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troleum products. The first, so-called classical, approach provides geometric modeling
of the surface of the tank's shell with the subsequent import of the geometric
model into one of the systems of finite element analysis to calculate the stress-
strain state of the structure and determine its technical condition, and the possi-
bility of further operation. The geometric modeling of the shell surface with im-
perfections was performed using a two-dimensional interpolation method based on
the 1st order smoothness outlines implemented in the point calculus. The calcu-
lation of the stress-strain state of the shell was carried out in the SCAD Office
computer complex, taking into account geometric and structural non-linearity on
the basis of the octahedral tangential stress theory. The second approach assumes
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of interpolation, solution of an array of differential equations of the elastic cylin-
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wind and other types of loads. Each step of its implementation uses the tools of interpolation and approximation.
But, considering the large amount of calculations required to solve the system of differential equations with ac-
curacy that is sufficient for practical use, various use of these tools can significantly affect the speed of calcula-
tions, which is a significant factor. This raises a new problem of efficient use of technologies of parallel compu-
tations, the most effective of them nowadays are graphical processors [12; 13].

It is important to realize that different assumptions and approximations are often used at each step of
the modeling process, starting from the creation of the geometric model to the direct use of the finite element
method. For that reason, the final model will always be an approximate one, but when the number of finite ele-
ments is large and their size approaches to infinitesimal value, it can have high accuracy, which is more than suf-
ficient for engineering calculations. For example, already at the stage of geometric modeling of the structural
shell, you can use various continuous or piecewise curves (outlines, splines, etc.) that will pass through the node
points of interpolation, but have different curvature between them. They are all valid from the modeling point of
view with respect to the original data and they have a right to exist, but the result of the finite element analysis
will be different, because the curvature between the node points of the interpolation is different. It is not always
possible to determine which method is more precise. Of course, it is possible to compare the obtained models
with each other. But it is difficult to choose an etalon model for the comparison. Based on these reasons this arti-
cle considers the possibility of using multidimensional interpolation and approximation techniques to achieve
a significant increase in the speed of calculations without significant loss of accuracy of simulation results by
the example of modeling the stress state of the operated tank for the storage of petroleum products.

2. Materials and methods

The research was conducted on a model of the tank No. 1 for storage of gasoline with 1000 m?® capacity of
integrated assembly point “Beshevsky”, which was built based on a typical project TP 704-1-54 “Steel vertical
cylindrical tank for oil and petroleum products with capacity of 1000 m*”.!

All structural initial data required for computer modeling and numerical study of the tank, we accept ac-
cording to the typical project TP 704-1-54. The initial paremeters for modeling are the geometric dimensions
of the tank (tank radius r = 6.165 m; thickness of the shell h = 0.005 m), the height of the liquid level
in the tank (d = 8.44 m), the physical properties of the stored liquid (usually tanks are tested with water,
so the density of water was used y = 1000 kg/m®).

As for the original geometric information, it is not enough to have a typical project, because due to objec-
tive and subjective reasons, the actual surface of the tank is always different from the project. These reasons are
various loads (the structure's own weight, hydrostatic pressure, vacuum, wind and snow loads), manufacturing
errors, violation of operating conditions. To compensate the missing information, we will use the survey and as-
sessment of the technical condition of tank No. 1 for storage of gasoline with volume of 1000 m* in integrated
assembly point “Beshevsky”, which was conducted by the “Donbass diagnostic center of building structures,
buildings and structures” of the Donbas National Academy of Civil Engineering and Architecture.?

The first of the proposed approaches can be classified as a classical one [14-17]. It involves determining
the geometric shape of the shell surface of the studied engineering structures. Since this surface takes an irregular
shape after usage, there arises the specific problem of determining such an irregular surface. The works [18; 19]
use two-dimensional outlines of the first degree of regularity to determine the irregular surface of the tank shell for
the storage of oil and petroleum products. In order to implement them, a special geometric scheme was deve-
loped (Figure 1), which takes into account the deviation of the wall from the vertical along the tank’s circumference.

In accordance with this geometrical scheme, geometrical and computational algorithms for modelling
the irregular surface were developed. A new problem arose at this stage, which was how to form a finite-element
network of the desired size from the obtained compound surface. As a result, a special program was written in
VBA, which modeled the surface of the tank shell as an array of 3DDFace objects based on 4 points with visuali-
zation of the model in the AutoCAD software package. This allowed to develop a calculation scheme of the tank
in the computational complex SCAD Office (Figure 2) and conduct a finite-element analysis of the tank for
the storage of petroleum products, with the account of imperfections of its geometric shape.

L TP 704-1-54 “Steel vertical cylindrical tank for oil and petroleum products with capacity of 1000 m®”. (In Russ.) Available
from: https://meganorm.ru/Data2/1/4293782/4293782405.pdf (accessed: 25.04.2022).

2 Technical conclusion on the topic No. 96-2 DC. Inspection and assessment of the technical condition of metal structures of gaso-
line storage tank No. 1 with volume V-1000 m® of integrated assembly point “Beshevsky”. Makeyevka: Donbass Diagnostic Center of
Buildings and Structures DonNACEA,; 1996. (In Russ.)
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Figure 1. Geometric scheme of the tank surface Figure 2. Calculation diagram for a tank of 1000 m?
with imperfections of the geometric shape with geometric imperfections

Here another problem arises, which is the necessity to take into account not only geometrical, but also
structural non-linearity. Even insignificant imperfections of geometric shape, represented by the deviation of
tank wall from the vertical position, leads to the fact that the loading of the shell becomes non-axisymmetric.
In addition, the presence of geometric nonlinearity in this case leads to the necessity to take also into account
the structural nonlinearity associated with the change of the initial calculation scheme under the action of hydro-
static load occurring during the filling of the tank with liquid.

In order to compensate the impact of structural nonlinearity on the tank walls, a stage-by-stage tank load-
ing scheme was implemented during modeling [19]. Calculations were carried out in the SCAD Office computa-
tional complex in accordance with the strength theory of octahedral tangential stresses (Huber — Hencki — Meiser
energy theory). As a result, an analysis of the stress state of a petroleum product storage tank with imperfections
was performed (Figure 3).

Il 348,04 20199,07 133305,31 152156,34
l20199,07 39050,11 152156,34 171007,38
B39050,11 57901,15 171007,38 189858,42
57901,15 76752,19 189858,42 208709,46
76752,19 9560323  [208709,46 227560,5
95603,23 11445427 [227560,5 24641154
114454,27 13330531 [l246411,54 26526258

Figure 3. Values of the adjusted stresses in the tank wall under hydrostatic load
with account of geometric and structural nonlinearity, kN/m?
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The disadvantages of this approach are large amount of calculations and, as a result, large time costs
for their implementation. Calculation of the stress-strain state of the tank according to the calculation
scheme (Figure 3), which contains a total of 65 854 finite elements in the form of rectangular plates, taking into
account geometric and structural nonlinearity, took over 25 hours on a computer running Intel Core i5-2400,
which for engineering surveys is long enough. Another disadvantage is that a model with many finite elements is
quite difficult to operate in the AutoCAD software package.

It is possible to significantly reduce the calculation time by considering each of the 12 sections of the tank
separately and then combining them into a common model using interpolation. It means to apply two-
dimensional interpolation not to build a geometric model of the tank shell surface with geometric imperfections,
but to build a response surface based on radial displacements arising under the action of hydrostatic load.

The difficulty is that the existing model for determining the stress state of an elastic cylindrical shell under
axisymmetric loading [20; 21] is an idealized one. In our case, the presence of deviations of the tank wall from
the vertical, leads to the fact that the loading of the shell is not axisymmetric. To consider this, the existing dif-
ferential equation of equilibrium of the tank shell element was improved by introducing a function of initial de-
flections of the cylindrical tank from the vertical & = 5(x), as shown in [22]:

4
(:j\iv+kEh(W+8):yg(x—d), (1)
=

D

where w = w(x) — the calculated function of radial displacements from hydrostatic load; x — the coordinate of
the wall in height, measured from the tank's butt weld, m; r — tank radius, m; h — tank wall thickness, m;
& = 8(x) — function of the initial tank deviations from the vertical; k — correcting factor, taking into account geo-
metric and structural nonlinearity, as well as the stresses arising in the upper band of the shell due to its interac-
tion with the tank roof (can be calculated by formula 2); E = 2.1-10" Pa — Young's modulus for steel;
p = 0.3 — Poisson's ratio; a — the parameter, which at uniaxial stress state is taken equal to 0, and at internal gas

3
pressure in a closed cylindrical vessel is taken equal to 0.5; D :L — the cylindrical stiffness, kg-m;

12(1-p?)
y — the density of the stored liquid, kg/m3; g = 9.81 m/s? — acceleration of free fall; d — the height of the liquid
level in the tank, m.

k=9.215-10"¢" —6.203-10 " ¢° +0.0001¢p> — 0.0021¢ + 0.3888, (2

where ¢¢(0; 360) — the angle around the circle of the tank.

In the same paper it is shown that the mathematically exact solution presented in [20; 21] for the differen-
tial equation with account of improvement gives significant inaccuracies, so its solution is performed by numeri-
cal method using geometrical interpolators [23], by analogy with the finite superelements method [24-26].
It allows, by analogy with the Isogeometric method [27-30], to eliminate the necessity of coordinating geometric
information in the process of interaction between CAD and FEA systems by using geometric interpolators both
for geometric modeling and for approximating the numerical solution of differential equations.

As a result, an array of functions characterizing the deviation of the tank wall from the vertical was
formed, which was used to obtain an array of functions — numerical solutions of differential equations. The re-
sulting solutions are curves located around the circle of the tank (Figure 4). These lines were used as guidelines
to generate a surface of response characterizing the radial displacements arising in the tank wall from the action
of hydrostatic load. A line of a closed outline of the first order of smoothness was used as the generating surface
of the response. To visualize the results of modeling the deformed state of the tank shell, the response surface
was represented by the means of the computer algebra system Maple in the form of a functional dependence of
color on the sign and value of the radial displacements and was applied to the model of the surface of the storage
tank for petroleum products (Figure 4).

AHAJIUTUYECKME W YACTEHHBIE METO[bI PACYETA KOHCTPYKLWI 123



Konopatskiy E.V., Krysko A.A., Shevchuk O.A. Structural Mechanics of Engineering Constructions and Buildings. 2023;19(2):119-129

0.06
0.04

0.02

-0.02

-0.04 .

Figure 4. Values of radial displacements in the tank wall from the hydrostatic load, m

3. Results and discussion

The accuracy of the simulation results was established by comparing of both approaches with each other.
In total, a comparison was made for 12 curved lines along the circumference of the tank, characterizing the total
action of initial deflections and radial displacements from the action of hydrostatic load (see Table). Compari-
sons were made using two methods, the first of which is based on a visual comparison of the obtained curved
lines. The second method is an innovative one [31] and involves the discretization of lines, as a result of which
two sets of dots are formed. Comparison of the obtained sets of dots with each other was carried out using
the coefficient of determination. As a result of the numerical comparison for all 12 lines, high values of the coef-
ficient of determination were obtained, and this confirms the high accuracy of the calculations of the strained
state of the tank shell. Some of the comparison results of the numerical solution of the differential equation (1)
with the use of geometrical interpolants and computer modeling in the computing complex SCAD Office are
shown in Table (the line obtained on the basis of the computer model of the tank with imperfections in SCAD
Office is shown in blue; the numerical solution with the use of geometrical interpolants [22] is shown in red).

If we compare the results of modeling presented in Figures 3 and 4, they obviously have significant differ-
ences. And the matter is not just in the fact that the reduced stresses are applied on the cylindrical surface of the
tank in one case (Figure 3), and the radial displacements are applied in the other case (Figure 4). It is possible to
pass from displacements in the tank wall to stresses by multiplying by the quotient of the division of the Young's
modulus by the radius of the tank, considering the function of the deviation of the wall from the vertical along
the height of the tank & = 8(x). The main difference is that only 12 lines along the circumference of the tank were
used as an experiment to construct the response surface (Figure 4), on the basis of these lines the validity of
the obtained results was confirmed. In contrast, for the implementation of the finite element analysis in SCAD
Office (Figure 3), 360 elements were involved in the circumference of the tank. In addition, Figure 4 shows only
part of the tank wall up to the level of filling with liquid, implemented based on multiple numerical solution of
differential equation (1) in the system of Maple computer algebra. And the same tank was designed as a whole
with the roof in the finite element analysis system in SCAD Office (Figure 5).

At the same time, we managed to achieve accuracy of numerical modeling that is sufficient for engineer-
ing calculations and significantly increase their speed by using effective interpolation methods for solving
the specified problem. Calculation of an array consisting of 12 numerical solutions of differential equations de-
fining 12 guiding lines of the response surface, as well as construction of its form with the help of one-
dimensional first-order smoothness contours, considering visualization, takes about 20 seconds even with no
parallelization of computational streams. If necessary, the number of guiding lines of the response surface can be
significantly increased to achieve greater accuracy of engineering calculations. But even in this case, the pro-
cessing speed will be much higher than in the classical approach. For example, if we use not 12, but 1000 guid-
ing lines, the calculation time using one core of the central processor will not exceed 1 hour. In this case, the dis-
tance between the guiding lines will be less than the size of the finite elements, on the basis of which it took
25 hours to calculate. As a result, not only the computational speed but also the accuracy of engineering calcula-
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tions will be increased. The proposed method can also be easily implemented to separate computational opera-
tions, because it combines the potential of structural methods of geometric modeling, capable to provide separa-
tion of geometric constructions by tasks (message passing), and the mathematical apparatus “Point calculus”,
capable to implement separation by data (data parallel) by means of sub-coordinate calculations, which allows in
perspective to use all available computing potential of modern multi-core processors and graphical systems [0].

Comparison of the accuracy of the modeling results

Angle on The value of
the circumference Graphic visualization of comparison results the determination
of the tank coefficient
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Another advantage of the second approach is that the numerical solution of the improved differential equa-
tion is obtained already taking into account geometric and structural nonlinearity. As a result, there is no need to
use the staged loading scheme [19], specially developed so that due to the discretization of the numerical solu-
tion in the system of finite element analysis SCAD to consider the initial geometric non-linearity of the deformed
tank wall and the structural non-linearity arising in the tank wall in the process of staged filling of the tank with
liquid.

According to the conducted research, the engineering methods of inspection of the technical condition of
a tank for storage of petroleum products with imperfections in geometric shape, proposed in [18], have been re-
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fined. The essence of refinement is to compose and solve an array of differential equations of elastic cylindrical
shell under axisymmetric loading, improved by introducing functions of wall deflection from the vertical, with
subsequent two-dimensional interpolation of modeling results [23].

4. Conclusion

The general conclusions and results of the study are as follows:

1. Comparison of two approaches to computer modeling of the stress-strain state of thin-walled shells of
engineering structures with account of imperfections in geometric shape has been carried out. As a result of
effective use of two-dimensional interpolation at the stage of creating the response surface, characterizing
the radial movements in the tank wall from the hydrostatic load, it was possible to achieve a sufficient accuracy
for engineering calculations of numerical modeling, and significantly increase their speed even without the use
of parallel calculations.

2. The specific feature of the proposed method is that the model using the interpolation methods can be
easily described by a differential equation of the 4th order, which has a simple numerical solution in the form of
a polynome of the 6th degree. In this case, the resulting model considers the stress state of the tank for storage of
petroleum products, with account of both geometric and constructive nonlinearity.

3. The interpolation methods of computer modeling of the stress-strain state of thin-walled shells of engi-
neering structures with the imperfections of geometric shape which are described in the paper can also be effective-
ly used for modeling such types of loads as wind load, snow load, self-weight load of the structure, etc., which al-
lows to avoid the need for expensive full-scale experiments, which in some cases are non-profitable or impossible.
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tensors (Cauchy — Green and Almansi) and true Cauchy stresses in the initial and
current configuration are introduced. Next, a variational equation is introduced in
the stress rates in the actual configuration without taking into account body forces
and the Seth material is considered, where the Almansi strain tensor is used as
the finite strain tensor. Linearization of this variational equation, discretization of
the obtained relations (stiffness matrix, matrix of geometric stiffness) is carried out.
The resulting expressions are written as a system of linear algebraic equations.
Several test cases are considered. The problem of bending a strip into a ring is
presented. This problem is solved analytically, based on kinematic and physical
relationships. Examples of nonlinear deformation of cylindrical and spherical

shells are also shown. The method proposed in this paper for constructing a three-
dimensional finite element of the nonlinear theory of elasticity, using the Seth
material, makes it possible to obtain a special finite element, with which it is quite
realistic to calculate the stress state of shells of medium thickness using a single-
layer approximation in thickness. The obtained results of test cases demonstrate
the operability of the proposed technique.
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1. Beeaenue

[Ipumenenue merona KoHeuHBIX 37eMeHTOB (MKD) Kk pacueTy TOHKOCTEHHBIX KOHCTPYKUMH B HacTosIIee
BpeMsl SIBIISIETCSA OOIIETPUHATHIM M €CTECTBEHHBIM. Pa3zpaboTke TEOpPETHYECKHMX OCHOB KOHEYHORIEMEHTHOTO
aHaJi3a MCKPHUBICHHBIX 000JIOUEK B JIMHEHHOW W HETMHEHHOHN MOCTaHOBKAX MOCBSILIEHO 3HAYUTEIHHOE YUCIIO
HaYYHBIX IMyOJUKauui, U3 KOTOpeIX oTMeTHM [1—5]. Cpenu OonpIoro pasHooOpasus NpeaoKEeHHBIX TOAX0A0B
IUIS TEOMETPUUYECKH M (HU3MUECKH HEJMHEHHBIX 3a/1a4 ONpPeACICHHBIMI IPEUMYIIEeCTBaMU 001aJat0T TaK Ha3bl-
BaeMBbI€ IByMEpPHBIE U TPEXMEpHBIE N30MapaMeTprudecKkiue KoHeuHbIe 3JeMeHTH (KD) TOHKOCTEeHHBIX KOHCTPYK-
it [6—9]. TexHoJOorHs MOCTPOSHHUS MOJOOHBIX JIEMEHTOB OCHOBAaHA Ha MUCIIOJIB30BaHUN YPaBHEHUI MEXaHUKU
nedopmupyemoro tBepaoro tena (MATT) u BbImonHEHNN crielUpUYECKAX THIIOTE3 B KaXKOW KBaApaTypHOU
TOYKE CaMOCTOATEIHHO. Takoil MoAXo ] B MOJHOW Mepe MO3BOJISIET IPUMEHSITH allpOoOMPOBaHHBIE METOUKN He-
JIMHEWHOTO aHaJIM3a TOBEACHUS KOHCTPYKIMH C y4eToM KoHEe4HbIX nedopmaruii [10—13], mwiactuunoctu [14—16],
HaKOIUICHUS MOBPEXKACHHOCTH Matepuana [17], konTakTHbeIX 3a1ad [18—19], 3agau ycrouuBoctu [20—21], mo-
JIeJN HEC)KUMAEMbIX MaTepuanos [22] U T. 1.

B Hacrosmeit paboTe paccMaTprBaroTCsl BOIPOCH! KWHEMATHKH KOHEYHBIX JedopManyii ¥ MpOU3BOJILHBIX
TEUYEHHH TPEXMEPHOTO KOHTHHYYMa. ONUCHIBAIOTCA TEH30pHI AeopManuii u Mepbl 1edopMaluil B pa3ioKeHUH
110 OCHOBHOMY U COIIPSDKEHHOMY 0a3ucaM MCXOIHOHM M akTyalibHON KoHurypauuii. [loctpoena maremaTtnye-
CKasg MOJIeTh 000JIOYEeYHOTr0 KOHEYHOTO AIIEMEHTa IyTeM BBEACHUS B (pru3mueckyro mojenb matepuana Cerxa.
PaccmoTpeHb! YHCIIOBBIE TPUMEPHI.

