state and municipal authorities to quickly obtain informa-
tion in order to control and support managerial decision-making.

KEY WORDS: construction works, construction control, laser scanning, digital technologies, unmanned aerial vehicle, building
information model, dense point clouds.
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INTRODUCTION

he current stage of development of the construction
industry is characterized by the gradual introduction
of digital technologies, which are responsible for solving
a number of production tasks that were previously per-
formed “manually” (that is, directly by a person) [1-3].
The main advantages of digital technologies in construc-

© Rada A.O., Kuznetsov A.D., Zverev R.E., Timofeev A.E., 2023

tion include high accuracy, speed and completeness of
obtaining the information necessary for decision-making,
elimination of dependence on insufficient qualifications
and (or) dishonesty of a human performer, cost reduc-
tion through the use of unmanned vehicles, specialized
software, and also risk reduction [4—6].

The most common digital technology in modern con-
struction can be considered the construction of an Build-
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ing information Modeling (BIM) [7—8]. At its core, it
acts as a digital twin of a construction object as a subject
of management, which makes it possible to carry out the
most important management function of monitoring the
performance of work. The idea of a BIM model is that
at the design stage, a three-dimensional digital model of
an object is created (including). Then, in the course of
construction, using unmanned vehicles, surface scanning
technologies, sensors, sensors, specialized software, new
3D models are created with a certain frequency, dem-
onstrating progress in the construction work [9—10].
Moreover, these operations are performed in automatic
or semi-automatic mode.

Thus, decision makers quickly receive the necessary
high-quality information for control and corrective ac-
tions, in addition, automation makes it possible to reduce
the costs of monitoring and control processes. Random
errors that a human employee can make are excluded, and
targeted falsification of data becomes almost impossible.
It can also be added to the above that from 2021 in Russia
it becomes mandatory to create digital models of objects
that are built at the expense of budgetary funds.

Howeyver, the analysis of the literature shows that the
development of technologies for creating BIM models
and their implementation in practice faces serious prob-
lems and limitations. This is due to insufficient knowledge
and development of a number of theoretical and applied
aspects of digital modeling in construction.

Thus, in modern conditions, the expediency of us-
ing unmanned aerial vehicles (UAV) for conducting
aerial photography of construction sites and obtaining
the necessary information has already been established
[11]. For example, in [12], the problem of monitoring
the state of ground heating networks was solved on the
basis of thermal imaging from the UAYV, which makes
it possible to identify the places of coolant leaks that
require repair. There are developments for remote non-
contact construction control using aerial photography,
which demonstrate sufficient quality of the data obtained
[13—14]. It should also be noted that the use of UAV
eliminates the need for people to stay in potentially haz-
ardous industrial areas.

As is known, UAVs can be equipped with various in-
struments and devices that collect the information nec-
essary for the user — photo and video cameras, thermal
imaging cameras, three-dimensional laser scanners (li-
dars), etc. [15—17]. For construction management, laser
scanning is of the greatest importance as the most suit-
able technology for obtaining data for the subsequent
construction of three-dimensional models. During the
operation of the lidar, a laser beam is directed to the
object under study, and then the time and direction of
its reflection are recorded. As a result, a dense cloud of
points is formed, which, after processing, makes it pos-
sible to obtain three-dimensional models [18]. Dense

point clouds provide a fairly high accuracy of the results,
because the shooting speed reaches several million points
per minute [19].

The construction of building information models us-
ing UA and laser scanning, as well as other data collection
technologies, has already been discussed in a number
of papers. In particular, D. Moon et al. demonstrate in
their study that laser-scanning point clouds do not pro-
vide the required accuracy of information for designing
earthworks for the construction of large objects. To solve
this problem, it was proposed to combine the results of
laser scanning with aerial photography data [20]. A similar
research methodology was used by Y.H. Jo, S. Hong when
building a digital twin of historical objects in order to plan
their restoration and repair [21].

However, this approach increases the payload on the
UAY, reduces the time of one flight (due to the growth
of the payload mass), and increases the overall duration
and cost of work. This problem can be partially solved
by using UAVs with a higher maximum takeoff weight
and flight duration, but such equipment in itself is much
more expensive and may be inaccessible under the con-
ditions of sanctions and restrictions on imports to Rus-
sia. In addition, with the simultaneous use of informa-
tion in different formats, the need for computing power
increases, the data processing time increases, and there
is a need for additional specialized software. Therefore,
the joint use of aerial photography and laser scanning
can be promising mainly for large unique objects, and
not for the mass practice of construction control and
monitoring.

There are also developments on the joint use of laser
scanning both from the Earth’s surface by a human opera-
tor and with UAVs [22—24]. This improves the quality of
the resulting model, but at the same time leads to a large
amount of redundant information (“noise”). In addition,
significant costs are required for the work of operators on
the surface, it is necessary to have hand-held laser scan-
ners in sufficient quantities, etc. It is no coincidence that
this approach is also most often used to build models of
unique objects of historical heritage and is recommended
by UNESCO for the three-dimensional reconstruction
of historical and cultural monuments [25]. According
to [26], the use of two methods for obtaining data for
building models leads to an increase in time and financial
costs from 20—30% to 50% or more, which is not always
compensated by data quality [27].

An analysis of the literature also showed that most of
the works deal with the scientific and technical problem
of obtaining a model of a building that has already been
built based on the results of a single survey. In addition to
the studies already cited, one can note the experience of
studying deformations and displacements of the building
of the Institute for Advanced Horticultural Research of
Transylvania (Cluj-Napoca, Romania), which was built
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on soft soils [28]. In this work, deformations and dis-
placements of the facade were identified, which basically
correspond to the allowable deviations. In [29], the build-
ing of the Boschi Observatory (Indonesia) was surveyed,
which is located on a geological fault line and requires
annual monitoring.

In contrast to the existing studies, this paper consid-
ers the use of UAV laser scanning for monitoring and
control of construction activities. This task differs in that
scanning should be carried out not once or annually (as
in the case of already built buildings), but once a day
or even more often, and on a large number of objects.
Consequently, the issue of cost reduction comes to the
fore and becomes the most relevant. Conducting com-
bined ground and airborne scanning on a daily basis
is not possible in most cases due to both financial and
time constraints.

Therefore, further research is needed on airborne laser
scanning technology as the cheapest and fastest technical
solution. The authors believe that when using efficient
data processing algorithms, it can provide the required
measurement accuracy. We add that, in accordance with
the data of a systematic review [30], the most promising
areas of research in the studied subject area are precisely
the control of costs for hardware and software, the im-
provement of data processing capabilities, and the auto-
mation of these processes.

As partially noted earlier, in modern realities, it is also
necessary to take into account the complication of access
to the most modern technical solutions, including restric-
tions on the export of industrial UAVs from the China,
the termination of the official business “Leica Company”
(a leading manufacturer of ground-based laser scanning
systems) in Russia. Consequently, there is a need for the
most efficient use of existing equipment, as well as for
a wider use of equipment that does not fall under the
sanctions imposed on Russia in 2022—2023.

However, published Russian studies on laser scanning
in construction have not yet reflected the possibility of
using this technology in construction control. Separate
works of domestic authors (as well as foreign studies cited
above) consider the construction of models of objects of
cultural and historical heritage based on ground and air
laser scanning data [31—32]. A popular area of research
is the use of laser scanning (usually mobile, with a lidar
placed on a car) to control the evenness of roads [33—35].
This is favored by the simple geometric characteristics
of the roadway (disturbance of evenness of a solid pla-
nar object is immediately identified even with low lidar
performance). These developments are not focused on
controlling the construction of objects of a more complex
configuration (buildings, structures).

Thus, in the processes of control and monitoring of
construction works, it is promising to use the technol-
ogy of airborne laser scanning with a UAYV, which has

sufficient accuracy and an acceptable cost. This technol-
ogy should solve the problem of correctly comparing the
initial design model of the construction object with the
actual state. In addition, you need to track the compli-
ance of planned and actual models in accordance with
the construction schedule and scan results for a specific
date. Therefore, algorithms for transforming and compar-
ing the corresponding point clouds are very important.
Considering all of the above, the purpose of this study
is to develop and test a technology for automating the
monitoring and control of construction work based on
laser scanning data from the UAV.

METHODS AND MATERIALS

The study used UAV “DJI Matrice 600 Pro” (manu-
factured in China) of the “hexacopter” type, with a flight
speed of up to 65 km/h, a maximum take-off weight of
15.5 kg, a maximum flight altitude of 2500 m, a radio
communication range of 5000 m, a flight duration of up to
18 minutes. BVS can be used at temperatures from —10°C
to +50°C and wind speeds up to 8 m/s. It is also equipped
with an onboard satellite navigation system receiver.

For scanning, the UAV was equipped with an AGM-
MS3.200 airborne laser scanner (manufactured in the
Russian Federation) weighing 1.3 kg, with a scanning
frequency of 600 kHz (600 thousand times per second),
a maximum scanning distance of 150 m, a view of 360°,
distance determination accuracy 3 cm, coordinate de-
termination accuracy 5 cm. The device can be used at
temperatures from —20°C to +40°C. A general view of
the equipment involved in the study is shown in Fig-
ure 1.

The design height of airborne laser scanning was
100 m. The flight task was planned in the UgCS program.
The digital orthomosaic was developed using the “Agisoft
Metashape Professional”. To process the point clouds, the
Credo Scan 3D program was used. When determining the
exact trajectory of the movement of the UAYV, the online
service “AGM Posworks web”, for the correction of data
on the movement OF THE UAYV and the elimination of
noise — the software “AGM ScanWorks”.

When developing an algorithm for comparing dense
point clouds, the methodology of non-binary data trees
and the method of constructing octant trees were used.
The processing of dense point clouds, the software imple-
mentation of the algorithm was carried out in the ap-
plication “Control system for monitoring construction
work at facilities that have passed state examination” (the
authors’ own development, performed at the Institute of
Digitalization of Kemerovo State University, Kemerovo,
Russia). The site of the tank farm for the storage and
transshipment of oil and oil products in the city of Kem-
erovo (Kemerovo region — Kuzbass, Russia) was used as
the object of work.
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Fig. 1. General view of the equipment used in the study (on the left — UAV, on the right — an airborne laser scanner on
a suspension)

RESULTS AND DISCUSSION

At the initial stage of the research, a digital ortho-
photomap of the area was created, which is necessary
for the subsequent placement of laser scanning data on
construction sites on it. To create an orthophotomap, the
original (unprocessed) digital materials of aerial photog-
raphy, elements of internal orientation of photographs,
elements of external orientation of photographs (centers
of projections of aerial photographs) were used. A digital
orthophotomap is derived from aerial photographs with
overlapping boundaries to provide a continuous image of
a construction site without seams or cuts. To build a digi-
tal orthophotomap, the following steps were performed:

1) orthorectification of aerial photographs using the
centers of their projections;

2) automatic identification of images, construction of
a sparse point digital terrain model;

3) control of the position and construction of a digital
sparse point model of the surface using control signs;

4) construction of a dense point digital surface model;

5) building an orthophotomap;

6) cropping of the orthophotomap and digital surface
model along the boundaries of the work object.

Further work was carried out directly on the creation
of a dense cloud of points based on laser scanning data. At
the same time, information about the UAV flight trajec-
tory, data from the UAYV inertial system, and the results
of measurements using lidar were used . Creating a dense
point cloud included the following steps:

1) obtaining the exact trajectory of the movement of
the UAV relative to the point of the base station (KEME);

2) automatic introduction of corrective corrections of
the inertial system to the range measurement data;

3) automatic filtering of the preliminary version of the
dense cloud of points from noise.

Thus, the authors obtained a digital orthophotomap of
the area where construction work is being carried out, as
well as two dense point clouds — from the results of aerial
photography and from the results of laser scanning. Before
proceeding to the use of the obtained results for the de-
velopment of automation technology for monitoring and
control of construction work, it was necessary to evaluate
the quality of the data obtained, compare them with each
other (to assess the correctness of calculations, eliminate
gross errors, confirm compliance with regulatory require-
ments). For this purpose, dense point clouds were loaded
into the Credo Scan 3D program, and a vertical cutting
plane was built according to characteristic objects in the
territory where construction work is being carried out.
The resulting point cloud profile along the cutting plane
is shown in Figure 2.

The blue line corresponds to the point cloud from the
laser scan on August 23, 2022; the red line corresponds
to the point cloud from the laser scan on December 17,
2022. The green line corresponds to the dense point cloud
obtained from aerial photography.

The error in determining the coordinates of points §
(according to the instructions for the laser scanner used
in the study) is calculated by the following formula:

5=15+1x103x D, (1)

where D is the distance to the measured object, km.

The results of the surveys must comply with the regu-
latory requirements for the results of topographic aerial
photography in terms of the error in calculating the coor-
dinates and density of points per 1 square meter (accord-
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Fig. 2. The resulting profile of point clouds along the cutting plane

ing to GOST R 59328-2021 “Topographic aerial photog-
raphy. Technical requirements”). Since the distance to
the measured object is equal to the design flight height,
that is, 100 m, the error in calculating the coordinates of
points in space in accordance with (1) will be: 15 + 1 %
103 x 0.1 =0.015 m. This corresponds to the regulatory
requirements for accuracy determining the coordinates
of points in airborne laser scanning. Table 1 shows the
characteristics of dense point clouds from the results of
laser scanning. As can be seen from the data in Table 1,
the dot density per square meter also complies with cur-
rent regulatory requirements.

After receiving and processing the initial data of la-
ser scanning and aerial photography at the beginning
of construction, it was further necessary to develop an
algorithm for comparing the initial data and the results
that reflect the progress in the construction work on cer-
tain dates. Such an algorithm should process two point
clouds obtained for different dates and select fragments
of the construction object that were created during the
corresponding period. During the study, the authors de-
veloped the following linear algorithm (Figure 3). For
convenience of perception and presentation, the blocks
of the algorithm are numbered on the left.

Let us characterize the main blocks of the algorithm.
During the implementation of the first block, one of the
dense point clouds is loaded, while the order (first of all,
the results of an earlier or later survey are entered) does
not matter, since the algorithm provides for the selection
of the desired comparison sequence. The second block
is the block of operations. Here the coordinate system of

the first cloud is converted to the local coordinate system.
Aerial photography data is also used for conversion, since
each point in the image is attached to certain geographic
coordinates that have high accuracy.

It should be noted that the more accurate the coor-
dinates (the more decimal places the corresponding re-
cords have), the higher the need for computing power, the
greater the load on them, in addition, the computation
time is lengthened. In order to reduce the processing time
and the load on computing power, the authors propose
to transfer the coordinate system from the original to the
local one.

This is done in the fourth, arithmetic block of the
algorithm. In the fifth block of the algorithm, the point
clouds are aligned with each other in the local coordinate
system. Further, in the sixth data input-output block,
the roles of the clouds are selected. The cloud obtained
earlier is the source or reference cloud. The second cloud
is the comparison cloud, which is the result of a later
survey. It will calculate and visualize distances between
points. Since more and more new fragments of the object
(for example, floors) usually appear as construction work
progresses, the later point cloud will contain more infor-
mation than the original one. Accordingly, the reference
cloud is determined according to the earlier survey date.
As a result of the execution of the sixth block of the algo-
rithm, the calculated distances (generated scalar fields)
are placed on the compared cloud.

Then, during the execution of the seventh block of
the algorithm, the distances between the points of the
reference and compared clouds are calculated. For the

Table 1
Characteristics of dense point clouds from laser scanning results
Scan date Number of points, pcs. Area, square meters . Dot density,
units per square meter
08/23/2022 28447422 118229 240.6
12/17/2022 14633928 118229 123.8
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Fig. 3. Algorithm for comparing dense point clouds for
different dates, used to monitor and control construction
work

calculation, the “near neighbor” method is used, when
for each point of the compared cloud there is the near-
est point in the source cloud, the Euclidean distance
between them is calculated. Then this distance is at-
tributed to the point of the compared cloud, as a result
of which the corresponding scalar field is formed on the
basis of this cloud.

