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Use of interpolation methods for modeling the stress-strain state
of operated oil storage tanks

Evgeniy V. Konopatskiy(2"“, Alexandra A. Krysko?(”, Oksana A. Shevchuk?

INizhny Novgorod State University of Architecture and Civil Engineering, Nizhny Novgorod, Russian Federation
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Avrticle history Abstract. The aim of the research is the comparison of two approaches for com-
Received: January 17, 2023 puter modeling of the stress-strain state of thin-walled shells of engineering
Revised: March 24, 2023 structures, considering the imperfections of the geometric shapes arising due to
Accepted: March 27, 2023 their operation. The object of the study is the operated steel vertical cylindrical

reservoir with imperfections of the geometric shape intended for storage of pe-
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
modeling of an array of functions of vertical deflection of the tank wall by means
of interpolation, solution of an array of differential equations of the elastic cylin-

drical shell under axisymmetric loading, improved by introduction of vertical

For citation deflection functions of the wall, followed by two-dimensional interpolation
Konopatskiy E.V., Krysko A.A., Shev- and analysis of the deformed state of the shell based on displacements arising
chuk O.A. Use of interpolation methods in the tank wall from the hydrostatic load. As a result of the effective use of
for modeling the stress-strain state of two-dimensional interpolation in the process of implementing the second approach,
operated oil storage tanks. Structural it was possible to achieve a significant increase in the speed of the numerical
Mechanics of Engineering Construc- solution while maintaining sufficient accuracy for engineering calculations.

tions and Buildings. 2023;19(2):119-129.
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Hcnoab30BaHne HHTEPNOJISIIIUOHHBIX METO10B
JJI51 MO/IeJIMPOBAHNSI HATIPAXKEHHO-1e()OPMUPOBAHHOIO COCTOSTHUS
IKCIIyaTHPYEeMbIX pe3epByapoB il XpaHeHus1 HeTenpoayKTOB

E.B. Kononaukuii'® ", A.A. Kpbicbko?”, O.A. IlleBuyk?

YHuowcezopoockuil 2ocydapcmeennviii apxumexmypHo-cmpoumenshulii ynusepcumem, Huxcrnuii Hoezopoo, Poccuiickas Dedepayus
2[lonbacckan HayuoHAILHAS AKAOCMUS CIMPOUMENbemea u apxumexkmypol, Makeeska, Poccutickas Dedepayus
e.v.konopatskiy@mail.ru

HcTopus cratbu AnHoTanus. Ilens uccienoBaHNsS — CpaBHEHHE ABYX MOAXOJ0B K KOMIIBIOTED-
IMocrynuna B penaxuuto: 17 suaps 2023 r. HOMY MOJICJIMPOBAHUIO HaIPSHKEHHO-E(OPMUPOBAHHOTO COCTOSIHHS TOHKOCTEHHBIX
Jopaborana: 24 mapta 2023 T. 000JI0UeK WHKECHEPHBIX COOPYKEHUH C YUETOM HECOBEPIICHCTB FeOMETPHUECCKOM
IMpunsra k myonaukanuu: 27 mapra 2023 T. (opMBI, BO3HUKAIOIIUX B Pe3ysIbTaTe UX dKCILTyaTaluu. OOBEKT UCCIEI0BAHUS —

SKCIUTyaTUPYEMBIA CTANbHON BEPTUKANBHBIA LWIMHIPHIECKUN pe3epByap st
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1. Introduction

Modern studies of the stress-strain state of various structures cannot be represented without the use of
mathematical, computer and other models [1-4]. Such studies are conducted throughout the entire lifecycle of
a structure, starting from its design and ending with its utilization. The main means of such modeling are multi-
variate interpolation and approximation [5—7]. A general approach to modeling, without regard to the method of
implementation, includes developing a geometric model [8]; developing a computer model [8]; forming a finite-
element network [9]; and solving a system of differential equations using the finite-element method [10; 11].
The same approach is valid not only for modeling the stress-strain state, but also for the study of thermal, snow,
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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?

122 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



Kononaukuti E.B., Kpbiceko A.A., Llesuyk O.A. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLUMiA 1 coopyxeHmit. 2023. T. 19. Ne 2. C. 119-129

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).
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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
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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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Hcropus cratbu Annoramus. [Ipu MomenmpoBaHiy HEMMHEWHOTO M30TPOITHOTO BOCBMUY3JIOBOTO KO-
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CJIOMHOM amnmpoKCHMalMK 10 ToIMHE. [lomy4yeHHble pe3ysbTaThl TECTOBBIX MPHMe-
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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.

138 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



Caedamynnux M.K. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKUMiA 1 coopyxehmit. 2023. T. 19. Ne 2. C. 130-148

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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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
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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
T'opu3oHTaTBHEIE CTEPIKHA PaMKI
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BeprukanbHbIe CTEPKHU PAMKH
1 1
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Bocxopsmuit packoc
1 1 1
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Hucxonsamuii packoc
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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°
A
y ?
A e —
~ ‘ | ™~ Vs a'ﬁﬁx
- A >< - | S [ \/\ /
- [
S | ~
~ - N
> ]
a a-&x
A
y av2
a & 4
~N A -
—
I~ Z A
~N
. N A ll' Ve |
y, N N PN
X v ‘\
A
y a‘ﬁ'}'xy .
aVyy
H—F —
™~ A
LN
/N / NN
N ¥ 4 I~ Yy
/ P /\’_’g\xy | \\ I
X e ppe—
Relative deformation in model elements
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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.
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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
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1 CIT 63.13330.2018. BeToHHBIE U *ke€300€TOHHBIE KOHCTPYKLMK. OCHOBHEIE MOJIOKEHHUS (yTB. U BBEJEH B nelictue IIpukasom
Mumnctpoii Pocenn ot 22.11.2019 Ne 717/mp) (pexn. ot 21.01.2022).
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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

164 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



Aeanos B.T1., Mapkosuy A.C., Atidemupog K.P. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLWIA U coopyxeruin. 2023. T. 19. Ne 2. C. 162-177

%(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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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
o

S

5
X
W

NN
S
eSS,

NN
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TS S

O
S

IRRBRETTES

Do

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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acteristic defects and damages revealed by visual inspection were described.
The verification calculation of the considered construction depending on the pH
of the medium was performed on the basis of the results of technical inspection
and study. The degree of carbon dioxide impact on the considered structures was
determined by the phenolphthalein test method, which is based on the color
change of acid-base indicator solution on the surface of concrete and reinforced
concrete depending on the pH value of its medium. The phenolphthalein test

revealed that pH of the medium is less than 8 for the depth more than the thick-
ness of the concrete protective layer. A verification calculation of the considered
structure was performed on the basis of the technical inspection results and
the conducted research. According to the calculation results, a variant of beam
reconstruction and strengthening using external reinforcement based on carbon
fibers FibARM 230/150 was proposed. The reconstruction was carried out
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Ycuiienne xes1e300€TOHHBIX KOHCTPYKIMHA KOMIIO3UTHBIMH MaTEePHATIAMU
€ y4eTOM KapOoOHu3auuu 0eToHa

B.!. PummnH , II.C. TpyHnToB

Hayuonanvhutii uccnedosamenvckuii Mockogckuii 20cyoapcmeentvlil cmpoumensbHulil yrugepcumem, Mockea, Poccuiickas ®edepayus
v.rimshin@niisf.ru

Hcropus ctatbn AHHOTanus. B cOBpeMEHHOM CTPOUTENLCTBE OJHOM M3 OCHOBHBIX IPUYMH U3-
[octynuna B pepakuuto: 21 ssuBaps 2023 r. HOCa KeJle300€TOHHBIX KOHCTPYKIMN SIBJISETCS KOPpO3usi apMarypsl. M3-3a Hee
Jopaborana: 27 mapta 2023 . CHIDKAeTCsl CLEIUICHHE apMaTyphl ¢ OETOHOM, 00pa3yloTcsl TPELMHBI U pa3pylia-
IMpunsra k myonaukanuu: 30 mapra 2023 r. €TCsl 3aIUTHBIN CI0H 6eTOHA, BCIEACTBUE YEr0 CHIDKAETCS HECYIas ClIOCOOHOCTh

JKENEe300eTOHHBIX KOHCTPYKIMI. OObEKTaMH HCCIIEIOBAHNS BHICTYIIHIIA KOHCTPYK-
iy nuiambacceiiHa, KOTOpBIE MOJBEPraylich BO3NCHCTBUIO YIJIEKUCIIOTO rasa.
OmucaHbl XapakTepHble 1e)eKThl U TOBPEXICHHS, BEISIBICHHBIE IPH BU3YaJIbHOM
ocMotpe. CTerneHb BO3IEHCTBUS YITIEKHCIIOTO Ta3a Ha paccMaTpUBaeMble KOHCTPYK-
IIUY OIIpeAeNsIach MeTooM (eHosnpTaaenHoBoil MpoObl, KOTOPBIII OCHOBAH Ha
WU3MEHEHUU OKPACKH PacTBOpa KHUCIOTHO-OCHOBHOI'O HHAMKATOPa HA IOBEPXHOCTH
OeToHa U xene300eToHa B 3aBUCUMOCTH OT nokasatensi pH ero cpenst. [Ipu npose-

JeHnn (eHoN(TaTenHOBOH MpOOk! BIABICHO, uTo pH cpexs!l MeHee 8 Ha riry-
OuHe OoJyiee YeM TOJNIIMHA 3alIUTHOTO CIIoS OeTOHA. BBIMOJNIHEH MOBEPOYHBII
pacdeT paccMaTpHBaeMOM KOHCTPYKLHUH, IO pe3yjbTaTaM KOTOPOTO MpelcTaB-
JICH BapUaHT BOCCTAHOBJICHUSA U YCUJICHUA 0aJKH C MCIOJIb30BAaHUEM BHEIIHErO
apMHpPOBaHUS Ha OCHOBE yIJIepoJHbIX BonokoH FibARM 230/150. BoccraHos-
JeHHe MPOBOAMIIOCH C YIETOM CIIOS KapOOHM3HPOBAHHOTO OETOHA.
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1. Introduction

In modern construction, one of the main causes of failure of reinforced concrete structures is corrosion of
steel rebars. Due to corrosion, the adhesion between reinforcement and concrete decreases, cracks are formed,
and the concrete protective layer is destroyed, which reduces the load-bearing capacity of reinforced concrete
structures. One of the main reasons for corrosion of reinforcement is carbonization [1-5]. Carbonation is
the change that occurs in portland cement concrete when carbon dioxide CO; affects it. Due to the destruction
of the concrete due to corrosion of the reinforcement, the structure of the concrete must be restored first,
and in the future it may be necessary to strengthen these structures. In this case, one of the most effective ways
of strengthening is the use of composite materials for this purpose.