2. KunemaTnka KOHe4HBIX Aedopmanmii

Paccmotpum mporiecc neopMupoBaHus 000JI0YKM B HEKOTOPOH WHEPIHAIBHON CHCTEME OTCUeTa, B KO-
TOPYIO BBEIEM JEKapTOBYIO CUCTEMY KOOPAMHAT C OpPTaMH €1, €2, €3.
[TycTh B HCXOHON M aKTyalnbHOW KOH(PUTYpalUsIX pagnyc-BEKTOPBl MaTEpUAIbHONH TOUKH UMEIOT BH]L

R=X'(g,g.&)e; r=x'(g.8.&)e. (1)
Ompenenum:
— Ga3HCHbIE BEKTOPHI
R, Z%ei = Rliei; M Za_xkei = rkiei; (2)
aq g

— MCTPHUYCCKUC TCH30PbI

G=G;(RR')=G"(RR;)=G;(ee,);
9=0;(r'r’)=9"(rr;) =4, (ee,). ©)
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B manpHeiiiem HaMm MOHAZOOUTCS BEKTOP CKOPOCTH V, KOTOPBIHA OIIPEICTNM B CIICTYIOIICM BHJIC:

dr .
=r

:a_ =V (gl,ﬁz,és)ei. (4)

B 3agadax ctaTuky 1o BEKTOPOM CKOPOCTH MOHUMAETCS IPHUPAICHUE PaInyC-BEKTOpa I' IO Mepe Hapac-
TaHus Aedopmanuii, TO ecTh (haKTUYeCKH V ecTh BEKTOp mpupamieHus nepemeniennii AU, rme U — Bektop
NepeMeIeHu .

U=r-R=U'(g.¢".&%)e,. ()

BBenem B paccMOTpeHHe TPYIITy TEH30POB, OMUCHIBAIONIUX KHHEMATHKY CPEJIbl ITpH ee AedopMaIiuu.
Tenzop rpaauenTta aedhopMannu

F=(Rr') =6, (R'r)=0" (R = F, (ee)). Q
Ten30p rpajJueHTa MecTa
= (PR) =6, (FR) 6" (R, )= TF, (e, )~ (e ). ™
OGpartHblii TeH30p rpajuenTa ae(opMarH
(R = 0, (PR 6" (1R, - TF (o) - s e ). ®
OGpaTHBIil TEH30p IPAUCHTa MECTa
(F) =(Rn) =0, (R'r) 6" (Re) =X F; (e, - (o). ®

OtmMeTnM, 4TO 3a7aHre oOpaTHOrO TeH3opa JAedopmMaiuy B Buje (8) MOXKET OKa3aThbesi BECbMa HEyH00-
HBIM, TaK KaK €ero KOMIIOHEHTBI BBIYUCISIOTCA OUQQEepeHIUPOBAHUEM 110 KOOPAMHATAM TEKyIed KOHHrypa-
UM, KOTOpasi 4acTo SBISIETCS HEW3BECTHOH. B 3TOM cityuae mesecooOpa3sHO BOCIIONIB30BATHCS CIETYIOMINM
MpeACTaBICHUEM:

ox™ ox"
i= Sii Ik AT \Ei€; ) (10)
2det\ \ AX* X
OOpaTHBIH TEH30p rpaJHeHTa MECTa ONPEACIACTCS KaK TPAHCTIOHUPOBAHHBIN TEH30P.
Jlanee npu onvicaHuu Ae(opMaIiy UCIOIb30BAHBI CIEAYIOIIUE COOTHOIICHMS
— mpaBsiid TeH30p Komm — I'pura (Mepa nedopmarun Komm — ['puna)
—rcT i j N
C=F'gF =g, (R'R’)=2_g;(ee,), (1)
i
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rae . .
gij = gman'IRnYJ;
— neBbIit TeH3op [Tuomnsr (Mepa nedhopmarun AnpMaHCH)
B‘l:(F‘l)TG(F‘l):Gij(rirj): > B; (ee;), (12)
i
rie
B; =G, r™'r";
— ten3op nedopmanuu Komm — I'puraa
1 1 L -
e=Llc-a]-1[o, -6, J(RR)-TE, (ee, ) 03
]
rie
~ _l[g e ]Rm,iRn.j;
ij 2 mn mn
— TeH30p nedopmanuu ATbMaHCH
1 _ 1 O ~
ZE[Q_Bl}zg[gn‘eii}(”]): > A (ee;). (14)
i
rae

A 1 m,i.n,j
_ dpnj
Aj_z[gmn_Gmn]r r.

Cnemyer OTMETHTbh, YTO KOMITIOHEHTHI TeH30poB aedopmarnu Komm — ['puHa u AnbMaHCH B KPUBOJIU-
HEHHBIX 0a3ucax COBMAAAOT MEXIy coOoi. CrpaBesIuBO COOTHOIICHUE, CBA3BIBAIOIIEE TEH30PHI AeopManuu
Komm — I'puna (13) u Ansmancu (14),

E =F'AF, (15)

KOTOPOC XapaKTCpHO i1 MHOTI'MX MNPOCTPAHCTBCHHBLIX W MATCPHUAJIIBHBIX TCH30POB. HmMmeer mecto u 06paTnoe
npeo6pa30BaHI/Ie, TO €CTh

A=(F) E(F?). (16)

BBCZICHBI TCH30P5I, UCIIOJIB3YEMBIC JI OITMCAHUA TCUCHU CPEIBI. bazoBevu TCH30paMHM 31CCh SBJIIIOTCS.
— TCH30P MPOCTPAHCTBCHHOI'O I'PaANCHTAa CKOPOCTH

h=F(F?)=vir' =3 (ee;). (17)
i

rIe

N oV ,- "™ s iimi OV
Vis =€ Vi =) o By =yt = (18)
oE Ok ~ oe' et ox’
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— TeH30p JiehopMaITU CKOPOCTH

1 ~
=§[h+hq:;dij (ee;). (19)
rie
dNij =l[vimrm'j +Urjn|"m’i:| 1{6‘0 +@}
2 2| ox!  ox
— TCH30P CKOPOCTHU IMOBOPOTA
1 -
m=§[h—hT]=;mij (eiej), (20)
raec

o, =1|:1)i r™ —y) rm’i} ;{%I_?_XJ}

MartepuanbHasi Tpou3BoaHas (TIOJTHAS MPOU3BOJHAS 1O BpeMeHH) TeHzopa aedopmanmm Komm — ['puna
3arucaHa B BUJIE

E=2C=2g,(RR)- z (o)), (21)

rJe

Gy = Viry +v;r =2 (o' + 07" ); E, :%gman"R”'j.

m

U3 (18) caenyer

" X" " A" |y e (i
__Z|:a§ a)éj E_,i a);i:|(rr )—Eggij(rr ) (22)

Takum 00pazomM, CKOpPOCTh M3MeHeHHs1 TeH3opa Aedopmanmy Komm — I'puna (21) u TeHzopa nedopmarnmit
ckopocty (19) B KpHBOJIMHEHHBIX 0a3rcax NMEIOT OIMHAKOBBIE 3HAUYEHHST KOMITOHEHT. ClieoBaTeIbHO, CIIPABEITUBO

d:(lz-l)T E(F‘l):—%F(C‘l)FT. (23)

3amumewm (23) ¢ yuetom (15), (17)

= (|:-1)T %[FTAF](F‘l) = (F‘l)T [FTAF +FTAF + FTAli](F-l) =A+h"A+Ah=A" (29

Bripaxxenue B mpaBoii yactu (24) HazwsiBaroT npousBognoi Jlu (Lie Rate), mis xotopoii, ¢ yuetom (22),
CTIPaBeIIMBO BBIPKECHUE

1 . i
A? :d:E. g; (r'r?). (25)
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[lo ananornu c onepanueit nnpdepeHnPOBaHNS IO BPEMEHH OIIPEIEINM BapHalini OCHOBHBIX TEH30pPOB:

S P iDi =
SE:Ezsc:ESgij(RR’):;f’Eu(eiei);

sh=2 vy (r'r’) =2 3h; (ee,;). (26)

3. du3nyeckasi Moae/b THNEPYNPYroro Teja

JI1 OCTpOoeHHs OIpeNeNsIFoINX COOTHOIIEHHH BOCIONB3YEMCSI BTOPHIM YPaBHEHHEM TEPMOJUHAMUKH
JUTSE ©30TEPMUYECKOTO Ae(pOpMHUPOBAHNUS YIIPYTOH NU30TPOITHOM Cpenbl B BHJIE

p\If—Gd = 0! (27)

r1e p — INIOTHOCTh Marepuana; y — QyHKIs CBOOOHOM dHEpTruH; 6 — TeH30p Hanpspkennil Komm; d — TeH3op
JnegopMalu CKOPOCTH, KOTOPBIH onpeaessiercs pa3nudabiMu popmamu (19), (22), (23), (24), (25).

[TocTponM o0ImIME CTPYKTYPHBIE COOTHOILIECHHUS, IPUHUMAsI B Ka4eCTBE 0a30BOTO BBIPAKECHUS TEH30D Jie-
dbopmanmii AnpMmancu (14). Beibop 6azoBoro TeH30pa AehopManui MpearroraraeT, 4to (GyHKIHs CBOOOIHOM
SHEPIHH 3aBHCUT OT KOMIIOHEHT 3TOr0 TeH30pa. TakuM oOpa3oM, OyeM CUUTaTh 3aJaHHON (HYHKITHIO

v=y(A) (28)

o npaBmity nuddepeHuupoBanns cKaasIpHOH GYHKLIUH 10 TEH30PY HMEeM

. _ oy
=—..A, 29
Y=o (29)

\
A€ MOABJIACTCA TEH30P BTOPOI'0O paHra a— .

Bocnons3yemes cooTHomienneM (24), 13 KOTOPOTO CIEAYET, YTO
A=d-Ah-h"A=[d-Ad-dA]-[Ao-0A]. (30)
[oncrasus (30) B (29) u nanee B ypaBHeHHe (27), HOTYIHM

oy
pa..{[d—Ad—dA]—[Am—mA]}—c--dZO. (31)

[IpeoGpasyem ypaBuenue (31) k popme

{p{%—a—wA—A@}—c}-d—{p{a—wA—Aa—w}}-m=O. (32)
oA OA oA oA oA

Tak kak TeH30p ckopocTH Aedopmanuu d ¥ TEH30p CKOPOCTH BPAIICHUS () SBISIOTCS COBEPIICHHO He3a-
BHCHUMBIMHU TEH30paMH, TO U3 (32) ciemyroT 1Ba ypaBHEHHS:
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czp[a—w—@A—Aa—W] (33)
O0A OA O0A
CAyNEYNCL (34)
O0A OA

Coortnomenust Bunaa (33) HazpBalOTCS (GU3NIECKUMHE (OTPEAETSIONIMMI) COOTHOIICHUSIMH, WIN ypaBHe-
HUEM COCTOSIHUS, W, [0 CYTH, ONPENENSIOT TEH30p HANpsDKEHHs B BUAE (QYHKUMH OT TeH30pa AedopManuu.
VYpaBHenue (34) sBisieTcsl orpaHUYeHUEM Ha BbIOOp QpyHKIMK CBOOOAHOM 3HEpruu (28).

C yuerom (34) onpenenstonine cooTHOMEeHN (33) MOXKHO 3amucaTh B BUIE

oy oY 1
oM _2a1= YR 35
¢ paA[g ] P (35)
100
oy L0y
—olo_ 241N _gr ¥, 36
o=plg-2A]7 =B —rp (36)

O6e GopMbI 3arucy YKBUBAJICHTHBI, BCIIEACTBUE CIpaBeaAanBoCcTH (34).

Jli1s1 M30TPONHOrO MaTepuana, CBOMcTBa KOTOPOrO HE 3aBUCST OT HampaBieHUSA, QYHKIMS yIeJIbHOU IO-
TEHIMANBHOW dHEPTruu JIeopMalluy JOJDKHA 3aBUCETh JIMIIb OT WHBAPUAHTOB COOTBETCTBYIONIMX TEH30POB.
CrnenoBarenbHO, BeIpaxkeHue (28) ympoaercs A0 cKasipHOH QYHKIMH, 3aBUCALICH OT IIaBHBIX HHBAPUAHTOB

W:\V(IlA'IZA'IsA)- @37)
31ech u nanee 0603HAYEHUE CKAIAPOB YIIPOCTHM, 8 HMEHHO

|1:|1A; |2:|2A; |3:|3A' (38)

B pesynbpTare mocne HECIOXKHBIX TPE0OPa30BaHMU MOITYINM

6 =[y,+y,l|g-y,A+y, LA™, (39)
rae
oy oy oy
=PV, =P VW =P 40
4 pall 7 pal2 Vs pa|3 (40)

J171st OJTy4eHusl TIpEe/ICTaBlICHHS TEH30pa HANIPSHKEHUH 6 B BHJIE CYMMBI JIHa]] IO COOTBETCTBYIOIIEMY Oa-
3UCY HEOOXOIMMO yCTAaHOBUTb, B KakoM Oasuce ompeneneH TeH3op aedopmanuii Ansmancu (14). HanGonee
HPOCTO BUJI TIOJTy4aeM IIPU MCIOJIb30BaHUH Oasuca €. B aTom cirydae

= ;ffu (eiej ) (1)

6ij :[W1+W2I1]5ij _“VZAij +\|/3|3A?,
rae ‘;5{;‘ o0OpasyeTcs Kak MaTpulia, oopaTHas ‘AJ‘
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[Ipu ncnonp3oBaHMM Oa3uca TeKyIIeld KOHPHUTypaIUH ITOJTydaeM IpeCTaBIeHIe

6= o;(r'r')=c"(rr)) (42)
i

G; :[‘If1+‘l’2|1]gij -V, A +\V3I3A;;,
rie

A=9; -Gy

*

AJ- — KOMITOHEHTHI 00paTHOTO TeH30pa B Oa3uce (ri r ), KOTOPBIE UMEIOT JJOCTATOYHO CIIOKHBIN BUJI.
~ *
B npakTtrueckoi peann3aiy BEIYUCICHIE KOMIIOHSHT AJ- 3HAYUTEIHHO MPOIIE, YeM AJ- . [TosTOMy T1€7TE-

* N x
c006pa3H0 BBIYUCIISITH Aij qgepes Aj . I[J'ISI ATOT'0 U3 TOXKIACCTBA
* | j _ * _ _1
Au(” )—ZA”(eiej)—A (43)
ij
MOJIyYUM
* _ e _ ~x m.n
Aj - rlz Ann (emen)rj - Annrl r-j ' (44)
m,n
KOHTpaBapI/IaHTHLIe KOMIIOHCHTBI TCH30pa HaprI)KeHI/Iﬁ OHNpPEeaCIIIIOTCA B BUIIC
ij _ mi ~ Nj
G =0Om g g-. (45)
Taxum o6p330M, MIPEACTABJICHHBIC COOTHOIICHMS TMO3BOJIAOT BBIYUCIIATE KOMIIOHEHTEI TCH30pa HaHpH)KeHI/II\/’I

B pa3NMYHBIX 0a3ucax MpH U3BECTHBIX HCXOAHON U Je(hOPMUPOBAHHON KOHPUTYpALUSIX MEXaHUIECKOH CHCTEMBI.

4. Pa3pemaloiee ypaBHeHHe Ha 1Iare HATPY:KeHHSI

B kauecTBe 6a30BOr0 COOTHOLICHUS BapUALMOHHOE YPaBHEHHE MIPHUHIMIIA BUPTYyalbHBIX CKOPOCTEH B Te-
KyIIeld KOHPHUTypaIriui MOKHO 3aIMCaTh B BUC

[o-3ddv = [1"8vdV + [ t,5vdS, (46)
\% \ S

* * )
rac f — BEKTOpP 3aJIaHHBIX BHCUIHUX O6T)eMHBIX CHUJI, tn — BEKTOpP 3aJlaHHBIX HaIPSAXKCHHUU Ha YaCTHU IMOBEPXHO-

CTH Ss, Ha KOTOPOU OMpEeTICHbI CUIIOBBIE TPAHUYHBIE YCIOBUSI.

TexHoIOTHS BRIYUCICHUH TPECTaBIsIeT OO0 METOJ MOCIIeI0BATENLHBIX HATPYKEHHUI C OlpeelieHueM
TEKYIIeH METPUKU KaK OCHOBHOW IS BeIUMCIeHHUH. MTak, mporecc nepopMupoBaHus MpeACTaBUM KakK IOCHe-
J0BAaTCJIIBHOCTh PaBHOBECHBIX COCTOSTHUH Vk, KOTOPLBIC PCAIM3YIOTCA IMPU 3aJaHHBIX 3HAYCHUAX BHCIOIHUX CHJII

ke* kg~ o o o
f y tn . OHpeI[eJ'II/IM B KauCCTB€ OCHOBHOMU HCU3BCCTHOW BCIMYMHLI BEKTOP CKOPOCTHU kl), KOTOPBIM MOXKHO

TPaKTOBATh KaK BEKTOP NpUpAIICHUs TEKyIel KOHPUTYpalluy PY Iepexoe K HOBOMY COCTOSIHHIO Vi1

=AU =""r—"r. (47)
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Paspemraromiee ypaBHeHHE Ha TEKYIIEM IIare CTPOUTCS MyTeM JIMHEapH3aI[iH NCXOIHOTO yYpaBHeHHS (46)
K.

B MPCATIOJIOKCHUN <<1.B PE3YIbTATC UMECEM

o*x!

I{kd.ﬁkd—% kg-.|:8khkh+(kh)T (Skh)T:iJr

Vk
ak i . . ak i .
{akzi }[kc-ﬁkd— “f 60]}dvk +Sjﬁ{ktn(kh)T {akzi } ktn}éndsk =

= [ *f75vdV, + [ “,8vdS, -4 [ “e-3"d—*"3v |dV, — [ “t;5vdS ;. (48)

Vi ¢ Vi Sk

UToO0BI MOTHOCTHIO OTIPEENIUTH STO YPaBHEHHE HEOOXOMMO TIOCTPOUTH BBIPAKEHHE CKOPOCTH HANPSHKEHHUN

k- o . -
G 15 M3BECTHOI KOHDUrypammy K uepe3 HeM3BeCTHBII BEKTOP CKOpOCTH (47) B BH/IE IMHEHHO (DyHKIMN.
PaccmoTpuM o01muii ciryyaii H30TPOIHOTO MaTepHaa ¢ onpenesonumM ypasaenuem (39). Muaexc K ms
COKpalleHus 3anucu onyctuM. CrpaBeannBo

6 =[ 0+l w0, g+ [y + vl ]E— VA =y A+ LA+ y ATy AT (49)

I[anee paciuiueM Kaxa0€ U3 ClaracMbIX:

2 2 2
i D2y D (0 O (0
a1,01, | oA o101, | oA alal, L oA

O’y %y v | aal
+ lLg—Al+ LA™ A 50
{pﬁliallg Parar, LAl P o5 0

3,Z[CCL HMCIIOJIb30BAINCH CIICAYIOIIME MPCICTABICHMS

() Acg A 1= D2 Aclig—Al A =[P ] Ao At. A
Il_(@Aj A=g-A; |, (aAj A=[Lg-A]-A; I, ( jA LA A, (51)

CripaBeTBO TOXKIECTBO
AA™ =g. (52)

Ecmm nponudepenumpoBats mo BpeMeHH TOKAECTBO (52), TO MOIYIUM
At=A" [g - AA1:| (53)

Takum 00pa3oM, yIaJioCh MOCTPOUTH BBIPAKEHUS BCEX ClIaraeMbIX B COOTHOIICHHU (49) yepe3 1Ba TeH30pa
ckopocteii A u §. I[TpuueM Bce TeH30pbI, KOTOPBIE CBEPTHIBAIOTCSA C HUMH, OHO3HAYHO ONpPENEIIOTCS TeKyek
KOH(HUTYpaIeil “r 1 MOTyT ObITh BHIYHCICHBI 10 COOTBETCTBYIOMIM (opMyaM. Terneps HEOOXOAMMO BBIPA3UTh
TEH30pHI A, § uepe3 NPOCTPaHCTBEHHBIH TeH30p rpanueHTa aedopmanuii (17) B BHe THHEHHON 3aBHCHMOCTH.

