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Abstract. Based on the analysis and comparison of atomic physical and engineering models of solid matter, the
existing classification of volumetric forces used in the resistance of materials and the theory of elasticity is expanded
(magnetic, electromagnetic, inertial, gravitational). This fundamentally new addition is justified by replacing the force
of interatomic interaction with a statistically averaged analogous equivalent in the form of a quasi-elastic volumetric
load acting between infinitesimal material particles of a solid body which are displaced during its deformation. For
continuous homogeneous isotropic materials obeying Hooke's law, using the fundamental law of conservation of
mechanical energy, a general theory has been developed for determining the quasi-elastic body force function, the
three projections of which Xy, Y, Z,  on the coordinate axes x, y, z linearly depend on the corresponding
displacements u, v, w in x, y, z direction. The proposed calculation method is illustrated by the simplest example from
the classical course of resistance of materials to uniaxial tension by external static forces P of a linearly elastic
weightless beam of constant cross-section. In the course of a mathematically accurate solution to this innovative
problem: 1) it was proven that the new quasi-elastic mass force depends on the location (coordinates) of an arbitrary
point of the body, the external load acting on the structure, its volume and Poisson’s ratio p, and at u = 0,5 this
volumetric load becomes zero; 2) the relevance and great importance of taking into account the quasi-elastic
volumetric force in the equilibrium equations in the process of mathematical modeling of the stress-strain state and
design of load-bearing structures has been confirmed.

This approach opens up new opportunities for a more accurate assessment of the strength, rigidity, and stability of
machine-building structural elements, including machine parts and mechanisms, automotive structural components,
as well as aerospace and railway structures

Keywords: force, stress, deformation, displacemen, homogeneity, isotropy, quasi-elasticity, surface and volume
loads.

Anoamna. Kammoer 3ammapoviy amomobl QUIUKATLIK JHCOHE UHIICEHEPNIK MOOenbO0epin manoday JiCoHe
canvicmolpy HeciziHde Mamepuanoapovly KeoepeiciHoe KONOAHbLIAMbIH KOAeMOIK Kyumepoiy KolOAHbICIMAgbl
KAACCUDUKAYUACHL JiCoHe CePRIMOINIK Meopusicbl KeHeUmindi. MacHUmmix, 31eKmpoMAcHUMMIK, UHEPYUATLIK,
epasumayuanulk. byn mybezeiini dcaya Kocy amomapanviy apexemmecy Kyuiin OHblY O0e@opmMayuscsl KesiHoe
bIZLICAMbIH KAMmMbl OeHeHil WEKCI3 a3 Mamepuaniobls 6enuiekmepi apacblnoa apexem ememin K8a3ucepnimoi
KOAeMOIK dHcyKmeme mypinoezi CamucmuKanblk, Opmamianlanean anaioemulk SK6UsAIeHMnen aimMacmolpy apKblibl
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nezizoenedi. I'vk 3anvina 6azeinamoin Y30iKCi3 Oipmekmi U30mponmuvl Mamepuanoap yulin MexaHukaiblk SHepeUsHblY
caKkmany 3ayblH KOIOAHA OMbIPLIN, OCHEHIH KEa3ucepnimoi Kyuii (DYHKYUACHIH AHLIKMAYOblH JHCATNbL MeOpUuscyl
orcacanovl, oaapovly yw npoexkyuacel Xy, Yy, Zp KoOpOuHamanvlk ocomep OOUbIHWA X, Y, Z CIlKeC OpPbIH
ayblcmulpynapaa Cul3blKmulK, mayenoi u, v, w o6azeimma X, y, z. YCbIHbLIEaH ecenmey 20iCi mMYpakmvl KOJIOeHeH
KUMAOAzbl CbI3bIKMbL CEPNIMOL CATMAKCHI3 apKaIbikmully P colpmkbl cmamukansiy Kyuimepimen 6ip ocemi Kepinyze
Mamepuandapovly Keoep2iCiHiy KIACCUKANbIK KVPCbIHAH Kapanaiivlm muicaimen cypemmenzet. Ocol UHHOBAYUSIILIK
ecenmiy MamemMamuKkansly HAKmel wewlimi 6apuvicvinoa: 1) swcana xeasucepnimoi maccanvlk Kyui OeHeHiH epKiH
HYKmMecCiHil OpHALACYbIHA (KOOPOUHAMACLIHA), KYPbLILIMEA dCep eMemiH ColpMKbL HCYKMeMe2e, OHbIH KOJIeMIHe JHCIHe
Ilyaccon xamwvinacvina mayendi exendici 0anendendi W, dcane xawian U = 0,5 6yn KenemoiK dHcykmeme HeJee
atinanaovl, 2) kepreyni-0epopmMayusnbli Kyuoi MamemMamuKaivlk MOOeIb0ey HCaHe HCYK Komepeiu KYpuLiblMoapobl
Jrcobanay npoyecinoe mene-meHoiK menoeyiepinoe Keazucepnimoi KoaieMoiK Kyumi ecenke anyovly 63eKminiei MeH
YAKEH MAKRbI30bLIbIZbL PACTATIObL.

Byn moacin mawunanap meH mexanuzmoepoiy Oonikmepin, asmomoOunbOepoiy KYpuliblMObIK 1eMeHmMmepiH,
COHOQUI-aK YWAKmMap MeH MmeMip JHCON JHCabObIKMAPbIHbIY KYPbUILIMOAPbIH KOCA ANEaHOd, MAWUHA JHcacay
KYPbLILIMOAPbIHbIY I1eMEHMMEPIHiY Oepikmiii, KammblibleblH HCIHE OPHLIKMbLIbIZbIH HeRYPIILIM 0911 6a2a1ay Y
JHCaHa MyMKIHOIKMep auiaobl.

Tyitin co30ep: kyui, keprey, deghopmayus, Ko3eany, GIpKeaKiici, U30Mponusi, Keasu Cepnimoilix, bemmik dcane
KOIeMOIK dcykmemenep.