A feature of the proposed algorithm is that the search
for points in order to rationally use computing power
and reduce operating time is carried out not throughout
the entire source cloud, but within the boundaries of a
predetermined space. The space of combined clouds is
represented as an octree, where each node in the octant
tree divides the space into eight new octants (Figure 4).

Each of the internal nodes of the octree contains in-
formation about 8 “descendants”, underlying nodes, each
of which is 2 times smaller than the “ancestor” in size.
This data structure allows 3D coordinates to be stored
using 3 bytes instead of 12 bytes. Also, the search time for
the smallest subtree that contains the desired coordinate
point is significantly reduced. The search for the nearest
coordinate point is not carried out over the entire source
cloud, but only within the boundaries of the octant.

The ninth block of the algorithm displays the resulting
point cloud, that is, the result of the comparison of the
reference and compared clouds. This cloud should be
rendered using a color scheme to display the scale of the
received distances. When using such a cloud, it is pos-
sible to directly identify the fragments of an object that
appeared during a certain time, as well as to accurately
measure their position in a three-dimensional coordinate
system.

The algorithm developed by the authors is imple-
mented in the program (web application) “Management
system for monitoring construction work at facilities that
have passed the state examination”. Consider its use for
monitoring construction work. Upon entering the ap-
plication, the user selects two point clouds for compari-
son in accordance with the dates of interest to him. After
performing the comparison, the program displays the
resulting point cloud (Figure 5).

As can be seen from the data in Figure 5, the software
allows you to get a visual representation of the changes in
a three-dimensional object over a certain period, which
is set by the user. The greater the distance between the
points in the cloud, the closer the color scale to the red
part of the spectrum. The minimum distances correspond
to the blue part of the spectrum. Judging by Figure 5, dur-
ing the analyzed period, the height of the object located in
the upper left part of the resulting point cloud increased
significantly. Significant progress has also been made in
the construction of a cylindrical reservoir (upper right
of the resulting point cloud). There were no significant
changes in the rest of the construction site (the image is
dominated by blue).
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Fig. 4. An example of structuring space points using octrees [36]
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Fig. 5. An example of visualization of the resulting point cloud in the program “Management system for monitoring
construction work at facilities that have passed the state examination”

The program also provides a number of tools for ac- you to estimate the height difference between the selected
curately assessing the geometric parameters of construc- points (Figure 6).
tion objects and their changes. In particular, the function Each point has coordinate values in a three-dimen-

«Construction of a profile of heights» is provided. It allows sional system, which allows you to accurately set its posi-
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Fig. 6. An example of constructing a height profile between selected points in the program “Management system for
monitoring construction work at facilities that have passed the state examination”

tion on a real object. Profiles (graphs) of the height differ-
ence, as can be seen from Figure 6, can be downloaded
in .csv (2D) and .1as (3 D).

Also, according to the data of dense point clouds used
in the program “Management system for monitoring
construction work at facilities that have passed the state
examination”, you can perform the following operations
necessary for the user (decision maker):

1) measuring the distance between points in order to
obtain accurate distances between objects and calculate
their geometric dimensions;

2) measuring the coordinates of points to accurately
determine the position of a point in three-dimensional
space and detect an object of interest to the user on the
ground;

3) measurement of area and volume, which makes it
possible to calculate the volume and mass of materials
used over a certain period of time.

CONCLUSION

Existing publications and technologies for building
BIM-models of buildings have certain limitations and
disadvantages for constant use in the processes of control
and monitoring of construction objects (rather high cost,
duration of surveying and data processing, the need to
use expensive machinery and equipment). It is possible
to speed up and reduce the cost of monitoring construc-
tion sites based on laser scanning technology exclusively
from UAVs (without ground imaging) with subsequent
automated data processing according to appropriate al-
gorithms. In this case, aerial photography and the con-
struction of an orthophotomap are carried out once at the
beginning of construction, and then only airborne laser
scanning is performed at the required frequency.

For data processing in the study, a linear algorithm was
developed that allows comparing point clouds for differ-

ent dates and identifying changes in point coordinates.
A distinctive feature of the algorithm is that the search
for points during comparison is not carried out over the
entire cloud, but within the boundaries of the area speci-
fied by the octant. This reduces the load on computing
power and reduces data processing time. The result of the
algorithm execution is the resulting point cloud as a result
of comparing two clouds (with different survey dates).

The developed algorithm received a software imple-
mentation in the web application “Management system
for monitoring construction work at facilities that have
passed the state examination” created by the authors.
When controlling and monitoring construction works,
the user (decision maker) has the opportunity to select
the dates on which the point clouds were received and
compare them. The resulting point cloud will be generated
automatically. Its visualization is provided using a color
scheme (red color corresponds to the largest changes, blue
color corresponds to the minimum changes). The web
application also provides the functions of constructing
a height profile between selected points, measuring the
coordinates of points and the distances between them,
measuring the areas and volumes of construction objects,
and calculating the materials used.

Thus, the developed technology makes it possible to
monitor and control construction sites at a high speed,
at low costs (since it does not require time-consuming
and expensive laser scanning from the Earth’s surface),
and makes it possible to make the most of the existing
hardware and instrument base without involving hard-
to-reach high-cost equipment. The developed algorithm
also helps to reduce time costs and reduce the load on
computing power. The software implementation of the
construction work control and monitoring technology
enables decision makers to quickly obtain the necessary
information, track changes at the construction site, and
compare them with planned data.
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AHHOTALUA: BeegeHue. CywiecTBytowme Ny6anKkaLmm 1 TeXHONOrMM Mo LdpoBOMY MOAENVPOBaHNIO OObEKTOB CTPOUTENIbCTBA
npennosnaratoT 3HaunTebHble 3aTPaThbl U ANINTENIbHOCTb BbINONIHEHWA PaboT. [1151 MOHUTOPUHTIA U KOHTPOJIS 3HAUNTENbHOTO KO-
yecTBa 06EKTOB HEOOXOVIMA Pa3paboTKa TEXHOMOT I Ta3ePHOr0 CKAHMPOBaHKA TONBKO C GECNIOTHBIX BO3AYLIHbIX CYA0B 6e3
HazeMHoll cbeMku. MaTepuanbl 1 MeToAbl. B 1ccneloBaHUN KCMONb30BAHO 6ECNNIOTHOE BO3AYLIHOE CYIHO TUMA «reKcakomnTep»
C la3epHbIM CKAHEPOM, CMeLNann3MpoBaHHOE NPOrpaMMHoe obecreyeHmne ans paboTbl C JaHHBIMU a3POdOTOCHEMKN 11 NIa3€PHOTO
CKaHMPOBAHUS, B TOM Uncie pa3paboTaHHoe aBTopamu. [pu pa3paboTke anropntma CpaBHeHNs 06NIaKOB TOUYEK MCMOMNb30BaH
MeTOA OKTaHTOB. Pe3ynbTaTbl n 06CyxaeHue. B xofe nccnefoBaHya pa3paboTaHa TEXHOMOMMA aBTOMATU3aL MM MOHUTOPUHIA
1 KOHTPOJIA CTPOUTENbHBIX PaboT, B COOTBETCTBMU C KOTOPOW OJHOKPATHO BbIMOJIHAETCA a3poPpOTOChEMKA U CTPOUTCSA OpTOdO-
TonnaH o6beKTa (ANA pasmeLleHns JaHHbIX Ta3ePHOro CKaHMPOBaHKA). 3aTeM C OnpeaesieHHOWN NePYOANYHOCTbIO MPOBOAUTCA
fla3epHas cCbemKa ¢ 6ecnunoTHOro BO3AyLHOro CyaHa, POPMUPYIOTCA NOTHbIe 061aKa TOYeK Ha pasHble AaTbl. [1s Ux cpaBHeHWs
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TO, UTO MOUCK TOUYEK BEAETCS He MO BCeMy 06JaKy, a B FpaHMLAX OKTAHTOB. TO YCKOPsieT 06paboTKy AaHHBIX M CHUXAET Harpy3Ky
Ha BbIUMCSIMTENbHbBIE MOLLHOCTU. TeXHONOMMA MoNyunia NPOrpaMMHyI0 peanvsauuio B Be6-npunoxeHnn «Crctema ynpasieHus
MOHUTOPUHIOM CTPOUTENbHbIX PAabOT Ha 06bEKTaX, MPOLLEALLNX FOCYAAPCTBEHHYIO SKCNepTM3y». OHa AaeT BO3MOXXHOCTb MOJb30-
BaTE0 ObICTPO MOJTYUNTb BU3yasibHOE NpeAcTaB/ieHne 06 N3MEeHEHVN CTPOUTENIbHOTO 06beKTa 3a BbIOpaHHLIN Nepriof, NpoBecTy
BCe HeobXoMMble U3MepPEHUs (KOOPAUHAT, FeOMETPUYECKUX MAPAMETPOB, Pacxofia MaTepuranos 1 ap.). BeiBogbl. PazpaboTtaHHas
TEXHOJOrMA aBTOMATU3aLM MOHUTOPUHIA CTPOUTENbHBIX PabOT MOXET NCMONb30BaTbCA 3aCTPOMLMKaMU, 3aKa3urKamu, rocy-
JAPCTBEHHBIMU U MyHULIMMNANIbHBIMI OpraHaMu BNacTu Ans GbICTPOro nosyyeHuns MHGOpPMaLmy B LEMSX KOHTPONSA U NOAAEPKKA
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PE3Y/IbTATbI UCC/IE4OBAHUW YHYEHBIX U CMIELUAJIUCTOB

BBEJIEHNE

COBpeMeHHHﬁ STall Pa3BUTHUS CTPOUTEIBHON OT-
pacii XapaKTepHu3yeTcs ITOCTEIICHHBIM BHEIPECHUEM
M POBBIX TEXHOJIOTHI, HAa KOTOPBIC BO3JIaracTCsl pellle-
HUE psifa TIPOM3BOICTBEHHBIX 3a11a4, paHee BBITTOTHSIB-
IINXCS «BPYYHYIO» (TO €CTh HETIOCPEIACTBEHHO YeIOBe-
KoM) [1—3]. B xauecTBe OCHOBHBIX IIPEUMYIIECTB 1M -
POBEIX TEXHOJIOTHII B CTPOUTEIBCTBE CIIeAyeT HAa3BaTh
BBICOKYIO TOUHOCTb, CKOPOCTb M TIOJTHOTY ITOJTyYCHUS
HEOOXOIMMOM IJIST MPUHSITUS pelIeHWi MHMOpMaIINH,
HNCKITIOUCHNE 3aBUCUMOCTH OT HEIOCTATOYHOM KBaJIH-
ukanmy n (WIM) HegOOPOCOBECTHOCTU MCITOTHUTEIS -
YeJI0BeKa, COKpaIIeHNEe 3aTPpaT 3a CUeT MUCITOIb30BaHMS
OCCIMIIOTHOM TEXHUKM, CIICIINAIN3UPOBAHHOIO IIPO-
TPaAaMMHOTO O0ECIICUeHHUS, a TAKXKEe CHIKEHUE PHCKOB
[4—6].

Haubonee pacrpoctpaHeHHON LM(MPOBOM TEXHO-
JIOTHEIT B COBpEMEHHOM CTPOUTEIHCTBE MOXHO CUM-
TaTh MTOCTPpOCHNUE MH(MOPMAIITMOHHON MOICIN 30aHUS
(ot anr. Building Information Modeling, BIM) [7—S8].
ITo cBoeii cyTi 0OHA BHICTYIIACT HU(PPOBHIM TBOMHUKOM
CTPOUTEIBHOTO 00BEKTA KaK IpeaMeTa YIIpaBICHUS,
KOTOPBIN JaeT BO3MOKHOCTD OCYIICCTBIISITh BaXKHEHTITYIO
YIIPaBIICHYCCKYIO (DYHKIIMIO KOHTPOJISI BEITTOTHEHUS pa-
60t1. Uness BIM-Monenu 3akiio4aeTcs: B TOM, UTO Ha CTa-
I TIPOCKTUPOBAHMS CO3MACTCS (B TOM UHMCIIE) TPEXMEP-
Hast IndpoBast MOIETb 00BeKTa. 3aTeM 110 XOOY CTPOH-
TEJIBCTBA C UCITOIB30BaHNEM OCCITMIIOTHOTO TPAHCIIOPTa,
TEXHOJIOTHI CKaHNPOBAHUS TTOBEPXHOCTH, TaTIYNKOB,
CEHCOpPOB, CIICHNAIN3NPOBAHHOTO IIPOTPAMMHOTO 00e-
CIICUCHMSI C OTIPEACIICHHON TIEPUOINIHOCTHIO CO3IAf0T-
csl HoBBIe 3D-Momenu, IeMOHCTPUPYIOIINE TIPOTPecc
B BBITIOJTHEHUU CTPOUTENBHBIX padoT [9—10]. [Tpuuem
TAaHHBIC OTICPAIIN BBITIOIHSIOTCS B aBTOMATHUIECKOM
VUM TIOJTyaBTOMATHUIECKOM PEKUME.

Takum 00pa3oM, IuIa, TPUHUMAIOIINE PEIICHUS,
OBICTPO MOIYYAOT HEOOXOOUMYIO MH(MOPMAIIIO BHI-
COKOT0 KauyecTBa UIST KOHTPOJISI ¥ KOPPEKTUPYIOIINX
IEUCTBUI, KPOME TOTO, aBTOMATU3AIINS JAacT BO3MOX-
HOCTh CHU3MTH 3aTpaThl Ha MIPOILICCCHI MOHUTOPUHTA
¥ KOHTpOJIS. VICKITIOUaroTCsI CIlydaifHple OIMMOKM, KO-
TOPBIC MOXKET HOIYCTUTh COTPYIHUK-YETIOBEK, a TAKXKE
CTAHOBUTCS MPAKTHIECCKY HEBO3MOXHOM IIeJIeHaIIpaB-
JleHHas hanbcudrKanms TaHHBIX. K ckazaHHOMY Takke
MOXHO 100aBHUTh, uTo ¢ 2021 1. B Poccum craHOBUTCS
00s13aTeTbHBIM CO3TaHNe I(POBBIX MOIEIei 00BEKTOB,
KOTOPBIC CTPOSITCS 3a CUCT OIOKETHBIX CPEACTB.

OnHaKo aHAJIM3 JINTePaTyphl ITOKA3BIBACT, YTO pa3-
paboTka TexHoJioruii co3ganust BIM-moneneit u ux pe-
aJ3alnsI Ha TIPaKTUKE CTAJTKUBACTCSI C CEPhEe3HBIMU
npobjieMaMU 1 OTPAaHUYCHUSIMU. DTO BBI3BAHO HEIO-
CTAaTOYHOU M3YYCHHOCTHIO 1 pa3pabOTaHHOCTBIO psima
TEOPETUYECKUX U TTPUKIIATHBIX ACTIEKTOB LIM(PPOBOTO
MOIECTMPOBAHUS B CTPOUTEIIHCTBE.