U3 (24) umeem

“A="d—(*h) “A+*Akn, (54)

TO ecTh ¢ yueToM cooTHomerus (19), (24) KA ects nuneitnas dynkuus, 3aBucsmas ot <h.
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N3 (14) momryaaem
g=2A+B™. (55)
U3 (12) caenyer
B =(F') GF'+(F?) GF™. (56)
JuddepeHmpys mo BpeMeHH TOXIECTBO
F'F=G, (57)
HOJTYyYHM
F'=—F'FF'=-F"h (58)
Y TIOJICTaBUM ero B (56)
B =—h"(F!) GF'~(F*) GF*h=-h"B*-B"h. (59)

Cobupas Bmecte nipeactasieHus (54), (55) u (59), nonyvaem BeipakeHue
g=2[d-h"A-Ah|-h"B*-B*h=2d-h"[2A+B™]|-[2A+B™ |h=2d—h"g-gh, (60)

TO €CTh COOTHOIIEHHUE, MOTHOCTHIO aHamornaHoe (54).
Takum 00pa3om, HpeCTaBICHHUE JJIsi CKOPOCTH W3MEHEHHs TeH30pa HanpsbkeHui (49) B riodaibHOM Oa-
3HCe, TO €CTh B BUJIC

K - K ~
0'=Z o (eiej), (61)
ij
JOIyCKaeT NPEACTaBICHUE
k ~ k k
Gij = L:;m hmn' (62)

ky mn o
BLIpa)KeHI/Ie Lij JIETKO CTPOUTCA C MOMOIIBIO BBIIICIIPUBEACHHBIX COOTHOILICHWH. CJIe,Z[OBaTeJ'H:HO, CKO-

POCTb N3MEHEHUS HANIPSHKEHUH €CTh JIMHEHHast GYHKLUS OT IPauEeHTOB CKOPOCTEH.

ITonmydeHHBIE COOTHOIIEHUS IPEACTABIIOT COOOH TEOPETHYECKYH) OCHOBY KOHEYHOZJIEMEHTHOTO aJro-
pUTMa McCiIeOBaHMsI KOHEUHBIX Je(opMaluii HeJTMHEHHO YIPYTruX TeNl MpH CWIIOBOM Harpys3ke. HeoOxoanmo
UMb 100aBUTh KOHKPETHYIO (PM3MYECKYI0 MOJENb B BHJE BBIPaXEHHUS (YHKLMOHANAa CBOOOJHON B>HEPrHH,
CIIPaBEUIMBOIO AJISl COOTBETCTBYIOIIErO MaTepHaa.

5. Marepuaa Cerxa

PacueT TOHKOCTEHHBIX KOHCTPYKIUN C YUeTOM HEIWHEWHOCTEH OCHOBBIBACTCS HA IIATOBBIX W UTEPAIlH-
OHHBIX MeToMaX. BbIOOp METOa M aNropuT™Ma, PEeau3yIoNero ero, 3aBUCHT OT TUIA HEMMHEHHOCTH. B HacTosieit
paboTe UCMOIB3YETCsA METOI MOCIICA0BATEIbHBIX HATPYKEHUH, KOTOPBIA MOXET ObITh €CTECTBEHHO Pean30BaH
B pamkax MKD3. IIpornecc nedopMupoBaHus IpeIcTaBUM B BUE TOCIEAOBATEILHOCTH PABHOBECHBIX COCTOSHUM
Vi, ... Vi, Visg, ... VN, Tie Vi u Vy — obitacty, 3aHMMaeMble 000JI0YKOH B HAYAJIBHOM U KOHEYHOM JeQOopMHpPO-
BaHHOM COCTOSIHHH, a Vi — IMPOU3BOJIBHOE MIPOMEKYTOYHOE COCTOsIHME. J[eficTByIoIas HarpysKa JOCTHIaeTCs
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[OCIIEZIOBATENbHBIM AOTPYKEHHUEM Ha Ka)KAOM Ilare, MpUdYeM KOJIMYECTBO IIAroB BhIOMpaeTcs Tak, YTOObl Ha
Ka)XIOM U3 HUX 33jJa4a OblIa KBa3WIMHEHHOH. [Ipu Takoii mocTaHOBKe 3a/ada CBOAMTCS K oTbickaHuio (K+1) —
COCTOSIHUS IIPH YoKe OTPEIeTICHHON TeOMETPHH M ¢ HAKOTUICHHBIMH HAINPSDKEHUSIMU K-TO coCTOSTHMS.

BBeneM B paccMOTpeHHE TEKYIIYI0 KOHGHUIYPALUIO CUCTEMBI Ha K-M IIare Harpy>KeHUs M ONpPEACIUM ee
B CJIEAYIOLIEM BHUJE!

krz kXi (&l’gz’ééi)éi, (63)
rac
- 8 .
kXI (%1,6,2,2_,3):ZkX:Nr(il,az,&s). (64)
r=1
COOTBCTCTBCHHO BEIUHCIIAEM.
— 0a3HCHBIE BEKTOPBI:
o0 -
“F, = 5 & ="“rg; (65)
. OfE! 1 _ -
Kej = jmn ki kiz _ kexjig .
r _8Xi ei_z\/ge rm I’n_ r ei’ (66)
— METPHUYCCKUC TCH30PbI
(kg)=kgij(krikf'j)zkgij(kﬁkrj), (67)
rac
e o*x™ AFx™
"0y =" =2, (68)
m

oe ae]

Ecnu BBecTu B PacCCMOTPCHUC KOBAPHUAHTHBIC KOMIIOHCHTBI METPUIYCCKUX TCH30POB, TO TCH30D ;[eq)opMa—
85851 AnbMaHCH 3aIHCHIBACTCS CJICAYHOIINM O6p330M:

kym kym m m
chij:}(k - ij)zgz o'X" " oX" X" (69)
2 244\ og o8l o e

Tak xKakK KOMIOHEHTH TeH30poB Aedopmarnmii Komm — I'pura 1 AnbMaHCH B KpUBOJIMHEHHBIX Oa3mcax
COBIIAIAIOT MEXy co0oH, mosryyaeM TeH3op aedopmannii Ko — ['puna

(kE):kdbij(ﬁiﬁj) (70)
1 TeH30p JedopMariu AJTbMaHCH
(“A)=" o, (Fr ). (71)
BBGJICM B paCCMOTPCHUC BEKTOP IMpUPpAIICHUSA HCpCMe].LICHI/Iﬁ

Akljz k+lr—kf=AUi(§l,§2,§3)§i, (72)
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T7Ie HCIIOIB3YIOTCS anmpoKcuMaIuy Buaa (64), To ecTsh

kU‘(aﬁ&ﬁé)=§Aku;Nm(&%a2,é3). (73)

m=1

AHaor TeH30pa MPOCTPAHCTBEHHOTO IPaJHeHTa CKOPOCTH
(A*hy ) =(A"U;*7) (74)

6y;[eT MNpEACTAaBJICH B BUAC

AU i OA'U™ X" i " oAU ik e
(Ath):( a}; ‘ j ; a& a&J (k r ) ; a&l (kr kr]>:Akaij<kr er)- (75)

CI/IMMeTpI/I‘IHaH 4acCTb 3TOro TCH30pa UMEET BHU/

15| 0AU™ X" 3'%™ 0A'U" | i :
(Ade)ZE;{ R T }( Tt ().

AHaJIOTUYHO MOXKEM 3amnucarh Bapuanuu. meem

()= T | RO ) 3 DS ) ().

1| U™ 9°%™ 0"X™ G8"U™ | hcikei) _sk g (kpikr
(8'dg)= Zm:{ag 'angJraa"agj }( r)=8 @, (rHr). (78)

31ech UMEIOT MECTO CIICIYIONTUE COOTHOIICHUS:

A*D, = %[Akaij +Akocji]; (79)

]

1

1
k k k
5 QD..:E[S o + 8%y, |. (80)
TeHSOp HCTUHHBIX HaHpH)KeHI/H\/II Ko OIpeACIACTCA B BUIC
(kc):kGij(kFiij)szij(kﬁk'—;j), (81)

T7ie BBEJCHBI KOBapHAHTHbIE U KOHTPaBapHaHTHbIE KOMIIOHEHTHI TEH30pa HaIPsyKEHHH.
3amuineM U3BECTHOE BapHallMOHHOE YpaBHEHUE B CKOPOCTSX HampsbkeHui (48) 0e3 ydeTa MacCcOBBIX CHUIL,

k - k$* k k4*
IPEABAPUTECIILHO CACIAaB MEpeXoq OT O U tn K OprupaniCHusAM Ao u A tn , IPUHAB IMIPUPANICHHUE BPEMCHU

At paBHBIM euHHIIE. ITO ypaBHEHUE OyIET HMETh CIIEAYIOLINIA BH/I;
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I{(Akc)~-(8de)+{%}(kc)..(SKdR)—%(kc)..[(Sth).(th)+("hR)T .(5th)TJ}de _

Vi

= [ Ak, -8uds, —{ [[(“o)-(5"dg ) AV, - [ *€;5Uds, ;. (82)
Sy Sy

Vi

B xauectBe usmdeckoit Momenu ucmoib3dyeMm Martepuan Cerxa, UIsi KOTOPOTO CIpaBeaInB 3akoH ['yka
IUIs TeH30pa AedopManuii AJTbMaHCH:

“o =2u* A+ 1 g . (83)

Pacrumem /171t npupanieHus HanpsHKeHUi K-ro coctosHust

Afo =2uA A+ 1 g[ Fg--ARA ], (84)

rac
A'A=A'd, (A, ) FA-kAAh,. (85)

[Tocne muckperusanuu (84) momydaem
A¥oy =2p(A Dy — g A a, A - K™ A A ey )+
+xkgIJZkglo(Ak®lo_k nmAkanlkAm k mnkAmA o ) (86)
1,0=.
rae

(87)

Akq)ii :ZAkUm kEljma kE.rm =1 k m(aNr aNt + aNt . aNrj

8Ef 8@ ﬁéi 8§j
Janee mo ananoruu ¢ [23] BBenmeM B (86) ynporeHHbIH 3ak0oH [ 'yka it pupamieHnii HalpsHKSHAH 00KaTHS .
A¥c,, = E'AA,, (88)

rae E — Moayinb sxecTkocTr Ha o0xaTue (B 00IIeM Cily4ae OH MOXKET ObITh ONPEACICH U3 IKCIEPUMEHTATBHBIX
JIAaHHBIX). B 4acTHOCTH, MOKHO MPUHSTH

E*:M_ (89)
A+p

Hcnonp3ys TeXHOIOTHIO ycedeHus eopMalnii monepeyHoro casura [23], moiryanm

B - (e (6 +8)e (g8 g
7 - (L) (6 ) (e g (90)
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B nensx yrouneHus: GU3HIECKOi MOJIEIH, COTIIACHO TEOPHH, BBOISATCS CIEAYIOIINE COOTHONICHHUS:
Ao, = AD, +A*w (91)
i3 = i3 i3
K K
rae it A" ®,, npurnMaem cootHomeHus (87), (90), a A"m,, npexcraBuM B BUIE

Aoy =Y AUMGT, (92)

m

TAC, COIJIACHO TEXHOJIOTUU yCCUCHUA I[CCl)OpMaLIHfI NOMNCePEYHOro CABUTaA,

rm~1km 1¢3 3gl |, rm~1km 2¢3 32
TR ke B kg (93)

o k
YTO 3KBUBAJICHTHO BBIYHCJIICHUIO BpAIlllCHUN A ('Oi3 B ICHTPC KOHCYHOI'O 3JICMCHTA.

[IpoBens HeKOTOPBIE MPeOOPa30BAHMS, 3aMUILIEM MAaTPULBI T€OMETPUIECKOH KECTKOCTH BTOPOTO U TPETh-
€ro ciaraeMbix (82) B clieyIoneM TUCKPETHOM BHJIE!

Nar _ k k agp kprs k 4omn k i [k
Dps_ Oim AI Enj g g g.

S qr 1 ij rs mn rs nm
D == "o [ “AT AT “g™ + AT “AT g™ |"g. (94)

B pesynbrare onucaHHOW BbIIIE KOHEYHORIEMEHTHON ITUCKPETH3ALUHU MOIyYHUM CHUCTEMY JIMHEHHBIX aj-
reOpanueckux ypaBHeHuit (CJIAY)

'K Jia'uf={a'Py={"H}. (95)

rae {A'u} — BEKTOp MpUPAIICHUS Y3JIOBBIX NIEPEMELIECHUN; ['K] — MaTpulia JEBbIX YacTeu; {A'P} — BEKTODp
MpUpaLIEHUs Y3JIOBBIX CUII, {'H } — BEKTOP HEBA3KH.

Pemast cucremy nuHeHbBIX anreOpanmuecKkuxX ypaBHeHUH (76), HCIONB3Ys alTOPUTM MEpPEYyNopsI0YnBa-
HUs1, U3BECTHBIN Kak MeTon Karxwmmna — Makku [24], u onpenensisi NpupalleHus NepeMelieHUld, HaX0AUM KOH-
¢uryparmio cuctemsl (1+1) u HanpsHKeHMs

=X +Alu; o= o+ Ak (96)

6. YncJioBbIe MPUMEPBI

3aoaua 1. PaccmarpuBaeTcs TeCTOBas 3aj1a4a U3ruba moJjiockl B KOJbIO. VICX0/s1 13 KHHEMaTHYECKUX CO-

. i T
OTHOLIEHUI BBIYUCIUM Gﬂm u Gﬂax B y3Jlax Ha CBOOOJJHOM Kpalo MOJIOCHI C Y4eTOM I <<1.

min h max h
on =—%(k+2u); o =%(x+2u).

3amaya paccuMTaHa C HCIOJIL30BAaHUEM IPEIJIOKCHHOHN BbIie MeToauku. [nmuHa monocer L = 200 cwm,
tomimaa h = 1 cm, mmpuna b = 5 cm, Moxys ynpyroctu E = 20 000 kI'/cm?, kosdduument Iyaccona v = 0.
Ha puc. 1 u3o0paxkeHo ae(opMHPOBAHHOE COCTOSIHUE TTOJIOCHI M HECKOJIBKO TIPOMEKYTOUYHBIX 3TAINIOB HATPYKEHHUSI.
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Puc. 1. I3ru6 moaockl B KOJIBIO
Figure 1. Bending the strip into a ring

B cnyuae, xorna npunaraemast Harpy3ka pazoupaercst Ha 1000 maroB Harpy»eHusi, OIPEIIHOCTh YUCIICH-
Horo pemeHus He Oosee 1 %. IlorpenHoCTh MOTIIa MOSIBUTHCA 32 CUET KOHEUHODJIEMEHTHOH amnmpoKCHMAaIluu
nccaemyeMoit oomactu. [IpuBeneHHBIN YHUCIOBON TPUMEp AEMOHCTPHPYET BO3MOXKHOCTh HACTOSIICH METOIHKH
B PEIICHUH HETMHEHHBIX 3a71a9 TEOPUH 000JI0UEK.

3aoaua 2. PaccmarpuBaetcs nonycheprudeckas 000J04Ka ¢ BEIPE30M B MOJIIOCE IO BO3JACHCTBHEM CaMO-
YPaBHOBEIICHHOW CHCTEMBI CHJI (PACTSATHUBAIONINX W CKUMAIOIINX HATPY30K B IBYX OPTOTOHAIBHBIX PaaUallb-
HBIX HaIlpaBJICHMSIX ). M3 yCITOBUI CHMMETPHH PACCMOTPUM YETBEPTH Morycheps! (puc. 2).

T

: Y —

4

A
// 10*
x/

Puc. 2. IToychepudeckas obomouka:
pamuyc nonycdepst R = 10,0 eum; Tonmuna h = 0,04 cm; moxyss ynpyroctu E = 6,825-107 kI'/em?; kosddunuent Iyaccona p = 0,3; narpyska F = 10A k'
Figure 2. Hemispherical shell:
radius of hemisphere R = 10.0 cm; thickness h = 0.04 cm; modulus of elasticity £ = 6.825-107 kg/cm?; Poisson's ratio p = 0.3; load F = 10X kg

Ha puc. 3 m3o0paxkeH rpaduk MaKCHMAaNbHBIX mepeMemeHuH Umax, CM U Vmax, cM 1pu ceTke 20%20
B CPaBHEHUH C PEIICHUSIMU IPYTHX aBTOpOB [25-29].

Ha puc. 4 npuBeneHo neopMUpOBaHHOE COCTOSIHUE MONTycheprieckoit 00omouxu mpu A = 16.
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16.00 —j'
12.00 —
800 —
400 —
Vig:Vig
000 ' | ' | ' | ' |
0.00 2.00 4.00 £.00 8.00

Puc. 3. I'padyik MakcUManbHBIX TEpeMEICHUH:
V,, A-SDFR 20; V, e-SDFR 20
Figure 3. Maximum displacement graph:
V,, A—SDFR 20; V_ - SDFR 20

Puc. 4. J[lepopmMupoBaHHOE COCTOSHIE MTOTYCHEPUIECKOI 000IOUKH
Figure 4. Deformed state of a hemispherical shell

Puc. 5. Hunuaapudeckast 0007I09Ka:
pammyc muaapa R = 4,953 cm; Tonmmaa h = 0,094 om; mmaa L = 10,35 cm;
Moyb ynpyroctu E = 10,5-10° xI'/cm?; koadurment ITyaccona p = 0,3125
Figure 5. Cylindrical shell:
radius of cylinder R = 4.953 cm; thickness h = 0.094 cm; length L = 10.35 cm;
modulus of elasticity £ = 10.5-10° kg/cm?; Poisson's ratio p = 0.3125

3adaua 3. PaccmaTpuBaeTCs paCTSHKCHUE IMIHHIPUICCKOW OOOJIOUYKH ITYTEM TPHIIOKEHUS COCPEIOTO-

yeHHBIX cui P (puc. 5).
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MaxkcumManpHOE pagruaibHOEC NEPEMECUICHUE IOJIy4Y€HO nu3 AHAJIMTHYCCKOT'O COOTHOUICHUA

T
W . :(E_ljR:2'82715 cM. Ha puc. 6 npeicraieHbl paadaibHble MEPEMEIICHUS Ha KaXIOM Imare

Harpy>XeHHUsI.
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Puc. 6. 'paduk pagnaabHEIX HepeMenieHui
Figure 6. Radial displacement graph

HebopmupoBanHoe cocTosiHMe HUIUMHApHUYeckor 00os10uku npu P = 1000 xI" npexncrasieno Ha puc. 7.
[TpubnmkeHHbIC PEIICHUS IPYTHX aBTOPOB MOXKHO HaiTh B [25-29].