Annomayus. bazupysce Ha ananuze u CPAGHEHUU AMOMAPHOU QUUUECKOU U UHIHCEHEPHO-MEXHUYECKOU MoOeell
meepo020 sewecmea, pacuupena cywmecmseyouas KiaccugQurayus o0bemMHbIX CUl, UCNONb3YeMAs 8 CONPOMUETIEeHUU
Mamepuanog u meopuu Ynpy2ocmu. MASHUMHBIX, SJEKMPOMASHUMHbIX, UHEPYUOHHBIX, 2PABUMAYUOHHBIX. MO
NPUHYUNUATLHO HOB0E OONONIHEHUE 0DOCHOBAHO 3AMEHOU CUNLbL MENCATNOMHOZ0 83AUMOOCUCIBU CIMAMUCTNUYECKUM
OCPEOHEHHbIM AHANOSUYHBIM IKBUBAIEHMOM 8 GUoe K8Aa3uynpy2oti o00vbeMHOU HaspysKu, Oelucmsyioujell mexcoy
6ECKOHEUHO MANbIMU MAMEPUATLHBIMU YACMUYAMU MEEPA020 Mend, KOMopble CMeWaiomes npu e2o dedopmayu.
s cniowHblX  OOHOPOOHBIX USOMPONHBIX MAMEPUAN0s, NOOYUHAIOWuUXC 3akony Iyka, ¢ npumeneHuem
PYHOAMEHMANLHO20 3aKOHA COXPAHEHUA MEXAHUYECKOU SHep2UuY paspabomana ooujas meopus onpeoeienus GYHKyuu
K8a3uynpyeou 06vemHou cuivl, mpu npoexyuu komopou Xy, Yy, Z Ha KoOpOuHamHwle OCU X, Y, Z JUHEUHO 3a8UCA
Om COOMEEMCMEYIOWUX nepemewjeHull u, v, w 8 Hanpaseienuu X, y, z. Ilpeonodcennas memoouxa pacuema
NPOUNTIOCIMPUPOBAHA NPOCMENMUM NPUMEPOM U3 KIACCUHECKO20 KYPCA CONPOMUGIEHUS MAEPUATIO8 HA OOHOOCHOE
pacmsdicenue BHeWHUMY CIamuyeckumu cunamu P iunetino ynpy2o2o negecomozo 6pyca NoCMosHHO20 NONEPeuHO20
ceyenus. B xo0e mamemamuyecku mouyHo2o peuleHus 3moti UHHOBAYUOHHOU 3a0ayu: 1) 0oKa3ano, umo Ho8as Kea3u-
YRpYeas MAcco8as Cuid 3A6UCUN OM MeCmd PACHONONHCEHUs (KOOPOUHAM) NPOU3BONbHOU MOYKU mend, GHeuHell
Haepysku, Oeticmeyioujell Ha KOHCMpykyuio, eé obvema u kosp@uyuenma Ilyaccona |, a npu pu = 0,5 dannas
00veMHasA HA2PY3KA CMAHOBUMCA PABHOUL HYIO, 2) NOOMEEPHCOeHa aKMyanrbHOCMb U DObUIAL SHAYUMOCIIb YYemd 8
VDABHEHUAX PABHOBECUS KBASUYNPY20U 00BEMHOU CULbL 8 NPOYECce MAMEMAMUYECKO20 MOOETUPOBAHUS HANPAIHCEHHO -
0epOopMUPOBAHHO20 COCMOAHUSA U NPOEKMUPOBAHUSL HECYUWUX KOHCMPYKYULL.

Hannviii no0xo0 omkpwisaem Hogble BO3MONCHOCMU Ol O0Jee MOUHOU OYEHKU NPOYHOCMU, HCECMKOCMU U
YCMOUYUBOCMU  DEMEHMO8 MAUWUHOCMPOUMENbHLIX KOHCMPYKYULl, 6KII04As O0emany MAwuH U MeXanusmos,
KOHCMPYKMUBHbLE d1eMeHMbl A6MOMOoOUNell, a MAKICce KOHCMPYKYUY ABUAYUOHHOT U JHCENe3HOOOPONHCHOU MEXHUKU.

Knioueevie cnosa: cuna, nanpscenue, Oedopmayus, nepemeujerue, 0OHOPOOHOCMb, US0OMPONHOCD,
K8A3UYNPY20CHib, NOBEPXHOCHAS U OObEMHAS HASPY3KU.

Solid matter, in accordance with the idealized fundamental physical model, consists of
interconnected and regularly located cubic cells, in the corners of which there are atoms at equal
distances until the body deforms [Pavlov, Hohlov, et al., 2000; Gurevich, et al., 2004; Ashcroft,
Cornell, et al., 2003; Patterson, et al., 2019; Hasbun, Datta, et al., 2019; Oma, et al., 1993]. In the
elastic region, each atom is slightly displaced by a small amount in the direction opposite to the
action of the restoring (quasi-elastic) point load (Figure 1)

F.=-k-x (1)

with a proportionality coefficient, which is called the quasi-elastic force coefficient [Pavlov,
Hohlov, et al., 2000; Gurevich, et al., 2004; Ashcroft, Cornell, et al., 2003; Patterson, et al., 2019;
Hasbun, Datta, et al., 2019; Oma, et al., 1993; Y Avorskij, Detlaf, et al., 1981; Y Avorskij, Detlaf,
etal., 1979].
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Figure 1. Interpretation on a plane of the ideal atomic structure of a solid from a physical point of view
without taking into account imperfections (vacancies, interstitials, cracks, etc.): 1 — undeformed solid
(material); 2 — atoms; 3 — diagram of the displacement of atoms during deformation of the body and the
occurrence of restorative (quasi-elastic) f, = —k-x

Note — compiled by the authors

In engineering and technical modeling of the stress-strain state of a real load-bearing structure
and its parts, used in applied mechanics of a deformable solid medium [Filin, et al., 1975;
Timoshenko, Gere, et al., 1976], including the strength of materials [Ickovich, et al., 2001;
Feodos'ev, et al., 2001; Vardanyan, Andreev, Atarov, Gorshkov et al., 1995] and the theory of
elasticity [Struzhanov, Burnasheva, et al., 2019; Han, et al., 1988; Kac, et al., 2002; Skripnyak,
ZHukova, Skripnyak, et al., 2005; Timoshenko, et al., 1975; Lur'e, et al., 1970; Sapunov, et al.,
2011; Gorshkov, Starovojtov, Tarlakovskij, et al., 2002; Sapunov, et al., 2008; Dudyak,
Sahnovich, et al., 2010], a homogeneous continuous isotropic solid substance (material) is
represented in a rectangular frame of reference by an infinite number of material points having an
elementary volume

dV =dx-dy-dz. 2)
Each point B(x, v, Z) in the case of deformation of the body moves by a certain amount
BB, = BB,(x,y,z) 3)

with corresponding projections

u =u(x,y,z), Uzu(x,y,z), w:w(x,y,z) 4
to coordinate axes (x, y,Z) [Filin, et al., 1975; Ickovich, et al., 2001; Feodos'ev, et al., 2001;
Vardanyan, Andreev, Atarov, Gorshkov et al., 1995; Struzhanov, Burnasheva, et al., 2019; Han,
et al., 1988; Kac, et al., 2002; Skripnyak, ZHukova, Skripnyak, et al., 2005; Timoshenko, et al.,
1975; Lur'e, et al., 1970; Sapunov, et al., 2011; Gorshkov, Starovojtov, Tarlakovskij, et al., 2002;

Sapunov, et al., 2008; Dudyak, Sahnovich, et al., 2010] (Figure 2). Kinematic parameters
u,v,w > 0 if their directions coincide with x, y,z > 0, as in Figure 2.