Tak, B COBpeMeHHBIX YCIOBHSIX YK€ YCTaHOBJICHA
11eJIeCO00Pa3HOCTh MCITOIb30BaHMST OECITMIIOTHEIX BO3-
nymHbIX cynoB (BBC) mia mpoBeaeHUST BO3MYITHOM
CBEMKM CTPOUTEIBHBIX 00BEKTOB U TTOJTYICHUS HEO0-
xomuMmoit mHgpopmaluu [11]. Hanmpuwmep, B [12] perena
3amava KOHTPOJIST COCTOSIHUS Ha3¢MHBIX TETUIOBBIX CETei
Ha OCHOBE TETUIOBM3MOHHOI cheMKH ¢ BBC, 1mo3BoIs-
IOIIe BEISIBUTH MECTa YTEUEK TEIIOHOCUTEIISI, KOTOPEIE
TpeOyIoT peMoHTa. CyIIIECTBYIOT pa3pabOTKHM I10 IIPOBe-
IEHUIO TUCTAHIIMOHHOTO 0ECKOHTAKTHOTO CTPOUTEIIh-
HOTO KOHTPOJISI ¢ UCITOJIb30BaHNEM a3p0(hOTOCHEMKH,
KOTOPBIC TEMOHCTPHUPYIOT JOCTATOYHOE KaYyeCTBO I10-
JIygaeMBbIX JaHHBIX [13—14]. CirenyeT Tak:ke OTMETUTD,
4yTo Mcmoirb3oBaHne bBC nckimouaer He0OXOMMMOCTD
HaXOXKICHMS JIIOICH B IIOTEHIIMAIBHO OITACHBIX IIPOM3-
BOICTBEHHBIX 30HAX.

Kak n3BectHo, Ha BBC MoryT ObITh pa3meleHbl
Ppa3IMIHBIC TIPUOOPHI M YCTPOMCTBA, COOMpPAIOIINE He-
00X0IMMYI0 MOJIb30BaTeI0 NHMOopMaLUO: (OTOBU-
JIleOKaMephl, TCIUIOBU3NOHHBIC KaMEphl, TPEXMEPHBIC
JlazepHble cKaHepbl (Jinaaphl) u ap. [15—17]. dns ynpas-
JICHUSI CTPOUTEILCTBOM HAaMOOJIbIIIee 3HAUCHNE UMEET
JIa3epHOE CKaHMPOBaHME KaK HanboJjIee TOIXOISIIasT
TEXHOJIOTHS TTOTyYCHUSI TAHHBIX IS TIOCIEAYIOIIETO T10-
CTPOEHMS TPEXMEPHBIX MofieIeii. B xome paboThI Tmmapa
Ha UCCIIeAyeMBIil O0BEKT HAIIPABIISICTCS JTa3ePHBIN JIyd,
a 3aTeM (DUKCHPYETCS BpeMs M HampaBJICHHUE €ro OT-
paxeHwus1. B pesynbrare hopmMupyeTcs INIOTHOE 00JIaKO
TOYEK, KOTOpOE MOcjie 00pabOTKM JacT BO3MOXKHOCTD
MoJIydath TpexMmepHble Moaenu [18]. ITnorHble obiaka
TOYECK 00ECITEUNBAIOT JOCTATOTHO BBICOKYIO TOYHOCTH
pe3yaBTaTOB, T.K. CKOPOCTh CheMKH JOCTUTAET HECKOIb-
KNX MAIJIMOHOB TOYEK B MUHYTY [19].

IMocTpoeHmne MHGOPMAIIMOHHBIX MOIEICH 3MaHmit
¢ ucrioab3oBanneM bBC u mazepHOro cKkaHMpOBaHMS,
a TaKXKe MHBIX TEXHOJOTUIi cOopa TaHHBIX yKe 00CyX-
najoch B psige pabot. B wactHoctu, D. Moon u ap.
B CBOEM MCCJICAOBAHUM JEMOHCTPUPYIOT, YTO 0OJIaKa
TOYEK, TOJyYEHHbBIE C [TIOMOLLBIO JIA3EPHOTO CKAaHUPO-
BaHUS, HE 00eCTICYNBAIOT HEOOXOTUMOM TOUHOCTH MH-
dopManuu 1151 MPOEKTUPOBAHUS 3€MJISIHBIX pabOT Mpu
BO3BCICHUU KPYITHBIX 00BEKTOB. [JIsI pelIeHnsT 3TOM
IIPOOJIEMBI TIPEIIOKEHO KOMOMHNPOBATh PE3YIbTaThI
JIa3epHOTO CKAHNPOBAHMS C TAHHBIMH a3P0(POTOCHEMKHI
[20]. AHAJIOTUYHYIO METOAUKY MCCIETOBAHUS TIpUMeE-
aunu Y.H. Jo, S. Hong npu moctpoeHUN (P poBOTO
IBOMHMKA UICTOPUUICCKUX OOBEKTOB C LIEBI0 TNTAHNPO-
BaHUs X pecTaBpalluy 1 peMoHTa [21].

OmHaKo TaKoil ITOAXO0 YBEIMUMBACT ITOJIE3HYIO Ha-
rpy3Ky Ha BBC, cokpartmmaeT Bpemst OMHOTO IToIeTa (BCIe-
CTBHE pOCTa MACCHI TIOJIE3HOI HATrpy3KHU), YBEIMUNBACT
O0I1YI0 TPOAOIKUTEIBHOCTh I CTOMMOCTh pabot. Ya-
CTUYHO PEIINTh 3Ty MPOOIEeMY MOXKHO IIPU MCITOIB30-
Bannu BBC c 0ojiee BEICOKOM MaKCUMaIbHOM B3JIET-
HOM Maccoil ¥ IPOIOKUTEILHOCTRIO TIOJIeTa, HO TaKast
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TEeXHHMKA caMa I10 cebe HaMHOTO JTOPOXKe U MOXKET OBITh
MaJIOOOCTYIIHOM B YCIOBMSX CAHKIMM, OrpaHUYCHUN
Ha nmmopT B Poccuio. Kpome Toro, mpu omHOBpeMeH-
HOM HCIIOJIb30BaHNY MH(MOPMAITNN B pa3HBIX (popMaTax
pacTeT MOTPEOHOCTh B BHIUMCIMTEILHBIX MOIITHOCTSIX,
YBEIIMUMUBACTCS BPpeMsT 00pabOTKI JAaHHBIX, TTOSIBIISICTCS
HEOOXOIMMOCTB B JOIIOTHUTEIIEHOM CIICITNATN3NPOBAH-
HOM TIporpaMMHOM obecrieueHnn. [1oaToMy coBMecTHOE
HCIIOJIB30BaHME a3pPOPOTOCHEMKH 1 JIA3¢PHOTO CKaHU-
POBaHUS MOXKET OBITh TIEPCIICKTUBHO IT0 IIPEUMYIIIECTBY
IUTSI KPYITHBIX YHUKAJTBHBIX OOBEKTOB, a HE TSI MACCOBOM
MPAaKTUKN CTPOUTEIIEHOTO KOHTPOJISI © MOHUTOPHWHTA.

CyIecTBYIOT TaKKe pa3pabOTKU ITO0 COBMECTHOMY
TIPUMEHEHUIO JTa3¢pPHOTO CKaHMPOBAHUS KaK C TIOBEPX-
HOCTH 3eMJIU oIlepaTopoM-deoBeKoM, Tak u ¢ BBC
[22—24]. DTo yay4imaeT Ka4eCcTBO IOIydaeMOil MOAEIH,
HO OTHOBPEMEHHO MPUBOAUT K TOJIYICHUIO OOIBIIOTO
o0beMa U30bITOUHOM MH(popMauuu («iryma»). Kpome
TOTO, TPEOYIOTCS 3HAUMTEIBHBIC PACXOABI HAa PabOTy
OITepaTOPOB Ha ITOBEPXHOCTH, HEOOXOINMO UMETh Pyd-
HEBIe JIa3epHBIe CKaHEPHI B TOCTATOYHOM KOJIMICCTBE
u T.10. He cimydaifHO TaKoil IMOIX0 TaKsKe Yallle BCeTo
WCITOIB3YETCST IJIST TIOCTPOCHUST MOIEIeH YHIKAIbHBIX
00BEKTOB MCTOPUIECKOTO HACIECINS M PEKOMECHIOBAaH
IOHECKO g TpexmepHoit peKOHCTPYKIIMU UCTOPUKO-
KYJABTYPHBIX TaMITHUKOB [25]. CormacHo [26], ncmoiib-
30BaHME ABYX METOIOB ITOIyIeHUS TaHHBIX 71T MOZAETICH
3MaHUI IPUBOIUT K POCTY BPEMEHHBIX W (PMTHAHCOBBIX
3arpar ot 20-30% no 50% u GoJiee, 4TO JANEKO He Bceraa
KOMITEHCHPYETCS Ka4eCTBOM JAHHBIX [27].

AHaJIN3 IUTEpaTyphl TaKKe ITOKA3all, YTO B OOJIb-
IIMHCTBE pabOT paccMaTpUBaCcTCs HAYIHO-TEXHUIECKast
3a7ava MOJIydeHUST MOIENIH yKe TTOCTPOSHHOTO paHee
3MaHUS TI0 Pe3yJIbTaTaM OMHOKPATHOTO O00CICIOBaHNS.
B normorHeHME K y3Ke TTPOIUTUPOBAHHBIM MUCCICIOBAHN -
SIM MOKHO OTMETHUTD OTIBIT 10 U3YICHMIO TehopMaIIrii
¥ CMEIIeHUH 3maHusT MHCTUTYTA ITepeTOBhIX CalOBOIIC-
ckux uccaenosanuii TpancunbBanuu (1. Kimyxx-Haroka,
PyMBIHIST), KOTOPEIIT TOCTPOSH Ha CIa0BIX TpyHTaxX [28].
B 5T0i1 paboTe 6L BBISIBIIECHBI Ie(hOpMALIIN U CMEIIe-
HU acama, KOTOPBIE B OCHOBHOM COOTBETCTBYIOT JIO-
MYCTUMBIM OTKJIOHEHMSIM. B [29] BBITOTHSITACH CheMKa
3ganus O6cepBaropuu uMeHn bocxn (MHDoHEe3Us),
KOTOPOE PACIIONIOXKEHO Ha TMHUU T€OJIOTUTIECKOTO pa3-
JIoMa 1 TpeOyeT eXXeTOMHOTO KOHTPOJIS.

B oTymume oT MEOIMXCS UCCICIOBAaHMIA, B JTaHHOM
paboTe paccMaTpUBaeTCsI MCITOIb30BaHNE JIa3epPHOTO
ckaaupoBanus ¢ BBC mig MOHUTOpPUHTA 1 KOHTPOJIS
CTPOUTENIBHBIX pabOT. DTa 3a1ada OTIMIACTCS TEM, UTO
CKaHMPOBaHUE TOJKHO ITPOBOIUTHECA HE OTHOKpPAT-
HO WJIM €XEromHo (KakK B CIyJae C yKe ITOCTPOCHHBI-
MU 3IaHUSIMH), a pa3 B CYTKH WX eIlle Jalre, IpruaeM
Ha OOoJIBIIIOM umciie 00beKTOB. ClemoBaTeIbHO, BOIIPOC
CHIKCHMSI 3aTpaT BBIXOAUT Ha TIEPBHIN TUTAH M CTAHO-
BUTCS HanboJjiee akTyalbHbIM. [IpoBeneHrne KOMOMHM-

POBaHHOTO HA3¢MHOTO M BO3AYIITHOTO CKAHMPOBAHUSI
€XeIHEBHO B OOJIBITMHCTBE CTy4acB HEBO3MOKHO B CHITY
KaK (DMTHAHCOBBIX, TaK M BPEMCHHBIX OTpaHIYCHUIA.

[TosTOMY HEOOXOTMMEI HATbHEUIIINE UCCIICIOBAHMS
TEXHOJIOTMY BO3MYIITHOTO JIA3¢PHOTO CKAHMPOBAHMS KaK
MaKCHMAJIBHO JEIIeBOTO 1 OBICTPOTrO TEXHNIECKOTO pe-
meHust. Kak moaraioT aBTOpHI, IIPU MCIIOJIH30BaHUU
3¢ GEKTUBHBIX aJITOPUTMOB 00PAOOTKM TaHHBIX OHO MO-
KeT 00eCIIeUNTh HEOOXOMNMYIO TOUHOCTh M3MEPEHUIA.
Jlo6aBrM, 4TO B COOTBETCTBUU C JAHHBIMU CUCTEMATH -
yeckoro o63opa [30], Hamboee TTepCIIeKTUBHBIMUY Ha-
TIpaBJICHUSIMU NCCIICIOBAHNI B M3yd4aeMOI IpeIMETHOM
00JIacTH Kak pa3 1 SIBJISIIOTCS KOHTPOJIb 3aTpaT Ha all-
ImapaTHOE U IIporpaMMHOE obOecTieueHe, YIyJIIeHNe
BO3MOXKHOCTE 00pabOTKM TaHHBIX, aBTOMATH3aIINS
TTAHHBIX TTPOIIECCOB.

Kak yacTHIHO yXe 0TMedJajioch paHee, B COBPEMEH-
HBIX peayIMsIX HEOOXOIMMO TaKKe YIUTHIBATh YCIIOKHE-
HHE JIOCTyna K HanboJjee COBPEMEHHBIM TEXHUUICCKIM
peIIeHMsIM, BKJTI0Uasl OTpaHMYeHUE Ha SKCIOPT IIPO-
meiuieHHBIX BBC 3 Kuraiickoit Haponnoit Pecry6-
JIMKU, TIpeKpalieHue opuumraibHoro ousHeca «Leica
Company» (BeayIInii IpON3BOAUTEIb CUCTEM Ha3eM-
HOTO Jla3epHOro cKaHnmpoBaHus) B Poccun. CinenoBa-
TEJIbHO, BO3HMKAET HEOOXOOANMOCTh B MAaKCUMAaTbHO
3(PeKTUBHOM UCHOIB30BAHUHU YKE UMEIOIIErocs 000-
pyI@OBaHMS, a TAaKXKe B OoJiee MTMPOKOM IIPUMEHECHUN
TeXHUKU, HEe TIOITamaroIeil o CAaHKIINY, BBSICHHBIC
B oTHOmmeHn" Poccun B 2022—2023 1T.

OmHako B OITyOIMKOBAHHBIX POCCUMCKIX UCCIIEI0-
BaHUSX ITO BOIIPOCAM JIa3epHOTO CKAHUPOBAHMS B CTPO-
UTEIIbCTBE TTOKA HE HAIIN OTPAXCHUST BO3MOXKHOCTH
HCIIOTb30BAHMST 3TOI TEXHOJIOTUU TIPU CTPOUTEITBHOM
KOHTpoJIe. OTIeIbHbIC Pa0OTH OTEYECTBCHHBIX aBTOPOB
(KaK 1 IUTHUpyeMbIe BEIIIE 3apyOeKHbIC MCCIICTOBAHNS)
paccMaTpUBaIOT IIOCTPOCHME MOJIEIeit OOBEKTOB KYJIb-
TYPHOTO ¥ ICTOPMUECKOTO HACICANSI TI0 TaHHBIM Ha3eM-
HOTO ¥ BO3IYIITHOTO JIA3¢pHOTO CKaHUpoBaHud [31—32].
[MomyasipHBIM HaIpaBJICHUEM MCCIICTOBAHNI SIBIISICTCST
HCTIOIb30BaHME JIA3PHOTO CKAHUPOBAHMS (OOBITHO MO-
OMJILHOTO, C pa3MelleHUEM Jiaapa Ha aBTOMOOWJIE) ISt
KOHTPOJISI pOBHOCTH oporT [33—35]. Bromy Garomnpu-
SITCTBYIOT IIPOCTBIC TEOMETPUUECKIE XapaKTePUCTUKHI
JIOPOXKHOTO TOJI0THA (HapyIIIEHNE POBHOCTH CILIOIIHOTO
IUIOCKOCTHOT'O O0BEKTa cpa3y ke MICHTUDUITUPYET-
cs maxke TP MaJIoi MIPOU3BOAUTEIIFHOCTH JTUIAPOB).
JanHbIe pa3pabOTKN HEe OPMECHTUPOBAHBI Ha KOHTPOIIh
CTPOUTEJILCTBA OOBEKTOB 00JIee CIOXHON KOH(pUTrypa-
iu (3MaHU, COOPYXKEHUIA).