Puc. 7. JlebopMupoBaHHOE COCTOSTHUE IIMITMHAPHUYCCKON 000I0UKH
Figure 7. Deformed state of a cylindrical shell
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7. 3akjaouyenue

[IpencraBiena MeToAMKa pacueTa HaIpsHKEHHO-AE(POPMUPOBAHHBIX COCTOSHUN TOHKOCTEHHBIX KOHCTPYK-
U CTI0KHOW T€OMETPUU MOJU(PHUIIMPOBAHHBIM TPEXMEPHBIM KOHEYHBIM 3JIEMEHTOM TEOPHUHU YIPYTOCTHU C OJHO-
CJIOWHOM amnmpoKCUMAIIMEH 110 TOJIIIMHE U BBEICH B paccMoTpenue Matepuan Cerxa.

[IpuBeneHHBIC YHCIIEHHBIE PACUETHI TECTOBBIX 33/1ad JEMOHCTPUPYIOT PabOTOCIIOCOOHOCTh U JIOCTOBEP-
HOCTb MPEJUIOKEHHOTO arOpUTMa.
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AHnHoTauus. Lenp uccienoBaHus — co31aHle METO/a yieTa BHYTPEHHETO Tpe-
HUS, KOTOPbIA 00ecreynBaeT YaCTOTHYIO HE3aBUCUMOCTb, YUUTHIBAET 3aBUCUMOCTh
BHYTPEHHETO TPEHHsI OT YPOBHS HAIIPSDKEHHOTO COCTOSHHS M SBJISAETCS IIPUTOJI-
HBIM 1Sl GU3MYECKH HEMMHEHHBIX 33/1a9 MPH OOJBIIMX M MaJbIX MepeMelIeHH-
sIX. PaccMOTpeH mpHOMIKeHHBIH croco0 ydera NeMI(pUpoOBaHUS B IUIACTHHAX
C NPUBJICYCHUEM CTEp)KHEBOW ammpokcumanuu no A.P. Pxanuusny. IIpoana-
JM3MPOBaHA JMCKpPETHAas cpefa P)kaHMIbIHA ¢ KBaJpaTHOW SYEHKOH C TOYKH
3peHHs M30TPOITHOCTH €€ CBOKMCTB AemMiipupoBaHus. g BOCbMU XapaKTEpHBIX
HalpaBJIeHUH opueHTauu aedopmManuii oKa3aHo TOYHOE BBITIOJIHEHHE CBOWCTB
M30TPOIHOCTH AeMIIpUpoBaHus. JJaHO peleHre TeCTOBOTO MpUMepa, B KOTOPOM
KOJIEOJIIOIIMICS TIPU PACTSDKEHUH CTEP)KEHb PAaCCUUTHIBAETCS MO JBYM pacder-
HBIM CXEeMaM, OJHa M3 KOTOPBIX MpPEACTaBIAeT IEHCTBUTEIbHBIH CTEPXKEHb,
a Jipyrasi — pAMOYTOJIbHYIO IIJIACTUHKY, UCHIBITHIBAIOLIYIO OTHOOCHOE PacTsKEHHE,
JUId IMHAMHUYECKOTO MOJICTUPOBAHUS KOTOPOH B CBOIO OYepe/b HCIOIb3YeTCs
JuckperHas Monenb A.P. Pxanunpina. Vicrionbp3oBaHHe OJJMHAKOBBIX TapaMeETPOB
JIeMI(pHUPOBaHUS ISl ASHCTBUTEIHLHOTO CTEPXKHS M CTEPXKHEH B alllPOKCHMAIINU
PxaHuipiHa IPUBOMUT K ONM3KOMY 3aryxaHuio. Paspaboran mpuOimkeHHBIH
MOJIX0/1 K Y4€Ty BHYTPEHHETO TPEeHHUs NpU KOJIeOaHUSIX ABYMEpPHOH CIUIOLIHOM
Cpelbl, a TaKXKe BapHaHT yTOYHEHHs CHJI JeMmidupoBanus B miacTuHe. [IpuBe-
JIeH YHMCJICHHBIH NpUMEp MOJEIHPOBAHUS 3aTyXaHHUs B Cllydae pPacCMOTPEHHs
TeOMETPUYECKH U (PU3MUECKH HEIMHEWHBIX KOJIeOaHuil.
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Consideration of damping in a continuous medium
using the rod approximation by A.R. Rzhanitsyn
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Avrticle history Abstract. The work is focused on creating a method for accounting of internal
Received: February 17, 2023 friction, which provides frequency independence, considers the dependence of
Revised: April 12, 2023 internal friction on the level of the stress state, and is suitable for physically non-
Accepted: April 15, 2023 linear tasks at large and small displacements. The authors consider an approxi-

mated method of accounting the damping in plates using the rod approximation
according to A.R. Rzhanitsyn. An analysis of the discrete Rzhanitsyn medium
with a square cell is given in terms of isotropy of its damping properties. The exact
fulfillment of the isotropic damping properties is shown for the eight specific
directions in the orientation of the deformations. The solution for a test example
is given, where a rod oscillating in tension is calculated according to two compu-
tational schemes. One of these schemes is a real rod, the other is a rectangular
plate experiencing uniaxial tension, and for its dynamic modeling, in turn,
the discrete model by A.R. Rzhanitsyn is applied. The use of the same damping
parameters for the real rod and rods in the Rzhanitsyn approximation leads to

close damping. An approximate approach has been developed to account for
internal friction during vibrations of a two-dimensional continuous medium,
as well as a variant of clarifying the damping forces in the plate. A numerical
example of damping modeling is given in the case of considering geometrically
and physically nonlinear oscillations.
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1. BBenenme

Cuitbl BHyTPEHHETO TPEHUS B MaTepualie PH IBM)KEHUH YIIPYTOM CHCTEMbI OKa3bIBAIOT CUIIBHOE BIIMSIHUE
Ha TeYeHHE AMHAMUYECKoro mpoiecca. OT WX MPaBUIBHOTO 33aJaHMs B pacyeTe 3aBUCIT MCKOMBIE AWHAMHUYE-
ckue (haKTOpbl — MaKCHMAJIbHBIC MEPEMEICHHs, CKOPOCTH, YCKOpeHHUs1, ycuius. B mpeapiaymux pabdorax [1-3]
MBI HKCIIEPUMEHTAJIBHO M3YYajH 3aTyXarollue KoneOaHus AJsl ciaydas OJHOOCHOTO HAaNpsKEHHOTO COCTOSHHMA.
Jns psima muaamMugeckux 3amad [1; 4—6] Hamu pa3pabaThIBaINCh U UCCIICIOBATNCH KOMITBIOTEPHBIC MOJICTH TIPH
WCIOJIb30BaHUH YHCJICHHBIX IIArOBBIX PEIICHUH C MPUBICUYEHUH SIBHOW BBIYMCIUTENBFHONW CXEMBbl HHTETPHUPOBA-
HUS YpaBHEHHUI JBIDKCHUS C YYETOM JieMIpUpoBaHus. DiIeMeHTaMH 1e(hOPMHUPYEMBIX CUCTEM SIBJISUTHCH CTEPIK-
HH, paboTaionye B YCJIOBHUIX OJHOOCHOTO HANPSHKEHHOI'O COCTOSHUS. Vcronb30Banuch pa3Hble BapUaHThl yde-
Ta CHJI JIeMII(pUPOBaHKs, HO OCHOBHOM MOAXO/J], KOTOPBI paccMaTpUBAETCS U B JaHHOW paboTe, OJIM30K K HIee
AJO. NuumHckoro [7] o mpexactaBieHUd AeQOpMUPYEMOro Tejla Kak HEOAHOPOTHOM YNPYTroIUIACTHYECKOM
cpenbl. B [1] ynpouieHHbIA BapuaHT BBEICHUS CUJI BHYTPEHHETO TPEHUS, PEAIM30BAaHHBIA B HAIlIE KOMIIbIOTEP-
Hol iporpamme [4; 8], ObIT ocHOBaH Ha 00001IeHHON Mojenu [IpannTis. He umest BOSMOKHOCTH €ro 3]1eCh IM0-
JIPOOHO OIMKCHIBATH, CONLIEMCS Ha PabOThI, cojepiKaliue Takoe onucanue [1; 3], riae ucnoib30BaH SIBHBINA BbI-
YHCIUTENBHBIN aJrOPUTM MOAETUPOBaHUs ABIKeHHA [4; 8] ¢ mpuBIeYeHHEeM SKCTPAIIOJISLUH 10 Aamcy.

31ech OrpaHUYUMCS JIMIIb CaMbIM KPaTKUM OIHMCAHUEM MOJIEJN AeMII(pHUPOBAaHUS NPUMEHHUTEIBHO K Of-
HOOCHOMY HaIpsyKEHHOMY COCTOSIHMIO. J|eHCTBUTENBHBINA CTEp)KEeHBb pa30uBaeTcs Ha HECKOJBKO MOJIOC, KaKaas

Vladimir B. Zylev, Doctor of Science (Technical), Professor, Head of the Department of Structural Mechanics, Russian University of Transport, Moscow,
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U3 KOTOPbIX noguunsercs auarpamme [Ipanarns. CymmapHas IIIomaab MonepeyHoro CEYeHus Beex MoJIoc paB-
HSETCs JIEHCTBUTENHHON IUIOIAAN MOTIEPEYHOr0 ceueHHs cTepkHS. Kaknas momoca uMeeT cBOM Mpezen TeKy-
YEeCTH M BCTYIAET B IUIACTUYECKYIO Ae(OPMALIHIO, KOTIA HAIIPSHKEHUE B HEH TOCTUIHET 3HAYCHUsI 3TOTO Iperena.
CoOpaHHbIEe BMECTE IOJIOCH 00ECIICUNBAIOT MOJIyYCHUE THCTEPE3UCHBIX II€TeNb, OT BECbMa Y3KUX IIPU MaJIbIX
JnegopManusix 10 Bce Oosee MUPOKUX Npu Oonbinux Aedopmarmsax. Takum oOpa3om, MOTEpH SHEPTUH, KOTOPHIC
obecrieunBaeT MoJIeNlb, OYAYyT CHUIILHO 3aBHCETh OT YPOBHS aMIUIUTYJ HANPSDKEHUH, YTO OTYETIMBO MPOCIICKH-
BaeTcs B aKkcrepuMenTax [3; 9]. Monens gaeT yacTOTHO He3aBUCHMOE BHyTpeHHee TpeHue [9; 10], uto Taxke
oTMeueHo B pabotax [11-15] u yeMy MBI HAXOIUIIH CTAOMJIBHBIE DKCIIEPUMEHTAIBHbIE TOATBEPKACHNA [2; 3].
B cBsi3u ¢ y4eToM BIUSHUS aMIUTUTYIHBIX HAIlpSOKCHHUN Ha BHyTPEeHHEE TpeHUe, HE0OOX0AUMO OTMETUTh pa-
60ThI [16-19].

OcHOBHas He/Ib HCCAeJOBAHUS — PACIIPOCTPAHEHHE PACCMAaTPUBAEMOI0 MOAX0a K y4yeTy AeMI(pupoBa-
HUS Ha IByMepHBIe 3aa1a4i. OCTaHOBUMCSI Ha IJIOCKOW IMHAMHYECKOH 3a/jaue TEOPHH YIIPYTOCTH.

A.P. PxaHUILIBIH TIPEAJIOKUI 3aMEHSTh B pacdeTax yHpyrylo cpeny HabopoM U3 CTep:KHEl, paboTaromunx
Ha pacTshKEHUE — CKAaTUe, COSANHEHHBIX IapHUpaMHy B y31ax (puc. 1).

[Ipu GonpmioM KoMWUYECTBE Y3J70B MoneNb PkaHWIBIHA JaeT M30TPONHYIO YNPYTYIO Cpely, MpaBaa
C €IMHCTBEHHO BO3MOXXHBIM 3HaueHHeM kodd¢uimenta [lyaccona p = 1/3. Monens Pxkanuiipina o6o01aercs
U Ha TpexMepHylo 3anady [20], Ho B qaHHOIT paboTe MBI OrpaHUYUMCS IBYMEpHOi 3anaueil. HecmoTps Ha oue-
BUHBIE HEJOCTATKU MOJeNU PkaHuIbIHA, OHA 00JajgaeT W ONpEeAETICHHBIMU IPEUMYIIECTBAMU: OCHOBaHA Ha
UCIIOJIb30BAaHUHU TPOCTEHINEr0 KOHEYHOT'O JIEMEHTA B BUJIE PACTSHYTOTO CTEPXKHS, JIETKa B IPOTPaMMHUPOBAHHH
Y BU3YaJIN3aliH, AOIYCKAeT JIerkoe 00001uieHne Ha O0bIIne MepeMeIeHHS.

A=ad Pamxka / Frame A = 3:%6
7 y
- //
a : 3ad
Packoc / Diagonal A = —
K g 4\(2_
a 6

Puc. 1. Mogens A.P. Pxxanumpina:
a — 3aMeHsIEMBIA KBaﬂpaTHBII‘;I DJICMCHT IIACTUHKH, 6 — BaMeHHIOI]_II/Iﬁ CTCp)KHeBOfI Ha60p

Figure 1. Model by A.R. Rzhanitsyn:
a — replaceable square plate element; 6 — replacing rod set

N emie ogHO MpeMMyUIECTBO MOJieNU PykaHullbIHA — BO3MOYKHOCTb MOJCIMPOBAHUS CHII BHYTPEHHETO
TPEHHUsI, YEMY U MOCBSIIEHO HACTOSIIEE UCCIEA0BAHUE.

2. MeToanl

Crioco0 y4era BHYTPEHHETO TPEHUS, KOTOPBIM MBI MpeJiaraeM JAjisl IByMEpHOi 3a1aun, cPopMyTUpoBaTh
BEChbMa MPOCTO: AJIS1 BCEX CTEpP)KHEH anmpoKCUMHPYIOLIEH CUCTEMBl BBOAUTCS alTOPUTM BBIYUCIICHHS MPOJOb-
HBIX CHJI, TOJYYEHHBIN JUI OHOOCHOTO HANPSDKEHHOTO COCTOSHMA. B Tabn. 1 mpuBeaeHb! 3HaUCHHs Iapamer-
POB 3aTyXaHUs NPH OJHOOCHOM PACTSDKCHHH Ui 00pasia M3 MaJOyTJIEpOIUCTON CTalli, TOJydeHHbIE HaMU
B 1abopartopud [2].

Tabnuya 1

IonoOpanHble MapamMeTpbl MOJEJH AeMII(PUPOBAHUS VI MaTepHaJia U3 MaJIOYTJIePOAMCTON CTaIn

Joas niomaau nojaocsl, % 0,81 0,21 0,38 0,2 0,43 0,69 0,67 0,96 0,85 94,8

OTHOCHTEIbHAs JedopManust
NpH TEKy4ecTH B noJiocke & - 10°

0,25 1,23 2,474 | 4,687 | 7,812 12,57 | 21,61 | 42,19 | 63,28 150
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Table 1
Selected parameters of the damping model for low-carbon steel material

Share of strip area, % 0.81 0.21 0.38 0.2 0.43 0.69 0.67 0.96 0.85 94.8

Relative deformation
at yield in the strip &, 10°

0.25 1.23 2474 4.687 7.812 12.57 21.61 42.19 63.28 150

B Tabn. 1 mpuBeAcHBI TOJIH TUIOMIAIN KaXKIOH MOJIOCKHI OT OOIIEH IUTONIAIN ITONIEPEYHOTO CeUeHHUs 00pas-
11a 1 OTHOCHUTEINIbHBIE Je(OpMaIiK, KOTOPHIM COOTBETCTBYIOT HANpsDKEHUS MpeAesa TEeKy4eCTH AJS KaXI0u U3
necaTy nonocok. Kak BumHO, 1o € = 63,28 - 10~ Bcero numib 5,2 % cedyeHUs1 BXOJAT B TEKYUYECThb, OCTAIbHOU
MaTepuas cTepKHsa paboTaeT Kak yHnpyruii. [ o6anpHas TeKyuecTh CTepykHs HACTyHaeT mpu € = 150 - 10°°, mpu-
YeM TpHU pa3rpy3ke MaTepranl BHOBb HEPEXOANT B yIPYTYIO pabOTy, TAKMM 00pa3oM peaxiiusi CTePKHS 3aBUCUT
OT HCTOPHUH €T0 3arpykeHus. Mozens neMnupoBaHus, KOHEYHO, TOCTATOYHO CJIOKHA, €€ BKIIIOYEHHE B pacueT
YBEIMYMBAET BpEeMs MOJISIUPOBAHNUS 33291 IPUMEPHO B JBa paza. OgHAKO MOJIENb SABIISETCS YaCTOTHO HE3aBH-
CHMOI1, aBTOMaTHYECKH YUUTHIBAET CHJIBHYIO 3aBUCUMOCTD IeMII(UPOBaHUS OT YPOBHS HanpsbKEHUH, Hen30ex-
HO BKJIIOYAET y4eT MJIaCTHYECKUX AedopMaiuii, yYUThIBaeT B3aUMHOE BIMSHHE OTAENBHBIX (OPM KoJeOaHHH
yepe3 aeMiipupoBanue. [lepedncienHble TPeUMYIIeCTBa CYIIECTBEHHBI C TOYKH 3PEHHUs PABUIBLHOTO OTPaKEHHSI
cBoiicTB nemndupoanns. OCHOBHOW HEIOCTATOK MOJEIH BHYTPEHHETO TPEHHsI, OCHOBAHHOW Ha 00OOICHHON
monenu [Ipanaris, — HeoOXOAMMOCTh MCTIONIB30BAHNS HEJIMHEWHBIX ypAaBHEHHUH ABIKEHHS. DTOT HEIOCTATOK,
SBISIONTAICS (haTATFHBIM TIPY HCIOJIB30BAaHUH TPAIUIIMOHHBIX METOAOB HMHTETPUPOBAHUS YpaBHEHUH IBIKe-
HUSl, BOBCE HE SBIISIECTCS HEJOCTATKOM IIPH HCIIOJIB30BAaHUM SBHOU CXEMbl HHTETPUPOBAHUS YPAaBHEHHMA JBUKE-
uus [4; 8].

Mopens PkaHuiblHa NaeT HM30TPOINHYIO CpPEAY B CMBICIE YIPYTrOCTH. BONpOC H30TPONHOCTH Cpeabl
B CMbICIIE JeMII(UPOBAHUS HEOUYEBHJIEH, Aajie€ MBI ITOCTAPaeMCs €ro BBISICHUTH. Takke CIeAyeT ONpeneiuTbh,
KaK BIMSET IMepexo/1 K ABYMEPHOH cpefie Ha KOJMYEeCTBEHHBIE TIOKa3aTeH 3aTyXaHu .

YrtoObl MPOBEPHUTH BBHITIOIHEHUE XOTsI ObI HEOOXOJUMOTO YCJIOBUSI H30TPOITHOCTH, CPAaBHUM IOTEPU SHEPTUU
B CTep)KHSX U OJTHOW XapakTepHOH sueiiku crepykHeBoil mozaenu (cM. puc. 1). CpaBHeHHe cBeneHO B Talim. 2.
JleBbrit cTonOer TabIMIIBI COOTBETCTBYET 33[aHUIO NeOpMaInil €, &, Yxy B OCIX KOOPAWHAT C TOPU3OHTAIHHBIM
pacnonoxxeHrneM ocH X. B mpaBom ctonbuie takue ke nedopmanun 3a1a10Tcsl B 0CSIX, OBEPHYTHIX MO yriioM 45°.