Ne 2,2025 «OKTY XABAPIHIBICBI»

X

3 dV=dydydz
/U, \ y! [ x| =
= : < aylly
’ = el

Figure 2. Scheme of elastic displacement of a material point B(x, y, z) by the amount BB, : 1 —rigid body
fixed to deformation; 2 — elastically deformed state of the body; 3 — elementary parallelepiped in the vicinity

of any arbitrary point of the elastic medium
Note — compiled by the authors

Comparing the atomic model of a solid (Figure 1) with the engineering model (Figure 2), one
can note their obvious physical and mechanical analogy. In the first case (Figure 1), due to elastic
deformation of the body, atoms are displaced under the influence of external ones, and in the
second (Figure 2) material points move. On this basis, it is permissible, according to (1), to
introduce into the equations of equilibrium (statics) and motion (dynamics) of an elastically
deformable solid body, as projections on the axis X, y,z > 0, additional volumetric quasi-elastic

or restoring loads

szXK( )=—k-u,Yk=YK( :—k'U,Zk:ZK( )=_k'W, (5)

x,9.2 x,0.2) Xz

in addition to the already known components X, Y, Z [Filin, et al., Timoshenko, Gere, et al., 1976;
Ickovich, et al., 2001; Feodos'ev, et al., 2001; Vardanyan, Andreev, Atarov, Gorshkov et al.,

1995]. Naturally, the coefficient in linear relations (5) must have the dimension P-L*(P —
force, L — length).

We also argue for the implementation of the addition procedure (5) by the impossibility of
determining the force (1) of interaction between each pair of atoms (Figure 1) and, in connection
with this, the need to replace the volumetric quasi-elastic loads (5) arising between infinitesimal
material particles of solid matter with an averaged statistical equivalent (Figure 2).

As for the numerical determination of the parameter in force projections (5) and its mechanical
and mathematical content, then, at least for physically linear, homogeneous, isotropic, solid
materials, this problem in the static formulation, as will be shown below, is easily solved
analytically by energy method.

It is known [Pavlov, Hohlov, et al., 2000; Gurevich, et al., 2004; Ashcroft, Cornell, et al.,
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2003; Patterson, et al., 2019; Hasbun, Datta, et al., 2019; Oma, et al., 1993; Y Avorskij, Detlaf, et
al., 1981; YAuvorskij, Detlaf, et al., 1979; Filin, et al., 1975; Timoshenko, Gere, et al., 1976;
Struzhanov, Burnasheva, et al., 2019; Han, et al., 1988; Kac, et al., 2002; Skripnyak, ZHukova,
Skripnyak, et al., 2005; Timoshenko, et al., 1975; Lur'e, et al., 1970; Sapunov, et al., 2011;
Gorshkov, Starovojtov, Tarlakovskij, et al., 2002; Sapunov, et al., 2008; Dudyak, Sahnovich, et
al., 2010; Voronkov, et al., 1961; Belyaev, et al., 1965; Strelkov, et al., 1975]. that at stresses not
exceeding the elastic limit, the change in the thermal and electromagnetic state is insignificant
and can be neglected. As a result, all the work A4 of external forces, based on the law of
conservation of mechanical energy [Filin, et al., 1975; Feodos'ev, et al., 2001; Voronkov, et al.,
1961; Belyaev, et al., 1965; Strelkov, et al., 1975], accumulates in the body material in the form
of the sum of potential U and kinetic K energies of deformation, that is

U+K=4, (6)
where in the case of a static stress-strain state of the structure
K=0. (7)

When determining A, we take into account [Filin, et al., 1975; Timoshenko, Gere, et al., 1976;
Ickovich, et al., 2001; Feodos'ev, et al., 2001; Vardanyan, Andreev, Atarov, Gorshkov et al., 1995;
Struzhanov, Burnasheva, et al., 2019; Han, et al., 1988; Kac, et al., 2002; Skripnyak, ZHukova,
Skripnyak, et al., 2005; Timoshenko, et al., 1975; Lur'e, et al., 1970; Sapunov, et al., 2011;
Gorshkov, Starovojtov, Tarlakovskij, et al., 2002; Sapunov, et al., 2008; Dudyak, Sahnovich, et

al., 2010; Belyaev, et al., 1965], both volumetric X +X,, Y +Y,, Z+Z, and surface loads Xy ,

Y,, Z,, and express the energy component of equality (6) through the principal normal stresses

G, :Gl(x:yaz)a G, :Gz(xayaz)a G3 =63(x,y,z), G, >0, > 03, (8)

acting along three mutually perpendicular elementary areas in the vicinity of an arbitrary point B
(Figure 2) [Filin, et al., 1975; Ickovich, et al., 2001; Feodos'ev, et al., 2001; Belyaev, et al.,
1965]:

U=U,+U, =1gzﬂj(o] +0,+0,) dV +
' )
1+ u

1
+—3E j(af +0, +0, —0,0, 0,0, - 0,0, )dV = ﬁj [012 +0, +0; - 2;1(0102 +0,0,+0,0, )}J’V;
4 v

where U, U s »— potential energies of change in volume (0) and shape ( /) of the body

(parts, structures)

1-2 2
UO=6—EV(GI+62 +O'3) -dV, (10)
1+
; =3—;I(O'12 +0; + 0, —0,0, — 0,0, —6361)dV; (11)
V

E, p—respectively, the elastic modulus and Poisson's ratio of the material.
Let us approximate the right side of the energy balance (6) by the sum of two components