One of the earliest composite materials is single-directional fiberglass, made from continuous glass fibers
that are bonded with a polymer matrix. This material was developed by engineer A.K. Burov at the end of
the 30s. In the following years this direction was widely developed by the Russian scientists and was connected
with the use of composite materials in different areas of science and technique also when repairing and streng-
thening of building structures [6-7].

At present, composites on the basis of fibers, which are subdivided into carbon, aramid, and fiberglass,
are used for repairing and strengthening of building structures. In turn, fibers are made from microfibers, which
are further monolithed in a curing polymer (epoxy and polyacrynitrile resins).

The first experimental studies related to the use of composite materials for repair and reinforcement of re-
inforced concrete structures were conducted in Germany in 1979. At about the same time composite materials
were also used in Japan to reinforce columns by the method of forming clips.
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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].

©
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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 condition is fulfilled, so we take 1 layer of tape on the bottom edge of the beam. Also, the calculation
of the bending element by inclined sections on the action of transverse forces (Figure 5) was carried out.

The calculation was carried out basing on the following condition:
Q = Qb + st + wa:

where Qp — the transverse force taken up by the concrete in the inclined cross-section; Qsw — the transverse
force taken by the steel transverse reinforcement installed in the sloping cross-section with a step of su;
Qm — transverse force taken by the composite transverse reinforcement in the sloping section and determined

by the formula

AfyRey,, sina C
st=¢f<fw F fW>.

Sf

-16.6 -499 -64.5

64.5 T
49.9 : | |

Figure 5. Diagram of transverse forces

kN

By the results of calculations carried out in the software package SCAD in accordance with the procedure
BR 63.13330.2018, it was determined that Qn = 87.21 kN, Qsw = 186.5 kN, Qm = 38.97 kN. Hence,

Q=64.5<87.21 +186.35+38.97=312.53 kN.
According to the calculation, the external transverse reinforcement is not required, therefore, take struc-

turally 3 external clamps of 75 mm wide at three sides of the beam support, at the distance of L/8 and L/4,
to a height of not bringing 20 mm to the top edge of the beam.

4. Conclusion

As a result of the technical inspection and verification calculations, a version of the beams strengthening
was made. The scheme of beams restoration and reinforcement is shown in Figure 6.

Carbon fabric

]
| ipArm Tape 2307150
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I |
e ) \ } 2
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L

Figure 6. Diagram of beam strengthening using composite materials
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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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1. BBeaenue

AHanusupyemast Teopusl IPUMEHIETCS BO MHOTHX CTPaHaX M COAEPIKUT JIBa CAMOCTOSITEIbHBIX HalpaBiie-
HUsI, pa3pabaThIBAGMbIX HE3aBUCHMO JPYT OT JIpyra:

1) Teopus yCTOHYMBOCTH CTEPIKHEBBIX CHCTEM, B TOM YHCIIE IUNIOCKHX PaM;

2) Teopusl pacyeTa 3JIeMEHTOB KOHCTPYKIIMH U3 Pa3InYHbIX MaTEPUAIIOB.

HccnenoBanus MOKa3bIBaIOT, YTO 3TH HAIIPABJICHUsS OCHOBAHBI HA TOXKAECTBEHHBIX OO ONU3KUX CHCTE-
Max IpaBWI U MPHUHIUIIOB.

I'maBHas 0COOEHHOCTH 3THX HANPAaBICHWH COCTOWT B HCIIOJIB30BAaHUM IMPHUHIIMIA ITUIACTHYECKOTO pa3py-
mieHust (OH XKe MUIACTUYECKU MapHUP), BBISBISIEMOro M3 TeOpHH M3ruba 0anok u Brepsbie onucanHoro I'. Ka-
suaim 1 H. Kucrom [1]. B 1926 r. on 06bu1 caMoBOIBHO pacnpocTpaHeH. M. I'ploHHHTOM Ha C)KaTble CTEPKHU
npu paccMoTtpernu gepm; B 1931 1. on 0e3 obocHoBaHMs ncmonb3oBaiics K. ['mpkmanom [2] s pacuera MHOTO-
STaKHBIX X MHOTOIPOJIETHBIX paM. B m3BectHoit Monorpaduu b.I'. Huna [3] ykaseBaercs, uro U.®. bakep (1949 r.)
«OBLJT IEPBBIM, KTO MPU3HAN, YTO PAacyeT IO Pa3pyLIAIONIMM Harpy3KaMm... SBISIETCS OCHOBOM Uil CO3JaHus po-
CTOTO M PalMOHAJILHOTO METO/Aa pacieTa CIOXKHBIX pam». B mocnenyromue roasl ommbO0YHOE HApaBiIeHUE HH-
TEHCHBHO pa3BHUBaJIOCh MHOTUMH aBTOPUTETHRIMH yueHbIMH Mupa: V. A. bpoexom, X.U. I'punbeprom, ®. brueii-
xoMm, B. TTIparepom, J1.C. Ipykepom, b.I'. Humom, M.P. Xopuowm u ap. [3-6].
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B mamewm ananm3e Mpl OyaeM ITOJIB30BAThCS, B YaCTHOCTH, pabdotamu M.P. XopHa [4; 6], UMEIONUMU T1e-
peBoabl B cOopHuKe «Mexannkay 1965 r.

[lepeuncnenHble aBTOPHI YKA3bIBAIOT HA BHEIPCHHUE HATIPABIICHHUS:

1) B rocymapCTBEHHBIC JIOKYMEHTBI, HAIIPUMED: «...MPHUMEHCHHUE pacyera T0 pa3pyIIaroiM Harpy3KaM pasperiie-
HO B AHrnmu nocse 1948 r., korja COOTBETCTBYIOIINE ITyHKTHI ObUTH BKIIIOUeHbI B bputanckuii crangapt Ne 449...»;

2) HOPMBI TI0 JKeJIe300€TOHY B PsiJIe CTPaH, B yUCOHYIO JUTEPATypy.

O0a HanpaBieHUs aHATU3UPYEMON TEOPUH, K COXKAJICHUIO, HEBEPHO OIIEHUBAIOTCS B Pa3HBIX CTpaHax H3-
BECTHBIMHU YUEHBIMHU:

Hanpaenenue 1. Pe3ynpratoM NOA0OHBIX UCCIIENOBAHUN SBUIOCH CO3[IaHHE MaTeMaTH4ecKd 0OOCHOBAaHHOTO
pacuera 1o pa3pyLIaloluM Harpy3kam, IIOCTPOSHHOTO Ha YemKuX ¥ Cmpo2ux TIPEANoChUIKax, HOJI00HO TOMY, Kak
3TO WMEET MECTO B OOBIYHOM YIPYTOM METOJIE pacdeTa CTaTHIECKH HEONPENeMMBIX KOHCTPYKIHH, SKOOBI OHO
npecTaBIsieT cOO0H HOBBIE BOIPOCHI pacueTa Ha YCTOWYMBOCTh COBPEMEHHBIX CTPOUTEIBHBIX KOHCTPYKIIHA.

Hanpasnenue 2. BriepBele B UCTOpUHM TEXHUKU CO3JlaHAa TEOPHs pacyera, MPUHLIUMHAIBHO OJWHAKOBO
MIPUTOTHAS JUTSI PA3HBIX KOHCTPYKIWH M COOPYKEHUH W U PAa3IMIHBIX MaTepuaioB. Teopust pacdera 1o mpe-
JIETBHBIM COCTOSIHUSIM COZICPIKUT BCE ayyiee U nepedogoe, UTo ObUIO IOCTUTHYTO HE TOJNBKO B 00JIACTH HCCIie-
JIOBaHUs ’KeJe300€TOHHBIX, HO TAaKXKEe KAMEHHBIX U METAIUINYECKUX KOHCTPYKIMH. CO3MaHbl MPEIIOChUIKH IS
pa3BUTHUS OOIIEH TEOpPHH pacdeTa Mo MPeeIbHBIM COCTOSHUSM, MPEICTABIIAIONE cO00 KOpEHHOE H3MEHEHUE
pacueTHBIX MIPUHIIAIIOB HA HOBOU HAYYHOU OCHO8e.

B cBs131 ¢ TakuMU OIIEHKaMH TIOTYEPKHEM IS HATJISTHOCTH BOCTIPUSITHSI BAXKHOE OOCTOSITEIIBLCTBO, TTOTEPSIH-
HOE B pacCMaTpUBaEeMOl TeOpuH (MBI €ro MpoaHAIM3UPYeM T03Ke): TUIACTHUECKHUI MapHUp (OH e TPUHIUIT TUTa-
CTHUYECKOTO Pa3pyIICHHUS) ABIACTCS (PparMEHTOM TOTEPH YCTOMIMBOCTH (YCIOBHEM KPUTHIECKOTO COCTOSIHHS) CKa-
TOW KOHCTPYKIIMH 6e3 O/uHbl, TO €CTh YCI06HOU KOHCTPYKIIUH, TIPEICTAIONIEH B BU/IE OJTHOTO CEYECHHS CO CBOHCTBOM
aOCOJIIOTHO TBEPAOTO TeNa U BO3MOKHOH TOJIBKO B OIHOM PAacueTHOM CXeMe — M3 BCEr0 MHOXKECTBA PACUECTHBIX CXEM
C)KaTOM30THYTBIX KOHCTPYKIIUH; MaTepHal TAKUX KOHCTPYKIUH 00s3aTEIBHO JIOJDKEH UMETh OECKOHEUHYI0 NioWao-
Ky mexyuecmu;, B EBpokoiax, HOpMax M CTaHIapTaxX TUarpaMMbl G—& OTPAHUICHBI npedevHoti Oeghopmayuell.

JonyiieHue o IacTHYeCKOM IAapHUPE W3-32 HECOOTBETCTBUS IKCIIEPUMEHTAIBHBIM JAHHBIM JOTOJHSIET-
Cs1 OLIMOOYHBIM MPHUBIICUYCHIEM HECOBMECTUMBIX C 3TUM HIAPHUPOM TEOPHUil 0 OECKOHEUHBIX yNPYTrHuX Aedopma-
USX, a TaKKe OECKOHEYHBIX Ae(OpPMAaIUAX MONI3YYECTH.