Taxmm o6pa3oM, B TIpolieccax KOHTPOJISI 1 MOHUTO-
PpUHTa CTPOUTEIBHBIX PAOOT MEePCIIEKTUBHO MCITOIH30Ba-
HHE TEXHOJIOTUY BO3MYIITHOTO JIa3¢PHOTO CKAHUPOBAHUS
¢ bBC, nMerortieii 10CTaTOYHYIO TOYHOCTD, IIPUEMIIEMYIO
CTOMMOCTD. DTa TeXHOJIOTUS MOJIKHA pellaTh 3amady
KOPPEKTHOTO CPaBHEHMST NICXOTHOU ITPOSKTHOI MOICITH
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00BEKTA CTPOUTEILCTBA ¢ (PAKTUYECKUM COCTOSTHUEM.
Kpome Toro, HY:KHO OTCJIEKMBATh COOTBETCTBUE TIIa-
HOBBIX U (PAKTUYECKUX MOJEIIEH ¢ rpadduKaM CTPOM -
TEJILCTBA M PE3YIbTATaAM CKAHUPOBAHUS HAa KOHKPET-
Hyto gaty. [1o5ToMy OYeHb BaKHEI aITOPUTMEI TIPE06-
pa3oBaHUI M CPaBHEHUI COOTBETCTBYIOIINX OOIAKOB
TOYEK. YUUTBIBAS BCE CKa3aHHOE BBILIIE, LIEJIb JTaHHOIO
HCCIeI0BaHUS — Pa3paboTKa U arpoOaLyisd TeEXHOJIOTUN
aBTOMATU3aLl MOHUTOPUHTA U KOHTPOJIS CTPOUTEIb-
HBIX PabOT Ha OCHOBE JAHHBIX JIA36pHOTO CKAHUPOBAHUS
¢ BBC.

METOABI 1 MATEPUAJIbI

B uccnenosanuu ucnosnszosad BBC «DJI Matrice
600 Pro» (npousBoactBo — Kuraiickast Haponnas Pec-
my0JIMKa) TUIIA «Te€KCAKOIITeP», CO CKOPOCTHIO MOJIeTa
10 65 KM/4, MAKCUMAaJIbHOM B3JIETHOM Maccoii 15,5 kr,
MaKCUMaJIbHO# BhICOTOM TToj1eTa 2500 M, TaIbHOCTBIO
paguocBg3n 5000 M, TIPOAOIKUTETBHOCTBIO TTOJIETA
10 18 MuH. BBC MoXeT UCITOIb30BaThCS ITPU TEMIIepa-
Typax oT —10°C go +50°C u ckopocTH BeTpa 10 8 M/c.
Takke OH YKOMITJIEKTOBAaH OOPTOBBIM ITPHUEMHNUKOM
CITYTHUKOBOM CHCTEeMBI HAaBUTAIIWH.

Hna ckaampoBanust Ha BBC pa3mernaicst Bo3myIi-
HBIH ma3epHblid ckaHep «<AITM-MC3.200» (rmpon3Bo-
ctBO — Poccutiickass ®eneparnmst) BecoM 1,3 KT, ¢ 9acTo-
toit ckanupoBanust 600 k' (600 TeIC. pa3 B CEKYHY),
MaKCHUMaJIbHOW OMCTaHIIMEH cKaHmpoBaHUSI 150 M,
0030poM Ha 360°, TOUHOCTBIO OIpeAeaeHUS JaTbHOCTU
3 ¢M, TOTHOCTBIO OIpeesieHIs KoopauHat 5 cm. [Tpu-
00p MOKET MCITOTB30BaThCS IIPH TeMItepaType oT —20°C
1o +40°C. O061mii BUI 3a1€ICTBOBAHHOTIO B MICCIEN0BA-
HUM 000pyI0BaHMs ITOKa3aH Ha puc. 1.

Nanob%

IIpoexTHasT BEICOTA BO3MYIIHOTO JIA3¢PHOTO CKaHM-
poBanus coctanisuia 100 m. [ToeTHOE 3amaHMe TUTAHU-
posaiioch B riporpamme «UgCS». LnudpoBoit opTodoTo-
IUTaH pa3padaThIBaJICS C UCIIOIb30BAHUEM IIPOTPAMMBI
«Agisoft Metashape Professional». [1;1s1 00paboTku 0611a-
KOB ToueK npumMeHsitach mporpamma «Credo Ckax 3D».
ITpu onpeneneHny ToaHOM TpaekTopuu IBvkeHnst bBC
HCITOIb30BaICsT oHaiiH-cepBrC «AGM Posworks web»,
IIJIST KOPPEKUINU JaHHBIX 1o aBrkeHnio bBC u yctpa-
HEHUS IIyMa — IIporpaMMHOe obecrieueHre «<AGM
ScanWorks».

I1pu pazpaboTKe anropuT™Ma CpaBHEHUSI TJIOTHBIX 00-
JIAKOB TOUYEK MCITOJIh30BaHA METOIOJIOTHST HEABOMIHBIX
JIePEeBbEB TAHHBIX M METOII IIOCTPOCHMS IePEBbEB OKTaH-
ToB. OO0pabOTKa MJIOTHBIX 00JIAKOB TOYEK, TIpOTpaMMHas
peanm3ainus aropuT™Ma Bejach B IIpuiioxkeHnu «Crcre-
Ma YIIpaBJICHUSI MOHUTOPUHIOM CTPOMTEIIBHEBIX padOT
Ha 00BbeKTaX, IMPOIISIIINX TOCYIaPCTBEHHYIO 9KCTICPTH -
3y» (COOCTBeHHAsT pa3pabOTKa aBTOPOB, BHITTOJTHCHHAS
B MHcTuTyTe IMbper KeMepoBCcKOro rocymapcTBeHHOTO
yHuBepcutera, Kemeposo, Poccust).

B xauecTBe 06bekTa paboT ObLIa UCITOJIb30BaHA ILJ10-
manka HegTebdasbl 1O XpaHEHUIO U MepeBajike HedTu
u HedTermpoaykToB B T. KeMepoBo (KeMepoBckast 00-
nmacth — Ky3sbacc, Poccus).

PE3YJIBTATBI 1 OBCYXJIEHUE

Ha HavampHOM 3Tare ucciiemoBaHUM OB CO3MaH
dPOBOIT OPTOPOTOILIAH MECTHOCTH, KOTOPHIIT HE00-
XOIIMM JIJIST TIOCTICIYIOIIETO pa3MeIeHISI Ha HeM JaHHBIX
JIa3epHOTO CKAaHUPOBAHMS TI0 00BEKTAM CTPOUTEIIBCTBA.
st co3manmst opTooToIIaHa UCTIOIB30BaINCh HCXOM-
HBIe (HeoOpaboTaHHBIC) IIM(MPOBBIC MaTEPUAIIBI a3PO-

{ o ‘ | |
Ll g Lo
= : " &

(omapopcxi Y MH

Puc. 1. O6mwuii Bux 000pyaI0BaHus, HCIOJb30BAHHOTO B HccenoBanun (cieBa — BBC, cnipaBa — BO3MymIHbIii Ja3ep-

HBIii CKaHEeP HA MojIBece)
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(boTocheMKH, 3IEMEHTHI BHYTPEHHETO OPUECHTUPOBAHNS
(bOTOCHMMKOB, 3JIEMEHTBI BHEIITHETO OPHUEHTUPOBAHNS
(boTOCHMMKOB (IICHTPBI IPOESKIINIA a3POGOTOCHIMKOB).
LnhpoBoit opTodhoTOIIIaH TTOTyIeH 13 a3p0hOTOCHIM-
KOB C TIEPEKPBITUEM TPaHUII IJIST TIOJIYIeHUS HeTpe-
PBIBHOTO M300pakeHUSI CTPOUTEIILHOTO 00BeKTa 0e3
IIIBOB M TIOPE30B.

Hnsa moctpoeHMsT I pOBOTo opTodhOTOIIIaHA BHI-
TIOJTHSITACH CJICIYIOIINE TIIaTry:

1) opTroTpaHchopmMupoBaHre a3pOHOTOCHUMKOB C
WCIIOJIb30BAaHUEM LIEHTPOB UX MPOEKIINIA;

2) aBTOMaTHYECKOE OTOXKIECTBICHIE CHIMKOB, TT0-
CTpOCHHUE pa3psLKEHHON TOYeUHOI MMPOBOIT Momen
MECTHOCTH;

3) KOHTPOIIb TIOJIOXKEHUS U TIOCTPOCHUST NP POBOIt
pa3psLKeHHOM TOYSUHOM MOAETH TTOBEPXHOCTH 10 KOH-
TPOJIBHBIM 3HaKaM;

4) TIOCTpOCHME TIOTHOM TOYCTHON ITU(POBOI MO-
TN TIOBEPXHOCTH;

5) mocTpoeHne opToPOTOIUIAHA;

6) obpeska oprodoToriaHa U LUPPOBOI MoaeIn
TIOBEPXHOCTH TI0 TPAaHUIIAM 00BEKTa PadoT.

Hanee mpoBoamiaachk paboTa HEIIOCPEACTBEHHO
110 CO3IaHUIO TJIOTHOTO 00JIaKa TOUYEeK Ha OCHOBE JaH-
HBIX JIA3¢PHOTO CKaHUPOBaHMS. [1p1 3TOM MCITOIb30Ba-
Jach mHMGOopMaLMs o TpaekTopuu nojieta bBC, nanHbIe
nHepuraabHoU cucteMbl BBC, pesymbTaTsl 3aMepoB
¢ momo1pko Jumapa. Co3maHne IIOTHOTO 00J1aKa TOUeK
BKJTIOUAJIO CJICAYIOIINE IIIaru:

1) momyueHre TOYHOM TpaekTopuu asrkeHnss BBC
OTHOCUTEIbHO Touku 6a3oBoii craninu (KEME);

2) aBTOMaTH4YeCKOe BHECCHUE KOPPEKTUPYIOMINX
TIOTIPAaBOK MHEPLMATHHOM CUCTEMBI B TaHHBIC 3aMEPOB
IATbHOCTH,

3) aBTomMaTU4ecKas (PUIBTPAIINS IIPeIBapUTEeIBHOMN
BEpCHUU IJIOTHOTO 00JIaKa TOYEK OT IITyMOB.

Takum oOpa3oM, aBTOpaMu OB MOJIYYEHBI LIAD-
pPOBOIf OPTO(OTOILIAH MECTHOCTH, T BBHITTOTHSIIOTCS
CTPOUTEIbHBIC pa0OTHI, M IBa TUIOTHBIX 00JIaKa TOYCK —
o pe3yabTaTaM a3poGOTOCHEMKH U TI0 Pe3yabTaTaM

JIa3epHOro cKaHmpoBaHUs. [Ipexme yeM ImepexoanTh
K MCITOJTb30BAaHMIO TIOJTYYeHHBIX pe3yIbTaTOB I pa3-
pabOTKM TEXHOJOTMM aBTOMATHU3AllMA MOHUTOPHUHTA
1 KOHTPOJISI CTPOUTEIBHBIX PaboT, HEOOXOIUMO OBILIO
OLICHUTD Ka4eCTBO MOJYICHHBIX JAHHBIX, COITOCTABUTh
HX MEXKIy cO00i1 (I OIICHKH TTPaBUIILHOCTH pacyeTOB,
HUCKITFOUCHUS TPYOBIX OIIMOOK, TOATBEPKICHUS COOT-
BETCTBMSI HOPMATUBHBIM TpeOoBaHUsIM). C 3TO LIETTBI0
B rmporpaMmy «Credo Ckan 3D» 3arpy:kaauch IIoTHBIE
o0J1aka TOYeK ¥ CTPOMJIach BEPTUKAIbHAS CEKyIas TII0-
CKOCTb IT0 XapaKTePHBIM 00BEKTaM Ha TePPUTOPHUH, T
IIPOBOMASITCS CTPOUTEIIBHBIC PAOOTHL. Pe3ympTrpytonimii
po¢ b 00JJAKOB TOUEK 1O CEKYIIel MIOCKOCTH TI0-
Ka3aH Ha puc. 2.

CuHSIS TUHUS COOTBETCTBYET 00JIaKy TOUEK IO pe-
3y/IbTaTaM Jla3epHOTo cKaHWpoBaHud 23 aBrycra 2022 1.,
KpacHasI TUHUSI COOTBETCTBYET 00JIaKy TOUEK IO PE3yTh-
TaTaM Jia3epHOTO cKaHupoBaHud 17 nekadps 2022 T.
3eseHast TMHUST COOTBETCTBYET IUIOTHOMY 00JIaKy TOUCK,
ITOJTYICHHOMY B pe3yabTaTe a3p0o(POTOCHEMKH.

ITorpentHocTh onpeneaeHNsS KOOPINHAT TOUeK O (CO-
[JTACHO MHCTPYKIINH K NCITOJIB3YeMOMY B MCCIICIOBAHII
JIa3epHOMY CKaHEPY) pacCUMTBIBACTCS TI0 CIICTYIOIICH

dopwmyie:
0=15+1x%x103x D, )

rae D — pacCTOsSTHUE IO U3MEPSIeMOT0 O0BEKTa, KM.

Pe3ybTaThl CheMOK TOJDKHBI COOTBETCTBOBATH HOpMa-
TUBHBIM TPEOOBAHUSIM K Pe3yJIbTaTaM TOIOTpapumIecKoit
a3po(OTOCHEMKH TTO TIOTPEITHOCTH pacueTa KOOPAMHAT
1 TJIOTHOCTU TOYEK B pacyeTe Ha | KBaapaTHBIN METp
(cormacHO 'OCT P 59328-2021 «AspodoTocheMKa TOTIO-
rpacdudeckas. TexHuueckue TpedoBaHus»). [TocKoIbKY
MUCTAHIINS 10 N3MEPSIeMOTO 00beKTa paBHA ITPOCKTHOM
BBICOTE TT0JIeTa, TO ecTh 100 M, ITOTpPeTHOCTh pacuyeTa
KOOPIMHAT TOYEK B IIPOCTPAHCTBE B COOTBETCTBUU C (1)
coctaBur 15+ 1 X 103 X 0,1 = 0,015 M. D10 coOTBET-
CTBYET HOPMATUBHBIM TPEOOBAHMUSIM K TOYHOCTH OTIpe-
IIEeJICHUST KOOPOWHAT TOUYEK TIPU BO3AYIITHOM JIa3¢PHOM

"l e
!

o
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IW—

-

1

Puc. 2. Pe3yasTupyromuii mpoduiib 00JaK0B TOYEK IO CeKYIeil IIOCKOCTH
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Tabauya 1
XapakTepuCTHKH ILVIOTHBIX 00J1aKOB TOYEK
10 Pe3yJIbTATaM JIA3ePHOr0 CKAHUPOBAHUS

ILmoTHOCTD
JlaTa ckanu- Lk IInomans TOYEK.
OBAHMS CTBO TO- Mm? ’ e Hl/l’
p YeK, IIT. Al 2“
HA M
23.08.2022r. | 28 447 422 118 229 240,6
17.12.2022r. | 14633928 118 229 123,8

ckaHupoBaHuu. B Tabi. 1 moka3zaHbl XapaKTEpUCTUKU
TUTOTHBIX 00JJaKOB TOUYEK T10 PE3yJIbTaTaM JIa3ePHOTO CKa-
HupoBaHus. Kak BUAHO U3 JaHHBIX Ta0J. 1, MIOTHOCTh
TOYEK B pacueTe Ha OIMH KBaIpaTHbII METP TAKXKE COOT-
BETCTBYET NEHCTBYIOLLIMM HOPMATUBHBIM TPEOOBAHUSIM.