A=A, +4,, (12)
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under conditions (5), (7) and compliance with Hooke’s law, in which [Filin, et al., 1975;
Timoshenko, Gere, et al., 1976; Struzhanov, Burnasheva, et al., 2019; Han, et al., 1988; Kac, et

al., 2002; Timoshenko, et al., 1975]: A4, — work of external surface X Y Z , and volumetric

}/ b }/ b
X, Y, Z loads, with the exception of (5) and inertial force factors (static problem),
1
A =E{I(X~M+Y-U+Z~w)dV+I(X7 u+Y, 0+ Z, -w)dS}, (13)
vV N

A, <0 —total work from projections (5) on the axis of quasi-elastic mass forces X ., Y, ,Z

1
A, :EU(X-u+Y-U+Z-w)dV+J(Xy Uty v+Z, -w)dS}, (14)
Vv N
V — volume (V) and area (S) of the body (structure).
Taking into account (7), (9)-(12), we present the law of energy constancy (6), when K =0:

-A+A4,=-4,
Uy+U,=-A+A4A,+A+ A4, =—A4, +24,+ 4,, (15)
A+ A4, =24, +4,.
Using a specific example, taking into account (10), (11), (13), (14) (see below) two
combination options U, U ,, 4, 4,,

| Uo = —Ak, (16)
) U, =24, +4, (17)

) Uy=24,+4,, (18)
U, =4, (19)

a rigorous proof has been found that only if conditions (16), (17) are used, the required and
physically and mathematically justified result is obtained when determining the coefficient k£ > 0
quasi-elastic body forces (5).

As a typical simple example from the classical course on strength of materials [ Timoshenko,
Gere, et al., 1976; Ickovich, et al., 2001; Feodos'ev, et al., 2001; Vardanyan, Andreev, Atarov,
Gorshkov et al., 1995; Belyaev, et al., 1965], confirming the need and relevance of taking into
account X, , Y, Z,, let us consider uniaxial tension by external static forces a linearly elastic

weightless beam constant along its length cross section (Figure 3).

The diagrams in Figure 3 show a typical solution for the resistance of materials for stresses
[Filin, et al., 1975; Timoshenko, Gere, et al., 1976; Ickovich, et al., 2001; Feodos'ev, et al., 2001;
Vardanyan, Andreev, Atarov, Gorshkov et al., 1995; Belyaev, et al., 1965]

P . F
o =F=const,:> o,=0,-—=1 (20)

s

69
S

marked with the index “s”, and the «asterisk» icon indicates the corresponding dimensionless

parameter 6. = 1. The formula for absolute linear deformation u_ looks like a simple linear

function

S=u§x)=ﬂ,:>u: uS-E=f,—Istl. 1)
EF ‘ Pl

For a shaded infinite small beam element with volume (Figure 3)

u
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dV =F -dx (22)
condition of static equilibrium in the form of the sum of projections of all forces onto the axis x,
> x=0, (23)
at X =Y=Z=Y, =Z, =0, taking into account (5) and (22), has the form:
—0-F+(G+d0)~F+Xde:—0F+(c+d0)-F—k-u-F—dx:0,:> (24)
d
DO _ku=o0. (25)
dx
Let's imagine the relative linear deformation € in Hooke's law
d
c=E-g=E- (26)
dx

differential geometric Cauchy dependence [Filin, et al., 1975; Timoshenko, Gere, et al., 1976;
Vardanyan, Andreev, Atarov, Gorshkov et al., 1995; Struzhanov, Burnasheva, et al., 2019; Han,
et al., 1988; Kac, et al., 2002; Skripnyak, ZHukova, Skripnyak, et al., 2005; Timoshenko, et al.,
1975; Lur'e, et al., 1970; Sapunov, et al., 2011; Gorshkov, Starovojtov, Tarlakovskij, et al., 2002;
Sapunov, et al., 2008; Dudyak, Sahnovich, et al., 2010]

du
€=—.
dx
Substituting (26) into (25), we will have a homogeneous linear differential equation of the
second order [Bronshtejn, Semendyaev, et al., 1986; Kamke, et al., 1976]
d’u

27)

I —B*-u=0 (28)
with a constant coefficient
k
B> = = (29)

In the hyperbolic functions of sine sAPx and cosine c/hPx general solution [Kamke, et al.,
1976]
u= u(x) =C,shPx+C, -chPx (30)
equation (28) contains two arbitrary integration constants C, and C, , which we find from the

boundary conditions (Figure 3):
— for a fixed point O, due to the symmetry of the calculation model, where x =0,

u(0)=0,=C, =0; G1)
in extreme cross sections x = %/, using (20), (26), (30), (31),
Jza(x):E@:E-Cl-ﬂ-ch,Bx,: (32)

dx
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1 X dx
P
p | g ||otdo 7} P
L - a |- : . :‘
e a Xk N %
F us(x) || x | _u(x) F=const
us(l)=max / L / | |_u()=max
2 / \\\\\ 3
g ! 0,60478 1
E_ T T 2p1 62107732
05 o~ i, )
[ NJ
2 1 18199 !
E_ u=0,3
. (2p1=1,30242)
il Y %3
, 1 /
2/ a» u=0,5
- (2p1=0, k=0)
”// / \\\\ 3
b

Figure 3. Refined force X, calculation diagram of the rod and dimensionless epiures of normal stresses:

1 — axis of symmetry; 2 — elementary solution according to the formulas for the strength of materials (20),
(21); 3 — new solution of the problem obtained in accordance with (34) — (36) taking into account the quasi-
elastic volumetric load

Note — compiled by the authors

P Pl
+/)=EC,-B-chfl=—,=>C,=—————
o(*!) |- B-chp 7 S EF -l chfl (33)
Taking into account (31), (33), we obtain from (30), (32) two final formulas:
Pl shPx
vmule)= L B o
EF-Bl chpl
Gzc(x)ZE-Cth,—leSl. (35)
Fchpl

It is quite obvious that at f =0 (:> k= 0), according to (29), the derived analytical relations

(34), (35) are transformed into simplified elementary dependencies (20), (21). Naturally, the same
result of transforming (34), (35) into (20), (21) will be obtained directly from the differential
equation (28) and Hooke’s law (26), when f =0.