Hanpasnenust 1 u 2 uMeroT U ectecTBeHHbIe OTiMuus. Cpeld HUX: B HampaBlieHHH 1 BbIIyMbIBacTCS
npoyecc MOCIe0BaTeNbHOT0 00pa30BaHKs IIACTHYECKUX LIAPHUPOB, YTO MPUBOAMUT K TAKOMY YMCIY ILAPHUPOB,
KOTOpOE TPEBPATHT KOHCTPYKIIMIO B MEXaHU3M, YTO BBI3OBET paspyllieHHne 0e3 JaabHEeHUIero Bo3pacTaHHus Ha-
rpy3ku. B HampaBieHnn 2 paccMarpuBaeTcs IepeMEeHHOE TIOBTOPHOE HArpyKeHHe, TeopeMa MPUCTIOCOOICHHS.

B nanHOM mccieqoBaHNH MBI HE OyZIeM pacCMaTpUBATh STH OTIHYHSL.

B 00oux HanpaBieHHUsIX TEOPUH CHaYalla pacCCMaTPUBACTCS YIIPyTras CTafus, U3 KOTOPOH 3aTeM Ipearnoa-
raeTcss MTHOBEHHBIH NEPECKOK B HECYIIECTBYIONIMNA TNIACTHUECKUH mapHup. JomonmHnTensHO B HanpasieHnd 1
UMEIOTCS ICCIIeJOBaHMsI, IPEACTABICHHbBIE B N3BECTHBIX MOHOTPa(HsIX, B KOTOPBIX BBIIYMBIBAETCS 3aBUCIMOCTh
«MOMEHT — KpuBu3Ha» (puc. 1), «3aBepiuaromascs 00pa3oBaHHEM IUIACTHYECKOro mapHupa» [7]: 3mech nonosn-
HUTEILHOW OIIMOKOMW SBJSETCA XapaKTep HAaYaJbHOW JIMHUY 3arpy>KeHHsl, 3aMMCTBOBaHHBII U3 TeOpUH OajoK.
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Puc. 1. O6pa3zoBaHre MIACTHYECKUX MIAPHUPOB B KOHCTPYKIMH IIPH Pa3HOM YPOBHE CKUMAIOIICH CHIIBI
Figure 1. Formation of plastic hinges in the structure at different levels of compressive force

OOpariM, HaKOHEIl, BHUMaHHUE Ha HEJOIMYCTUMOCTb BBIIICIIPUBEICHHOTO OTOX/ICCTBICHUSI CTPOTOCTH TIPE/I-
MOCBUIOK KJIACCHYECKOH YIIPYToi TEeOpHH M MPEANIOCHUIOK TEOPHH pacueTa 1Mo pa3pyIIaroIiiM Harpy3Kam.
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2. MaTepuaJbl 1 METOABI
2.1. Ocobennocmu ananusupyemoit meopuu

AHanmu3 MOKa3bIBaCT, YTO TEOPHs pacueTa >KeIe300€TOHHBIX KOHCTPYKIUH [8—15], mMeronmx mMaccoBoe
IpUMEHEHHE (IIPU [UINTEIHLHOM 3arPYKEHUH BO BCEM MHpE), BKIIIOYAET B €0 MATh HE COOTBETCTBYIOLIUX APYT
Ipyry (cpenn HUX OIIMOOYHBIX) TEOPHUH, CYyTh KOTOPBIX ¥ OWH MOCTYJIAT U3JI0KEHBI HIKE.

B paccmarpuBaemMoii Teopun nepeMenansl (BMeCTO HCTIONHeHHs TpeboBanuii EBpokona):

(1. 1) — Teopusi KOHCTPYKIIMH, HE UMEIOIIECH UTHHBI U 00J1a1af0IIeH IAaCTUYSCKUM IIIAPHUPOM;

(1. 2) — Teopust ynpyronosizydeil KOJIOHHBI ¢ HAYaJIbHOM MOrHOBI0, HMEIOIasi HeOrPaHHYCHHBIE HaTIpsDKe-
HUS U AeopManuy, a Takxke OECKOHEUHbIE TPOTUObI;

(1. 3) — Teopusi OECKOHEYHO YNPYTOil KOJIOHHBI U3 IeOPMALMOHHON TEOPHH, OIIMOOYHO PACIPOCTPAHSI-
emas Ha 0071acTh CyryOBIX TUIACTHYECKUX Je(hOopMaIlHii, TaKKe ¢ OECKOHEYHBIMH MTPOrHOaMu;

(1. 4) — HenpaBUIIBHOE TIPUMEHEHHE 3a1a4n Diepa ¢ KPUTHIECKOM CHITOM, 3aBUCAIIEH OT SKCIIEHTPHCUTETA,;

(1. 5) — TiyO0KO OmMOOYHAs TEOPHS TMHEHHOMN MOI3y4ecTH OETOHa,

(1. 6) — «HOBas» Teopusi 000CHOBBIBACTCS OMIMOOYHBIM ITOCTYJIATOM O BHE3aITHOM O0Opa30BaHMU IUIACTH-
YeCKOTo [IapHHpa.

IIpoBeneHHoe Mccnen0BaHNE MOKA3BIBAET, YTO AaHHAS HAy4Has COBOKYIHOCTb M KaXKIasi TEOPHsI B OTAEIb-
HOCTH HE COOTBETCTBYIOT HU CBOICTBaM >kene300eToHa, H1 EBpokony.

2.2. Teopusa koncmpyKkyuu, ne umerouieil OJ1uHbl — 603HUKHOBEHUE NIACMUYECKO20 WAPHUPA

3neck HeOOXOAMMO TIPEBAPUTENIBHO TIOCTPOUTH COOTBETCTBYIOIIYIO TEOPHIO YIIPYTOIIACTUUECKON yCTOHYH-
BOCTH (M HHOTO ITYTH HET):

a) 3amucath AMarpaMMbl 6—€ JUIs 0eToHa M apMmarypbl. OTBeprayTh EBpOKOA M cumTaTh, YTO 3TH IHA-
IrpaMMbl UMEIOT HeozpaHuyeHHble IUIOANKN TEKY4eCTH (& —0);

0) ucrnonb30BaTh (2 HE OTBEPraTh) TUIIOTE3y MJIOCKUX CEYCHHMH M HAaWTH 3HAYCHMsSI TJIaBHOT'O BEKTOpa
Y TJIaBHOT'O MOMEHTA 3II0Pbl HOPMAJIBHBIX HANpPSKEHUH;

B) 3amMcaTh ypaBHEHHs paBHOBECHS CKAaTOM KOJOHHBI C YYETOM HAJM4Us Mporuoa,

T') pacCCMOTPETh T€OMETPUIECKYIO CTOPOHY 33[a4uH 1 CBSI3aTh KpaeBbIe Ae(opMaIii CEYeHHUs C IPOTHOOM;

1) c(hopMyIIMPOBaTh YCIOBHE M BRIBECTH YPAaBHEHUE KPUTHIECKOTO COCTOSHUSA;

€) MPOBECTH YHUCIICHHBIE MCCICAOBAaHMSA M IOCTPOUTH KPUBBIE KPUTHYECKUX 3aBUcHMoOcTel. [lomyuenne
TaKMX KPUBBIX HEOOXOIMMO JUIA MOCIEAYIOIIEr0 MCIOJIB30BaHMs B HOPMAax M CTaHAapTax, OHO 00YyCJIOBIECHO
3aJa4aMi MPOEKTUPOBAHUA: PSIOBOM MPOEKTUPOBILUK HE CMOKET NMPOBOANTH HAYYHOE HUCCIIEJOBAHHE, YKa3aH-
HOE B ITyHKTax a—e.

[ToBenenmne 3THX KPUBBIX 3aBUCUT OT BHJIa PACIETHOHN CXeMBI KOJIOHHHI [7].

PaccmoTpuM Ba BaXKHBIX CiTydasi: KOJIOHHA ¢ HA4aIbHOM MOTHOBIO, IIPOIOJIEHO-TIOTIEPEYHBIN H3THO.

PacueTHas cxema KOJIOHHBI C HA4aJIbHOM MTOTHOBIO JIEXHUT B OCHOBE Teopuil (1. 2) u (1. 3), paccmarpuBae-
MBIX TI03%e (pHc. 4, @) B paMKax JIMHEHHOW TeOpUH. 3AeCh e ISl HATrJSAHOCTH BOCIPUATHS Ha puc. 1 npuse-
JICHbl KPHUBBIE KPUTHUECKUX 3aBHCHUMOCTEH YNPYTOIUIACTHYECKUX KOJIOHH C HadalbHOW moruOnio. OOpaTum
BHHUMAaHHE, YTO MPUHIIHII [ITACTUYECKOT0 Pa3pyIIeHUs Ha pHC. 2 COOTBETCTBYET TuHNM AB.

B cimydae BTOpO# pacueTHOMN CXEMBI — MPOAOILHO-TIONIEPEIHOTO M3TH0a — KPUBBIE KPUTHICCKIX 3aBHCH-
MOCTEH B YIPYTOIUTACTHYECKON CTaINH WMEIOT BHJ, aHAJOTHYHBIA puc. 1. ObpaTnM BHUMaHHE Ha OTCYTCTBUE
B TIPUBEJICHHBIX Cydasx (Pas3MuHbIX PACYETHBIX CXEM) IUIaCTHYECKOro maphupa 1o teopuu (1. 1) [9; 10] (puc. 2).
Ha puc. 2 x nnacTuyeckoMy HIapHUPY MO>KHO OTHECTH TOUKY B, XapakTepu3yroliyro MOJHOCTBIO CKATOE ceve-
Hue (X = h, puc. 3). Ipyrumu cioBamu, Teopus (1. 1) NpUHIMNHAIBHO HEMIPUTOIHA B PACCMOTPEHHBIX PacyeT-
HBIX CXeMax T0 TePMHUHOJIOTHU pa3padOTYNKOB aHAIU3UPYEMOM TEOPHH.