[Ipexne Bcero 3ameTnM, HCIONB3Ys pUC. 1, 6, 9TO 00BEM MaTepHalia IBYX 3JIEMEHTOB PAMKH MOJEIH
PxaHunpiHa paBeH 00BeMy MaTepHaa packoca. B COOTBETCTBHM C 3THUM CTEPKHU MOJENH pa3OWTHI HA Ye-
THIpE MOATPYIIBI C PaBHBIMH 00bEMaMH: TOPU30HTAIbHBIE CTEPKHU PAMKH; BEPTHKAJIbHBIE CTEPKHU PaM-
KH; BOCXOJAIIMN packoc; HUCXOASIIUK packoc. B yneBoM u mpaBom crosduax Tabs. 2 MOKHO HaWTH MOJI-
TPYNIBl CTEP)KHEH, B KOTOPHIX BO3HUKAIOT OAMHAKOBBIE Acopmanuu. OTCI0a MOXKHO CJIeNaTh BBIBOJ
00 OJIMHAKOBBIX TOTEPSX JHEPTUU IS clydaeB, Korja jeGopMaluu 3aJaHbl B UCXOJHBIX W MOBEPHYTHIX
oy yriioM 45° ocsx.

Ha ocHOBaHWYW BBIITONTHEHHOTO aHAN3a M PACCMOTPEHHS CTPYKTYpPHI MOJIEIH MOXKHO TOKa3aTh BOCEMb
MIOJIOKEHUH Oceil KOOpAWHAT, 3aaHue OJMHAKOBBIX JeQopMaluii B KOTOPBIX MPUBEAET K OIMHAKOBOMY pacces-
HUIO 3Hepruu (puc. 2). s mpoHU3BOIBHOTO TOJIOKEHHUS OCEH, MOKAa3aHHOTO Ha PHC. 2 MyHKTUPOM, YCIIOBHE
W30TPOMHOCTH OYJET BBHIMONHATHCS MPUOIIKEHHO. MOXHO BBICKa3aTh MPEAIOIOKECHUE, YTO CTENEHb MOTPerl-
HOCTH B M30TPOITHOCTH CBOMCTB JeMrdupoBanua OyaeT HeOombimoi. Takum 06pa3oM, KOHCTaTUPYEM, YTO CO-
BEPIIEHHOW H30TPOMHOCTH IO AEeMII()UPOBAHUIO MOJAETh P)kaHWIBIHA HE JacT, HO OyJeT K Hed JOCTaTOYHO
Oym3Ka.

Hanee mepeiiieM K KOJIMYECTBEHHOMY aHAIN3y CBOMCTB JeMII(pUPOBAaHMS B MpelaraéMod MOJEIH.
Ha puc. 3 npencrasieH TECTOBBIH NpUMEp, KOTOPBI HUMEET TPU pacueTHbIE CXEMbl: KOHTUHYalIbHas [IaCTHHKA-
CTEpIKEHb; CTEPKHEBAs allIPOKCUMAIHS IUTACTHHBI 10 PyKaHUIBIHY U CTepiKHEBasi pacyeTHas cXxeMa.

Ipu pemrennu npuaumaeM E = 2-10M ITa, p = 7,8 r/em®, p = 1/3, m = 1000 kr, pa3meps! Ha puc. 3. ITapa-
MeTpHI AeMIipupoBanus oepyTcs u3 Tad. 1. Cuibl Beca He YIUTHIBAIOTCS B JaHHOM IpuMepe. TodedHbIM Mac-
caM Ha KOHIIE CTepXKHS-TUIACTHHBI 3a/aeTcs HadanbHas ckopocTh 20,0053 cm/c, HampaBiieHHas BEpTHUKAIbHO
BHU3 M OIMHAKOBAs JJISl pACUETHBIX CXeM pHcC. 3, 0 U 8. HauanbHas ckopocTh moJj00paHa ¢ TAKUM PacdeToM, U4TO
NpY JOCTH)KEHUH MIEPBOT0 MaKCUMyMa MepeMeLIeHni B cucTeMe Bo3HuKaeT HanpsbkeHue 6 = 200 MIa uim, uto
TO K€ caMoe, BepTUKabHas oTHocuTeNbHas Aedopmarus € = 0,001. ITocse 3agaHus TOYSUHBIM MacCaM Havajlb-
HOW CKOPOCTH BO3HHKAIOT CBOOOIHBIE 3aTyXaIOIIHe KoJIeOaH!s, KOTOPhIe M MOACTUPYIOTCS Ha KOMIIBIOTEpE.
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Tabnuya 2

Jedopmanmu crepakHel 01HOMH TYeHKH MOJeJIM NPH 3aJaHUHM OTHOCHTEIbHBIX Jedopmanuii
B/10JIb HCXOJHBIX U MIOBEPHYTHIX Oceii

Jedopmanuu 3a1aHbI IPH FOPHU30HTAILHOM MNOJI0KeHHH ocH X | JlehopManuy 3aJaHbI IPH OCH X, NOBEPHYTOI Ha yroJ 45°
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OtHocuTebHast JedopManys B JIEeMEHTaX MOJeIH
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BeprukanbHbIe CTEPKHU PAMKH
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Bocxopsmuit packoc
1 1 1
Esx-}-ESy +§ny Ex
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Table 2

Deformations of the rods in one model cell when setting the relative deformations
along the original and rotated axes

The deformations are set at the horizontal position of the x axis | The deformations are set with the x axis rotated by an angle of 45°
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Relative deformation in model elements
Horizontal frame rods
1
€x ESX-FEEJ,—Eny
Vertical frame rods
1 1
gy ESX-FEEJ,‘FEY,C},
Ascending slanting rod
1 1 1
Esx-}-ESy +§ny Ex
Descending slanting rod
1 1
Esx'}'isy_z%cy EJ/
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Puc. 2. Bocempb monokeHMiA 0ceil KOOPIUHAT C OJMHAKOBBIMH CBOWCTBAMH NeMIT)UPOBAHUS
Figure 2. Eight positions of the coordinate axes with the same damping properties
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Puc. 3. MozenbHbli IpuMep A7l YUCICHHOTO aHAIN3a:
a — IJIAaCTUHA-CTEPIKEHb ¢ TOYEYHBIMH MacCaMU Ha KOHIIE; = pacde€THas cxema 110 A.P. P)KaHI/II_IBIHy; 6 — CTEPIKHEBas pacu€THas cCXema
Figure 3. A model example for numerical analysis:
a — plate-rod with dot masses on the end; b — calculation scheme according to A.R. Rzhanitsyn; ¢ — rod calculation scheme

3. PesyabTaThl

Ha puc. 4 nokazansl rpadMKi U3MEHEHUS BEPTUKAIBLHBIX TIEPEMEIICHUI PaBOr0 HUYKHETO yIiia MIacTH-
HBI B Mozieni Pxkanuipina (puc. 3, ) 1 KOHIIEBOH TOYKU CTEPXKHsI, MOJTY4YEeHHBIE C UCIOIb30BAaHHEM Halllel KOM-
nmeI0TepHOI mporpamMel [4; 7; 8]. PaccMoTpen oTpe3ok Bpemenn t = 2 c. 3a 3To BpeMsi CHCTeMa yCIIEBAaeT CO-
BEPIIUTH 256 TONHBIX KONEOaHWH, MPHUYEM YacTOTHI JUIsI 00EMX PAacUYETHBIX CXEM OYEeHb XOpPOIIO COBIMAJAIOT,
YTO CBHUJCTENBCTBYET O TOM, YTO CTEP)KHEBas aNlpOKCHMAIMs MPaBUIBHO OTpaXkaeT Je(opMallMOHHbIE CBOW-
CTBa CTEP)KHSA-TIACTUHBI.

Bonee TemHy!0 OKpacky Ha puc. 4 UMEIOT yObIBAaIOIIME aMIUIUTYAbI Ul €AMHUYHOTO CTEP)KHS, a Ooiee
cBeTIyIO — rpaduk it Mojenu PxanunbiHa. Hanbosbiee pacxoxkaeHue Ui 3TUX aMILTUTY cocTariser 15 %
(B KoHLE rpaduka), IpuUeM OoJbliee 3aTyXaHHe UMEET MECTO Ul €IMHUYHOTO cTepxHA. OnpeneneHHoe COB-
nazieHue rpauKoB yOBIBAIOIIMX aMIUINTY — HEOKUAAHHBIM pe3ynsTar. B paccmaTpuBaeMoM ciydae Mbl Hafe-
TN (PUKTHBHBIE CTEPXKHU MOJICN PrKaHUIIbIHA TEMH JKe TapaMeTpaMu, YTO U eIWHUIHBIN cTepieHb (cM. Talu. 1),
W 9TO ACUCTBHE HE UMEET MO COO0H CTPOroro 000CHOBaHMUSL.

YroOBl yTOUHHUTH 3aTyXaHHE B IJIACTHHE, MOXKHO PEKOMEHIIOBAThH CICAYIOIIUH MPUOIMKEHHBIN MOAXOA:
Ul TapaMeTpoB (DUKTHBHBIX CTEPKHEH ITAaCTHHBI MOXHO BBIIOJHUTH HEKOTOPYIO KOPPEKIHIO, 3 UIMEHHO yBe-
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JUYUTH TUIOMIAIN TOJOCOK (cM. Tabi. 1) myTeM BBeIEHWS HEKOTOPOTO KOPPEKTHUPYIOMEro MHOXuTens. Ecre-
CTBEHHO, 4YTO YBEJIMYHUBAOTCS IUIOLIAAN BCEX YCIOBHBIX IOJIOCOK, KpoMe caMoil ToacTol. Ilmomans camoit Toi-
CTOM TTOJIOCKH CIIeAyeT YMEHBIIIUTh, YTOOBI CyMMapHas IJIOMIalb CTEPXKHS OcTaiach Hen3MeHHo. «cmnpaBieH-
HBIC» JIOJIM TIIOMIAIeH MOJIOCOK MaHbI B Ta0. 3. KOppeKTHUPYIOMHA MHOKHUTEIh MBI OIIPEICSIIN ITyTEM TI0100pa,
1 OH oka3zaiycs paBHbIM 1,08. [Tocie 3amaHust mapamMeTpoB JeMII(pUPOBaHKS COTIacCHO Tab. 3, rpaduku Ha puc. 4
CTaM MPAaKTHUYECKH COBIAATh, TAKUM 00pa3oM, MHOXKUTENH 1,08 MOXKHO pEeKOMEHIOBATh JJI MPAKTUYECKOTO
WCTIOJb30BaHMS, MPaB/Aa, €ro 3HAUYCHUE B MPHUHIIMIIC 3aBUCHT OT BEIMYHUH, BXoAsmux B Tabn. 1. Kpome Toro,
KOPPEKTUPYIONINI MHOXHUTEIh OyIeT 3aBUCETh U OT ()OPMBI TUIACTHHBI, U OT ()aKTUIECKOTO HAIPSKEHHOTO CO-
CTOSIHUS B HEW.

time t= 2.0000003 sec

Puc. 4. Hanoxennsie rpaduKu riepeMenieHuii HIKHeH TOYKH CTEP)KHSI-TUIACTHHBI C alpOKCHMAIIHei 10 PaKaHUIBIHY (3e1eHbim)
U €IMHUYHOTO CTePIKHA (YepHbim) TIPU 3aTYXAIOMUX KOJIEOaHHIX
Figure 4. Superimposed graphs of the displacements in the lower point of the rod-plate with Rzhanitsyn approximation (green)
and a single rod (black) with damped oscillations

Tabnuya 3

HcnpasiieHHbIe TapaMeTpbl MOJeIU 1eMI(UPOBAHNUS A1 MATEPUAJIa U3 MAJIOYTJIePOAUCTON CTAIN

JoJist nJIomaau noyiocel, % 0,875 0,227 0,410 0,216 0,464 0,745 0,724 1,037 0,918 | 94,384

OtHocureabHas aedopmanus
NPH TEKY4eCTH B MOJI0cKe &r * 10°

0,25 1,23 2,474 | 4,687 | 7,812 12,57 | 21,61 | 42,19 | 63,28 150

Table 3
Corrected parameters of the damping model for low-carbon steel material

Share of strip area, % 0.875 | 0.227 | 0.410 | 0.216 | 0.464 | 0.745 | 0.724 | 1.037 | 0.918 | 94.384

Relative deformation
at yield in the strip &y~ 10°

0.25 1.23 2474 | 4.687 | 7.812 1257 | 2161 | 42119 | 63.28 150
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Terneph yMECTHO BCIIOMHHUTb, YTO MOJIENb, KOTOPYIO MBI paccMaTpuBaeM (CM. puc. 3, 6), HIMeeT He OJHY,
a 124 crenenu cBoboapl. Ha puc. 5 npuBeneHs! rpaduky U3MEHEHHS YCWIMHA B TpeX OTMEUYEHHBIX HA pUC. 3, 6
CTepXHIX (HadalbHbIE YY9acTKHA TPadUKOB, COOTBETCTBYIOIIUE OTPE3KYy BPEMEHH, PABHOMY OJHOMY IEpHOIY
nepBoit hopmel Kostebanuii). C TOUHOCTBIO IO MaciiTada OHU MTOBTOPSIIOT OTHOCHTEILHBIC Ae(hOpPMAIUA B 3TUX
TOYKAax, WIN HaNpsDKeHUsS, HadallbHbIe aMITUTYABI KOTOphIX cocTaBisaioT 200 MIla. B nHauane nporecca B mia-
CTHHE UMEIOTCSI BRLICOKOYACTOTHEIE Koebanus (puc. 5, a). B TeueHue orpeska BpeMeHH, PaBHOTO BCETO OJHOMY
nepuoay nepBoi Gopmbl KojeOaHUH, OHM MOYTH MOJHOCTHIO 3aTyxaroT. ['paduku Ha puc. 5, 6 IpeacTaBiIsIOT
YCHIIHS B T€X JK€ CTePXKHAX K KOHITy 50-To meproaa ¢hopmbl kKojaebannii. Kak BHIHO, 3TO y)kKe TPH IUIaBHBIE KPH-
BbIe, COOTBETCTBYIOIIME KOJIeOaHUsIM IO OCHOBHOM (opme. Bce nmepeunciieHHple 0cOOEHHOCTH XOPOLIO Xapak-
TEPU3YIOT MOJAETb BHYTPEHHETO TPEHUs, KOTOPYIO MBI PacCMaTpHUBAEM C TOH TOYKH 3PEHUS, YTO NMPH HPOU3-
BOJILHOM HadaJbHOM BO3JIEHCTBHU B CHCTEME BO30YyKIaroTcs Bce (hOPMBI KOJIeOaHH, HO CKOPO OCTAeTCs JIHIIh
nepBas (popMa, COOTBETCTBYIOIIAs CAMOW MaJIEHBKOM 4acToTe.

max = 0.152E+04
- [, 0.764E+02

9 min = - 149E+04

max = 0.151E+04
0.848E+02

27 min = - 148E+04
max = 0.157E+04
0.187E+02
min = - 157E+04

1

Puc. 5. I'paduku ycunuii B Tpex CTEPIKHAX MOJeH PkaHuIbIHA:
a — nepBoe Konebanue; 6 — konedanue Ha 50-M nepuoae
Figure 5. Graphs of forces in the three rods of the Rzhanitsyn model:
a — the first oscillation; 6 — oscillation at the 50th period

Tenepb paccMOTPUM Ty K€ CHCTEMY, HO M3MEHUM Bo3zaelicTBue. HauanbHbple CKOPOCTH HM)KHUX TOYEK
CTEP)KHA-IIIACTUHBI (CM. pHc. 3, 6) HapaBUM II0 TOPU3OHTAIU BIOJIb OCH X U IPUMEM 3HAUCHHE HAYaJIbHON
ckopoctH paBHbIM 100 cm/c. TOT mpuMep MBI IPUBOJIUM JUTS IEMOHCTPALIMH Pa3IMYHBIX BO3MOXHOCTEH Moje-
M AeMI(QUPOBaHUS Ha OCHOBaHMU 0000mmeHHONH Moaenu [IpaHAaTns myis reoMeTpruuecKd U (U3UUECKU HENu-
HEeHHBIX 3a1ad. CKOPOCTH OCTaJbHBIX TOUEYHBIX MAacc, KOTOPBIC MMEIOTCS BO BCEX y3JIaX PAacuyETHOH CXEMBI,
MpUMeM paBHBIMHU HyJto0. llomyTHO 3aMeTHM, 4yTO Macca camMoOi TUTACTUHKM COCTaBisieT 1,5 Kr u KpaiiHe mana
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110 CPABHEHUIO C COCPEIOTOUEHHOM MacCOM Ha KOHIIE CTeP)KHA-TUIACTHHBI, KoTopas paBHa 1000 kr. M3-3a manocTu
Macchl TUIACTUHBI pelleHo el MpeHedpeyb B pacyeTHOI cxeme, MpUBEACHHOM Ha pHc. 3, 6. Bce ocTanbHbIE Mapa-
METpHI 3a/1a4¥ cOXpaHeHkl. [lapaMeTphl 3aTyxaHus B3STHI U3 Ta0II. 3.