IMocne monyyeHust 1 00pabOTKU TIEPBUYHBIX JaHHBIX
JIa3epHOr0 CKaHMPOBAHUS U a3pO(POTOCHEMKHU Ha Ha-
Yajo CTPOUTEIbCTBA HEOOXOAMMO ObLIO pa3paboTaTh
AJITOPUTM JUIS1 COTIOCTABJIEHUS HAYaIbHbBIX TAHHBIX U pe-
3yJIbTATOB, KOTOPBIE OTPaXKaIOT MPOrpecc B MPOBEICHUN
CTPOMUTEJIbHBIX PA0OT Ha oNpeaeeHHbIe 1aThl. Takoi
aJITOPUTM JIOJIKeH oO0padaThiBaTh IBa 00JaKa TOUYEK,
TOJIyYeHHBIX Ha pa3HbIC JaThl, M BBIOCISATH (DparMeH-
Tbl 00BEKTA CTPOUTENBCTBA, KOTOPbIE ObLIM CO3AaHbI
3a COOTBETCTBYIOLIMI nepuod. B xone ucciienoBaHus
aBTOpaMU pa3paboTaH CACAYIOLINIA JMHEHHBIN aJITOPUTM
(puc. 3). g ymoO6CcTBa BOCIIPHUSITHS U M3JIOKEHMS CJIeBa
MPOHYMEPOBAHbI OJIOKM aArOpUTMa.

OxapaKkTepu3yeM OCHOBHEBIC OJIOKU aJTOpUTMA.
B xone peanuzaiuu mepBoro 0J0Ka 3arpyXaeTcsi OIHO
M3 MJIOTHBIX 00JJAKOB TOUYEK, MPU 3TOM OYEPETHOCTh
(B mepBYyI0 OoUYepedb BBOASTCS pe3yabTaThl 0ojice paH-
Helt uim 0osiee TO3aHEe CheMKI) He MMeeT 3HAYCHMS,
MOCKOJIbKY aJITOPUTM TMPEeAyCMaTPUBaeT BHIOOP HYX-
HOM mocieaoBaTeIbHOCTU cpaBHeHUs. BTopoii 610k
SIBJISIETCST OJIOKOM OITepalinii. 3mech crucTeMa KOOpaIHAT
nepBoro objaka npeodpasyeTcs B JIOKAJIbHYIO CUCTEMY
KoopauHar. Ijist mpeoOpa3oBaHMsI TAKXKE UCTIOIb3YIOTCS
NaHHbIE a9PO(POTOCHEMKH, MOCKOJIbKY KaxKaast Touka
Ha CHUMKE TIpUKpETIeHa K onpeneieHHbIM reorpagu-
YeCKUM KOOpAMHATaM, UMEIOLIMM BbICOKYIO TOYHOCTb.

CriemyeT OTMETHTb, YTO YeM TOUYHEe KOOPIMHATHI
(gem OoJIBIIIC 3HAKOB ITOCTIC 3aIISITOI MMEIOT COOTBET-
CTBYIOIIIUE 3aIIMCH), TEM BbIlIE MOTPEOHOCTb B BHIYMCIIU-
TeJIbHBIX MOIIIHOCTSIX, OOJIblIe Harpy3Ka Ha HUX, KpOMe
TOTO, YIJIMHSIETCS] BpEMSI BbIUMCAEHU. J1JIs1 TOTO 4TOObI
COKpATUThb BpeMs1 00pabOTKY U HArpy3Ky Ha BBIYMCIIN-
TeJIbHbIE MOIIITHOCTHU, aBTOPaMU MpeajiaraeTcs rnepeBo-
JIIUTb CUCTEMY KOOPAMHAT U3 MUCXOMHOU B JIOKAJIbHYIO.
DTO OCYIIECTBIISICTCS B YETBEPTOM apU(PMETHICCKOM
6710Ke anroputma. B marom Ojioke anroputrma objaka
TOYEK COBMEIAIOTCS APYT C IPYTOM B JIOKAJbHOM CH-
cTeMe KOOpJaUHaT.

C Havaso aaropurMa )

3arpy3uThb 00/1aK0
Touek (1)

IIpeobpaszoBark cuctemy
KoopauHat obnaka (1) B
JIOKaJIbHYIO

3arpy3uth obnako
ToYeK (2)

y

[IpeobpasoBats cHcTeMy

KOOpJNHAT obnaka (2) B
JIOKAJILHYIO

CoBMecTHTB 001aKa ToUEK

y

3anycTHTh pacyer
paccTosHHiIT

/ Bribpare ponn obnakos

4

Boiuncnuts paccrosiHus
ME/1y TOYKaMH 2 00JI1aKoB

Otobpa3uth
pesynbTHpYIOIIEe
obnako

DOOOOOOOG

Y

Ganepmeﬂnc a.rxropm'MD

Puc. 3. Anroputv cpaBHeHHS IUIOTHBIX 00JIAKOB TOYEK
HA pPa3Hble AaThl, UCNOJIb3YeMblii 1JIsi MOHUTOPHHTA
¥ KOHTPOJISI CTPOUTEJbHBIX PadoT
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[arnee B 111ecToM 0JI0KE BBOJA-BbIBOAA JAHHBIX BHIOK -
paroTcst ponn 00;1aKkoB. O0J1aK0, TTOTyIeHHOE paHee, SIB-
JIIeTCSl UICXOMHBIM WA OTIOpHBIM. BTOpoe o61ako — 310
CpaBHMBaeMOe 00JIaKO, KOTOPOE SIBIISIETCS PE3yIbTaTOM
Oosee mo3aHel cheMKr. Ha HeMm OyayT paccunThIBaThb-
Cs ¥ BUBYAJIM3UPOBATHLCS PACCTOSTHUS MEXIY TOUKAMH.
ITocKoIBKY 1O Mepe BBHITTOJTHEHUST CTPOUTEITHLHBIX pa-
00T OOBIYHO TIOSIBJISTIOTCSI BCE HOBBIC M HOBBIC (bpar-
MEHTBI 00BeKTa (HAIIpUMED, 3TaXH ), TO OoJIee TTO3IHEe
110 BPeMEHHU CHhEMKH 00JIaKO TOUYEeK OyIeT comepxKaTh
60JbI1e MH(pOpMAIIUK, 9eM ucxogHoe. COOTBETCTBEHHO,
OITOPHOE 00JIaKO OIPEACIISIETCS B COOTBETCTBUU C 00-
Jiee paHHel gaToi chbeMKU. B pe3ysibraTe BBITOJHEHUS
IIIeCTOTO OJI0Ka aJITOPUTMA PACCIYUTAHHBIC PACCTOSTHUS
(creHepUpOBaHHBIC CKAJISIPHBIC TTOJIST) Pa3MeIIaloTCs
Ha CpaBHMBAacMOM OOJIaKe.

3areM B IIpoliecce UCTTOTHEHUS CeAbMOTO OJIOKA ajl-
TOPUTMA IPOBOIUTCS PACUCT PACCTOSTHUIT MEXKITy TOUKA-
MU OITOPHOTO M CpaBHMBaeMOro obiaka. s pacuera
HVCTIOJIb3YETCST METO, «OJIMKHETO cocefa», Koraa st
KaXXIIOM TOYKM CPaBHUBAEMOTO 00JIaKa HAXOIUTCS OJTH-
JKaimass ToO9YKa B ICXOMHOM 00JIaKe, PaCCUMTHIBACTCS
eBKJIMIOBO PACCTOSTHME MEXKIYy HUMU. 3aTeM 3TO pac-
CTOSTHUC TIPUITMCHIBACTCSI TOUKE CPAaBHUBAEMOTO 00JIaKa,
B pe3ysIbTaTe 4ero Ha 0a3e JaHHOTO 00J1aka GopMHUpyeT-
CsI COOTBETCTBYIOIIEE CKAJISIPHOE TIOJIE.

OCc00EeHHOCTHIO TIPEIaraeéMoro aJITOPUTMA SIBJISICTCS
TO, UTO IMTOMCK TOYEK C IIEJIbIO PAIIMOHATBEHOTO MUCIIONb-
30BaHUS BBIYUCIUTEIBHON MOIITHOCTHA M COKPAIICHUS
BpEeMEHHM pabOThI BEIETCS HE TI0 BCEMY UCXOTHOMY 00-
JIaKy, a B TPaHUIIAX 3apaHee 3aJaHHOTO IIPOCTPAHCTBA.
[IpocTpaHCTBO COBMEIIEHHBIX 00TAKOB IPEACTABIISICTCS
B BUIC OKTOACpPEBa, IIe KaXKIbIi y3el B IepeBe OKTaH-
TOB JICJIUT TIPOCTPAHCTBO HAa BOCEMb HOBBIX OKTAHTOB
(puc. 4).

Kaskmplii 13 BHYTPEeHHUX y3JI0B OKTOACPEBaA COOEp-
XKUT MHGOPMAIINIO 0 8§ «ITOTOMKAaX», HUKeJIeXKalInx
y371ax, TIpAYeM KaXXIplii M3 HUX 10 pa3MepaMm B 2 pasa

MEHBIIIE «IIpenaKa». Takas CTpyKTypa JaHHBIX ITO3BOJISICT
XPaHHUTh TPEXMEPHBIC KOOPIMHATHI TTPU MCTIOJIb30BaHNH
3 0aiiT BMecTo 12 0aiiT. Takke CyIIecTBEHHO COKpala-
eTCs BpeMsI TIONCKa HAaMMEHBIIIETO TTOIIepeBa, KOTOPOe
CONIEP:KUT HYKHYIO TOUKY KoopauHaT. [Tonck Omkaii-
e TOYKY KOOPIWHAT BEIETCS HE TT0 BCEMY MCXOTHOMY
00J1aKy, a TOJIBKO B TpaHMIIaX OKTaHTA.

JleBSThIN OJIOK aJIropuT™Ma OTOOpaXkaeT pe3yabTUpPY-
folee 00J1aK0 TOYEK, TO €CTh UTOT COTIOCTaBICHUST OITOP-
HOTO ¥ CpaBHUBAEMOTO 00J1aKOB. DTO 00JIaKO MTOLKHO
BU3YaJIN3MUPOBATHCS C MCITOIH30BAHUEM IIBETOBOI CXEMBI
IIJIST OTOOPaKECHUSI IIIKAIBI TTOJTYYCHHBIX PACCTOSTHUM.
[1pu ncob30BaHNM TAKOTO 00J1aKa MOKHO HEITOCPEI-
CTBEHHO MICHTU(MUIINPOBATH (DparMeHTHI 00BEKTa, KO-
TOpPBIC TTOSIBUJIMCH B TEUCHUE OMIPEACIICHHOTO BPEMEHH,
a TaKKe MPOBECTU TOUHBIC U3MEPEHUS UX ITOJIOKCHUS
B TPEXMEPHOM CHCTeMe KOOPIMHAT.

Pa3zpaboTaHHEBIN aBTOpaMU aJTOPUTM pean30BaH
B IIporpamme (BeO-TpuioxkeHre) «CrucreMa yrpaBieHUS
MOHHUTOPHHTOM CTPOUTEIBHBIX pabOT Ha OOBEKTAX, TIPO-
IIeAIINX TOCYIapCTBEHHYIO 9KCIIepTu3y». PaccMoTpuM
€Tro0 MCIIOJIb30BaHUE 1T MOHUTOPUHTA CTPOUTEIIBHBIX
pa6ot. Boiigs B mpuiioxXeHue, MoJib30BaTeIb BbIOMpa-
eT IBa 00JlaKa TOYEK IJISI CPAaBHEHUSI B COOTBETCTBUU
C MHTEPECYIOIINMHU ero gataMmu. [1ocie BBIITOTHEHUS
CpaBHEHUS IIpOrpaMMa 0ToOpaxKkaeT pe3yIbTUPYIOIIee
00J1aKo ToueK (puc. 5).

Kaxk BunHO 13 1aHHBIX pUC. 5, IporpaMMHOE obecIie-
YEHME ITO3BOJISICT MOJYIUTD HATJIIIHOE TIPEICTAaBIICHIE
00 M3MEHEHUSIX TPEXMEPHOTO 00BEKTa 3a OIpeHc/IcH-
HBII CPOK, KOTOPHII YCTAHABIMBACTCS MOJIH30BATEIICM.
UYem Oosblle pacCTOSTHUE MEXKIY TOYKaMU B 00J1aKe, TeEM
OIKe IIBETOBAsI IIKala K KpacHO 9acTH cIiekTpa. Mu-
HUMAJIbHBIC PACCTOSTHUSI COOTBETCTBYIOT CUHEH YacTH
crexrpa. Cyns 110 puc. 5, B TeUeHUE aHATIU3UPYEMOTO
IIeproIa CYIICCTBEHHO YBEIMIMIACH BBICOTA OOBEKTA,
HaXOSIIErocsT B BEpXHEH JICBOI YaCTH PE3yIbTUPYIO-
mero ob1aka Touek. Takke JOCTUTHYT 3HAYNTETbHBIN

Puc. 4. Ilpumep
CTPYKTYPHPOBAHUS
TOYEK MPOCTPAHCTBA
C MCIOJIb30BAHUEM
oKTOjepeBbeB [36]
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TIPOTPECC B CTPOUTENIBCTBE pe3epByapa IMITMHIPUTICCKOMN
(opmbI (IpaBas BepXHSIST YaCTh Pe3yIBTUPYIONIETO 00-
J1aka Touek). Ha ocraapHOIM YacTi CTPOUTEIIBHOI TIJ10-
1IAJKKY CYILIECTBEHHbIX U3MEHEHUN He ObLIO (Ha U30-
OpakeHUU TOMUHUPYET CUHUI LIBET).

B mporpamme mmpexycMOTpeH TakKe psiI MHCTPYMEH-
TOB IUISI TOYHO OIIEHKM TeOMETPUUCCKUX TTapaMeTPOB
00BEKTOB CTPOMTEILCTBA M X M3MEHEHMI1. B yacTHOCTH,
npenycMoTpeHa pyHkums «ITocrpoenne mpoduis BoI-
coT». OHa ITO3BOJISICT OLICHUTD TIePeTia BEICOTBI MEXKITY
BBIOpPaHHBIMU TOYKaMu (puc. 6).

Kazkmast Touka nMeeT 3HaUYCHUS KOOPIMHAT B TPEX-
MEpPHOIT CCTeMe, UYTO IMTO3BOJISIET TOUHO YCTAHOBUTH €€
MoJioXKeHue Ha peasibHOM 00bekTe. [Tpoduu (rpaduxu)
reperaga BbICOT, KAK BUIHO U3 PUC. 6, MOXHO BBITPY-
3UTh B hopmatax .csv (2D) u .las (3D).

Taxke M0 MTaHHBIM TIOTHBIX 00JIAKOB TOYEK, MC-
MoJIL3yeMBIM B mporpamme «Cucrema yrpaBieHUS
MOHUTOPUHTOM CTPOUTECIBHBIX pabOT Ha 00BEKTaX,
TPOIICAIINX TOCYTapCTBEHHYIO SKCIIEPTU3Y», MOXKHO
BBITIOJTHUTD CJICAYIONINE OTIePAIliy, HEOOXOIUMBIC TSI
TIOJTb30BaTeIs (JIMIIA, IIPUHUMAIOIIETO PEIICHMS):

1) u3MepeHne pacCTOSHUS MEXKIY TOYKAMMU C IIETbIO
TIOJIYYUTH TOUHBIC PACCTOSTHUSI MEXKIy OOBEKTaMU 1 pac-
CUNTATh UX TEOMETPUUICCKIE Pa3MephI;

2) U3MepeHne KOOPAMHAT TOUCK IIJISI TOYHOTO OIIpe-
JeJIEHUS TIOJIOXKEHMST TOUKU B TPEXMEPHOM TPOCTPaH-
CTBE M OOHAPYKCHUSI MHTEPECYIOIIETO TTOJIH30BaTEIST
00beKTa Ha MECTHOCTH,

Mpagmne ssicoT

Konnuecrso Touek: 23073

KoopauHars!