O naacmuueckom wapuupe. Jns nmomyderus teopun (1. 1) HEOOXOIUMO K BEIICH3IIOKCHHON TPOIEAYPE
a—e 100aBUTH 1Ba NCHCTBUSL:

) BBIOpATh CHELHMATIBHYIO PACUETHYIO CXeMy KOJIOHHHI (puc. 3);

3) OCYLIECTBUTh MaTeMaTHYECKUHN MPeIeNbHBIN Mepexo.

[Inactudeckuil mapHup sBseTcs npesebHoi Toukoit (I — 0) kpuBoll kpuTHUeckux coctosuuil (4 =0,

| — mmunHa, f — mporu6) Mo yCTOHYHMBOCTH AT KOJIOHH, BBIMOJHEHHBIX M3 OCTOHA M CTAH C HEO2PAHUHEHHOU
TJIOMAKON TEKyJIEeCTH; B HEM KpaeBble AeGOopMaIlii TOCTUTAIOT HecKOHeuHblX 3HAYCHUN; B TIPEICIBHON TOUKE
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30HBI IJIACTUYECKOTO PACTSDKEHUS M CKaThs (yIOBJIETBOPSAIONINE THITOTE3€ IUIOCKHX CEUeHHUH Tepea HadaioM
IpeeNIbHOTO Mepexo/ia) CMBIKAOTCs. M BOT 3Ta JoKallbHast Touka (B BeCbMa YacTHO# pacueTHOl cXxeme) ¢ Hepe-
aITBHBIMH CBOMCTBaMHM CKAThIX KOHCTPYKIIMIA MTPHHUMAETCS 32 OCHOBY OOIIlEl Teopru pacyera xxene300eToHa.
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Puc. 2. Kpm‘w—xecxne 3aBUCHUMOCTHU «CHJIA — FI/I6KOCTL — HavyaJibHas IOru0b)» JUIA pryFOHHaCTH‘IeCKOﬁ KOJIOHHBI
Figure 2. Critical dependences “force — flexibility — initial deflection” for an elastic-plastic column
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Puc. 3. Kononna 0e3 AaMHBL, Y KOTOPOIl BO3MOXEH MJIACTHYECKHUN IapHUP:
a — pacyueTHas CXeMa, 06— TIONEPEYHOE CEUCHHUEC, KIIPECACIIBHBIC YCUIIUA» U SIII0pa Ha]'lpfl)l(eHl/lﬁ OeToHa
Figure 3. Column without length, where a plastic hinge is possible:
a — computational scheme; 6 — cross-section, “ultimate forces” and stress diagram for concrete

O nepeanvrocmu ceoticme (y KOJIOHHBI HET JJIMHBI; CEUCHHE KOJIOHHBI IMEET CBOMCTBO aOCOIIOTHO TBEP-
noro tena). [Ipu npenensHOM Mepexoie ynpyras 30Ha CE4eHH KOJIOHHBI YCTPEMIISIETCS K HYIIIO, TIIACTUYHOCTh
OXBaTHIBACT BCIO BBICOTY CXKATOW 30HBI W MOJyYaeTCs! BHIPOKACHHAsI MOJIENb KOJIOHHBI B BUJIE OJHOTO BHIPOXK-
JCHHOT'O CEYEHUs, B KOTOPOM CHCTEMa paclpelesIeHUs ycuniuli UMeeT OIHY CTeleHb CBOOOIb! ¢ 000OIEHHOI
KoopauHaToii X (puc. 3).

Takum obpazom, Teopus (1. 1) HE UMEeT HUKAKOTO OTHOLIEHHS K PAacyeTy peallbHBIX CXKaTBIX KOHCTPYK-
LIUiA, B TOM YHCJIE )KeJIe300€TOHHBIX.

W3noxeHHOe Takke MOKa3bIBAET, YTO B yCIOBUSIX EBpokona, koraa nuarpaMmbel 6—€ O€TOHa M apMaTyphl
OTpaHMYEHBI peJIebHOMN nedopManmeii (enz, €52), Teopns (1. 1) BooOIe He cymecTByer,

L EN 1992-2 2004. Eurocode 2: Design of constructions. Brussels, 2004. 255 p.
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Haxkonen, paccmoTtpum Teopuro (1. 1) U1 ciryyast ManbIX 3KCLEHTPUCUTETOB, ONMCAHHYIO B JIUTEpaType
1o KeNe300eTOHY BechbMa IyTaHHO. 3/1eCh C)kKaTas 30Ha ¢ KOOPAWHATON X 3aXBaThIBA€T YaCTh CEUCHUS HIDKHEH
apmarypsl As (puc. 3, 6). B atoit apmatype As 00pasyercs JIOKaJIbHBIN IJIACTHYECKUI IIApHHUP C JIOKAJIBHBIM
TJIaBHBIM BEKTOPOM YCWJIMH M IJIaBHBIM MOMEHTOM. BBIpaskeHUs U1 ONUCAHHS 3HAYCHUH JIOKAIbHBIX TTIaBHOTO
BEKTOpa W TJIAaBHOTO MOMEHTa YCHUJIMH SBISIOTCS BECbMa I'POMO3JIKHMH H3-32 KPYTJIOTO CEUYEHHUS apMaTyphl.
3Ta rpoMO3AKOCTh PEOI0JIEBAETCS IBYMsI YIIPOIIEHUAMU:

— 3HAauYEHUE JIOKAJbHOW IJIABHOI'O MOMEHTA YCHUJIHI B apMaType CUHTAETCs MPEHEOPEKUMO MAaJbIM,
cm.: (8.10) B EN 1992-2 2004;

— ¢opMyIia JTOKJIFHOTO TJIABHOTO BEKTOPa YIMPOIIAETCS IyTEM 3aMEHBI KPYIJIOTO CEYEHHs 3KBHBAJICHT-
HBIM CEUeHHEM C MOCTOSHHOM IMMpHUHO#, cM., Hampumep: (8.13) B CIT 63.13330.2012%

BaemHss npuBieKaTeNbHOCTh U KaXylIasicsd MPOCTOTa CleNail He3aMeTHBIMU (M 10 ceil JeHb) IJIaBHbIE
0cOOCHHOCTU™ (311eCh U Jajiee 3Be3104YK0i 0003HAUeH NepeyeHb OmuO0K) Teopuu (1. 1):

— OTCYTCTBHUE Y KOJIOHHBI JIJIMHBI;

— HaJIM4Me y CeUYCHMs KOJIOHHBI CBOHCTBA aDCOIIOTHO TBEPIOTO TENa;

— HajieTieHue OETOHa U apMaTypbl OECKOHEYHOM TUIOIAAKON TeKyUYecTH;

— HEBO3MOKHOCTb ITOJTydeHus (1. 1) MHBIM IMyTeM, KpoMe MaTeMaTHYEeCKOro, IPeAeIbHOT0 MEPEeXo/a;

— IPUHIUNHAILHO HEBEPHBIE PE3YJIbTAThl B pacueTax KOHCTPYKIIMH: KaYeCTBEHHbIE U KOJINYECTBEHHBIE.

[IpoBenenHsIil aHAIN3 TIOKA3BIBAET, YTO TeOpHs (1. 1) ABISETCS HEMPUTOIHOMN IS PACYETOB CXKATHIX JKe-
71€300€TOHHBIX KOHCTPYKLMHA. POPMYJIbI M pacueTHas cXeMa CEYEHHs ¢ IUTACTHYECKUM IApHUPOM M3 MOHOTpa-
¢un A.A. I'Bo3ieBa 3aMMCTBOBAHBI B COBPEMEHHBIX HOpMaX.

2.3. Teopus ynpyzononsyueii KOJTOHHbL C HAYATILHOU ROZUOBIO
U meopus OecCKOHeuHo ynpyzoil KOAOHHbL U3 «0edopMayUuOHHOU meopuu»

B Teopuax (m. 2) u (1. 3) kene300€TOH HameIIeTCs] HOBBIMH (haHTACTHUYCCKUMH OCOOECHHOCTSIMH**, OT-
BEprarommMu Teopuio (1. 1):

— TPELIMH B CCYCHHUSX HET;

— 0eTOH XOpoIIo paboTaeT Ha PACTSHKEHHUE U Ha CXKATHE;

— OETOH U apMarypa SIBISIOTCS OECKOHEYHO YIPYTUMH MaTepHaiaMu

— 0eToH o0nasaeT mpu pacTsHKEHUU M CKaTUU OECKOHEYHBIMH AeOopMaUsIMy THHEHHOH MOJI3y4YeCTH
(cMm. Takxe (. 5));

— HanpsbkeHus (MPY CKATUHM M PACTSHKSHUW ) MOTYT BO MHOTO Pa3 MPEBBINIAThH TPEICIbl IPOYHOCTH OETO-
Ha U apMaTryphl;

— TEOPUU CTPOSTCS B paMKax THIIOTE3bl «HE3HAYMTEIbHBIX NporuOoB» (mo TepmuHonoruu C.I1. Tumo-
IIIEHKO), a B PE3yNbTAaTaX pacyeToB MpPorud GeckoHeuHo BospacTaeT: f(p) —oo; f(t) —oo, f{t) = const, B obmeit
MEXaHHUKE YKa3bIBaIOT, YTO MPH TAKOM MPOTHBOPEYHH METOJ HENpurojeH. Hampumep, oH NpUBOIUT K cO3/1a-
HUIO (HECYIIECTBYIOIICH) KPUTHUECKON CHIIBI npu cocamuu ¢ useubom. B aHanu3upyemoil Teopuu OHa HOCHUT
Ha3BaHWE YCJIOBHOW KpUTHYECKOH cuibl. B 3amauax paccMmarpuBaeMoro Qopmara, Kak mokasanu Jlarpaxx
n XKuuxoBckwii (puc. 4), JaHHAs TUNIOTE3a O JIMHEApHU3alWy MPUBOIUT K HEBEPHBIM pe3ynbraTaMm. B ydebHoit
JUTEpaType MepeunCliCHHbIC IO 3HAaKOM ** 0cOOEHHOCTH HE 3aMEYaroTCs: UMEeTCs UL (popMallbHOE yKa3a-
HUE Ha YMHOXCHUE Ha Kod(uiueHt 1. PacueTHas cxema jiisi 3TUX TeOpUH MOKa3aHa Ha puc. 4.