Ha puc. 6, a npeacraBnens! rpadiKy U3MEHEHHSI YCHIINN B TPEX CTEP)KHAX CXEMBI, IPOHYMEPOBAHHBIX Ha
puc. 3, 6. PaccmMoTpeH oTpe30k BpeMeHH, paBHEIN 1 ¢. Kak BUIHO, HaYaIbHOE BO3JICHCTBHUE B 3TOM ClIydae OKa-
3aJI0Ch HACTOJIBKO 60.]'H)IHI/IM, 4YTO BO BCEX TpEX BI:I6paHHI>IX CTCPIKHAX MOJCIN P)KaHI/II_II)IHa HacTynajiza rjo-
OanbHast TEKy4YeCTh (HANPSOHKEHHS BO BCEX IMOJIOCKAX IMPEBBIIIANN MPEAebl TEKy4ecTH). B HauanbHBIH MOMEHT
BPEMEHH CTEP)KE€Hb | WCIBITHIBAET CYIIECTBEHHOE IUIACTHYECKOE YUIMHEHHE (CM. pucC. 6, a), ITOMYy COOTBET-
CTBYCT MHTCHCHUBHA NOTEPS SHCPIrun ABUIKCHUA B CUCTEME. Yuyer Takoro poaa SIBJICHUI CYIECTBCHCH IJIA cei-
CMUYeCKHX pacueToB. Ha puc. 6, 6 B HaTypaipHYIO BEIMYMHY MOKa3aHa IUIACTHHA-CTEPKEHb C YIETOM OCTATOYHBIX
nedopMaliiii mociie 3aTyxaHus Koiebannii. B cucreme B 3TOT MOMEHT UMEIOTCS KaK OCTaTOYHBIE JeopMarivi,

TaK 1 OCTAaTOYHBIC HAIIPSAKCHUS.

s ] N R Y 1 ! k f
bt lr / l'k..'l WO I‘|" ll'-,_.'f VoW oW Y N W MWW

WY

b
N Jmmhﬁ'[ f'llll"lr n'-"“h‘ r'*'-. a J:U“L ,Jrh' ;”\. T i \ AW \ 7 ,’"\V/“- IAVAVAVAY:
Hn'j W WO W W W LW SN AV \ o

o “l!IMM'[IIWIIWFJM'.W.'. T
it :

Puc. 6. 3aryxaromie HelnMHEHHbIE KOIeOaHUs CTePIKHS-TIACTHHBI [P 33aHUH HavaJIbHOW CKOPOCTH y3JIaM CHCTEMBI [0 TOPU30HTAIIH:
@ — M3MEHEHNE YCUIIHH B TPEX CTEPXKHSX; 6 — OONBIIHE OCTATOYHBIC EPEMEILCHHsI CHCTEMBI B HATYPaIbHOM MacITade

Figure 6. Damping nonlinear oscillations of the rod-plate when the initial velocity is given to the system nodes horizontally:
a — change of forces in the three rods; 6 — large residual movements of the system in the natural scale

WuTepec mpeacTapiser 3aTpara MalllMHHOTO BPEMEHHU Ha pemieHne. MoaennpoBaHue OJHONW CEKyH/bI JIH-
HaMHUYECKOTO TIpoIlecca B MOCIETHEM MpUMEpe Ha OOBIIHOM KOMITBIOTEpE C TakToBOH uactotod 3,2 I'T'm co-
ctaBngeT 182 ¢ mpoieccopHOro BpeMEHH, IPHUEM OKOJIO ITOJIOBHHBI 3TOT0 BPEMEHH TPATUTCS Ha y4YeT BHYTPEH-

HETr'0 TPpCHUA.
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JI1st Bcex PHUBEICHHBIX PEIICHUHA BBITIOHSJICSA KOHTPOIh CXOIUMOCTH 10 BpeMeHHOMY Imary. B Taoi. 4
MIpUBEJICHB! 3HAYEHUS yCUiIus B cTepxHsX 1, 2, 3 B MomeHT Bpemenu t = 0,8 c. [Ipu nocnenoBareIbHOM yMEHb-
IICHNUH I1ara HHTErpUpoBaHus At BUIIHO, YTO CXOIUMOCTh pelieHus: xopomas. CXOIUMOCTh MO TIepeMeIIeHUSIM
TPaIUIIMOHHO JTyYIIe, YeM 10 ycrminsaM. Ha oCHOBaHNYM NMPUBENEHHBIX B Ta0I. 4 JaHHBIX MOKHO CIIENaTh 3aKITo-
YeHHe O TOM, YTO MHTErPUPOBAaHUE IO BPEMEHH BBITIOJHEHO MPAaBUJIBHO M HAIlEe HCCIEJOBAHHE MPEACTaBIISET
MMEHHO U3y4YeHHE TIOIPEIIHOCTH AeMII(UPOBAHUS, & HE TIOTPEITHOCTD YHCICHHOTO PEIICHHS.

Tabauya 4
Hponepka CXOAUMMOCTH PEeIICHUSA NPU YMEHBIICHUH Iara MHTErpupoBaHust
At, ¢ 0,00000059028 0,00000029514 0,000000147572
Ycuaue B crepxkie 1, H -12266,44 -12267,65 -12267,65
Ycuiue B crepxne 2, H -11086,16 -11086,37 -11086,31
Ycuaue B crepxne 3, H —2974,39 —2974,83 —2974,80
Table 4
Verification of the solution convergence while reducing the integration step
At, s 0.00000059028 0.00000029514 0.000000147572
Force intherod 1, N —12266.44 —12267.65 —12267.65
Force intherod 2, N -11086.16 -11086.37 -11086.31
Force in the rod 3, N —2974.39 —2974.83 —2974.80

4. 3akaouenue

[IpennoxeHn BapuaHT ydyeTa BHYTPEHHETO TPEHUS I JUHAMUYECKUX 33]a4 JByMEpPHON CIUIOIIHOM cpenbl
C HCIOJB30BaHMEM CTEp>KHEBOM ammpokcuManuu no A.P. PxanuusiHy. PaccmaTtpuBaemas mMojensb sBIseTCS
YaCTOTHO-HE3aBUCHMOH, YUUTHIBAET CHIIbHOE M3MEHEHHE CHII JIeMI(UPOBAaHUSI C U3MEHEHHEM YPOBHS aMILIH-
TYIHBIX HalpsHKeHWH, TPUMEHUMA K JTMHEHHBIM U HENWHEHHBIM 33aJja4aM, OpUEHTHPOBAaHA Ha SIBHBIE YHCIICHHBIE
BBIUMCIIUTENIBHBIE CXEMBI PELICHN 33]1a4 JUHAMUKH.

[IyTem aHanmuza CTpyKTypbl AMCKPETHOH cpenpl A.P. PxkaHuIIbIHA paccCMOTpEHa U30TPOIHOCTH CBOMCTB
nemndupoBanus. OnpeaeneHsl BOCEMb HAIIPaBIEHUH, B KOTOPBIX 3TH CBOMCTBA OyIyT BBIIOTHATHCS TOYHO.

[Tytem perieHust TECTOBOrO pUMeEPa BHIMOJIHEHO CPaBHEHHE 3aTyXaHHUs KoyicOaHM B OHOMEPHOM CTEp)KHE
U JIByMEPHOU IUIACTHHKE MPH €€ OJHOOCHOM PACTSDKEHMH. AMIUINTYZBI 3aTyXaloMNX KOJIeOaHUH MMENH OTIIH-
gyue 10 15 %. lpeanosxxen mpuOMMKEHHBIN BapUaHT YTOYHEHHS pacYeTHOW MOAETH MPUMEHUTENHHO K IIACTHH-
ke. [IpogeMoHCTpUPOBaHO MPUMEHEHNE MOICIH s QU3NYECKH ¥ TeOMETPHYCCKH HETMHEHHOH 3a/1a4u.
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Hcrtopus ctatbn AnHoTauusi. CoBpeMeHHbIE CTPOUTEIbHBIE HOPMBI U MpaBHia MPEINUCHIBAIOT
IMocrynuna B penaxuuto: 15 auBaps 2023 r. IIPOBOJUTD PAcUEThl OETOHHBIX U 5K€JI€300€TOHHBIX KOHCTPYKLUI B HEMHEHHON
Jopaborana: 25 mapta 2023 T. MMOCTAHOBKE C Y4E€TOM pealibHbIX CBOMCTB OeToHa U apMaTypsbl. [Ipu 3TOM 00JIb-
[MpunsTa k myonukanuu: 30 mapra 2023 1. IIMHCTBO OTEYECTBEHHBIX KOHEYHONIEMEHTHBIX MPOIPAaMMHBIX KOMILIEKCOB HE

II03BOJISIOT BBHIIOJHATH TAKUE PACUeThl B HENMHEHHOH IOCTAHOBKE C Y4ETOM
miacTudeckux aedopmanuil 6eroHa U apmarypsl. s ycTpaHeHUs 3TOH mpo-
OnemMbl pa3paboTaHa METOAMKA W TIOCTPOCH OOBEMHBIM KOHEUHBIN 3JIEMEHT, aJiarl-
THPOBaHHBIH K BbMMUcIUTENbHOMY KoMILtekcy [TPMHC, no3BossitoIuii BIIONHATD
pacueThl Kene300eTOHHBIX KOHCTPYKIUH C Y4eTOM UX JACHCTBUTEIBHOW PabOTHI.
Lenb uccnenoBanus — paspaboTka U pealu3anusi METOJUKU pacueTa skesie300e-
TOHHBIX KOHCTPYKIMH, HAXOAAIINXCA B YCIOBUAX OOBEMHOTO HANpPsKEHHOTO
COCTOSIHUSI C YYETOM KaK XPYIKOTO pa3pyLIeHHs, TaK U yNpyromuiacCTHYeCcKOro
JedopmupoBaHus OeToHa. IIpencTaBIeHB! KOHEUHOIIEMEHTHAST METOMMKA, Alro-
PHUTM U IIPOrpaMMa pacueTa MacCUBHBIX KeNe300€TOHHBIX KOHCTPYKLHH C y4eTOM
miacTuueckux gedopmaunuii 6eroHa. B cBoell ocHOBe METOIUKA HCIONB3YET
MoanGHULIUPOBaHHBIA KpuTepuil mpouyHocty Bumnama u BapHke, nOmOMTHEHHBIH
KpHUTEpUEM TedeHHs. PacCMOTpeHBI ABe MOJACIH 00BEMHOTO Ae(OpMHUPOBAHUS
OeToHa: ynpyras MoOJIeidb IPU XPYIKOM Pa3pyIICHHH U HACAIHLHO YNPYroIa-
cTr4ecKas MoJenb. I1ocTpoeH BOCbMUIY3/10BOI KOHEUHBIH JIEMEHT C IMHEHHBIMU

aMIPOKCUMUPYIOIMMU (GYHKIMSAMH HEpEeMEIeHUH, peau3yIouil yKa3aHHbIe
Mozenu neopMIpoBaHus. Bepru(ukannoHHBIE pacdeTsl MaCCHBHOW OETOHHOI
KOHCTPYKIMU B YCIOBHSAX TPEXOCHOTO CXKATHsI CBUIETEILCTBYIOT O TOYHOCTH H
CXOIUMOCTH Pa3pabOTAHHbBIX KOHEUHBIX 3JEMEHTOB. BBIUHCINTENIBHBIA KOMILIEKC
IMPMHC mosxeT ObITh 3(heKTHBHO HCIIONB30BAaH WHXKEHEPAMH MPOESKTHBIX U HAy4-
HBIX OpraHu3aluil Ui pelleHys MHUPOKOro Kilacca HHKEHEPHBIX 3a/1ad, CBs3aH-
HBIX C PacueTaMH CTPOMTEIBHBIX KOHCTPYKIIUH.
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Models of nonlinear deformation of concrete in a triaxial stress state
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Avrticle history Abstract. Modern construction standards and regulations prescribe to carry out
Received: January 15, 2023 calculations of concrete and reinforced concrete structures in a nonlinear formu-
Revised: March 25, 2023 lation with account of the real properties of concrete and reinforcement. However,
Accepted: March 30, 2023 the most of finite-element program complexes cannot perform such calculations

in a nonlinear formulation with account of plastic deformations of concrete and
reinforcement. To solve this problem, a methodology has been developed and
a solid finite element adapted to the PRINS computing complex has been creat-
ed, which made it possible to perform calculations of reinforced concrete struc-
tures considering their actual work. The aim of the study — development and
implementation of a method for calculating reinforced concrete structures under
conditions of a three-dimensional stress state, considering both brittle fracture
and elastic-plastic deformation of concrete. A finite-element methodology, algo-
rithm, and program for calculation of massive reinforced concrete structures with
account of plastic deformations of concrete have been presented. The methodology
is based on the modified Willam and Warnke strength criterion supplemented
with the flow criterion. Two models of volumetric deformation of concrete have
been regarded: the elastic model at brittle failure and the ideal elastoplastic model.

An eight-node finite element with linear approximating functions of displace-
ments implementing the mentioned deformation models is created. Verification
calculations of a massive concrete structure in three-axial compression testify to
the accuracy and convergence of the developed finite elements. The PRINS can
be effectively used by engineers of designing and scientific organizations to
solve a wide class of engineering problems related to calculations of building
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1. BBenenme

COBpEMEHHEIE CTPOUTEIbHBIE HOPMBI U MPABHIIA, IPUHATHIE B Poccuiickoii deneparuu’ u 3a pybesxom?,
MPEINUCHIBAIOT TPOBOJIUTH PACUEThl XKeJIe300€TOHHBIX KOHCTPYKIMHM B HETMHEWHOM IMOCTaHOBKE C YYETOM pe-
aIBHBIX CBOMCTB OeToHa M apMaTypbl. C oHON CTOPOHBI, MpobieMa pa3paboTKH METOIUKH pacdeTa xene3o0e-
TOHHBIX KOHCTPYKLHH C yYETOM TPEXOCHOI'0 HAIPSIKEHHOTO COCTOSHMSA CBS3aHa C HEOOXOANMOCTBIO MPOBEACHUS
JIOPOTOCTOSIIHX dKCIepuMeHTOB [1-5]. C apyroit — MPEeAMOCHUIKY 7Sl YCIIEITHOTO BHIMOTHEHUS TAKUX PACUCTOB
00yCJIOBJIEHB! pa3BUTHEM KOMIBIOTEPHBIX TEXHOJOIHH M Pa3pabOTKOM YHCIEHHBIX METOJIOB CTPOUTEIHHON Me-
XaHUKH, B IIEPBYIO OYEPElb METOJAa KOHEUHBIX 3JIeMEHTOB [6—10]. B pe3yibTaTe Takoro pa3BUTHSI HEJIMHEHHBIE
METO/IBI pacdeTa ObIIM peaM30BaHbl B PsAAe KOMIBIOTEPHBIX mporpamm, Takux kak NASTRAN [11], ANSYS [12],
ABAQUS [13], ADINA [14], DIANA [15] u ap. O6Gmum st BCEX 3THX MPOTPaMM SIBJISIETCS MCIIOIb30BaHHIE

Vladimir P. Agapov, Doctor of Engineering, Professor, Professor of the Department of Civil Engineering, Academy of Engineering, RUDN University,
Moscow, Russian Federation; ORCID: 0000-0002-1749-5797; agapovpb@mail.ru

Alexey S. Markovich, PhD, Associate Professor, Associate Professor of the Department of Civil Engineering, Academy of Engineering, RUDN University,
Moscow, Russian Federation; ORCID: 0000-0003-3967-2114; markovich-as@rudn.ru

Kurban R. Aidemirov, PhD, Associate Professor, Associate Professor of the Department of Strength of Materials, Theoretical and Structural Mechanics,
Dagestan State Technical University, Makhachkala, Russian Federation; ORCID: 0009-0005-1474-4275; kyrayd@mail.ru
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Mumnctpoii Pocenn ot 22.11.2019 Ne 717/mp) (pexn. ot 21.01.2022).
2 CEB-FIP Model Code 1990. CEB Bulletin d'Information Ne 213/214. Lausanne: Comité Euro-International du Beton, 1993. 437 p.
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MaroBbIX MeToI0B. CHcTeMa HEIMHEWHBIX allreOpandecKuX ypaBHEHHH pemaercs metoaoM Hrrorona — Padco-
Ha B MOJIHOW WJIM MOAM(UIMPOBAHHON (opme. YpaBHEHUS paBHOBECHS HA 3Talle HATPYKEHHS 3allUCHIBAIOTCS
B BUJIC

i Ayl —p. _Fi-l
KYjAul =P —Fj ™, (1)

rae K'j — MaTpHIla KacaTelbHOMN KECTKOCTH; Au'j — BEKTOP Y3/I0BBIX NEPEMCIICHHH; Pj — BEKTOp IPHIOXKCH-

HBIX U3BHE Y3JIOBBIX Harpy3o0k; F}_l — BEKTOP Y3JIOBBIX COCPEJOTOYECHHBIX CUJI, DKBUBAJICHTHBIX HAIPSDKCHUSIM

ANIEMEHTA; | — HOMEep LIara; | — HoMep UTepaLUH.

OcobenHocTblo pemenus ypasHenus (1) merogom Hetotona — Padcona sinsiercst Boruncienue u (paxro-
pU3alnus KacaTelbHOW MaTPHUIbI )KECTKOCTH Ha KaXI0i uTepaluu. B ciydae cucteM GOJNBIIOrO MOpsiKa TaKhe
BBIYHCIICHUSI MOTYT OBITh JOBOJILHO IOPOTOCTOSIIIUMHU.

[Tpu ucrnonp30BaHUK MOAU(PHUIMPOBAHHOTO MeToJa HbhoTOHA MaTpHIA KECTKOCTH BBIYHCIACTCS M (hak-
TOPU3YETCsl TOJIBKO OJIMH pa3 B Hadalie Iara. JTO YHPOIIAET BBIYUCICHHS, HO TpeOyeT OOJIbIIEro KOIMYecTBa
UTepaIyii sk JOCTHKEHHS YKa3aHHOW TOYHOCTH. [103TOMY /ISl YCKOPEHHSI CXOMMOCTH HUCTIOB3YIOTCS Pa3HbIC
NOAXO/bl, OCHOBAaHHBIC Ha KOPPEKIMU BEKTOpa MEpeMelIeHUi Ha Tekyuied urepanmu. Croenath 3TO MOYKHO
C MMOMOUIBIO SHEPreTHYECKUX OTHOMIECHUH. Takue MeTo bl MPUHATO HAa3bIBaTh KBa3uHbIOTOHaMU [16—18].

Crenyet, OIHAKO, OTMETHTbh, YTO pacyeThl GU3MYECKH HETHMHEWHBIX KOHCTPYKIMI B BBIICYHOMSHYTHIX
nporpamMMax BBITIOJHSIIOTCS C HCIOJIb30BaHUEM (DPU3MUECKHX COOTHOILICHHUI, OCHOBAaHHBIX Ha OIPEACICHHBIX
IKCIIEPUMEHTAX, a TOJyYCHHbIC YPaBHEHHS ISl KOHCTPYKIMU B IIEJIOM PEIIalOTCs MPUOIMKCHHBIMH METOIAMU.
JU71st OBBIILICHUSI IOCTOBEPHOCTH PE3yJIbTATOB TAKHE PACUEThl CICAYET MPOBOAUTH C UCIOIb30BAHUEM HECKOIIb-
KuX mporpamm. [103TOMy KOHCTPYKTOPBI JOJDKHBI KMETh B CBOEM apCeHasie HECKOJIbKO JOCTYITHBIX PACUETHBIX
MHCTPYMEHTOB. B CBSI3M ¢ 3THM pa3paboTka albTePHATHBHBIX BBIYUCIUTEIBHBIX METOMOB H COOTBETCTBYIOLIMX
HpOrpaMM JI0 CHX MOP OCTAeTCs aKTyaJbHOMU 3aJauei.

2. MaTepuaJbl 1 METOABI

B nanHOM mccreoBaHUM paccMaTpUBAETCs KOHEYHORJIEMEHTHAs METOIMKA pacdeTa MacCUBHBIX JKeJle30-
OCTOHHBIX COOPYXKEHHUI C Y4eTOM TPEIIMHOOOPa30BaHMs B PAaCTSAHYTOM M MJIaCTHUECKUX AedopMmaruii B cxxaTon
30HaxX OeToHa M B apMaType. MeTo/MKa peain3oBana B BeraucinTeapHoM komiuiekce (BK) TTIPUHC.

Pacuer dusmueckn HemmHEHHBIX KOHCTpYKIui ¢ momompio BK [IPMHC Bemercs MeTogOM KOHEUHBIX
3JIEMEHTOB B MpUpAIIEeHUsAX [8] IO ypaBHEHHIO

KNLAU ZAP, (2)

e KNL — ToJHAas HEeJIWHEHHas Marpuia XECTKOCTH, CBA3bIBAIOLIAA IMPUPAIICHUA Y3JIOBBIX CUII U NIEPEMEIIC-

Huid; AU U AP — npupaiieHus y3j10BbIX HEPEMEIICHNI 1 Y3JI0BbIX CHJI KOHEUHOAJICMEHTHON MOJIEIN COOTBET-
CTBEHHO.
Marpuna Ky B MHTepBajie HarpyXeHHs HEIPEPHIBHO W3MEHSIETCS, TOITOMY, YTOOBI IOJIYYUTh TOYHOE

pemreHue, HeoOXoauMo B popmydie (2) mepeldTH K HHTErPUPOBAHUIO:

u](
J. KNLdUZAP, (3)
Up

rae Ug u U, — 3HadeHHs NepeMeleHUI B Havyaje U KOHIIE HHTepBaJla HarpyKEeHUsI COOTBETCTBEHHO.