The dimensionless form of the refined solution (35) for normal stress G is represented as
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follows (Figure 3):
¥ E F h
6 =o' (x)=ol = Bx
P chpl
From the final formulas (20), (21) and (34), (35) it follows that, in contrast to the u_, ©

obtained new characteristics #, G, the stress-strain state of the rod has a pronounced nonlinear

, —l<x<l. (36)

nature due to taking into account the volumetric quasi-elastic force X, =—k-u.
Continuing to solve the specific problem posed (Figure 3), we determine the potential energies
U,Uy,U, and work 4,4,, 4, for the right half of the beam, due to the symmetry of its design

scheme. For this purpose, we will use general formulas (5), (9) - (11), (12) - (14), (29), (34), (35)
and Table integrals [Smolyanskij, et al., 1965]

jchzﬂxdxz sh2fix +%,
37
Ishzﬂxdx— sh2fp _ x o
4 27

taking in this particular case: 6, =6, o0,=0,=0; X=Y=Z=0; ¥ =Z =0;
v=w=0,=Y, =27 =0 (see(5); dV =F-dx;

P-ull
Apzj.Xy-u-ds= u() (38)
S
As aresult, we get F' = const :
] 2
="t czdxzp—lz- 4 Sh2BI >0, (39)
2E AEF -ch’Bl 2p1
—_ . l J—
Uo=chz.dx:ﬂ.[]2(), (40)
6F 0 3
/
f=MJGZ~dx=M-UZO; (41)
3E
y _Pull) Pl shBl_ Pl-sh2fl
? 2 2EF-fl chfl 2EF-2pl-ch®fl > (42)
Tl Q2 L 2
Ak:—k Fjuz-dx:—Mqu-dx: P12 -I—ShZBl <0, 43
2 2 AEF -ch Bl 2!/
2
A=4,+4 :P—IQ- l+@ =U. (44)
P AEF-ch’Bl 2B

Using expressions (40) - (43), we check the energy balances (16), (17) and (18), (19) in order
to determine the non-zero value of the dimensionless parameter 23/ , and therefore, according to
(29), and coefficient k >0 volumetric load X, .

As a result of implementing this procedure:
1) from conditions (16), (17) one transcendental equation is derived [Bronshtejn, Semendyaev,
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et al., 1986]
shapl = 2=H op; (45)
l1+p

the desired solution of which 0 <23/ < 2,17732 = max was carried out by the selection method
for six values of the coefficient p , covering the entire permissible range 0 <p <0,5, and is

presented in Figure 4 by a graph of the dependence 23/ = 23/ (u) , constructed from the numerical

data of Table 1.
2) the disclosure of equalities (18), (19) leads, accordingly, to two similar, but not identical
transcendental relations

5+2pn

sh2Bl = 2B, (46)

sh2Bl =2, (47)
the simultaneous (joint) existence of which is possible only in the case 25/ = 0(:> k= 0).

Table 1. Calculation information for solving equations (45)

I 0 0,1 0,2 0,3 0,4 0,5
2B 2,17732 1,90802 1,62212 1,30242 0,907 0

Note — compiled by the authors

261
217732
2 0\
) \1,90802
18 1,6_721.7
\1,30242
1,2 AN

\0,907

0,8 N\

0,4

0,1 0,2 0,3 0,4 H

Figure 4. Graphical representation of functions for solving equations (45)
Note — compiled by the authors

Analyzing the results of the calculation 23/ > 0, it can be argued that from a mechanical and
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mathematical point of view, there are only two joint energy combinations (16) and (17), proving
the existence of quasi-elastic volumetric forces (5).
Moreover, for such soft materials as resin and rubber, which have x = 0,5- [Belyaev, et al.,

1965; Lavendel, et al., 1976; Anur'ev, et al., 2006], the volumetric load X, is practically absent,
and with Poisson's ratio g#=0 for cork (natural material) [Belyaev, et al., 1965] value
2B/ =2,17732 = max, from which it follows X, = max, k =max , (see (5) and (29)).
Complementing this analysis, it should be noted that if p = 0,5, then a change in the volume
of the body and its potential energy U, according to (10), (40), does not occur, which is possible

and actually confirmed only for practically incompressible liquid substances, located in tanks
under excess pressure [ Y Avorskij, Detlaf, et al., 1981; Y Avorskij, Detlaf, et al., 1979].

The calculation of the dimensionless stress diagrams ¢ = 0*(x) shown in Figure 3 was

carried out using formula (36) and quantitative information presented in tabular form (see Tables
1 and 2).

It is of considerable interest to compare extreme values 6, =G’ (O),Gz =1, and

u' ()= ; =1 =max, (48)

()= 1Bl
u(l)= Bl

using for this purpose the diagrams of Figure 3, relations (21), (34) at x =/and Tables 1, 2, 3.

=max, (49)

Table 2. Numerical data about the function (36)

H B/ X 0 +0,2/ +0,4/ +0,6/ +0,8] | £/
u=0 | 1,08866 6*()6) 0,60478 | 0,61918 | 0,66304 | 0,73846 | 0,84902 | 1
nu=0,3 | 0,65121 G*(x) 0,8199 | 0,82688 | 0,84789 | 0,8833 | 0,93372 | 1
n=051| B/=0 G*(x) 1 1 1 1 1 1
Note — compiled by the authors

Table 3. Estimation in percentage of errors A, A _, approximate formulas (20), (21) (or (48))

in relation to the refined dependencies (36), (49).

m 0 0,3 0,5
Bl) (1,08866) (0,65121) 0)

u (1)—u.(l
A, = ( ” S( )-100% -26,85 -12,09 0

us(l
. o (0)-o;

A, = ( )* - -39,52 -18,01 0

GS

Note — compiled by the authors

Concluding our consideration of the example (Figure 3), we present a formula that allows us
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to quantify the magnitude of the body force X, for any Poisson’s ratio 0 < £<0,5.
Let us first designate the value of the dimensionless product 2/ found from equation (45)
as a functional parameter = ¢ (,u) , depending on £/, that is (see Table 1)

2Bl =¢ =¢(u) (50)

Replacing the constant /3 in equality (50) in accordance with (29), we find the coefficient & :

Kk _ _¢E
21\/;—§,:>k— T (51)

Substituting (51) and displacement u , according to relation (34), into the first formula (5), we
determine the volumetric quasi-elastic force

¢-E Pl shpx _

X =X.(x)=—k-u=- : =
¢ =X () 41> EF-pl chpl

X (52)
P shpe p SHOSG

20-F¢ ch0,5¢ V  ch0,5¢

2

depending on the tensile external load P, the volume of the rod V' = 2FI (Figure 3), Poisson's
ratio ¢ and the variable x, changing for the right half of the beam in the interval 0 < x </.