B teopun (1. 2) CBsI3b MKy HANMPSHKEHUSIMHU U Je(GOpMAIHsIMH yCTaHABIUBACTCS (POPMYIIOi, OCHOBAH-
HOU Ha JIMHEHHOW 3aBUCHMOCTH MEX/y HANPSHKSHUSIMH U IeOpPMaIMsIMUA M Ha TIPUHIUIE HAJIOKCHUS:

——=dfr, (1)

rie S(I, T) = +C (t, T); C(t, T) — Mepa mo3y4YecTH.

E(7)

2 CH 63.13330.2012. BeroHHBIEe U *eNe300eTOHHBIE KOHCTPYKIMA. OCHOBHBIC MOJNOKEHHS. AKTyalM3UPOBAHHAS PENAKIUS
CHulI 52-01-2003. M., 2012. 156 c.
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31ech U B HambHEHIIIEM HCIIOIB30BAaHbI OOMIETTPUHATEIC 0003HAYCHHS ITOCTPOCHHON TEOPHH C ONMTHOKAMHU
(s1k00BI OHA MAaKCUMAJIBHO MPUOJIMKECHA K JCHCTBUTEIIBHBIM YCIOBUSIM PaOOTHI).

P

O¢

L\

OscA's

OsAs

i

As

a o

Puc. 4. Yupyras, 1160 yrnpyrosi3kasi, KOJIOHHA ¢ HAYaIbHOU TTOTHOBIO:
a — pacyueTHas CXema; 6 — IONepeyHoe CEYCHUE, HEOTPAHUUCHHBIE HANIPSHKEHHS B OETOHE U apMaType — TPEIMHBI OTCYTCTBYIOT
Figure 4. Elastic, or elastic-viscous, column with initial deflection:
a — calculation diagram; 6 — cross-section, unlimited stresses in concrete and reinforcement — there are no cracks

B Teopun (1. 2) ykaseiBaeTcs, 4TO B CiIydae, KOTJa MaTepuan CTep:KHS 00iajaeT Mmoji3yuecTbio U cTape-
HueM (1), 3a1a4a 00 yCTOMYMBOCTH yIIPYroro CTEPsKHs, MMEIOLIEro HayaibHyo noruds (Yo = fo) u cxxaroro mo-
CTOSHHOM cniioi P, CBOIWTCS K peIIeHnio ypaBHEHUS

d?y’ (x,t) Py (xt) . o5(t, 1) d?y
Pyt , dr |=—20.
x> 1| E(t) Jy (o= e =g

T

3asaua onpenenenus nporubda f(t) cBoanTCs K pemeHuo HHTErpanbHOro ypaBHeHus Boabreppa 2-ro poaa

f(t)_lEﬂj f(0 2T g (o).

2
me (0= R =T -
P I —P

Kputnueckoe cocTosiHEE MO YCTOMYMBOCTH 5KE1€300€TOHHON KOJOHHBI NP MOJI3yYecT OeToHa omnpese-
JSIETCSL HecocmosimenbHviM 10 EBPOKONY M youeumenbHviM JUIS TEOPHU KeNe300eTOHa KpUTEpPHEM: MPOruo
CPEIHEr0 CeueHHs KOJOHHBI YBEIHUYMBACTCS JI0 OeckoneyHocmu (C TIOCTOSHHON CKOPOCTBIO €ro HapacTaHus).
Ctpykrypa (Gopmysbl 100aBOYHOTO OECKOHEUYHOrO NpOruda, BBI3BAHHOI'O MOJI3YYECThIO OCTOHA, CTAHOBUTCS
TOKAECTBEHHOW CTPYKType OECKOHEUHO ympyroro nporuda mo teopuu (1. 3) (cm., Hanpumep, hopmyiy (8.13)
B CIT 63.13330.2012). V3MeHsAeTCS UL 3HAUYEHNE KPUTHYECKON CHIIBI: BMECTO KPAaTKOBPEMEHHOU KpPHTHYE-
CKOM CHJIBI Difyiepa UCTOIB3YEeTCS TIOHITHE TUTEILHON KPUTHIECKOM CHJIBI, PaBHOW cuiie Diyepa, IeIeHHOM Ha
K03 pUIIMEHT, 3aBUCAIINHI OT XapaKTEPUCTUKH MOJI3y4eCTH OETOHA.

Crenyet oOpaTuTh 0c000C BHUMaHHE HA TPH OOCTOATENLCTBA*™ B Teopuu (1. 2, 1. 3):

— runiep6ona Ditnepa npepsiBaercs B Touke C (cM. puc. 1), To ecth Ha yuactke CB mmactuueckoit o6ia-
CTH MOHATHE KPUTUIECKOHN CHITBI Dinepa (Takxke JUIMTEbHON KPUTHIESCKOM CHITBI) SIBIISIETCS BEIMBICIIOM;

— TPY HEOTPAHWYCHHBIX YIIPYTHX CBOWCTBAX y CKATOM3OTHYTHIX KOJIOHH KPUTHUECKOM CHIIBI DiiNiepa He CyIie-
ctByer (puc. 4), 4To TOMOIHUTEIBHO XapaKTePU3yeT HECOCTOATELHOCTh TEOPHH (I1. 2, I1. 3) ¢ TOUKH 3peHus EBpokoa;
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— B paMKax JII000H TEOpUH MOI3y4ecTH TeopHs (I1. 2) HETPUTOIHA [UIS OLICHKH JUTHTEIBHOTO COPOTHBIIE-
HUS JKene300eToHa, Tak Kak Hajelnser 0eToH (paHTaCTHYECKUMHU CBOHCTBAMHU OECKOHEYHBIX MPOTHOOB, OECKO-
HEYHOH yNPyrocTH U OTCYTCTBHEM TpeIluH. B runepOomne Diinepa oTMedeHa o/1Ha TOYKa, JIe)Kalast Ha TOPH30H-
TaTbHOM ocH ¢ koopauHatoi 1,0 (puc. 5).

Vi
0.8 e

7

0,6 .

"/

/

4
0.2 L /
> / /QW e :0
_— ¢ P/P

0 02 04 06 08 1,0 12 14 106 18 20

0,4
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Puc. 5. 3aBECHMOCTD MEX/Iy CTPEJIOi Mporuda u MpoAOIbHOM CHUITON AJIs CKATOU30THYTHIX M IIEHTPAJIbHO CKaThiX (€ = 0) KOIOHH
Figure 5. Dependence between the deflection boom and the longitudinal force for compressed-curved and centrally compressed (e = 0) columns

Kaxnas u3 u3m0KeHHBIX TEOPHUH SBISETCS UCTHHOM JIMIIb Ha CBOEM MECTe B 0OLIel TeOpHH pacueTa co-
opyxenuil. Tak, Teopust (1. 1) — TOIBKO OJHA M3 YETHIPEX JIMHUN — TPaHHIl OOJACTH B YaCTHOW CXeMe 3arpy-
JKEHUs YIIPYTOIIaCTUYECKOH yCTOWYMBOCTH — JIMIIbL OJHOM M3 MHOT'MX CXEM, B KOTOPBIX TaKHX I'DAaHHIl BOBCE
HeT (cM. puc. 1). [Ipuuem B 3T0il yacTHOI cxeme paccMaTpHUBaeTcs WAEaIbHO YNPYTomjJacTHYeCKU Marepuai
¢ OECKOHEYHOM TUIOIAKOM TeKy4ecTH, TO €CTh HaXOIAIIMICs BHE TpaBuil EBpokoaa 2 u As TeopuH xese300e-
TOHA ABJIAIONTUHCS omnOKoH [15].

Kaxymascs HoBr3HaA HePUToHOHM Teopuu (1. 1) 1 ee ommOOYHAs TPUBIIEKATEIBHOCTS B COPOKOBBIE TO/BI
MIPOIIJIOTO CTOJIETHS BBI3BAIIM PEIIUTENbHBIC IEHCTBUS K BHEIPEHHIO, M B YTOAY 3TUM JeHCTBUAM Oblia MpHUHE-
CEHa B JKEPTBY CYLIHOCTb TEOPUHU pacyeTa >Kene300eToHa, 0 YeM CBHIETEIbCTBYET BBIABHHYTAs TUIIOTE3a TEO-
puu (1. 6) o cBs13u Teopwuii (1. 2, m. 3) u Teopun (1. 1):

«[Ipu BHEIICHTPEHHOM C)KaTHH... SIBJICHUE pa3pylLICHUs MPOTEKaeT MOYTH TaK XKe, Kak MpH u3rude, a pac-
YeT CTPOUTCS, HCXOAS U3 TEX e COOOPaKeHUH U JOMYIIEHUH.

...B nHTEepecax mpocToThl pacyera eme Oosee XKenaTelabHO, YeM NPHU U3rn0e CUMMETPHUUYHBIX CEYCHUH,
JIOITyCKaTh.., YTO CEUEHUE BEJET ceOs YIIPYTo BIUIOTH O O0Pa30BAHUS NAACHUYECKO20 WAPHUPAY.

Wrak, paccMOTpUM IOCIEA0BATENIBHOCTH MEPECKOKOB OT OJHOW TeopuH K Apyroi. IlycTs M3HauaibHO
MMEETCsl JKeNe300eTOHHAsI KOJIOHHA ¢ 3aJaHHBIMU CBOWCTBaMHU Hecylued crocoOHocTu. IIpuMmeHuB k Hell Teo-
puto (1. 1), momydaeM mocie NCIOTHEHNS pacyeTa CHIIBHO 3aBBIIICHHYIO HECYIIYIO CIOCOOHOCTb.

ITo sroii mpuumHe nepexoauM K Teopuu (1. 3) aubo (1. 2), moaMeHssi pacyeTHyro cxemy Teopuu (1. 1)
Ha pacyeTHYIO CXeMy KOJIOHHBI C Ha4aJlbHOH MOTnOb10. MOXHO OBIIIO OBl MCIIONB30BATh TEOPETHUECKHUE JaHHBIC
1o o0pasiy puc. 1, HO 3TOro He MPOUCXOIUT.