OZ[HaKO BCCTH BBIYHMCIICHHA 110 (bopMyne (3) MPAKTUYCCKU HEBO3MOKHO, TaK KaK HC CYHICCTBYCT aHAJINU-
TUYCCKOT'O BBIPAKCHUA IJI K NL » @ BEPpXHsIS I'paHUlla HHTEPBaJIa MHTCTPUPOBAHUA HCU3BCCTHA. Breruamcisis Beiie-

YIOMSIHYTBIN MHTETPaJI 10 IPaBHITy Tpallelui, 0ay4aeM
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%(Ko-i-Kl)AU:AP, (4)

rae Ky n K; — MaTpuipl )kecTKOCTH, BEIUMCIIIEMBIE B HAaUalle M KOHIIE I1ara Harpy>KeHHsi COOTBETCTBEHHO.
3anumrem ypaBHeHHE (4) B BHIE

(Ko +AK)Au = AP, ®)

rae AK =%(K1 — KO).

Ypasuenue (5) pemraeTcs UTEPAITHOHHBIM CITOCOOOM:
KoAUi ZAP—AKi_lAUi_l, (6)

rjie | — HoMep UTeparuu.
[Ipu mocTMXKEHWH CXOAWMOCTH WTEPAIIOHHOTO MpOoIlecca HaXOAATCSA TOJHBIE 3HAYEHUS TepeMelleHui
Y HAIPSDKEHUH 110 hopMyIIam

U=Ug+AU; o©=06(+Ac. @)
[Ipupamenus HanpsHKSHUH HAXOAIATCS 1O hopMyIie

Ao =CgpAg, (8)

rae Cqy — ynpyromiactiadeckasi MaTPHIA XapaKTEpPUCTHK MaTepHaa.
ep

Ha xaxxgom sTame HarpykeHusl aHAIM3UPYETCS HAPSHKEHHOE COCTOSTHHE, W TIPH BO3HUKHOBEHHH TIJIACTH-
yeckux JedopManuii ¥ TPEHIMH MPOU3BOIUTCS KOPPEKTUPOBKA HANPSHKEHUH C YYeTOM NPUHSTHIX IUArpaMm
negopMupoBaHUs MaTepHaioB. JTo TpeOyeT NPOBEICHHUS Mpolecca YPaBHOBCIIMBAHUS KOHCTPYKLUUH. PaBHO-
BECHBIE UTepaluu BeImoaHsroTcs B mporpamme [IPUHC mo dopmyme (1), koTopast MoandumpyeTcs K BHILY

K;aul =P -Fi ™ (1a)

Paznuune mexny popmymnamu (1) u (1a) cocrout B Tom, uto B hopmyste (1) Marpuiia >keCTKOCTH OT HTe-
panyM K WTepanny u3MeHseTcsa (MMEI0TCs B BUIy WTEpalluil paBHOBecH:), a B hopmyine (1a) — He m3mMenHsercs
1 OepeTcs paBHON MaTpHIIEC KECTKOCTH, HAHICHHOM B KOHIIE 1Iara npu urepaiusx no ¢popmyie (6).

Takum oOpazom, B ¢popmyie (6) UTepupyeTcsi MaTpHIa KECTKOCTH, a B ¢popmyiie (1a) — BEKTOp y3/IOBBIX
CHII, DKBUBAJICHTHBIM BHYTPEHHUM HAIPSKECHUSIM.

Marpuua xxectkoctr K 17151 OT/AEIBHOT0 KOHEYHOTO JIEMEHTa HaxoAuTCs 1o opmyre [7]

K =[BTCcBaV, ©)
\%

rac B - Martpulia, CBA3bIBArON[ass KOMIIOHCHTBL ,Z[e(l)OpMaLII/Iﬁ DJICMCHTA C KOMIIOHCHTAMM Y3JIOBbIX HCpCMC]_I_[eHI/Iﬁ
(FeOMeTpI/I‘IGCKaH ManI/II_Ia); Ce — MaTpula, CBA3bIBAIONIAsl KOMIIOHCHTBI HaprI)KeHI/Iﬁ C KOMIIOHECHTaMHu JIC-

¢dopmanuii (pusnueckas MaTpuIa).

MeTouka BRIYUCICHHSI TECOMETPHYECKOM MaTpuIlsl B xoporo uzsectHa (cM., Hanpumep, [8]).

[Tpu nocTpoeHNH HU3NUCCKONW MATPHIIBI IPUHSITO IBE MOJEIHU 1e(hOPMHUPOBAHUS OCTOHA:

1) yapyrast MOJIeTs P XPYTIKOM paspyuieHNH;

2) ujeanbHO YIPYromiacTU4ecKast MOJICb.

Jlnst apMaTyphl IPUHUMAETCS THIIOTE3a UACATBHOTO YIPYTOMIaCTHYECKOTro moBeacHus. Hinke mpuBoasT-
Cs XapaKTePUCTUKU KaxXJI0W U3 paccMaTprUBaeMbIX MOJIETIEH.

Ynpyeas mooens npu xpynkom pazpyuenuu (modens 1). [loBenenne 6eToHa CYNTACTCS JIMHEWHO-YTIPYTUM
BIUIOTH JI0 TOCTHXKEHHSI TOBEPXHOCTH Pa3pylICHUS.
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Marpuna C, npu 3ToM comepkut KodddurmenTsr 0600meHHoro 3akoHa ['yka n IMeeT CIeay oy BUI:

1 ") 0 0
l-p1-p

I T ) 0 0
1-p I-pn

S S 0 0 0

E(l—p) 1-p1l-p

L ) . 10
*T@rw)(-20)] 0 o0 o 22 0 (10)
n(l-p)
0 0 0 0 =&
2(1—u)
0 0 0 0 0 L2
2(1—u)

B kaudecTBe MOBEPXHOCTH pa3pylICHUs MPHUHATA MATHIIapaMeTpUYecKas MOJAEIb, MpeaiiokeHHas Bumna-
MoM u Baphke [19]. CxemaTuueckoe n300pa)KeHHE MOBEPXHOCTH Ppa3pylICHHs B MPOCTPAHCTBE TJIaBHBIX
HanpsKeHUH MokazaHo Ha puc. 1. Ha puc. 2 npuBeneHo AeBUATOPHOE CEYEHHE STOH MOBEPXHOCTH, a Ha pUC. 3 —
TJIaBHBIE MEPHUIUAHBI PACTSHKEHUS U COKATHSL.

YcnoBue npoyHOCTH onpeaessiercs: GopMynon

1 T
f(G): f(Gm,Tm,e):F(G—e)R—rs— :0, (11)
mo

TA€ Om U Tm — CPCAHUEC 3HAYCHUSA HOPMAJBHBIX M KacaTCJIbHBIX HaHpH)KeHI/Iﬁ B OKPECTHOCTH TOYKH, 0 — yroia

BHJAa HAIPSDKEHHOTO COCTOSIHMS, T — paanycC-BEKTOpP TOYKM HA IIOBEPXHOCTH pa3pyLICHHUS

(Gm’e):\/gLR

B JICBUATOPHOM CeUYeHHH (pHC. 2).

Puc. 1. TToBepxHOCTb pa3pyLIeHHUs B IPOCTPAHCTBE ITIaBHBIX HAIPSDKEHUI: Puc. 2. JleBuatopHoe ceueHHE MOBEPXHOCTU Pa3pylICHUS:
d — ruaApocTaTuvdecKas oCb e re— MEPpUANAHBI PACTSKEHUA U cXKaTus,
Figure 1. Fracture surface in the space of principal stresses: 0 — yroxn Buia HanpsHKEHHOTO COCTOSHHS
d — hydrostatic axis Figure 2. Deviatoric section of the fracture surface:

rrand r. — the meridians of tension and compression;
0 — the angle of the type of the stress state
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5

V5 7e

Puc. 3. Mepuauans! pacTsHKCHUS U CKATHA TOBEPXHOCTH pa3pyLICHUS:
Ry 1 Ryt — mpezenbl npoyHocTH O€TOHA Ha OCEBOE CHKATUE U PACTSKEHUE; Rye — MPEIest MPOYHOCTH OETOHA HAa PABHOMEPHOE JIByXOCHOE CXKAaTHE;

r=\/grm; §=\/§cm

Figure 3. The meridians of tension and compression of the fracture surface:
Rv and R — Ultimate strength of concrete for axial compression and tension; Re. — ultimate strength of concrete for uniform biaxial compression;

r:\Erm; &:ﬁcm

CJ'Ie,Z[OBaTeJ'II)HO, TPpU HAIPSKCHUAX, COOTBETCTBYIOIIUX Pa3pyHICHUIO 0eToHA B CXKATOM 30HE,

r(cm,e)zg—:. (12)

Panuyc-Bexrop T (op,0) onpenemsercs popmymoii

%

2r, (rc2 - rtz)cose+ re(2n - rc)[4(rc2 - rtz)cos26+5rt2 —4rtrCJ

F(opy.0)= (13)

4(rc2 - rt2)00526+(rC —2rt)2

Vron BHUIA HAIIPSIZKEHHOTI'O COCTOSAHUA 0 HaxoauTcCs 1o (bopMyne

261 —69—0
cos0 = 1772773

I:Z(Gl —G2 )2 +2(02 —63)2 +2((53 — 07

)2J% ' (14)

Pagnyc-BekTopsl It u I (pHuc. 2) ONpenensioT MepUANaHbl PaCTSKEHUS (6=0) U CHKaTHs (9=n/3).

B Monenn Bumrama — Bapake 3T Mepuauanbl MPeACTaBISIOTCS KBAAPATHBIMU MapaboimaMu:

2 2
Tm,t Om Om | . Tmgc Om Om

—=f=agty M tay| |, =l =hy+b N +by| M| 15
Ry 0 "Ry 2[ij Ry ° & ble Z(Rb] o

Koaddurmentsr ay, &, a, u by, by, by onpememsitorcss Ha 0OCHOBE IKCIEPUMEHTAIBHBIX JaHHBIX IS
KOHKPETHBIX Mapok 0eTona. HeoOxoanMele maHHBIE TPUBEACHEI B Ta0I. 1.
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Tabnuya 1
Onpenesienne mapameTpoB Moaeau Buiuiama — Bapake
Buja HanpsAKeHHOT0 COCTOSTHUS Kpurepuii Hanpsikenus Yroxa 0
1. OnHOOCHOE CHKATHE Rb 63=-Rp;061=02=0 0
2. OHOOCHOE PacTsKEHHE 61 = Rug;
62=03=0;
Rt = Ryt 0
bt =
Ry
3. PaBHOMepHOE JBYXOCHOE CHKaTHE 61=02=—Rbc; 63 =0;
R
Rbc Ry, = The _ 12 0
Rb
4, TpeXOCHOC CI)KaTUE B PEIKUME BBICOKOM KOMITpECCUUN o _
m
(03<o01=02,0=0) —=-§;
R, 61#0;02#0; 03#0;
. T =3,67% T =150 0
§>0, —=7
Ry
5. TpexocHoe cxxaTue B pexKUMe HU3KOH KOMITPECCHH o _
(03> 01= 02,0 =7/3) — ==&
R, c1#0;02#0; 03#0;
. T =3.67% T =194% w3
m —_
& >0, —= [
Ry
Tpumeuanue: * cormacHo pesynbraraM dkcrepuMeHToB Jlone u [amona [20].
Table 1
Determination of the parameters of the Willam — Warnke model
Type of stress state Criterion Stresses Angle 6
1. Uniaxial compression Rb 63=-Rp;061=02=0 0
2. Uniaxial tension 01 = Rut;
62=03=0;
Rt 5 h 0
bt =
Ry
3. Uniform biaxial compression 61=02=—Rbc; 63=0;
R — R
e Rpe == =12 0
Rb
4. Triaxial compression in high compression mode p _
m
(63<o61=02,0=0) —=-&;
R, 61#0; 62#0; 03#0;
_ . & =3,67% T =1,50* 0
§>0 -F
Ry
5. Triaxial compression in low compression mode . _
(63> 01=02, 0 =m/3) — ==&
R, 61#0;62#0; 03#0;
. T =3,67% T =194% 3
m —_
& >0, —=T
Ry

Note: * according to the experimental results of Launay and Gachon [20].
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IToncraBmsist, mpuBeAeHHbIE B Ta0s. 1 3HAYEHMs, OTBEYAIOLIME IIATH Pa3INYHBIM HANPSHDKEHHBIM COCTOS-
HUSIM, B TmiepBoe ypaBHeHue (15) ans mepuamana pactsbkeHust (0 = 0), MOMy4HM CHCTEMY TpeX KBaJpaTHBIX
YpaBHEHUH, pellleHue KOTOPOH MO3BOJISAET HAWTU 3HaYEHU IapaMeTpoB dg, &, dy U1 JaHHOT'O MEpUIUaHa:

2 - 4 2 -
=ZRy.8; ——R&.a, + /—R ;
2l 3 bcH 9 bca2 15 bc

_ Ryt — R
=] ZE(ZRbC - Rbt)az +\/§M,
3 5 2RbC+Rbt

2 (ot Foc) PP (2 + o)
ay =

[, 2- - 1-- 2- - Y
(ZRbc + Rbt)(ﬁt —gRbcﬁt +§Rbt<§t —gRbtRch

(16)

BepimHa noBepXHOCTU pa3pyLLEHUs. HAXOIUTCS U3 YCIOBUSL I (Gm ) =0 . CrnenoBaresnsHo, 612p2 +ap+ag=0.
OTkyna ee KOOpJIMHATA paBHA

p= —a — \]a]? - 4a0a2 ‘ (17)

2&2

AHaNOrHYHBIM 00pa30M MOXKHO MOJYYHTh 3HAYCHUs mapameTpoB Dg, Dy, D, mis mepuamana cxarus
mpu 0 = 7/3:

\FBr
_ =l
b0=—pb1—p2b2; bl:(éc+%jb2+5—;

3¢, -1
N[22

by = . (18)
(gc + p)(gc - éj(p + éj

[ToBepXHOCTE pa3pyIICHUS SBISCTCS BBITYKIIOH, €CITH COOMIOAAIOTCS yCIOBHUS

ag>0; byg>0; a9 <0; b <0; a,<0; by <0 (19)
n
Lo 1
(om) 1 20
rc(cm) 2

Hoeanvuo ynpyeonnacmuueckas mooens (modenv 2). IloBenenue OeToHa cUHMTAETCS JTUHEHHO-YIPYTHM
BIUIOTH 10 JOCTHIKCHHUS NPENEIbHON MOBEPXHOCTH. B KauecTBe mpenenbHON MOBEPXHOCTU NPUHUMAETCS MATH-
napamMeTpuyecKas NOBEpXHOCTh Buinama — BapHke, onucanHas Bwie. IIpu TOCTHIKEHHMH 3TON MOBEPXHOCTH
MOBEZICHNUE OETOHA CTAHOBHUTCS YIPYTOILTACTHYECKHM.
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Ecnn moBepxHOCTH TEKy4eCTH acCONMHPOBaHA C MPEAETHHON IMOBEPXHOCTHIO, TO 3aKOH INIACTHYECKOTO
TEUCHUS 3aIMCHIBACTCS B BUJIC

of
Ag, =dr—, 21
€p o (21)

rae dA — MOJOKUTENbHBIN CKAIAPHBIH KO3()(DHUIINEHT, KOTOPBIH OTIIMYEH OT HyJIS MPH HAJHIUU IUTACTUICCKHX
nehopMaruii.

Kak u3BecTHO, npupalieHue ynpyrux aeopManuii paBHO

Ag, = Ag—Ag p- (22)

CornacHo 00001eHHOMY 3aKoHy ['yka, MpupaiieHus HanpsDKEHWH CBS3aHBI C MPHUPALICHUEM YIPYTHX
nedopMariiii COOTHOIIIEHUEM

A6 = CyAg,. (23)

[Moacrapmss (22) B ypaBHeHHe (23) ¢ yueTroM cooTHomeHus (21), HAXOAUM BEKTOp TPHPAIICHHS HAIpsI-
YKEHUM:

A =Ce(Ae—Azp )= Ac (Ae—dha), (24)

rae a= P MpeJCTaBIIsAET COOON BEKTOP HOPMAJH K IIOBEPXHOCTH TEKYUYECTH (BEKTOp TEUSHMUS).
c

Jnst cinydas uaealbHON YyIpyToMIacTHYHOCTH CHPABEAIMBO YPaBHEHHE

.
df = (?) Ac=a' A6 =a' Cg(Ac—dha)=0. (25)
()

OTKy/a MoyYuM 3HaYeHUEe MHOXKHUTENS A

di= aTTCe Ae. (26)
a Cqea
B atom ciiygae popmyna (8) mpuHEMAaET BU
aa' C,
A6 =Cq(As—Azp)=| Cq _CeaT—cea At = CgpAe, 7)
rae
T
Cep =Ce —Ce Z—T—l—(i; (28)

€CTh YNPYTOIUIACTHIECKasi MaTpHIa OeToHa.

Jast BerauciieHust MaTpuibl Cey HEOOXOIUMO OTIPEJCTUTh BEKTOP TCUSHHS a.

Takum oOpazom, 3agaya cBogutcs K audpepenuuposanuo Gpyakuuu (11). Mcemonssys npasuio nudde-
PEHIMPOBAHUS CIOKHBIX (QYHKIHUH, TTIOTydaeM
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A _of or don A ora, of oy
d6 oF 0o, 06 OF 90 66 Oty Oc
Hatinem npou3sBoaHbIe, Bxosmume B hopmyiy (29).

of 1ty 1

G_F B Rb Fz .
®opmyiy (13) npeacraBuM B Buze

— S+t
F(om.0)==~
rie

s(om.0) :2(rc3 - I‘Crtz)cose;

t(om.0)=re (25 — rc)[4(rc2 - rtz)cosze+5rt2 —4rtrc}

v(csm,(9)=4(rc2 - rtz)cosze+(rC —2r ).

Torna

06

or_ M Pton Hn |6+ Vi)
V2 '

TIE

o =2c0s0 (3rC2—rt2)—8rC —2rcrt—art ;
06, Gm 06,

06, Gm 06,

(Zrtrc - rcz){(—8rt cosze+10rt —4rc)6irt+(8rC cos29—4rt)
+

%3

i={2r¢ O, 2(r — rc)ai}P(rc2 - rtz)cos2 0+ 552 —4rtrc}

%

2[4(rc2 - rtz)c:os2 6+5rt2 —4rtrc}

X Z(Sﬁ sin’ 9—4!’0)ﬁ+(8|’c cos? 0+2r, —4rt) e )

Om Om Om

Haiinennsie npon3BOAHBIE — CKAJISIPHI.
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(31)

(32)

(33)

(34)

(35)

(36)
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Kpowme Toro,

%:%[1 1100 0]. (37)

Haiinem BTOpOE U TpeThe citaraemoe popmyist (29).

or .
Z[J'I?I BBIYHUCIICHUA % pa,Z[I/IyC-BCKTOp TOYKH B I[GBI/IaTopHOI/I IIJIOCKOCTHU HpeI[CTaBI/IM B BUIC

u(e
r(e) = Q, (38)
v(0)
rie
u(6)=2r, (rc2 — 2 )cose +1e (2 -1 )[4(rc2 —r? )c052 0+ 562 — 4K, ]% (39)
u
2 2 2 2
v(e)=4(rC -k )cos 0+(r.—2r)". (40)
VYroi BUIa HANPSHKEHHOTO COCTOSTHUSA onpenensercs ¢popmynoii (14):
cosf = 201 =03 ~ 03 7 - 261\/_52 —03 _ 5 )
T
[2(61—62)2+2(02—G3)2+2(G3—01)2:| 2 m
npu 61 > 06y >G03.
or 09
[IpousBoaHYI0 — — HpEACTaBUM B BHJIE
00 0o
A0 oA or )
00 06 Or 00 Co
[MpousBoanas otHorieHus (38) paBHa
- ou/ \—ufov
or _ V( éﬂ) u( ae) (43)
o0 V2 ’
rue
4(rZ -2 )cosOsin 6
ou 2 2\ . c
%:—Zrc(rc -K )sme—rc(zrt—rc) ( ) (44)
4( 2 2) 2 2 %
IS — " |cos” 0+ 5K —4n1;,
u
ov 2 2 .
%z—B(rC — I )cosesme. (45)
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[IpousBoanyro 00/06 wmaiimem, ucronssys Gopmyiy (41):

@ ofaccos(p/a)] 1 a(0p/de)-p(0a/ds)

oo 0o

[1—(p/<1)2}% @

[IpowsBoanbIe B uriciuTene GopMyIibl (41) paBHBI

@:

a_ 81,
06

[2 1 -100 0] u
0o \5r1q

[Tpuuem
1 T
825[201—02 —03 202 — 01— 03 203—01—02 00 0] .
Haiinem tpetne ciaraemoe ¢popmyisl (29):

of oty 1 1

- S
Oty 06 5T (oy,0)Ryty

Takum 00pa3oM, BEKTOP TCUCHHS & HAWJICH.