The nature of the found increasing hyperbolic function [Bronshtejn, Semendyaev, et al., 1986]
X, (x) indicates that its maximum will be at the extreme point of the rod x =/

X, ()= —gthO,Sé’ = max ; (53)

where the tangent #40,5 varies within (see Table 1):
- from ¢40,5-2,17732=0,79639 to =0,
-upto thO=0at £=0,5.
The derived formulas (52), (53) show that quasi-elastic mass forces arise in any stressed

structure (part), while the known volumetric loads - magnetic, electromagnetic, inertial,
gravitational - may not be associated with the deformed state of the material.

An indirect sign of the presence and influence of the quasi-elastic force X, (Figure 1) are

educational laboratory experiments on tensile steel ( £ = 0,3 ) standard samples, when the point
of rupture of the rod: 1) almost always approaches its movable end fastening in a special grip of
the test bench machine, that is, to the most stressed section of the beam with O'(l)= O,

X, (l ) =max ; 2) never coincides with the fixed point x =0, where the displacement is
u(()) =0 (see (34), Figure 3).

Conclusions:

1) Based on a reasoned conceptual analogy between the ideal physical and engineering models
of a solid body (Figure 1,2), it is proposed to supplement the equilibrium equations of the theory
of elasticity and resistance of materials with fundamentally new parameters in the form of three
projections (5) onto the coordinate axes X,y ,z volumetric quasi-elastic force applied to an
arbitrary material point.

2) Using the law of conservation of mechanical energy (6), a general computational and
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theoretical framework has been developed that makes it possible to determine the quasi-elastic
volumetric load function for continuous homogeneous isotropic materials that obey Hooke’s law.

3) A simple and illustrative example from a typical classical course on strength of materials
about uniaxial tension by external static forces P of a linearly elastic weightless rod of constant
cross-section is considered (Figure 3). The solution to this problem is brought to the final formulas
(16), (17), (29), (34), (35), (45), (49) — (53) and illustrated with diagrams of normal stresses for
three values of the Passon coefficient u = 0; 0,3; 0,5 (Figure 3). While analyzing the results of
this example:

» the dependence of the new body force, according to (52), (53), on the location (coordinates)
of an arbitrary material point of the body, the volume of the structure (part) and the transverse
deformation coefficient has been proven u and in the case of u = 0,5, this mass quasi-elastic force
becomes equal to zero; from here it follows, guided by (16), (17), (45), the absence of volumetric
potential energy Vo = 0 and non-zero value V; = 0 due to a change in the shape of the beam
deformed by the load P;

» a significant (and increasing with decreasing ) error in the elementary linear formulas (20),
(21) of the resistance of materials was established in relation to the obtained refined-modified
solution (34), (35), approximated by hyperbolic functional curves (see Figure 3 and Table 2, 3);

e the relevance and great practical significance of taking into account the quasi-elastic
volumetric force in the equilibrium equations in the mathematical modeling of the stress-strain
state of load-bearing structures and their elements has been confirmed.

Concluding the article and analytically summarizing the overall results of the research work
carried out, we can formulate some of the most important considerations and prerequisites on this
problematic issue.

Taking into account quasi-elastic volumetric forces X}, , Y, Zi, depending linearly on the
corresponding displacements u, v, w (see (5) and Figure 2) involves abandoning the use of the
classical concept of static definability of the designed structure when determining stresses, since
all mechanical systems in this case become internally statically indeterminate. Of course, this
statement does not apply to the external features of the design design, which presuppose the
presence of connections (supports), the number of which is equal to the number of equations of
equilibrium or motion (in dynamics) to determine the support reactions.

The introduction of the concept of quasi-elastic volumetric load into the applied mechanics of
a deformable solid significantly refines the design scheme of a real structure, which makes it
possible to identify a number of deep phenomena, properties and features of the designed object
that do not appear when using known physical and mathematical models.

From this point of view, a typical example can be the problem of clarifying the fundamental
solution of the French mathematician and engineer Gabriel Lamé [Lame, et al., 1852] on the
stressed axisymmetric state of an elastic solid cylinder. The authors of article [Abdeev,
Muslimanova, et al., 2012] proved that the Lamé model: is not correct and adequate for Poisson’s
ratio u < 0,5; contradicts the uniqueness theorem for solving problems in the linear theory of
elasticity [ Struzhanov, Burnasheva, et al., 2019; Han, et al., 1988; Kac, et al., 2002; Timoshenko,
etal., 1975; Lur'e, et al., 1970; Gorshkov, Starovojtov, Tarlakovskij, et al., 2002; Sapunov, et al.,
2008; Dudyak, Sahnovich, et al., 2010]; does not agree with the principle of locality of the self-
balanced load effect (Saint-Venant’s principle [Han, et al., 1988; Timoshenko, et al., 1975; Lur'e,
et al., 1970; Gorshkov, Starovojtov, Tarlakovskij, et al., 2002]). The paradox noted in [Abdeev,
Muslimanova, et al., 2012] is eliminated by supplementing the statics equation in the Lamé
mathematical model [Lame, et al., 1852] with a radial quasi-elastic body force, but this problem
is beyond the scope of this article.

The same calculation scheme of uniaxial tension (Figure 3), but taking into account transverse
deformations, is of undoubted scientific, theoretical and practical interest. The consequence of
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this premise is the introduction of additional projections into the rod element modeled in Figure
3 Yy, Z;, a quasi-elastic volumetric force (see (5)) and the transformation of a one-dimensional
model of the resistance of materials into a spatial one, including 15 sought-after mechanical-
geometric characteristics of the stress-strain state. And this is a mathematical problem of the linear
theory of elasticity [Struzhanov, Burnasheva, et al., 2019; Han, et al., 1988; Kac, et al., 2002;
Skripnyak, ZHukova, Skripnyak, et al., 2005; Timoshenko, et al., 1975; Lur'e, et al., 1970;
Sapunov, et al., 2011; Gorshkov, Starovojtov, Tarlakovskij, et al., 2002; Sapunov, et al., 2008;
Dudyak, Sahnovich, et al., 2010], which can be significantly simplified to two-dimensional for a
beam of circular cross-section, transforming it (the problem) using rectangular coordinates x, » a
cylindrical reference system x76 into an axisymmetric one, adding two static equilibrium
equations (see (5)) with axial X}, =-k-u and radial R, =-k-w mass restoring (quasi-elastic) loads.