PaccmatpuBaercst mporecc 3arpykeHusi 06CKOHEYHO yNPYTroi KOJIOHHBI, 0 OKOHYAHHH KOTOPOTO H3BJIE-
KaeTcs LUTUPOBAHHAS THIIOTE3a M coBepiiaercs nepexon ot (m. 3) x (. 1) B Buae clenyromux yYAUBUTEIbHBIX
EUCTBUIL:

— ACYe3aeT CKaYKOM JTHHA OECKOHEYHO YIPYTOi KOJOHHBI; OCTAeTCS TONBKO OJHO CeueHHe C JTMHEHHOI
SMIOPOU HATIPSKEHUH, 0€3 TPEIIUHEI,

— ympyrasi 3Mopa HanpsHkeHui (puc. 3) MTHOBEHHO HPEBPAIAeTCs B 3MIOPY HANPSUKSHHN MIaCTHYECKOTO
mapuupa (puc. 2);

— HavyanbHbIA Mporud fo ynpyroit KoaoHHBI U3 (1. 3) MTHOBEHHO CTAHOBHTCS 3a/IaHHBIM JKCIICHTPHCHUTE-
TOM B TeopuH (1. 1),

— CcTperna JIOMOJTHUTENBFHOTO MPOruda yrpyroi kKonoHHs! f Teopun (1. 3) mpeBparaeTcst B S9KCIEHTPUCHTET TEO-
puu (11. 1), KOTOpBI IMEHyeTCs TOTIOTHUTEBHBIM IKCIIEHTPUCUTETOM U TOSBIEHHE KOTOPOTO paspyllacT TeopeTHye-
CKYIO CYIIHOCTb IIJJACTUYECKOI0 IIapHUPa, OMMCAHHYIO BBILIE, KaK CYIIIHOCTH KOJIOHHBI HE NMEIOLIEH JUIHHBI,

— TOSBJISIETCS] «HOBAas»» HAay4YHAasl CYIHOCTh OOILIEH TEOpHH B BHJIE IUIACTUYECKOTO IIApHUPA, HE HMEIOIIIe-
O JUTMHBI, HO HMEIOIIETro MPporud; cymma g + f cTaHOBUTCS pacYeTHBIM SKCLEHTPHCUTETOM €o1)1 B TeopuH (II. 1).
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Ha ocHOBaHMM «HOBOI» CYIIHOCTH CHOBA PAacCUHMTBHIBACTCS] HECYIasl CHOCOOHOCTH 3aTaHHOM *keie300e-
TOHHOM KOJIOHHBI: Pe3yJIbTaThl pacueTa CHOBA JAIOT 3aBBIIICHHUE HECYIeH CIOCOOHOCTH 3aJaHHOI KOJIOHHBI.

Eme Gosiee mapaoKCabHBIM SIBIISICTCS COSTMHEHNE B OJHY TEOPHIO IUIACTHYECKOro ImapHupa mo (. 1)
C TIEPEMEHHBIM BO BpeMeHH mporubom Teopun (1. 2). «HoBas» HaydHas CYIIHOCTb B 3TOM CiIydae SBIISET
YAWBUTEIHHOE HETPEPHIBHOE U3MEHEHHUE MPOJOJIBHON CHIIBI KOJOHHBI, MPOUCXOJINEE ¢ TEUCHUEM BPEMEHH,
a TaKk)Ke HeTPEPHIBHOE SIBJICHUE MTEPECKOKOB.

Teopus xene300eToHa NpuoOpeTaeT B «HOBOW» HAyYHON CYIIHOCTU ABOHCTBEHHBIE CBOMCTBA M0 MHOTHM
00CTOATENHCTBAM U TIAPAMETPAM, YTO MO3BOJISIET MEHTH CMBICI 3THX ITapaMeTpOB, IPOBOANUTH HEHAYYHBIE JHC-
KyCCHH.

Hanpumep, B Teopun miactudeckoro mapaupa (m. 1) xectkocts cedenust D = El ve nyxna. Ho mis
«UCTIPABJICHUS» AHATM3UPYEMOW TEOPHH KeJIe300eTOHA «HOBAsD) HaydHas CYIIHOCTH IO3BOJISIET MCIIOJIB30BATh
Y UCKOBEPKATh TO TMOHSTHE.

2.4. HenpasunsHnoe npumenenue 3adauu Jiepa

B xnmaccudeckoit 3amade Diinepa 00 yCTORIHMBOCTH KOJOHHBI Teopws (1. 4), mpeacTaBisromas auddepeH-
[IHaIHLHOE YpaBHEHUE M3TH0a, UMEET BU]T

2
D%:—Pv.
X

Kax yxe ormedanocs, Ha yuactke BC mo puc. 1 B miacTuueckol o0nacTu 3TOoro ypaBHeHHs HeT. Kak
M KECTKOCTH B Teopud (1. 1); HeT u cunbl Diinepa. «HoBas» HaydHas CyOIHOCTh HE TOJBKO BBOJIUT HECYIIe-
CTBYIOILYIO 3/1€Ch CUTy Dijepa, HO U KOBEPKaeT €€ CMBICII, BBIAYMBIBas Cuily Jiliepa, 3aBUCSIIYIO OT dKCILIEH-
TpUCHUTETA €p!

2
T D(eo)
N =——"0J
cr T 2 '
|

**% «cpaBAeTCs» TaKMM TPHEMOM OO0INasi TEOPHsT: KPUTHUECKHE CHITBI Jkenne300eToHHO#M KOMOHHBI (Ne)
MpU KPAaTKOBPEMEHHOM 3arpy>XeHUH W P, IpHU JUIUTEIHFHOM 3arpy>KeHHUH, HEBO3MOXKHEBIE TPU BHEICHTPEHHOM
cxatuu (cM. puc. 4.), oOBSIBISIOTCS HE TOJHKO BO3MOXXHBIMH, HO M TPETEPIICBAIOT SBOJIOIMOHHOE Pa3BUTHUE
B BUJIE HEJETOH 3aBUCIMOCTH OT SKCIIEHTPUCUTETA.

OKCIePUMEHTAIBHBIC OIEHKU PE3YJIbTaTOB PACUETa CKATHIX JKEJIE300€TOHHBIX KOHCTPYKIMH 10 aHAHM3H-
pyeMoil Teopuu, NMPUBEACHHBIC W3BECTHBIMU YYEHBIMU B MYyOJIMKAIMAX MOCIETHUX JIET, COCTaBisioT +50 %,
CBUETEILCTBYS, YTO HEHAYYHOCTh W HECOOTBETCTBHE EBPOKOY MOMHMO MOJUTHYECKUX ACIEKTOB JAlOT HU3-
KYIO 9KOHOMHYECKYIO 3P (PEeKTUBHOCTH jKeIe300eToHa.

2.5. Owmubounas meopus n1uHelHoil ROA3YUecmu demoHa

B teopuu (1. 5), sBAsOmIENCs MUPOBOW, HHTETpajibHbIE ypaBHEHUSI BonbTeppa, NpeacTaBisionue moisy-
4YecTh OETOHA C €T0 HeCTAllMOHAPHBIMU M HETMHEWHBIMI CBOMCTBAMH, MIMEIOT BBIIYMaHHBIE SApa, HAPYIIAIOIIAE
NPEAYCMOTPEHHBI MaTeMaTHUECKUI MOPSJOK MX TOCTPOCHUS: BCIEACTBHE TOr0 y OeToHa 00pa3yercsl OILIH-
00uHBII HA0OP (PMKTUBHBIX CUJI, HEMPABHIBHO (POPMUPYIOMINX AehopManuu noisydectu [15-18].

Hamu BBIsSIBI€HO, YTO BCE OCHOBHBIE MOJIOXKEHHs TeopuH (m. 5) rpy0o HapymialoT mpaBuia BbICHIEH
MaTeMaTHUKH, TPUHIUIBI MEXaHWKH, TpeboBaHus EBpoKoga M pe3ynpTaThl CONMAHBIX AKCIepuMeHTOB. Cpemnu
HI/IX****:

— (yHIAMEHT TEOpWH, €€ TMPHUHIMWI HAOKEHUS HapymaeT npaBwia JudQepeHunpoBaHus (yHKIIHA.
DTO HapyIIeHUE COMPOBOXKIACTCS JIYKaBBIM 000CHOBaHUEM [19], 4TO «IIPUHIIMI HAJTOKEHHUSI CBOWCTBEHEH IS
Teopuu BonbTeppa»: B UTOre KOHCTPYHPYIOTCS OIIMOOYHBIE sIIpa MHTETPAIbHBIX ypaBHEeHUH. CyIecTByeT psan
JPYTHX HEJEbIX «MAaTeMaTUYeCKUX» 000CHOBaHUI 3TOT0 MPUHIIMIIA;

— «HUKAKOW NMHEMHON MOJ3y4ecTU HE CYIIECTBYET» CBUICTENIBCTBYIOT U3BeCcTHbIE yueHble C.B. Anek-
canaposckwuii u [1.1. Bacuibes [20], mpuBos SKCIIEpUMEHTAIbHBIC TaHHBIE (pHUC. 6);

— MTHOBEHHBIE JeopManuy OeToHa, HeMHEeHHbIe M0 EBpoKoay, 3asBISIOTCS YIPYTUMH, YTO OOOCHOBBI-
BaeTCs HECYIIECTBYIOIUMH IKCIIEPUMEHTAMHU;

194 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



bearnos A[1., Carxaposckutl P.C., Tep-OmmaryurnibsH T.H. CTpouTenbHas MexaHnka MHXEHEPHbIX KOHCTPYKLMIA 1 coopyxeHin. 2023. T. 19. Ne 2. C. 186-198

— HECTaI[IOHAPHOCTh MTHOBEHHBIX JleopMaliii HEBEpHO OTOXKIECTBISIETCS ¢ MOJIENBI0 MaKCBeIIa 1 OTMCHI-
BAeTCs ¢ MOMOIIIBIO MIPUHIIMIIA HAJIOKEHUS, BHOCS ommoOKy 110 300 %;

— OCYIIECTBIISIETCS HEAOMyCTUMasi B MEXaHUKE Iepe/iellka MTHOBEHHBIX HEIMHEWHBIX CBOWCTB OeTOHA
CBOMCTBaMH MOJ3y4YeCTH (MHUHYTHAS TOJ3y4eCTh, IIETTHBIE MOJIEH, OBICTPOHATEKAIOMIAs MTOJI3YYECTh); 3TO TPH-
BOJUT K IMOABJICHUIO CHUJI COIIPOTHUBJICHUS, IMTPONOPIUOHAIBHBIX YCKOPCHUIO, CO3JA€T HAPYUICHUEC ITPUHINIIA HC-
3aBUCUMOCTHU JICHCTBUS CHII (YETBEPTAst aKCMOMa), UCKaxasi BCIO TEOPHUIO;

— «anreOpan3alys» TEOPUU IOJI3YYECTH OTBEpracT OCHOBHOE ypaBHEHHE MeXaHMKH HbploTOHA, BO3Bpa-
1IaeT Ha YPOBEHb MEXAaHUKHU APHUCTOTENS; 3TO oauepkuBainu HeogHokpatHo H.X. Apytionsan u C.B. Anekcan-
JIPOBCKUH.