Classificafion
e

Mileage ()
14260

Puc. 5. Ilpnmep Bu3yanuzanuu
pe3yJIbTHPYIOUIEro 001aKa
TOYeK B mporpamme «Cucrema
ynpaBJieHus MOHUTOPHHTOM
CTPOUTEIBHBIX PadoOT

Ha 00'beKTaX, MPOIIeINX
rOCyJapCTBEHHYI0 IKCIEePTHU3Y»

3) uaMepeHue oI U 00beMa, YTO 1aeT BO3ZMOXK-
HOCTb PACCYNUTATh 00BEM 1 MACCy MaTepUAJIOB, UCITOTb-
30BaHHBIX B TEUEHUE OIPEAESIEHHOTO MIEPUOIa BPEMEHH.

3AK/IIOYEHUE

CymecTByronye myoIMKay 1 TEXHOJIOTUH TTOCTPO-
enust BIM-Mmopeneit 3qaHuii 001anaoT onpeneieHHbIMUA
OrpaHWYEHUSIMU M HETOCTATKAMM ISl TOCTOSTHHOTO MC-
MOJIb30BaHUS B MpolieccaX KOHTPOJISI U MOHUTOPUHTA
00BEKTOB CTPOUTENBCTBA (JOCTATOYHO BBICOKASI CTOU-
MOCTb, IJIUTEJILHOCTb ITPOBENECHUSI CheMKU 1 00pabOTKU
JTAaHHbBIX, HEOOXOAUMOCTb MPUMEHEHMST TOPOTOCTOSIIIIEH
TEXHUKU 1 000pYIOBaHUS). YCKOPUTD U YACIIIEBUTh MO-
HUTOPUHT OOBEKTOB CTPOUTEIHCTBA MOXHO Ha OCHOBE
TEXHOJIOTMH JIA3ePHOTO CKAHUPOBAHUS UCKITIOUUTEIBHO
¢ bBC (6e3 Ha3eMHOIT CheMKH) C TTOC/ICAYIOIIei aBTOMAa-
TU3UPOBAHHOU 00pPabOTKOM JaHHBIX IO COOTBETCTBYIO-
KM ajaroputMam. B naHHOM cityyae asapodoTocheMKa
U TIOCTpOEHME OpTOMOTOIIaHA TPOBOAUTCS OAHOKPATHO
B HayaJie CTPOUTEJIbCTBA, a 3aTEM C HY>KHOM Mepuoanyd-
HOCTBIO BBITIOJIHSIETCSI TOJILKO BO3AYIIIHOE Ja3epHOE
CKaHUpPOBaHUE.

Jltst 06paboTKM AaHHBIX B UCCJIEI0OBAaHUM pa3pabo-
TaH JUHENHBIN AJITOPUTM, TO3BOJISIIOLINIA COIIOCTABIISITh
o0J1aKka ToOYeK Ha pa3Hble AaThbl U UACHTU(MULIMPOBATD
W3MEHEHUS KOOpAWHAT ToueK. OTAUYUTETbHOU 0Co-
OEHHOCTBIO AJITOPUTMA SIBJISIETCS TO, YTO MOUCK TOUEK
MpU CpaBHEHUU BEAETCS HE IO BCEMY 00JIaKy, a B rpa-

EES

@ LAS (3D)

@ csv (2D)

Puc. 6. IIpumep mocTpoeHus
NPO(UISA BBICOT MEXKIY
BBIOPAHHBIMH TOYKAMH

B mporpamme «Cucrema
yNpaBJieHHs] MOHUTOPHHTOM
CTPOMTEJIbHBIX PadOT

Ha 00'bEKTaX, MPOIIeIIX
rOCy/IapCTBEHHYIO DKCIEPTH3Y>
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HUIaX 00JaCcTH, 3aJaHHON OKTAHTOM. DTO MO3BOJISICT
YMEHBIIIUTH Harpy3Ky Ha BEIYUCINTEIIBHBIC MOIITHOCTH
¥ COKPaTUTh BpeMsT 00pabOTKM JaHHEIX. Pe3yimbTaToM
WCTIOJTHEHMS aJITOPUTMA SIBIISICTCST Pe3yJIbTUPYIOIICE
00J1aKO TOUYEK KaK pe3yIbTaT CPaBHEHUS IBYX 00JIAKOB
(c pa3HBIMM TaTaMU CHEMKH).

Pa3paboTaHHBII aITOPUTM ITOTYIMI IIPOTPAMMHYIO
peanm3ainio B CO3MaHHOM aBTOPaMU BeO-TIPHITOXKCHUN
«Cucrema ympaBJIeHUSI MOHUTOPWUHTOM CTPOUTEITBHBIX
paboT Ha OOBEKTAX, TIPOIICAIINX TOCYIAPCTBEHHYIO 9KC-
neptu3sy». Ilpn KOHTpOJIe 1 MOHUTOPHUHTE CTPOUTEITb-
HBIX pabOT ITOJIb30BaTeIb (JIUIIO0, TIPUMHUMAIOIIIEE pellre-
HIE) UMeeT BO3MOKHOCTD BEIOPATh MAThI, B KOTOPBIC
OBLIU TTOJTYICHBI 00J1aKa TOUYEK, ¥ TIPOBECTH X CpaBHE-
Hue. Pesynbprupymoliee 001ako ToueK OyaeT c(hpopMUpo-
BaHO aBTOMaTM4ecKu. [IpemycMoTpeHa ero Bu3yain3a-
11s1 C UCTIOJIb30BAHUEM LIBETOBOI CXeMbl (KpPaCHBIH 1IBET
COOTBETCTBYET HAMOOJBIINM NU3MECHEHUSM, CHHII IIBET
COOTBETCTBYeT MUHUMAJIbHBIM M3MEHEHUSIM). TakKe
B BEO-TIPIJTOXKEHHH TIPEIYCMOTPEHBI (DYHKIIMH TTOCTPOC-

HUS IPpOodWIISI BEICOT MEKIY BRIOPAHHBIMU TOUKAMU, M3~
MEepEHUS KOOPAMHAT TOUCK 1 PACCTOSTHII MEXKITy HUMM,
U3MEpEeHUS TIIOMIANCit 1 00bEMOB OOBEKTOB CTPOUTEITh-
CTBa, pacueTa MCITOJIb30BaHHBIX MaTePHUAJIOB.

Takum oOpa3oMm, pa3zpaboTaHHAsI TEXHOJIOTUS T10-
3BOJIIET BECTU MOHUTOPWHT ¥ KOHTPOIIb CTPOUTETHHBIX
0OBEKTOB C BBICOKOI CKOPOCTHIO, HU3KUMU 3aTpaTaMM
(Tak Kak He TpeOyeT TPYIOeMKOTO JOPOTOCTOSIIIETO JIa-
3¢pPHOr0 CKAHMPOBAHMUS C TIOBEPXHOCTH 3eMJIN), TacT
BO3MOKHOCTh MaKCUMAJIHHO MCITOIH30BaTh CYIIECTBYIO-
LLYIO aIIlapaTHYI0 U NpuOOpHYI0 0a3y 0e3 IpuBJICUCHUSI
TPYAHOAOCTYITHOTO 0OOPYAOBAHUSI C BBICOKOI CTOMMO-
cThI0. Pa3paboTaHHBIM aITOPUTM TaKXKe CIIOCOOCTBYET
COKpAIIICHIIO BpeMEHHBIX 3aTpaT ¥ CHIDKCHUIO HATPY3KU
Ha BbIUMCIUTEIbHBIE MOoLLIHOCTH. [IporpammHast peanusa-
LIVST TEXHOJIOTUM KOHTPOJISI I MOHUTOPHWHTA CTPOUTEITh-
HBIX pabOT JaeT BO3MOXKHOCTB JIMIIaM, TTPUHUMAIOIINM
peuieHust, OBICTPO TOJIy4aTh HEOOXOAMMYIO UH(OpMa-
LINIO, OTCJICKMBATh N3MEHEHUSI Ha OOBEKTE CTPOUTEITh-
CTBa, COTIOCTABIISITh MX C TUIAHOBBIMU JTaHHBIMMU.
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3TUKA HAYUYHbIX NYBNIMKALUN U NPELOTBPALLEHUE
HEAOBPOCOBECTHOW MPAKTUKU NYBJIMKALUNA

TpeboBaHuA cobnofeHna Ny6NMKaLMOHHON 3TUKU MpY MOAFOTOBKE U M3OaHWUM XypHana «HaHoTexHomnorum
B CTPOMTENbCTBE» KACAIOTCA BCEX YYACTHUKOB PeAaKLMOHHO-/3[aTeIbCKOro NpoLecca — aBTOPOB, PELAKTOPOB, pe-
LIeH3eHTOB U M3[aTesis, CO3AaloLMX 3TOT XKypHain. Pefakumsa x)XypHana cienT 3a BbiMONIHEHVEM TPeboBaHNU STUKN,
ONMPasCb Ha PYKOBOACTBA, NMOArOTOBJIEHHbIE 3apybeXKHbIMI NMPOGUIIbHBIMY OPraHM3aLMUAMK, acCCOLMALMAMUN U 13-
[aTenbCTBaMy, a Takxke Accoupralmelnt HayYHbIX PefakTopoB U nsgatenein. OCHOBHbIMW JOKYMEHTaMK, Ha KOTOopble
onupaeTcsa pefakuma XypHana «<HaHOTEXHONOrMM B CTPOUTENbCTBEY, ABNATCA pa3paboTku KomuteTa no nybnvka-
umnoHHonm 3tmke (Committee on Publication Ethics), Bennko6putanus, nsgatenscrsa Elsevier (Hugepnaxgbi) u gpyrux
3apybeXKHbIX PelakTOPCKNX accoLmalunin n nHGOPMAaLMOHHbBIX CUCTEM, a Takxe [Jeknapauus «3Tnyeckme nprHLUmnb
Hay4HbIX Ny6arKaumniy, NPUHATaa Accoumalmeli HayYHbIX pefakTopoB u usgateneii (Poccus).

OTBEeTCTBEHHOCTb aBTOPOB XypHana «HaHOTeXHONornm B CTpOUTENbCTBE

1. ABTOp OTMNpaBnsAeT Ha PacCMOTPEHUE CTaTblo, MaTepuranbl KOTOPOW paHee He 6binn onybnnkoBaHbl. Ecniv ctaTtba
OCHOBaHa Ha paHee onybNMKOBaHHbIX MaTepuranax He CTaTeHOro XxapakTepa WUin Mmatepurasbl NpeacTaBneHbl B MH-
TepHeTe, ciefyeT yBefoMUTb 00 3TOM peflakLmIo XKypHara.

2. ABTOp He OTNpaBnAeT Ha PaCCMOTPEHME OfHY CTaTblO B Pa3Hble XYpPHarsbl.

3. Bce coaBTOpbI COrNacHbl Ha NpefCcTaBaeHre CTaTby B XKypHarl.

4. ABTOp yBEAOMNAET PeAaKLMIo O MOTeHLNaIbHOM KOHGNKTe nHTepecoB. O6 OTCYTCTBUM KOHGNMIKTa MHTEPECOB
aBTOP YKa3blBaeT B CTaTbe — «ABTOP 3aABNAeT 00 OTCYTCTBMM KOHOIMKTa UHTEPECOBY.

5. ABTOp NpeanpuHMMaeT Heobxofmble Mepbl, YTOObl y6eANTLCA B KOPPEKTHOCTN NPeACcTaBIeHHbIX B CTaTbe L-
TUPOBaHUN.

6. B cnncok aBTOpOB BK/TIOYAKOTCA TONbKO NMLA, BHECLUWE 3HAUNTENbHbIN BKa B MPOBEAEHMEe UCCIeOBaHUA.

7. ABTOp KOPPEKTHO LMTMPYeT CBOW NpeablayLue paboTbl 1 M36eraeT camonarmara B PyKOnucy U NCKycCTBeHHO-
ro ysenuyeHus obbema nybnmkaumia (salami-slicing).

8. KOHTaKTHbI aBTOp yBEAOMIAET CBOMX COAaBTOPOB 000 BCEX U3MEHEHUAX U NPEeASIOKEHNAX CO CTOPOHbI pe-
[aKUMKW XKypHana v He NPUHMMAET PeLeHnn OTHOCUTESNIbHO CTaTbW €AUHONNYHO, 6€3 MMCbMEHHOMO Cornacusa Bcex
COaBTOpPOB.

9. ABTOp KOPPEKTHO BeAeT NePEenmncKy C peLeH3eHTOM Yepes pefakTopa 1 0OTBeYaeT Ha KOMMeHTaprm 1 3ameva-
HWA, eCIY OHW BO3HUKAIOT.

10. Mpun He0BXOAUMOCTIN aBTOPbI KOPPEKTUPYIOT MPEACTaBNIEHHbIe B CTaTbe JaHHbIE U ONPOBEPTaloT UX.

OTBeTCTBEHHOCTb PefjlaKTOpPOB XKypHana «kHaHoTexHonornu B cTpouTenbCcTBe»

1. PepakTopbl »KypHasia CaMOSIMYHO 1 HE3ABUCMMO HEeCyT OTBETCTBEHHOCTb 3a COAEP»KaHMe NMy6/IMKyeMbIX MaTe-
puVanoB 1 NPU3HAIOT 3Ty OTBETCTBEHHOCTb. [JOCTOBEPHOCTb paccMaTprBaeMon PaboTbl 1 ee Hay4yHas 3HAUYMMOCTb
BCerga JOMKHbI JieXKaTb B OCHOBE peLleHus o ny6nvkaumu.

2. PepakTopbl KypHana MOryT NpoBepuTb NOJTyYeHHble MaTepurasbl B CcTeMe AHTUMIAraT no obHapy»KeHuto 3a-
MMCTBOBAHWI, CMOCOOCTBYA 3alyUTe aBTOPCKOro Mpaga.

3. PepakTopbl MPVHUMAIOT YeCTHble 11 OOBEKTMBHbIE PELUEHMA HE3aBUCMMO OT KOMMEPUECKMX COObparkeHUi
1 06ecneyrBaloT YeCTHbIN 1 3P PEKTUBHDBIV NPOLIECC HE3aBUCUMOTO PELIEH3NPOBAHNA.

4. PefjakTopbl OLIEHVBAIOT UHTEN/EKTYaNIbHOE COePKaHMEe PYKOMMCE BHE 3aBUCUMOCTY OT pachl, Mona, CeKCyasb-
HOW OpUEHTALNN, PENUTMO3HBIX B3MAA0B, MPOVCXOXAEHUA, FPAXXAAHCTBA U MNONIUTUYECKUX NPeANoUTeHN ABTOPOB.

5. PepakTopbl He paboTaloT CO CTaTbAMM, B OTHOLUIEHUN KOTOPbIX Y HUX €CTb KOHQNIMKT MHTEPECOB.

6. PeflakTopbl >KypHana paspeluatoT KOHGANKTHbIE CMTYaLuUK, BO3HMKAlOWYeE B NpoLecce paboTbl, 1 MCMONb3yioT
OJ1A X paspelLLeHns BCe AOCTYMHble CpeAcTBa.

7. Pegaktopbl )KypHana ny6nukyoT nHbopmaLuio 06 MCnpaBieHrAX, ONPOBEPXKEHWAX 1 OT3bIBaxX CTAaTeN B CJlyyae
BO3HWKHOBEHMS TaKO HEOOXOAMMOCTN.