The scientific, technical and methodological aspects of the problem raised are so extensive
and multifaceted that they do not allow us to note in this textual material at least the main
directions for further promising research. First of all, these can be problems on simple types of
resistance of materials, but taking into account the influence of quasi-elastic volumetric forces,
including in combination with temperature, inertial loads and, accordingly, kinetic energy.
Secondly, the issues of a more precise assessment of the strength, rigidity and stability of
structures seem relevant. Here, there may be real prospects for reducing standard safety factors,
due to the improvement of mechanical and mathematical models and, ultimately, increasing the
reliability and efficiency of structures. Of significant interest in this regard are structural
nonlinear [Lukash, et al., 1978], as well as related contact problems [Filin, et al., 1975; Han, et
al., 1988; Kac, et al., 2002; Timoshenko, et al., 1975; Lur'e, et al., 1970; Gorshkov, Starovojtov,
Tarlakovskij, et al., 2002; Dudyak, Sahnovich, et al., 2010], which are widely used in
construction and mechanical engineering [Birger, SHorr, losilevich, et al., 1979].

References

Abpees b.M., Mycnmumarosa I'. (2012). [NpoTnBopeyme B 0CECUMMETPUYHON Kraccuyeckon 3agade Jlame o
HanpsbkéHHOM cocToAHUM ynpyroro uunuHapa // Abdeev B.M., Muslimanova G. (2012). Protivorechie v
osesimmetrichnoj klassicheskoj zadache Lame o napryazhennom sostoyanii uprugogo cilindra / Sb.
trudov IX MNPK «Tekhnicheskie nauki — ot teorii k praktike» (17 aprelya 2012 g.). — Novosibirsk
(Rossiya): 1zd-vo «Sibirskaya associaciya konsul'tantovy», s. 46-50.

AHypbeB B.W. (2006). CnpaBoYHMK KOHCTPYKTOpa-mMalumHocTpoutens: B 3-x T., T. 1 — 9-e n3g., nepepab. n
pon. // Anur'ev V.I. (2006). Spravochnik konstruktora-mashinostroitelya: v 3-h t., T. 1 — 9-e izd., pererab.
i dop. /pod red. I.N. Zhestkovoj. — M.: Mashinostroenie, 928 s.

AuwkpodT H.B., KopHenn H.O. (2003). dusmka tBEpAcro tena // Ashcroft N.W., David Cornell N. (2003).
Fizika tvjordogo tela: Cengage Learning (USA), 832 p.

Benses H.M. (1965). ConpoTtusnexue matepuanos // Belyaev N.M. (1965). Soprotivienie materialov. — M.:
Nauka, 856 s.

Buprep WN.A., Wopp B.®., Nocunesuy ".B. (1979). Pac4éTt Ha npoyHOCTb AeTanen mMalmH: CnpaBoyHuK //
Birger I.A., Shorr B.F., losilevich G.B. (1979). Raschet na prochnost' detalej mashin: Spravochnik /3-e
izd., pererab. i dop. — M.: Mashinostroenie, 702 s.

BpoHwTtenH N.H., Cemerngee K.A. (1986). CnpaBoyHVK NO MaTeMaTvke ANS UHXEHEPOB U y4valumxcs
BTy30B // Bronshtejn I.N., Semendyaev K.A. (1986). Spravochnik po matematike dlya inzhenerov i
uchashchihsya vtuzov. 13-e izd. ispr. — M.: Nauka, 344 s.

Oynsk A.N., CaxHoBudy T.A. (2010). MpuknagHas Teopus ynpyroctn // Dudyak A.l., Sahnovich T.A. (2010).
Prikladnaya teoriya uprugosti. — Minsk: Izd-vo Grevcova, 164 s.

®eopocbeB B.M. (2001). ConpoTtuBnenve maTtepuanos: Y4ebHuk // Feodos'ev V.I. (2001). Soprotivienie
materialov [Tekst]: Uchebnik. — M.: 1zd-vo MGTU im. Baumana, 591 s.

®dunnu AT (1975). MNpuknagHas MexaHvka TBEpaoro Aedopmupyemoro Ttena. T. 1 // Filin A.P. (1975).
Prikladnaya mekhanika tverdogo deformiruemogo tela. T. 1. — M.: Nauka, 832 s.

lMopwkoB A.l'., CtapoBoriTtoB E.N., Tapnakosckuii [1.B. (2002). Teopus ynpyroctv v nnacTMYHOCTU: Y4eOHMK
ans By3oB // Gorshkov A.G., Starovojtov E.I., Tarlakovskij D.V. (2002). Teoriya uprugosti i plastichnosti:
Uchebnik dlya vuzov. — M.: FIZMATLIT, 416 s.



19
Ne 2,2025 «IOKTY XABAPIIBICBI»

lN'ypesny A.l'. (2004). dun3nka TBEpHOro Tena: YyebHoe nocobue ans By3os // Gurevich A.G. (2004). Fizika
tverdogo tela: Uchebnoe posobie dlya vuzov /FTI im. A.F. loffe RAN. — SPb.: Nevskij dialekt; BHV —
Peterburg, 320 s.

XaH X. (1988). Teopus ynpyroctu. OCHOBbI NMHENHON Teopun 1 eé npunoxenus // Han H. (1988). Teoriya
uprugosti. Osnovy linejnoj teorii i eyo prilozheniya /per. s nem. — M.: Mir, 344 s.

XacbyH 0x.3., Oatta T. (2009). BBegeHve B cmanky TBEpaoro tena c npumeHeHnem MATLAB // Hasbun
J.E., Datta T. (2009). Vvedenie v fiziku tvjordogo tela s primeneniem MATLAB, CPC Press (USA), 550

p.

Nukosmny .M. (2001). ConpoTuBneHne matepuanos: Y4ebHuk // Ickovich G.M. (2001). Soprotivlenie
materialov: Uchebnik. — M.: Vysshaya shkola, 363 s.

Kau A.M. (2002). Teopwus ynpyroctu // Kac A.M. (2002). Teoriya uprugosti. — SPb: Izd-vo Lan', 208 s.

Kamke 3. (1976). CnpaBoyHMK N0 06bIKHOBEHHBLIM AuddepeHumanbHbIM ypaBHeHusiM // Kamke E. (1976).
Spravochnik po obyknovennym differencial'nym uravneniyam /per. s nem. S.V. Fomina. — M.: Nauka,
576 s.

Jlame I'. (1852). Jlekummn no matemaTnyeckon Teopuu ynpyroctu TBépabix Ten // Lame G. (1852). Lekcii po
matematicheskoj teorii uprugosti tvjordyh tel. Paris, Bachelier, 335 p.