OyHIaMeHTaJIbHbIE KCIEPUMEHTANIBHBIC TaHHbIE Ha puc. 6 HE HUCIONb3YIOT HAa3BaHUE «Mepa MOJ3yde-
CcTU». B HUX OTCYTCTBYET MOHSITHE «Mepa MOJI3yUeCTH»: TI0 3TOM NMPUUYKHE HAa TaHHBIA puc. 6 B HAYYHOH JUTEpa-
TypE HE 06pa1ua10T BHUMaHus. [lo »Tum JaHHBIM U APYTHUM IMOHATHUAM 3aKOHaA IOJI3Yy4ECTH HaMM HallMCaHa OT-
JACJIbHAas CTAaTbhsd, rOTOBAIIAACA K Hy6HI/IKaHI/II/I.

C(y(t,‘[f)
Co,l(l"c)

5 Ty = 35 CYTOK — BO3pacT 3arpyxenus /
7, = 35 days — age of loading
4
3 6 = 0,75Ry,
2 —
0,1 —
1
Bo3pact k MOMeHTY HaOIoJeHHs /
Age at the time of observation
0 10 20 30 40 50 60 70 80 90 100 110

Puc. 6. M3MeHeHre OTHOLIEHHH yISBHBIX Ae(hOpMAaInii OI3ydeCTH IPH Pa3HbIX HAYaIbHBIX YpoBHsX Hanpsukenuit Co(t, T)
K YACIbHBIM JiehopMaIifsM [OJI3YYecTH PU HaYalbHOM ypoBHe Hanpsoxkeruit Coa(t, 1)
Figure 6. Changing the ratios of specific creep deformations at different initial levels of stress Cs(t, )
to the specific creep deformations at the initial level of stress Co,1(t, t)

B ananusupyemoii TeopuH MOKHO HaiTH U OoJiee abCypaHble CUTYalllH, KOTAa yclioBHas (115 skene300e-
TOHA) Teopus (I. 2) YIPYTroBsS3KOW yCTOHYMBOCTH CXKATOTO CTEPXKHS C HadalbHON MOTHOBIO, C OECKOHEUHBIMU
2
N . n El
HaHpSI)KeHI/ISIMI/I, C €€ 3HAUYCHUCM IJINTCIIBHOU KpI/ITI/I‘-IeCKOI/I CHIJIBI PJJ :ﬁ, rae C= (poo , CTAaHOBUTCS
(c+1)
TCOpI/ICI‘/'I pacqua HpCZ[CJ'ILHOI‘O COCTOSAHUA )KeJ'Ie306€TOHHLIX O60J'I0‘-I6K C TpeH.[I/IHaMI/I HpI/I JJIUTCIBbHOM
3arpy>x<eHHI/I. OHa BKJIFOU€HA B MCTOAUYCCKUC peKOMCHI[aLII/II/I, ABIACTCA 1104 BUIAOM MOZ[YJ'ISI ynperCTI/I

= —1 (C=¢, =2), npenenbHasi XapakTEPUCTHKA MOJI3YYECTH OOBIYHOrO OCTOHA MACKUPYETCS SMITHpHYC-
C+

CKMMH BBIPQKCHUSIMH, YTO HATJISTHO BUIHO U3 MPOOJIEMBI pacueTa KOHCTpYKuui « TpaHcBaab-iapkay.

HenayuyHocTh OIIMOOYHOIN TEOPHH UTMTEIBHOTO CONPOTHUBIICHUS JKENIE300€TOHA, €€ OCHOBHOIO 3aKOHA
nomsyuectu Oerona, oneHku Gupmel RAMBOLL [19] (npe3unent fib I'opmon Kitapk) cBHIETENBCTBYIOT, YTO
JlaHHAsl TEOPHS HAHOCHT OTPOMHBIN BpEl MUPOBOMY CTPOUTEIBCTBY.

a

3. PesynbTaThl M 00Cy:KI€HIE

B psane pabor, a Takke B HOpMax aHAJIM3UPYEMOH TEOPHM IPEALIECTBYET Pa3bsiCHEHHUE B BUIC ABYX IIO-
JoXeHu#: | — 9TO HY>KHO MCTONB30BaTh HEJIMHEHHYIO JeopMallMOHHYI0 MoJenb (BeiBecka); || — uro momyctu-
MO IPOM3BOAUTH pacyeT Ha OCHOBE aHAIM3MPYEMOH TEOpHH (C pa3HBIMH Ha3BaHMSAMU: pacyeT IO NMpenesIbHBIM
YCHUJIMSM; pacueT IO CTaJAuU Pa3pyLIeHUs WIK 110 MPUHIMITY IUIACTHYECKOTO Pa3pyILIeHUs; METO IPeAEIbHOTO
paBHOBECHSI; METOJ] PACUETHBIX MPEAETHHBIX COCTOSHUI).
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OnuH u3 paszpaborankoB HopM B 2011 1. mpemymnpexaan, 9To PsAAOBON MPOSKTHPOBITUK HE CMOXKET HC-
nosp30BaTh nojoxenue |: «JledopmarrionHas Mozienb CHUIOBOTO COMPOTUBIEHHUSI B OCHOBHOM peaM3yeTcs yepes
BBIUMCITUTENBHBIE KOMILIEKCHI, TIO3TOMY 37I€Ch GO3HUKAEM psd (OpMAnbHbIX npoyedyp, HANpuMep yCmouyu-
60cmb, oyenka mouHocmu peuwieHus. HemoctaTok MHCTpyMEHTapus OOYCIOBIEH TaKKe MHOTOMTEPAIMOHHBIM
MPOIIECCOM pellleHHs, OCOOCHHO M0 Mepe MPHOIMKEHUsT NEHCTBYIOIIETO YCHIMS K Hecylled CroCOOHOCTH. ..
Pe3ynbTaThl 3aBUCAT OT KOPPEKTHOCTH 6b160pa UCXOJHBIX (PAaCUETHBIX) TUarpaMM COCTOSHHS». Poccust BCTynu-
na B BTO u 006s13ana ucnonHsts TpeboBanus EBpokoaa.

[Tockonpky EBpokon 3amperiaer MeHSATh CBOM NMPUHITUIBI U MPABWIIa TPUMEHEHUS, a PSIIOBOM MPOEKTHU-
POBLIMK HE CMOXET MPUMEHHTH MOJOKEeHUe |, IpuXoauM K 3a0iyKAeHuIo, uyTo mojoxenue |l coorBercTByeT
EBpokony. B yueOHOI nmuTepaType B CBSA3HM C STUM MOXHO MPOYeCTh: «BMeCTO THIOTE3bI TUIOCKUX CeueHUit
MIPUMEHSIETCS TIPUHIIHI [DIACTUYECKOTO pa3pylieHus»; «[Ipemnoxkenne onpeneisTh HECYIIYIO CIIOCOOHOCTH 110
MPeaeTbHOMY (,,JUTACTHIECKOMY ) COCTOSHHIO Ha JAECATKH JIET ONEePEAnIO MUPOBYIO TIPAKTHKY B 3TOM BOIIPOCEY;
«B pacuerHpIx Mozensx EBpokoga ecTh U pacyeT Mo MpeeNbHbIM YCHIUAM» — BCE 3TO BBOAWUT CIELHUAINCTOB
B 3a0myknenne. COIOCTaBIsAsA HAMOHANBHBINA HOPMAaTHB M eBpoIeiickue HOpMEI, A.A. T'Bo3zeB ¢ coanT. [21]
yKazaj Ha UX CYIIECTBEHHOE OTJIMYHE B MPHUHLMIIAX M METOJAX pacdera, B YACTHOCTH KacCalOIIUXCA «pacyera
HOPMAJIbHBIX. .. CEUCHUH, y4eTa BIUSHUA THOKOCTH KOJIOHH U JUIUTENFHOCTH ACHCTBHS HATPY3KI».

Ha Henay4HOCTh aHANMM3MpPyeMO# Teopuu kelne300eTOHA B OTACIBHBIX acleKTaX M B Pa3HOE BpeMs yKa-
3piBasIM aBTOpUTeTHBIE yueHble: b.I'. Ckpamraes, B.M. Kenapim, I'.B. Hukutun, A.P. Pxxanunpig, I'.A. T'eHues,
[1.®. dposnos, K.3. Tanp u ap. OcpeqHeHHBII OTBET Ha KPUTHKY 3By4all YKIOHYHBO: «BBIOOp pacdyeTHOil cxe-
MBI OIIpeesIeTCs COOOpPaKEHUIMH JUIAKTUIECKOro XapakTepay. [locie yTBepxkaeHus EBpokosia HEHAyYHOCTh
1 HECOOTBETCTBUE EBpOKOy aHAM3UPYEMOI TEOPUH CTaIH OYE€BUIHBIMHU.

IMpesunent fib Topmon Knapk npeaynpexnaer: « TouHOe MPOTHO3UPOBAHKE BIHUSHUS MOI3YYECTH. .. HO-
CUT 8ecbMa npomusopeyusslii xapaxmepy». HaMu yCTaHOBJIEHbI MPUYUHBI HEHAYYHOCTH 3TOM Teopuu — cpenu
HUX MaTeMaTH4eCKHe OIMMOKH ¥ HapylleHHe NPUHIMIIOB KIaccudeckoil MexaHuku [15-17; 22]°. Taxoke Hamu
paspaboTraHa HOBas HEMWHEHHAS TEOPHS MOJI3YyIeCTH OETOHA, elle He OmyOIMKOBaHHAs, JOIOIHSIONIAS OOIIyIO
Teopuro [23].

PesynpTaThl aHanmM3a TEOPHM pacdeTa xenezo0eToHa [24], a Takke CYIIHOCTh MaTeMaTHUYECKUX OLIMOOK
TEOPHUH TOJI3YYECTH OETOHA JOKIIAABIBAINCE U 00CYKIAUCh HA MEeXAyHapoaHOM cumnoszuyme 2018 r. B benb-
ruu [25] u Ha MexxayHapoaHoi koHpepermmu 2014 1. B Mockse [19].