8. PelakTopbl XKypHana He Ny6vKyT KOHEUHbI BapMaHT CTaTby 6e3 ero cornacoBaHus ¢ aBTOpamu.
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OTBeTCTBEHHOCTb PeLeH3eHTOB XXypHana «HaHoTexHonorum B CTponTenbCcTBE»

1. PeLieH3€eHT oLeHBaeT CBOIO 3aHATOCTb Nepes Corflaciem Ha SKCNepTU3y PyKOMUCK 1 COrnaLlaeTca Ha peLieH3n-
pOBaHMe TONbKO MPY HANIMYUM JOCTAaTOYHOTO BPEMEHM HA KaueCTBEHHYI0 paboTy.

2. PeLieH3eHT ncnosnb3yeT pa3paboTaHHyto pefakuueit )XypHana ¢popmy, KOTOPYIO OH MOJTyYaeT BMeCTe CO CTaTbel.
PeueH3eHT BNpaBe fatb 60siee pacluMPEHHYI0 peLeH3NIo.

3. PeuleH3eHT npegynpexgaeTt pefakumio 0 HaMuMm KOHGIMKTa MHTEPECOB (eC/v OH BO3HKK) 10 Havasna paboTbl
CO CcTaTben.

06 oTcyTCTBMY KOHONNKTA UHTEPECOB PELIEH3EHT YKa3bIBaEeT B PeLIeH3UN — «PeLieH3eHT 3anaBseT 06 OTCyTCTBUM
KOHONMKTA UHTEPECOBY.

4. PeLleH3€eHT He nepefaeT CBeAieHMA O CTaTbe U laHHble, KOTOPbIE B HEl COfep»KaTca, TPETbUM NInLaM.

5. PeuleH3€eHT He ncnosnb3yeT MHGOpPMaLUIo, MOYUYEHHYHO U3 CTaTbl, B IMYHBIX M1 KOMMEPUECKUX LieNfAX.

6. PeLieH3eHT He ienaeT BbIBOAOB O KaueCTBe CTaTbl HAa OCHOBE CYObEKTUBHbIX JAHHDbIX: IMYHOTO OTHOLLEHUSA K aB-
TOpPY, ero nona, BoO3pacTa, BeponcnoseaaHus.

7. PeLieH3eHT 1Cnosib3yeT TONIbKO KOPPEKTHbIE BbIPAXKEHMA 1 OObACHEHUS B OTHOLLIEHWY CTaTby, HE MEePEeXoauT Ha
JINYHOCTMN.

OTBeTCTBEHHOCTb U3gartens XKypHana «HaHOTeXHONorum B CTponTenbCcTBe»

1. i3patenb He TONbKO NOAAEPKMBAET HayUHble KOMMYHVKALWW 1 MIHBECTMPYET B JaHHBIN NMPOLIECC, HO TaKXKe He-
CeT OTBETCTBEHHOCTb 3a COOMI0AEHNE BCEX COBPEMEHHbBIX PEKOMeHAALMI B Nybnmkyemon paborte.

2. V3paTtenb He BNUAET Ha pefaKkUMOHHYIO MOSINTUKY XKYPHana.

3. M3paTtenb oKa3blBaeT OPUAMYECKYIO MOAAEPKKY PeflakLmu XKypHana npy HeO6XO[UMOCTH.

4. /13patenb obecneurBaeT CBOEBPEMEHHOCTb BbIXOZA OUepPeHbIX BbIMYCKOB XypHana.

5. V3gatenb ny6nunkyeT NpaBKu, MOSICHEHUSA 1 OT3bIBAET CTaTbl, B KOTOPbIX Oblfiv BbISBIEHbI HAPYLLIEHWA HAyYHOW
STUKU WU KPUTUYECKNE OLLINOKN.

OTBeTCTBEHHOCTb [1aBHOr0 peflakTopa XKypHana «HaHoTexHonorum B CTpouTenbCcTBe»

1. [NaBHbIV pegakTop OTBEYAeT 3a MPUHATME pPELLEHUA O TOM, Kakne 13 NpeacTaB/ieHHbIX B pefaKkumio XXypHana
paboT cnenyeT onybnnKoBaTb. ITO peLleHre BCeraa AOoMKHO NPYHUMATbCA Ha OCHOBE NMPOBEPKM JOCTOBEPHOCTM Pa-
60Tbl U ee BaXKHOCTU /151 UCC/iefoBaTeNen 1 untatenei. [MaBHbI pefakTop MOXET PYKOBOACTBOBATbCA MeToauue-
CKUMW pPeKOMEHAALMAMM, pa3paboTaHHbIMU PefIKOIEren XXypHana, U TaKUMy I0pUANYECKMU TPe6oBaHUAMM Kak
HefonylleHVe KNeBeTbl, HApYLUEHUA aBTOPCKOro NpaBga v niarvata. Takxke Npu NpUHATAM pPeLleHmns no nybnukauum
rNaBHbIN pefakTop MOXET COBETOBATLCA C UIeHaMU PeACcOBETa, PeAKONNErnn, PpeLLeH3eHTaMI.

2. [naBHbIN pefaKTop OLEeHVBAET NpefCcTaB/ieHHble PaboTbl MO UX UHTENNIEKTYaNIbHOMY COfepXKaHuIo, HEB3KMpas
Ha pacy, Nos, CeKCyanbHY OPUEHTALUIO, PENIUTMIO, STHUYECKOE MPOUNCXOXKAEHNE, FPaXKAAHCTBO UM MNOAUTUYECKME
B3rnAAbl aBTopa.

3.[naBHbI pefakTop, COTPYAHUKU pefaKLUnK, YNIeHbl PELKONErv He OJXKHbI PacKpbiBaTb MHPOPMALMIO O Npea-
CTaBJIEHHOW PYKOMMWCU KOMY-NINOO APYromy, 3a NCKIIOYEHNEM aBTOPa, PELIEH3EHTOB, MOTEHLMANbHBIX PELIEH3EHTOB,
a TaKkXe nspatens.

4. CBefieHNs, cogepKalymecs B NpeacTaBleHHON CTaTbe, He IO/KHbI CMOJIb30BaTbCA B KAKOW-NTMO0 COOCTBEHHOM
paboTe rmaBHOro pefakTopa 1 YIeHOB peacoBeTa 1 pepkonnerny 6e3 NMcbMeHHOro paspelueHns aBTopa. KoHdu-
LeHLUManbHas MHGopMaLMA NN NIewn, NOJyYeHHblE NPU PELLEH3UPOBAHUN, LOMKHbI XPAHUTLCA B CEKPETE U HE 1C-
NnoJib30BaTbCA ANA NONYYEHUA IMYHOW BbIFOAbI.

5.naBHOMY pefiaKkTopy CrnefyeT OTKa3aTbCA OT CBOEro y4yacTus B PeLeH3MpoBaHNM B Clyyvae, eCiiv NpucyTCTByeT
KOHQNUKT MHTEPEeCOoB, MPOUCTEKAOLMIA U3 KOHKYPEHLNW, COTPYAHUYECTBA I APYTMX OTHOLIEHUN C KeM-In6o 13
aBTOPOB, KOMMAHWI U YUYPEXKAEHN, UMEIOLLMX OTHOLLEHME K CTaTbe.

6. maBHOMY pefaKkTopy ciiegyeT TpeboBaTb OT BCEX aBTOPOB XypHasia NpefoCTaBNATb CBEAEHMA O COOTBETCTBYH0-
LMX KOHKYPUPYIOLWMX MHTEPECcax 1 Ny6MKoBaTb UCMPABIEHMS, €CNIN KOHONIMKT MHTepecoB Obin pa3obnayeH nocsne
nybnukayun. B cnyyae HeOGXOAMMOCTU, MOXET BbIMNOHATLCA APYroe NOAXOAsLLee CJlyyato JeCTBME, TaKoe Kak nyo-
NMIKaLUsi ONPOBEPXKEHMWA UV BbIPaXKeHMA 03a00YEHHOCTU.

7. [naBHOMY peflakTopy crieflyeT NprHMMaTb Pa3yMHO ObICTpble Mepbl NPU MOCTYMIEHNM »Kanob 3TUYECKOro Xa-
paKkTepa B OTHOLUEHWUW NpeAcTaBieHHOW PYKOMMUCU Ui OMy6SIIKOBAHHOWM CTaTbU, UMEA KOHTaKT C pefaKumen, us-
JaTtenem.
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O6paboTKa Kanob 1 anennaumin

B cnyuae noctynneHus xanob 1 annensynii Ha3HavaeTcs KOMUCCKSA, B COCTaB KOTOPOI MOTYT BXOAUTD: U3faTenb,
rMaBHbI PeAAKTOP, 3aMeCTUTE b [MTABHOrO PefakTopa, YieHbl pefaKLUNOHHON KOMMeruun, aBtTopbl U CneuuanmncTbl,
KOMIMETEHTHbIE B PacCMATPMBaeMbiX Bonpocax. [IpoBoanTca paccnefoBaHue, pesynbTaTbl KOTOPOro AOBOASATCS BCEM
3aMHTEPEeCcoBaHHbIM Nnuam. MNpy HeobXo[MMOCTM 1 B COOTBETCTBUM C 3aKOHOAATE/IbCTBOM MaTepuasbl NepeaatoTcs
B COOTBETCTBYIOLLME FOCYAAPCTBEHHbIE OPraHbl.

MonuTnkKa pacKpbITUA N KOHGNUKTbI MHTEPECOB/KOHKYPUPYIOLNX UHTEPECOB

HeonybnukoBaHHble faHHble, MONyYeHHbIe 13 NPEACTABEHHbIX K PACCMOTPEHUIO PYKOMUCEN, HeJlb3s UCMOJb30-
BaTb B JINYHbIX NCCIeOBaHNAX 63 NMMCbMEHHOro cornacus ABTopa.

NHpopmaLmsa nnm ngeun, nonyyeHHble B X0fe PeLeH3MpPOBaHA 1 CBsA3aHHbIE C BO3MOXHbIMY NMPeuMyLLecTBamMu,
LOJIXKHbI COXPaHATbCA KOHPUAEHLMANbHBIMY 1 HE NCMOMb30BaTbCA C Liefibio MOSyYeHWA TMYHON BbIFOAbI.

PepakTopbl 11 peLieH3eHTbl He [OMIXKHbI yYaCTBOBAaTb B PACCMOTPEHUN PYKOMMUCEN B CllyYae Hanmumsa KOHPIMKTOB
WHTEPECOB BC/IeACTBUE KOHKYPEHTHbIX, COBMECTHbIX 1 APYIMX B3aUMOAENCTBU U OTHOLLEHUI C NI06bIM U3 aBTOPOB,
KOMMAHVAMY WA APYTIMU OPraHM3aunaMim, CBA3aHHbIMI C MpeacTaBiieHHoW paboTo.

MonuTukn >KypHana B OTHOLWEHUN 06MeHa AaHHbIMUY 1 BOCNPOU3BOANMOCTY

CraTtby 13 KypHana (MeTafaHHble CTaTel) pa3mMeLLaloTcA B OTKPbITOM JOCTYME Ha CanTe XypHana 1 Ha carTax pas-
JINYHBIX CUCTEM LMTMPOBaHMA (6a3 AaHHbIX). ABTOPbI MYOMKYeMbIX B XXYpHane MaTepuanoB JOMYCKalT NCMNOJb30-
BaHMeE KOHTEHTa B COOTBETCTBMM € nuueH3sunein Creative Commons CC-BY «Attribution» («ATprbyunsay). 31a nuueHsna
MO3BOMIAET APYIM PACMPOCTPAHATD, PefaKkTMPOBaTh, MONPaB/sATb U 6PaTb 33 OCHOBY MNPOU3BEAEHUE ABTOPOB, AaXe
KOMMEpPUYECKH, 1O TeX NOp, MOKa OHM yKa3blBalOT Balle aBTOPCTBO. JInLeH3na pekomeHAoBaHa A5 MakCUMaibHOro
pacnpoCTpaHeHMA 1 UCNOJSIb30BaHKWA INLEH3MPOBAHHbIX MAaTePUaoB.

MonuTrKa )ypHana B OTHOLEHW OOMeHa JaHHbIMM 1 BOCMPOV3BOAMMOCTY B KOHEYHOM UTOre CNoCcoOCTBYET Gonee
«OTKPbITON» HayKe, @ OTKPbITOCTb HAYYHOU MHGOPMALIMM €CTb FAPaHT MCCIIeA0BaHMIN U MHHOBALMIA BbICOKOTO KauecTBa.

3TuYecKuii Haa3op 3a ony6IMKoBaHHbIMU MaTepuanamm

W3paTtenb v rnaBHbIf pefakTop AOMKHbI paboTaTh Haf 3aLMTON penyTauum ony6/IMKOBAaHHbIX MaTEPUANOB MyTeM
N3YYeHUsi N OLIeHKU 3asABJIEHHBIX MU NPeAnosiaraemMblX HapyLeHUi (MccnefoBaHnie, Ny6nvKaumi, peueHsni n pe-
LAaKTOPCKOW AeATeNIbHOCTN) COBMECTHO C HayUYHbIM COOOLLECTBOM.

370 BK/IOYAET B Ce0s B3aNMOAENCTBYIE C aBTOPOM PYKOMUCH U TLLATENIbHOE PaCCMOTPEHVE COOTBETCTBYHOLLEN
»asnobbl NN BbICKa3aHHbIX NPETEH3U. 1A BbIABNEHWA TaKNX HAapYLUEHWU, KaK Miaruat, pejakTop JOJIXKEH NoJib30-
BaTbCA COOTBETCTBYOLUMMY JIMLEH3VIOHHBIMY CCTEMAMU.

[naBHbIV pefakTop, NONyUMBLINIA YOeauTenbHOe CBUAETENbCTBO HaPYLUEHUs, AOMKEH COOOLWMTb 06 STOM 13ga-
Teso, YieHaM peKoIerny, OpraHn3ys HeMelIeHHOe YBeJOMJIEH e aBTOPa O HEOHXOANMOCTY BHECEHUS MOMNPaBOK
WY OT3bIBa Ny6AMKaLuUy, B 3aBUCMMOCTU OT CUTYaLN.

3avmcTBOBaHMA U Naarvar

Pepakuus ypHana «<HaHOTeXHOIOUY B CTPOUTENBbCTBE» MPY PACCMOTPEHUN CTaTbU MOXKET MPOU3BECTY NPOBEP-
Ky MaTepuasa C MoOMOLLbIO CUCTeMbl AHTUNIArMaT. B ciyyae obHapy»KeHrA MHOTOUMCIIEHHbIX 3aMCTBOBaHUN pefakK-
umA gencTeyeT B cootBeTCcTBMY C Npasunammu COPE.

UHTennekryanbHana co6CTBEHHOCTb
PepnakTopbl fOMKHbI BHUMATENIbHO OTHOCUTBCA K BOMPOCAM, KacalLWMUMCA VHTENEeKTyanbHON COOCTBEHHOCTH,
1 B3aUMOZEeNCTBOBATb C U3JaTenemM npu yperyampoBaHnmM CilyyaeB BO3MOXHbIX HapPYLUEHWUI 3aKOHOB 1 COrnaLleHni
06 OXpaHe MHTENNIEKTYaNbHON COOCTBEHHOCTH.
PepakTopbl, KpOMe NPYMEHEHNA UHCTPYMEHTOB OOHAPYXeHUA niarnarta, MoryT TakxKe:
- nopAepKuBaTb aBTOPOB, Ube AaBTOPCKOE MPaBO OblI0 HAPYLLIEHO, UK TeX, KTO CTasl XepTBOW Narnara;
— ObITb FOTOBbIMY K COBMECTHOW paboTe ¢ n3gatenem no 3alute aBTOPCKMX NPaB 1 K NpeciiefoBaHNI0 HapyLInTe-
nen (Hanprmep, NyTéM NoJauu 3anpocoB A/s 0T3biBa CTaTel UKW yAaNneHnsa MaTepuranos ¢ Beb-canToB).