JlaBeHpene E.I. (1976). Pacuét pesunHoTexHumyeckmx wusgenum // Lavendel E.G. (1976). Raschet
rezinotekhnicheskih izdelij. — M.: Mashinostroenie, 232 s.

Jlykaw M.A. (1978). OcHOBbI HENUHeNHOM cTpouTensHon MexaHukm // Lukash P.A. (1978). Osnovy nelinejnoj
stroitel'noj mekhaniki. — M.: Strojizdat, 204 s.

Jlypbe A.U. (1970). Teopus ynpyroctu // Lur'e A.l. (1970). Teoriya uprugosti. — M.: Nauka, 945 s.

Owmap A. (1993). Jelementarnaja fizika tvjordogo tela: Principy i primenenija // Omar A. (1993). Elementary
Solid State Physics: Principles and Applications, Pearson (USA), 600 p.

MattepcoH x.[. (2019). dusnka tBEPAOro Tena: BeeaeHne B Teopuio // Patterson J.D. (2019). Fizika
tvjordogo tela: Vvedenie v teoriju, Spinger, B.C. Bailey (USA), 79 p.

Masnoe A.T., Xoxnos A.®. (2000). dusumka TBEPAOro Tena: YuebHuk // Paviov A.P., Hohlov A.F. (2000).
Fizika tverdogo tela: Uchebnik. — 3-e izd., ster. — M.: Vysshaya shkola, 484 s.

CanyHoB B.T. (2011). 3agaun npuknagHon Teopumn ynpyroctu: YyebHoe nocobue ans By3os // Sapunov V.T.
(2011). Zadachi prikladnoj teorii uprugosti: Uchebnoe posobie dlya vuzov. — M.: Izd-vo Nac. issled. yader.
un-ta «Moskovskij inzhenerno-fizicheskij institut», 208 s.

CanyHoB B.T. (2008). MNpuknagHas Teopus ynpyroctu: B 2 4. // Sapunov V.T. (2008). Prikladnaya teoriya
uprugosti: v 2 ch. — M.: 1zd-vo MIFI, 232 s.

Ckpunnsik E.I"., XKykosa T.B., CkpunHsk B.A. (2005). MaTtemaTtuyeckas noctaHoBKa 3agay NMMHENHON Teopum
ynpyroctn: Y4yebHoe nocobue // Skripnyak E.G., Zhukova T.V., Skripnyak V.A. (2005).
Matematicheskaya postanovka zadach linejnoj teorii uprugosti: Uchebnoe posobie. — Tomsk: Izd-vo
TGU, 26 s.

CwmonsaHckun M.J1. (1965). Tabnuubl HeonpeaenéHHelix uHTerpanos // Smolyanskij M.L. (1965). Tablicy
neopredelennyh integralov. — M.: Nauka, 112 s.

CrtpenbkoB C.IM. (1975). MexaHuka: YyebHoe nocobue ansa yHuBepcuteTtoB // Strelkov S.P. (1975).
Mekhanika: Ucheb. posobie dlya universitetov. — M.: Nauka, 600 s.

CrpyxaHoB B.B., bBypHawesa H.B. (2019). Teopus ynpyroctu: OCHOBHbIE nonoxeHus: YuebHoe nocobue //
Struzhanov V.V., Burnasheva N.V. (2019). Teoriya uprugosti: osnovnye polozheniya: Uchebnoe
posobie. — Ekaterinburg: Izd-vo Ural'skogo un-ta, 204 s.

Tumowenko C.IM., Mvp A. (1976). MexaHuka matepuanos // Timoshenko S.P., Dzh. Gere. (1976). Mekhanika
materialov /per s angl. A.G. Kornejchuka, pod red. E.l. Grigolyuka. — M.: Mir, 672 s.

TumoweHko C.T., Fyopep Ox. (1975). Teopusa ynpyroctu // Timoshenko S.P., Gud'er Dzh. (1975). Teoriya
uprugosti /per. s angl. M.I. Rejtmana, pod red. G.S. Shapiro. — M.: Nauka, 576 s.

BappaHsH I.C., AHgpeeB B.W., Atapos H.M., lNopwkoB A.A. (1995). ConpoTMBneHne matepuarnoB C
OCHOBaMu Teopum ynpyroctu n nnactmyHoctn // Vardanyan G.S., Andreev V.1., Atarov N.M., Gorshkov
A.A. (1995). Soprotivlenie materialov s osnovami teorii uprugosti i plastichnosti. — M.: Izd-vo Associacii
stroitel'nyh vuzov (ASV), 568 s.

BopoHkoB U.M. (1961). Kypc Teopetudeckon mexaHukm // Voronkov I.M. (1961). Kurs teoreticheskoj
mekhaniki. — M.: Gos. izd-vo fiziko-matematicheskoj literatury, 596 s.

Asopckun b.M., Oetnacdp A.A. (1981). CnpaBouHuk no cusmke // Yavorskiy B.M., Detlaf A.A. (1981).
Spravochnik po fizike. — M.: Nauka, 512 s.

Asopckun B.M., Oetnacdp A.A. (1979). CnpaBoYHUK MO u3MKe: AN UHXEHEepOB U CTyaeHTOB BY30B //

Yavorskiy B.M., Detlaf A.A. (1979). Spravochnik po fizike: dlya inzhenerov i studentov vuzov. — M.: Nauka,

944 s.



20
Ne 2,2025 «OKTY XABAPIHIBICBI»

Information about authors

Abdeyev Boris Masgutovich — Candidate of Technical Sciences, Docent, Professor School of architecture, civil
engineering and energy NJSC «D. Serikbayev East Kazakhstan technical university», Ust-Kamenogorsk, The Republic
of Kazakhstan, m.abdeeva@mail.ru

Baygereev Samat Rakimgalievich — PhD, Senior lecturer International school of engineering NJSC «D.
Serikbayev East Kazakhstan technical university», Ust-Kamenogorsk, The Republic of Kazakhstan,
samat.baigereyev@mail.ru

Brim Tatyana Fedorovna — Candidate of Technical Sciences, Senior lecturer International school of engineering
NIJSC «D. Serikbayev East Kazakhstan technical university» Ust-Kamenogorsk, The Republic of Kazakhstan, e-mail:
tbrim@mail.ru, tel. +7 771 302 4245)



mailto:tbrim@mail.ru
mailto:m.abdeeva@mail.ru
mailto:samat.baigereyev@mail.ru