Jns peanu3anyu NOCTaBICHHON 3a1a4un pa3paboTaHa mporpamma, agantuposanHas k BK [IPUHC.

3. PesynbTaThl M 00Cy:KI€HHE

(46)

(47)

(48)

(49)

B xauecTBe mpuMepa paccMOTPHUM pacueT Ha MPOYHOCTE (pyHIaMeHTHOTO 0510Ka (pHC. 4), TOABEPTHYTOTO
OCEBOMY IABJICHUIO M HaXOJSIIErocsl B yCIOBUAX TPEXOCHOTO HATPSDKEHHOTO COCTOsIHUSL. PacuerHast cxema Onoka
MIPH Pa3IMYHBIX 3HAUEHUSAX MapaMeTpa CeTKM KOHEUHBIX 3JIEMEHTOB NpUBEIeHa Ha puc. 5. Marepuan 6moka —
OeroH kiacca B25. XapakrepucTHku Matepuana: npejies IPOYHOCTH MpH oceBoM cxkathu Ry = 18,5 MIla, npe-

JIeTT TIPOYHOCTH IIPU OCeBOM pacTspkeHHH Ryt = 1,55 MIla, HawansHBI MOomyns ynpyroctu Ep =3.10* MllIa,

koadduruent [lyaccona p = 0,2. UTHTEHCUBHOCTD JaBJieHUs npuHsTa paBHou p = 2 MIla.

B pesynbraTe pacyera onpesensiiach npeaeiabHas (paspyliaronias) Harpy3ka Pui = Kp, rae K — MHOKUTETH

(mapameTp) Harpy3Ku.

2M

Yy 1%

Puc. 4. Pacuer dpynnamenTHOrO 610K
Figure 4. Calculation of the foundation block
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Puc. 5. KoHeuHO3IEeMEHTHBIE CXeMBI (PYHIaMEHTHOTO OJIOKa:
a—cxeMa 2x4; 6 — cxema 4x8; 6 — cxema 8x16; 2 — cxema 16x32
Figure 5. Finite element schemes of the foundation block:

a— scheme 2x4; 6 — scheme 4x8; 6 — scheme 8x16; 2 — scheme 16x32

PacyeThl BBIMONHSIMCH IATOBO-UTEPAITMOHHOM MeTooM. KoadduimeHnTsl k Harpy3ke Ha MEPBBIX CEMU
miarax npuHuUManuck paBHeiMH 1,00, Ha nocnenyronux mwarax — 0,5 u 0,25 cOOTBETCTBEHHO.
Pe3ynmbTaTh! pacuera mpeacTaBiIeHE B Ta0I. 2.

Tabnuya 2
3HayeHHe MapaMeTpa KPUTHYECKOH HATPY3KH
Mopeab nepopMupoBaHusi 6eTOHA
KoneunossiemeHTHas cxemMa 1 >
2x4 14,50 22,25
4x8 15,50 20,00
8x16 13,00 19,00
16x32 12,50 18,50
Table 2
Value of critical load parameter
- Model of concrete deformation
Finite-element scheme
1 2
2x4 14.50 22.25
4x8 15.50 20.00
8x16 13.00 19.00
16x32 12.50 18.50

Kak BuznHO U3 Tabi. 2, ©MEET MECTO CXOAMMOCTb PE3YJIbTATOB MPU CTYLICHUH CETKH KOHEUYHBIX 3JIEMEH-
TOB, @ YJOBJIETBOPUTEIbHAS TOYHOCTh JOCTUIAETCS IPH pa3Mepe KOHEUHBIX 3JIEMEHTOB, paBHOM 1/6 MMUHUMAIIb-
HOT'O JIMHEHHOTro pa3Mepa KOHCTpykuuu. IIpu sToMm mpenenpHas Harpyska, coctaBisag 25 Mlla mpu xpynkom
u 37 Mlla npu niaacTHYHOM pa3pyLICHUH, OKa3bIBAETCA BBIIIE TPeiea NPOYHOCTH OETOHA IPU OCEBOM CKATHH.
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ITorydeHHBIE TaHHBIE BIOJIHE COOTBETCTBYET MHOTOUYHUCIICHHBIM 3KCIIEPUMEHTAM, ITOKA3bIBAIOIIMM YBEINYCHUE
IPOYHOCTH GETOHA MPH TPEXMEPHOM HATIPSKEHHOM COCTOSHUH TI0 CPABHEHHIO C OCEBBIM cxkatneM® [21-24].
Ha puc. 6 npeacraBieHsl paBHOBECHbBIE KPUBBIE Ul ABYX Mozesel AeopMUpoBaHus OETOHA.

14 14 20 20
‘_‘_‘_‘_‘-l—l.

12 \\ 12 \

10 10 18 N 15

10 \\ 10

4 N\ \

2 \ 2 5
N AN

Load parameter
MNapamMeTp Harpyskm
Load parameter

MapameaTp Harpyzki
(%3]

MapameTp HarpyskM
Load parameter
[MNapameTp Harpy3kM
Load parameter

0 o o N o
0001618 -0,001118 -0,000618 -0,000118 0,001584  -0.001084  -0.0005%4  -B4E-05
[MNepemellienne, M lNepemellienne, M
Displacement, m Displacement, m
a o

Puc. 6. PaBHoBecHbIE KPUBBIC «ITapaMETpP HArpy3Ku — NEPEMEIICHUE» JIJI1 CPEAUHHOIO Y3Jia BerHefI TIOBEPXHOCTHU 6HOKa:
a — s Mojenu 1; 6 — s Mojenu 2
Figure 6. Equilibrium curves “load parameter — displacement” for the middle node of the upper surface of the block:
a — for model 1; 6 — for model 2

B cnydae xpymnkoit Momenn peopMupoBaHus pazpylieHHe KOHCTPYKIIMK TIPOUCXOIUT B Pe3yNbTaTe pas-
JlaBJIMBaHUs OCTOHA BEpXHEH U cpejiHel yacTeil GpyHaamMenTHoOro 0yioka (puc. 7).

k=11,00

K0
50
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IRRBRETTES
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Puc. 7. Cxemsl paspymenus ¢pyHaaMeHTHOTro Ooka i moaenu 1
Figure 7. Schemes of destruction of the foundation block for model 1

3 PeKOMEH/IaIIMH TIO OTIPE/IENIEHHIO TIPOYHOCTHBIX  Ie()OPMAIIMOHHEIX XapaKTEPUCTHK GETOHA TIPH HEOTHOOCHBIX HAMPSYKEHHBIX
cocrosHusax. M.: HUMXB I'occtpos CCCP, 1985. 72 c.
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ITosst HOpMaNbHBIX HANPSHKEHHI 6; B MOMEHT MoaHOro paspymenns koacrpykiuu (K = 13,00) mokazansr
Ha puc. 8.

HoMep 1ara: 19

step number: 19 M o
P B 5473
k=13,00 10947
B 21804

Puc. 9. ITons HOpMaNBHBIX HaNPsHKEHUH 6z, MIia, A1 Mozieny | B MOMEHT ITOJTHOTO pa3pyIeHus PyHAaMEHTHOTO OJI0Ka
Figure 9. Normal stress fields o;, MPa, for model 1 at the moment of complete destruction of the foundation block

Takum o6pazom, BK ITPUHC moxeT 3h(heKTHBHO MPUMEHSATHCS CIIEIUANCTAME MPOEKTHBIX U HAYYHBIX
OpraHu3alMi Ui peLIeHUs IIMPOKOTo Kilacca MHKSHEPHbIX 3a1ay [25-27].

4. 3aknouenue

PaccmarpuBaemble Monienn nedopMupoBaHus O€TOHA peali30BaHbl B BEIUHCIUTEIHHOM Komimiekce [IPMTHC.
IlepBas MoJienb OKMJIAEMO TIOKA3bIBAET 3aHMKEHHOE 3HAYEHUE NpeAesbHOW Harpy3ku. MaeansHo ympyroria-
cTHYecKas MOJENb 1e(OPMHUPOBaHMSI OETOHA IO CPABHEHHIO C XPYITKOW MOJENBIO pa3pyIIeHHs] JEMOHCTPUPYET
yBenuueHue nmpoyHocTu Ha 40 %, 4yTo OTBEYaeT pe3yJibTaTaM MHOTOUHCICHHBIX 3KCOEPUMEHTOB. [loatomy mist
TTOJIYYCHHSI JTOCTOBEPHBIX PE3YJIhTATOB pacueTa OCTOHHBIX W JKENE300CTOHHBIX KOHCTPYKIIHHA, HAXOISIIHXCS
B YCJIOBUSAX OG’LGMHOFO HaIMPSAKECHHOT0 COCTOSAHHA, PCKOMCHAYCTCA HCIIOJIb30BaTh MOACIIH I[C(l)OpMI/IpOBaHI/Iﬂ,
YYUTHIBAIOIINE TUIACTHYECKOE JIehOpMUPOBAHIE OETOHA.
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Composite materials have found wide application in bridge and large-span structures, where they are
used as the basic material for reconstruction. This was facilitated by some advantages that are characteristic of
composite materials, namely: high corrosion resistance, low weight, high strength (4000 MPa) and tensile
modulus of elasticity (245 GPa), the ability to take any required shape depending on the shape of the rein-
forced structure [8-9].

The world experience of application of composite materials is successful since during service time of rein-
forced elements there have not been revealed any reaching of limit states of the first and second categories in the
external reinforcement. The considered advantages of the applied material allow its use as a material to strength-
en the structures of the sludge reservoir.

2. Methods

To conduct the research, we studied silt reservoir structures, which were exposed to carbon dioxide COg,
resulting in the formation of calcite CaCOs in the body of the structure. This indicates the occurrence of the reac-
tion of carbonization in the body of the reinforced concrete structure (Figure 1) [10-12]:

— destruction of the protective layer of concrete beams with bare and corrosive damage to the power rein-
forcement in the lower zone and support units;

— failure of the adhesion of the working reinforcement to the concrete due to corrosion of the reinforce-
ment and destruction of the concrete;

— longitudinal cracks in the concrete formed because of reinforcement's corrosion.

Figure 1. Corrosion of reinforcing bars in a beam

The method of phenolphthalein testing is based on the change in color of the acid-base indicator's solution
on the surface of concrete and reinforced concrete depending on the pH value of its medium [13].

The value of pH of non-carbonized concrete is within the range of 11.5-12.5. At this value, the medium is
highly alkaline, which helps protecting the steel reinforcement from corrosion inside the body of the concrete.
Carbonation leads to the saturation of concrete pores with carbon dioxide from the air, which causes the neutrali-
zation of the main component — “free” calcium hydroxide, according to the reaction:

Ca(OH), + CO, — CaCOgs| + H20.
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Phenolphthalein solution is applied to a fresh splinter (saw cut) of concrete made on the structure under
investigation. In the range of pH values from 8-10 the color of indicator solution changes from a colorless to
crimson (pink-purple), which helps to identify centers of carbonization and allows to determine their actual
depth (Figure 2). The absence of coloring of the indicator solution on the surface of the concrete, without visi-

ble signs of its corrosion damage during visual control, indicates the absence or a small amount of carboniza-
tion [14-15].

©
Highly _ Faintly 5 Weakly  Ajealine  Highly
acid Acidic acid =z alkaline alkaline
g i 2 3 4 5 6 » kg 5 6l 6 p B i

Figure 2. The pH range of color change in phenolphthalein solution

The phenolphthalein test revealed that the pH of the medium was less than 8, to a depth greater than

the thickness of the protective layer of concrete (Figure 3). It was used 1% phenolphthalein solution in ethanol to
conduct the phenolphthalein assay.

Figure 3. Absence of visible signs of concrete carbonization from the results of phenolphthalein test

Then a verification calculation of the structure was performed. A plan for restoration of the damaged
structure was made based on the results of this calculation.

3. Results and analysis

The paper proposes the calculation of strengthening of a reinforced concrete beam by canvas based on
carbon fibers FibArmTape 230/150. The purpose of this calculation is to determine the bearing capacity of
the beam to evaluate its ability for further operation after restoration works.

The characteristics of FibArmTape 230/150 composite material are shown in Table.
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Characteristics of FibArm Tape 230/150

Type . Estimated thickness, mm | Tensile strength, MPa Tensne_ rT‘Od”'”S Square of a monolayer, mm?
of composite material of elasticity, GPa
FibArmTape 230/150 0.128 4000 245 19.2

The beam is made of B15 class concrete. The maximum dimensions of the beam are 600x200 mm.
The beam is subjected to loads from its own weight, roof slabs, as well as the weight of the roof covering pie —
106.65 kN/m. Figure 4 shows a diagram of bending moments in the beam.

48.6 112.9 . 120.9 112.9 48.6

__—’/L,

kN*m ' |

Figure 4. Diagram of bending moments in the beam
The estimated value of tensile strength:

R 0,9-0,9 - 4000
= Yra¥raltym _ — 2700 MPa,

R¢

where Ry, — the normative value of the tensile strength of the composite material, MPa; y; — the coefficient
of reliability for the composite material; v, — the coefficient of the operating conditions, depending on the type
of composite material and operating conditions of the structure; y;, — the coefficient of operating conditions
of the composite material, considering the adhesion of the composite material with the concrete.

When calculating a strengthened structure considering the existing steel reinforcement, the following con-
dition should be fulfilled:

Ry < (g5 — €DE,

where &, — a coefficient equal to 0.015; €2 — the initial relative deformation of steel reinforcement before
reinforcing of the structure; Er — the estimated value of modulus elasticity of composite material.
R: =2700 < 1225, the condition is not satisfied, so we take Rf = 1225 MPa.

. 12.09
0= 27=002

& = 0.209- 71530

The calculation of strength in cross-sections of bendable elements strengthened by external reinforcement
from composite materials, should be carried out from the condition:

M < Mult;
My = Rpbx(hy — 0,5x) + Ry As(hg — a') + ReAra;

M =1209KkN -m < My, = 131.1 kN - m.
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The considered approach to the restoration with further strengthening by the composite materials allows to
increase the lifetime of the structure as well as to provide the required bearing capacity of the structure
for the purpose of further safe operation of the object.

Thus, when the destruction of concrete protective layer and corrosion of reinforcement is detected,
the most probable reason is carbonization of concrete with increased impact of CO; on the operated structure.

The use of composite materials for construction and restoration of concrete structures makes it possible to
minimize the probability of their destruction in the process of their operation.

On the basis of the test results, repairs and restoration of the damaged areas of the concrete were carried
out. Removal of the carbonized layer of concrete was performed using a mechanized method. If the depth of car-
bonation exceeds the thickness of the protective layer of concrete, then the damaged concrete is removed behind
the reinforcement.

Scrubbing of the reinforcing bars surface from products of corrosion was carried out using manual metal
brushes with further treatment of the bars using corrosion converter. Docker Nittron's neutral tannite-based cor-
rosion inhibitor was used because it does not cause damage to concrete or cement repair mixtures with acidic
media, unlike acidic corrosion inhibitors.
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cocTaBa OOBIYHOTO OETOHA M MEIKO3CPHUCTOTO0 KapOOHATHOTO KOMIIO3MTAa HAa OCHOBE KOMILIEKCHON TOOABKH,
BKIIIOYAIOIIeH MUKPOJUCIIEPCHBIN KapOOHATHBIN HANIOJIHUTEIN U CyTIepIutacTH(GUKaTop.

Hecwmortpst Ha To, 4TO ypoBeHb HedopMalluii U, COOTBETCTBEHHO, cTeneHb nedopmatuBHocTH M3Kb He-
CKOJIBKO OOJIBINe, YeM It 0eTOHAa OOBIYHOTO COCTaBa, IMOpoT TpemuHoodpazoBanus M3Kb okazaics cyimecTBeH-
HO BBIINIE (3HAUCHUS TPEIIMHOOOpa3yomux nedopmaruii u HanpspKeHui), 0maroaaps:

— HAIMYHIO TUIACTUYECKOTO MHHEPAIbHOTO0 KOMIIOHEHTa B MaTpHIle — KOMIUIEKCHOW T00aBKH, BKIIOYAIO-
e MUKPOIUCTIEPCHYIO YacTh — KapOOHATHBIHN MOPOIIOK U CYNEepIIacTU(GUKATOD;

— COBMECTHOMY BITHSTHHIO KapOOHATHOTO TOHKOZFCIIEPCHOTO MUKPOHATIOTHUTENS U CyIepIUIacTU(PUKATO-
pa Ha KapTHHY pacipezenenns MUKpoTpeunH BHyTpy Matpulbl M3KbB (3¢ ekt cuHrynspHOro Bo3neHCTBUSA).
KoMOMHHPOBaHHO OHH CAEPKUBAIOT POCT YHOPYTHX MaKpoO-, M€30- ¥ MHUKPOTPEIIWH, JHUIIAs MX DHEPTUW s
JATBHEHTIIETO POCTa, CTENEHh KOTOPOTO OIMpPEeNsIeT MOPOT TPEUIMHOOOpa30BaHus Il 000MX COCTaBOB M 3aBH-
CHUT B OCHOBHOM OT COOTHOIICHHUSI KOMIIOHEHTOB BHYTPH KOMITO3UTA U HX JUCIIEPCHOCTH;

— Ny4lleil ymakoBKe YacTUL BHYTPH KapOOHATHOTO KOMIIO3HTA,

— 0oJiee TUTOTHOHM CTPYKType MaTphIlbl OeToHA. beTOH O0OBIYHOTO cocTaBa (ITAJOHHBIN) SBISICTCS MEHEE
CBSI3aHHBIM BHYTPEHHUMH MHUKPO30HAMU IIACTUYHOCTH, YCTYIIask TEM CaMbIM KapOOHATHOMY MEJIKO3EPHUCTOMY
6eToHy.

PesynbraTel ucciieioBaHUs MO3BOJISIFOT OIICHUTH JAaHHBIA COCTaB Kak OoJiee IOJITOBEYHBIA M TPEIIHHO-
CTOMKHUH B CpaBHEHUH C 0A30BBEIM COCTABOM.
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