O6cyxaeHne paboT, ony6nnKoBaHHbIX B XKypHane. icnpaBneHusa nocne ny6nukauui

PepakTopbl BOMXKHbI ObITb OTKPLITEIMU A5 UCCIEA0BAHUIA, KOTOPbIE OCMAPUBAIOT Npefblaylyne paboTbl, onybnu-
KOBaHHbIe B XXypHase; NooLWpATb U C TOTOBHOCTbIO pacCMaTpuBaTb 0OOCHOBaHHY KPUTKKY PaboT, ny6anKyemMblx
B X XKypHare.
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ABTOpr KPUTNKYEMbIX MaTepmnanoB OONXKHbl MMETb BO3MOXHOCTb OTBETUTb Ha KPUTUKY. Pa6OTbI, coo6u4arou.u/|e
TONbKO 06 OoTpuMUaTeSIbHbIX pe3yfibTaTax, TakXKe MOoryT I'Iy6J'II/IKOBaTbCF|.

MonuTtuka pasmMmeLyeHNA NPenpPUHTOB N NOCTNPUHTOB

B npouecce nogaur ctaTby aBTOPY HEOOXOAMMO MOATBEPAMUTD, UTO CTaTbsA He Oblfia ONy6/IMIKOBAHA MK He Oblia
npuHATa K NybnmKaLmm B 4pyrom HayuHoM >KypHane. [pu ccbinike Ha onybnnmKoBaHHYIO B XypHarne «HaHoTexHonoruu
B CTPOVTENbCTBE» CTATbIO U3[ATENbCTBO MPOCUT pa3mellatb ccbifiky (MonHbii URL maTepurana) Ha odurLmanbHblii caiT
XypHana.

K paccmoTpeHnio fonyCcKalTCs CTaTby, Pa3MELLEHHbIE paHee aBTOPaMM Ha JINYHbBIX UK NYGAMYHBIX CalTax, He
OTHOCALLMXCA K APYTMM U3LaTe/IbCTBaM.

O npoueaypax B ciyyae 310ynotpebneHuin (HapyweHuia)

M3paTenb, rnaBHbIN peAakTop, Kaxabli COTPYAHNK pedakumy, YneH pefakunoHHON KOnernm, aBtop, peLeH3eHT
1 ynTaTenb 06A3aHbl cObNAATL STUKY HayYHbIX NyONMKaLMi B )KypHane JeNCTBYIOLMX 3aKOHOB, MPaBW UAN NOO-
MEHUN 1N 06A3yt0TCA COObLLaTb O NOOBIX N3BECTHBIX CTYYAAX Y>Ke COBEPLUEHHOrO UM NOTEHLMaNbHOMO 3/10ynoTpeod-
neHna (HapyLeHusa).

Pepakuwei xXypHana HesaMeaMTeNbHO NPOBOANTCA pacciefjloBaHMe Mo BCemM COOOLLEHNAM O 3510ynoTpebneHnax
(HapyweHuAx) n, ecnn nHGopmaL A NOATBEPKAAETCA, MPUHUMAIOTCA MepPbI MO YCTPAHEHMIO 310ynoTpebneHnii (Ha-
pyweHui). Ecnv 31o TpebyeTca B COOTBETCTBMU C 3aKOHOAATENbCTBOM, MaTepuanbl NepeaaloTca B COOTBETCTBYOLNE
rocyfapCTBeHHbIe OpraHbl.

Ha Bce npeTeH3Mmn aBTOPOB pefakLma NpefoCcTaBiAeT pa3BepHyTbie 1 060CHOBaHHble OTBETbI, Mpuaras Bce ycu-
NnA anA paspeLueHna KOHGINKTHBIX CUTyaLmniA.
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. thereis implicit or explicit consent of the organization in which the study was conducted.

Information about the conflict of interest
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write that «the author declares no conflict of interest.»

When submitting a manuscript to the journal, authors should ensure that the content of the paper corre-
sponds the topic of the journal; the structure and the format of the paper meet the editorial requirements; all citations
are properly formatted and the source of tables and figures are shown (unless otherwise indicated, it is assumed that
the tables and figures created by the author).

Basic the sections of the journal:
- construction material science;
+ the study of the properties of nanomaterials;
- theresults of the specialists’and scientists’ researches;
« manufacturing technology for building materials and products;
- international scientific and technical cooperation;
« overview of inventions in the field of nanotechnology;
- development of new materials;
- rational use of natural sources;
- efficient use of recycled resources;
« the application of nanotechnology and nanomaterials in construction;
« system solutions for technological problems;
- inrelated sectors;
- forums, exhibitions, conferences and events in the area of construction and nanoindustry.

These are the topics of the papers published in the journal: creation of new functional materials; nanostruc-
tured systems strength and penetrability formation theory development; the problems of nanomaterials and nano-
technologies implementation in construction and building materials; cement and other binders with mineral and
organic additives; diagnostics of building systems nanostructures and nanomaterials; modification of building mate-
rials with nanofibers; disperse composite materials with nanocoating; formation of nanostructure coatings by means
of laser sputtering; technologies aimed at studying nanomaterial properties; the systems of teaching the fundamen-
tals of nanotechnologies; technological principles of nanostructures creation (liquid melts, sol and gel synthesis).
The topics may be different, directly or indirectly related to the areas mentioned above.

The journal can also publish: original article, review article, editorial, discussion paper, individual bibliography, edi-
torial notes, book reviews, article reviews, etc.
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- MeTopgbl 1 maTepuanbl

+ Pesynbrartbi

+ O6¢cyKpaeHue

- 3aKknoueHune (BbiBoAbl)

CnnCcoK NCTOYHUNKOB (Ha A3blKe OpPUTHana CTaTbl — PYCCKOM W aHTIIMNCKOM)

Undopmauus 06 aBTope (-ax) (Ha pycckom A3bike)

- GaMmnnA NMs 0TYECTBO aBTopa (MOMHOCTbIO);

— y4yeHoe 3BaHue;

— yUeHasi CTerneHb;

— HaMMeHOBaHUe opraHn3auun (yupexxkaeHus), ee nogpasaeneHns, rae pabotaeT unm yuntca aBtop (6e3 o603Ha-
YyeHUs opraHn3aLoHHO-NpPaBoBol Gpopmbl topuagnueckoro nuua: GroyYH, ®re0y BO, MAO, AO u T. n.);

— agpec opraHusauuu (yupexzaeHus), ee nogpasgeneHus, rage paboTaeT Uy yumnTcs aBTop (ropog v cTpaHa);

— 3MIeKTPOHHbIN agpec aBTopa (e-mail); — oTKpbITbI naeHTUdKKaTop yueHoro (Open Researcher and Contributor
ID — ORCID) (npwn Hannunn).

OneKTPOHHbIN afpec aBTopa NpuBoAAT 6e3 cyioBa “e-mail’, nocne anekTpoHHOro agpeca Touky He ctaBAt. ORCID
npuBoaAT B popme 3NeKTPOHHOTO aapeca B cetu «/HTepHeT». B koHue ORCID Touky He cTaBaT. HaumeHoBaHue opra-
HU3auum (yupexxgeHus), ee agpec, anekTpoHHbIn agpec n ORCID aBTopa oTaenaAT apyr OT gpyra 3anAaTbIMu.

Pefakuua n3gaHmna MoOXeT pacluMpuTb JOMONIHUTENbHbIE CBefleHNs 00 aBTOPe: yKa3aTb ero JOJIKHOCTb, MOYETHble
3BaHWsA, YNIEHCTBO B OPraHmM3aLmsx v T. .

lMpumep.

MucapeHko XaHHa BUKTOpPOBHa — [-p 3KOH. HayK, AOLEHT Kadenpbl ynpaBneHus prckaMm U CTPAaxoBaHMWs
3KOHOMUMYecKoro dakynbreTa CaHKT-IeTepbyprckoro rocynapCcTBeHHOrO yHMBepcnTeTa, r. CaHKT-TeTepbypr,
Poccus, z.pisarenko@spbu.ru, https://orcid.org/0000-0002-9082-2897

Bknag aBTOpPOB (Ha pyCcCKOM A3bIKe):

— pamunus HUUKManbl aBTopa;

— B KpaTKoW GpopmMe OnmCbIBAETCA NIMYHbIN BKNAaZ aBTOPa B HanucaHume cTatbu (nged, cbop matepmana, obpaboTka
MaTepwuana, HarnMcaHue CTaTbl, HAy4YHOE pefaKTMPOBaHVEe TEKCTA, BCe aBTOPbI CAeNanu SKBMBANIEHTHbI BKNag (paB-
HbI1 BKNag) B MOATOTOBKY Nybnukauum u T. g.).

lMpumep.

Mopo3soBa M.C. - HayYHOe PYKOBOACTBO; KOHLIENUUA NCCNef0BaHNSA; pa3BUTE METOLONOMMY; yYacTue B pas-
paboTKe yuebHbIX MPOrpamm 1 UX peanu3aunm; HanvcaHue NCXOLHOro TEKCTA; UTOrOBbIE BbIBOADI.

BbokoBa E.B. - yuacTue B pa3paboTke yueOHbIX MPOrpamMm 1 Nx peannsauuu; oopaboTka TeKCTa; UTOrOBbIE Bbl-
BOAb.

ABTOpbI 3aABNAIOT 06 OTCYTCTBUM KOHPNNKTa UHTEpPECoB.

CraTtbs nocTtynuna B pegakuuio XX.XX.202X; ogobpeHa nocne peueHsnpoBaHna XX.XX.202X; nprHaATa K nybnrka-
uum XX.XX.202X.
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OdopmneHme TeKcTa pyKkonucm

®opmar
Pepakuua npuHUMaEeT TeKCTbl, COXpaHeHHble B nporpamme Microsoft Word B popmare .rtf.

OdopmneHne

« uncnonb3ynte wWpndT 14 Times New Roman v uHtepsan 1,5 ctpoku;

+ He UCMonb3ynTe NoaYepKrBaHUe BHYTPY TeKCTa (4NA Nof3arofioBKOB MCMOMb3yTe MOMY>KUPHOe HavepTaHue,
LA BbljeNeHnsA B TEKCTe — KYpCuB);

+  VMIHOCTpaHHble Ha3BaHMA (KypHanoB, opraHu3auuin 1 T.4.) cnefyeT OCTaBNATb B OPUTMHANeE, 3aKNoYaTh B KaBblUKU.

A66peBuaTypbli
Bce ab6peBmaTypbl AOMKHbI 6bITb paclundpoBaHbl NPy NePBOM ynoTpebneHnn. Ecnn abbpeBnatyp MHOFO, MOXKHO
cZienatb CrUCOK C PacIMPPOBKOI KaXKA0M U3 HUX Nepe[] TEKCTOM CTaTbMu.

Ta6nuubl U pUCYHKN

Bce Tabnuubl U pUCYHKIM JOMXKHbI OblTb MPOHYMEPOBaHbl 1 Ha3BaHbl, Ha HUX JOMIXKHa OblTb OTCbISIKA B TEKCTE CTa-
TbW. B Tabnuuax He JOMKHO 6bITb NYCTbIX rpad. PUCYHKN BOMKHBI ObITb XOPOLLIEro KauecTBa, MPUroaHble Ans neyatu.
MpriknagblBaloTCA K CTaTbe OTAENbHbIMU paiinamu.

YT06bI NPOBEPUTL KAUECTBO N30OPAXKEHUS, MOXKHO YBENMUMTL ero. XopoLluee n306pakeHne He pa3MblBaeTcsA npu
YBE/IMUEHUN.

CHOCKIn
Mpn HeobXOAUMOCTI NCMONb3YIOTCA CHOCKM CO CKBO3HOW Hymepauuen (apabckre Lmdpbl) No Bcemy JOKYMEHTY.
B cHockax MoryT 6bITb LUTaThl 13 PaboT, KOTOPble YNOMUHAKOTCA B TEKCTE, JONONHUTENbHaA nHbopMauma.

OdopmneHne UUTaT 1 CNNCKa NUTEPaTypbl
B >KypHane npuHAT BaHKYBEPCKMiA CTUMb LUTMPOBaHNWSA (OTCbINIKa B TEKCTE B KBaAPATHBIX CKOOKaX, MonHoe 61bnu-
orpaduyeckoe onmcaHne UCTOUHKKA B CMICKE IMTepaTypbl B MOPALKE YNOMUHAHNWSA B TEKCTE CTaTby).

CnMCOK NCTOYHUNKOB

B cnncok nuTepatypbl BKMOUYAKTCA MCTOYHUKM, UCMONb3yemble B TeKCTe cTaTbh. CCbINIKU Ha NPUHATbIE K My6-
NMKaLmMK, HO elle He onybiMKOBaHHbIe CTaTby, JO/KHbI ObITb MOMEUYEHbI C/IOBaMU «B MevaTh»; aBTOPbl AOMKHbI
NonyynTb MMCbMEHHOE pa3peLleHne AA CCbINIKA Ha Take [OKYMEHTbI 1 MOATBEPXKAEHME TOr0, UTO OHU NMPUHATDI
K nevatn. MHdopmaums n3 Heony6IMKOBAHHbIX UCTOYHUKOB LOJIKHA ObITb OTMEUEHA C/I0BaMU «HeOMNybnMKoBaH-
Hble JaHHble/LOKYMEHTbI», aBTOPbI TaKKe JAO/MKHbI NMONYYUTb MMCbMEHHOE NOATBEPXKAEHME Ha NCMOMNb30BaHMe Ta-
KX MaTepranos..

OdopmrieHne CCbifIOK Ha UCTOYHUKK, Brbnmorpaduyecknx ccbiiok ocyllectsiseTca B cootsetcteum ¢ FTOCT P
7.0.7-2021.

ABTOpCKMe npaBa

ABTOpbI, NyGNVKYIOLLMECS B KypHAse, COrMaLlalTCA CO Cleayowmm:

1. ABTOpPbI COXPaHSIOT 33 COBOI aBTOPCKME NPaBa Ha PaboTy 1 MPefOCTaBAAIOT XKypPHany NpaBo nepBon nybnvka-
umnm paboTbl.

2. ABTOpPbI COXPaHSAIOT NPABO 3aK/oUaTb OTAE/bHbIE KOHTPAKTHbIE 4OrOBOPEHHOCTM, KacatoLWMeCcs HEIKCKI031B-
HOro pacnpocTpaHeHusa Bepcur paboTbl B OnybnnKOBaHHOM 34eCb BUAe (HanpuMep, pasmelleHre ee B UHCTUTYT-
CKOM XpaHunuuie, ny6amKaLmio B KHUATE), CO CCbISIKONM Ha ee OpUTrMHanbHyo Ny6nmKaLmio B 3TOM XXypHare.

3. ABTOpPbI MMEIOT MPaBOo pa3meLlaTb Ux paboty B ceTv IHTepHeT (Hanpumep, B UHCTUTYTCKOM XPaHWNLLE U HA
nepcoHaibHOM caliTe) 1O 1 BO BpPeMs NpoLiecca pacCMOTPEHNUA ee AaHHbIM KYPHANOM, TakK KaK 3TO MOXeT MPUBECTM
K NPOAYKTMBHOMY O6CYXXAEHMIO N 6OMbLIEMY KONMYECTBY CCbISIOK Ha AaHHY0 paboTy.

MpuBaTHOCTb
MimeHa n agpeca 3ﬂeKTpOHHOI7I NMoYTbl, BBejeHHble Ha caunTe 3Toro XKypHana, 6yp,yT MCNob30BaHbl NCKOUYNTENb-

HO A Lernel, 0603HaUEHHbIX STVM >KYPHasioM, 1 He ByZlyT UCMOMb30BaHbI sl KAKUX-MOO0 Apyrux Lenen nimn npego-
CTaBJIEHbI APYTVIM JINLIAM Y OPraHM3aL1saM.
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