4. Jakarouenue

Iloka3zano, 4yTO Teopus pacyera Kejae300€TOHHBIX KOHCTPYKLHH, MOIy4YMBILIas MIMPOKOE PacHpoCTpaHe-
Hue (TIpY JUTUTETHHOM Harpy>K€HHH), BKIIIOYAET B c€0S MMATh MPOTUBOPEUYMBHIX (B TOM YHCJE OMIMOOYHBIX) TEO-
pHii, CyTh KOTOPBIX M OJMH IOCTYJIAT OBUIM yCTAHOBJIECHBI paHee. VIcronb3ys MmpaBuia MaTeMaTUKHU, TPUHIINATIBI
MEXaHUKH M pe3yJIbTaThl COJIMIHBIX 3KCIIEPUMEHTOB, BBISBIECHO, UTO AHAIM3UpPyEMasl TEOPHUS COAEPIKUT COBO-
KYIHOCTb TEOPHil, OTBEPraroIuX APYT Apyra B Pa3MuHbIX LEJAX, B TOM YHCIIE U OIINOOYHBIX.
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AHHoOTauus. JlepeBsHHbIE CTPONWIBHbIE KOHCTPYKLIUHM 00JagaloT HECOMHEH-
HBIMHI JIOCTOMHCTBaMH, 00yCIIaBIMBAIOIIIMH HX ITHPOKOE IpIMeHeHne. B xade-
CTBE 00BEKTa MCCIIEIOBAHNS BHIOPAHBI TPEYTONBHBIC CTPOIMIBHBIE KOHCTPYKIHH.
Llens mccnenoBaHuit — yCTAaHOBICHHE 3aBUCHMOCTH 3HAYEHHI YCUIIHH B JJIeMeH-
Tax 0003HAUCHHON KOHCTPYKLUM OT BEJIMUUHBI €€ CTpelibl noabeMa. IIpeacras-
JIEH pacyeT TpeyroibHON (epMbl ¢ UCIOIb30BAHUEM AuarpaMMbl Makcseruia —
Kpemonbl. D PeKkTHBHOCTD MpeIaraeMoil METOJMKU yCTaHAaBIMBAIaCh Ha OC-
HOBE M3YYCHHUSI KOHCTPYKIMH JIEPEBSIHHON (GepMBbl THIIA «HOXKHHULED. OOHapy-
JKEHa CIIeyIOIasl 3aKOHOMEPHOCTh: M3MEHEHHE KOOpAMHATHI Touek (abcuucc)
JMarpaMMbl yCHIIHH 00paTHO MpormopuuoHanbHO u3MeHeHuro f. OmpexencHa
00JIaCTh paIOHANBHBIX 3HAYEHMH CTpensl mogbeMa (YKIOHAa KPOBIH), IPU KO-
TOPBIX BETMIWHBI BHYTPEHHNX YCHINIT CTPEMATCS K MUHIMYMy. BbIsBIICHO, 9TO
0 Mepe YMEHBIICHUS YKIOHA KPOBIM 3HAa4YeHHs NPHPAIICHUH YCHIUH B 3iIe-
MeHTax (epMbl Ha Kak[0M Iare yBeamamBaroTcs ¢ 27 % B aBa pasa. Ha ocHo-
BaHMH TPa)MIECKOTO aHANN3a MOMYYCHHBIX JaHHBIX HalJeH nuama3oH 3¢dek-
TUBHBIX 3Ha4E€HMH YKIIOHA KPOBIH, NIPU KOTOPOM YCHJIHsS B 3IEMEHTaX (hepMbl
IIPUHUMAIOT MUHUMAJbHbIE 3HaueHus. [Tonb3ysch rpauueckuM METOIOM OIpesie-
JeHusl yCUIUH, MOXHO IIPOBEPSTh BapUAHTHI YKJIOHA KPOBIHU B IIOMCKE PalUO-
HaJIbHOTO PELIEHUs] KOHCTPYKIMU (hepMBbl THIA «HOXKHUIBD). TakuM oOpa3zoM,
HpeaIaraéMblii METOZ CIIOCOOCTBYET BBIOOPY Hanbosiee SKOHOMUYHBIX KOHCTPYK-
TUBHBIX PELICHUH.

KitioueBble ciioBa: ¢epMa-HOKHHUIIBL, CTPONMIBHBIE CUCTEMBI, Auarpamma Makc-
Besuta — KpeMoHsl, 1epeBsHHbIE KOHCTPYKLIUH
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Abstract. Wooden rafter structures have undoubted advantages, which deter-
mine their wide application. The object of the study is triangular rafter structures.
The purpose of the research is to find the dependence of force values in the ele-
ments of the studied structure on the magnitude of its lifting boom. The calcula-
tion of a triangular truss using the Maxwell — Cremona diagram is presented.
The efficiency of the proposed method was estimated on the basis of a study of
the structure of a wooden truss of the “scissors” type. The following pattern
has been established: the change in the coordinates of the points (abscissas) of
the force diagram is inversely proportional to the change in f. It is determined
the area of rational values of the lift (roof slope) at which the values of internal
forces tend to a minimum. It was revealed that the values of force increments
in the truss elements at each step increase from 27% to 2 times when the roof
slope de-creases. Based on the graphical analysis of the obtained data the range
of effective values of the roof slope at which the forces in the elements of
the truss take minimum values was found. Using a graphic method of determi-
ning the forces, it is possible to check variants of the roof slope in the search for
a rational solution of the “scissor” type truss structure. It follows that the proposed
method contributes to the choice of the most economical structural solutions.

Keywords: scissor farm, rafter systems, Maxwell — Cremona diagram, wooden
structures

1. Beeaenue

JlepeBsHHbBIE CTPONUIIBHBIE CUCTEMBI SIBISIIOTCS 3()(EKTUBHBIMHA HECYIIUMH KOHCTPYKIMAMHU. OIHO K3 Ha-
NPaBJICHUH Pa3BUTHS JEPEBSIHHBIX KOHCTPYKIMI — MOMCK KOHCTPYKTUBHBIX PELICHHUH, MTOBBIIAIOIIMX UX JKCIUTyaTa-
mpoHHble kKadecTBa [1—4]. OcHOBHOW 3amadeil mpw 3TOM OyJeT BBISBICHHE B3aMMO3aBHCHMOCTH HapaMeTpOB
KOHCTPYKIMH U OIIpeJelicHHe X FapMOHUYHOTO codetanus. OO0CHOBaHWE U MPHUHATHE Hanbolee menecoodpas-
HOT'O PELIeHUs] Ha 3Tale NPOEKTUPOBAHUS MO3BOJIUT COKPATUTH PACXOIbl HA CTPOUTEILCTBO M KCILIyaTaLUIO
BCETO 3/IaHUS WU COOpYX eHHA. D¢ (eKTHBHBIE KOHCTPYKTHBHBIE PEIICHHs OCTAIOTCS aKTyalbHOM 3a1avyeid s
CTpOUTEINBHOI oTpaciu [5—7].

Hawnbonee yacto ncmosp3yoT 00Iue KpUTEpUH IPOSKTHPOBAHMS 5KOHOMUYHBIX KOHCTPYKIMH, TaKHe KaKk Ma-
TEPHAIIOEMKOCTb, TPYIOEMKOCTh M3TOTOBJICHHS, TEXHOJIOTMYHOCTh KOHCTPYKLHMH. 3a4acTyl0 HEBO3MOXKHO BBIIOJ-
HUTB pacyeT CTPONMIIBHBIX CUCTEM 0e3 MOJEITMPOBAHMS M CIIOKHBIX MaTeMaTHYeckux oreparmii [8—12]. Ha mpaktu-
Ke e TpeOyeTcsl ONPEAEIUTh TOT WM MHOW PalliOHANIBHBIN MapaMeTp KOHCTPYKLMHU 0e3 TPOMO3AKHX BHIYMCIICHUH.

Hacrosiiee uccnenoBanye MoCBAIIECHO U3YYEHHIO TPEYTOJIbHBIX ICPEBSHHBIX (DepM THIA «HOXKHHLBD. JJaHHYyT0
KOHCTPYKIIMIO OTJIYAeT MPOCTOTa B COOpKE M HU3Kasi MaTepHUaJOeMKOCTh. B HacTOSIINII MOMEHT Takoe pelieHue 1mo-
MyJSIpHO cpear (epM, BHIOJHEHHBIX M3 JiepeBsiHHOro Opyca (puc. 1). KoHerpykuus ¢epmbl obnamaer BbICOKOICTe-
THYHBIMU (pOpMaMH, 4TO oOecTieynBaeT OOJIBIIYI0 CBOOOIY B AM3aliHE 3MaHUN U COOPYKEHHH, XapaKTepu3yeTcsl pary-
OHATHEHBIM HCTIONTBE30BaHUEM MaTepHAIOB B COUCTAHNH C HU3KUM BO3JICHCTBHEM Ha OKpYKarortyto cpedy [13; 14].
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enp nccnenoBannst — yCTAaHOBUTH 3aBUCHUMOCTh 3HAYEHUM YCHIMH B 3JIEMEHTaX pacCMaTpUBacMON KOH-
CTPYKIIMU OT BETHYMHBI €€ CTPENbl MoabeMa. JJOCTIKEHIE TTOCTABICHHON e MPEeaoaraioch OCYIIECTBUTD
¢ ToMomIbl0 muarpamMmbl ycmnmidi MakcBemia — Kpemonsl (manee M—K), mockonbky oHa mpencTaBisier coOoi
eMHYI0 CUCTEMY, HATJISTHBIM 00pa3oM OTPaKAIOIIYI0 B3aMMOCBSI3b YCHIIMIA B 3JieMeHTax (epm [15].

//
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Puc. 1. [Ipumenenne GepM THIIA «HOKHHUIIBDY
(Mcmounux: https://ru.pinterest.com/pin/ (nata obpamenus: 15.12.2022))
Figure 1. The use of trusses of the “scissor” type
(Source: https://ru.pinterest.com/pin/ (accessed: 15.12.2022))

2. MeTtoabl

Juarpamma M-K sBisiercst npocTbIM rpauuecKuM MPUEMOM, KOTOPBIM YAOOHO IIOJIB30BAThHCS, KOTIa
CTOMT 3a/ia4a MOUCKA PAI[MOHAIBLHOTO PELICHHS: YKIOHA KPOBIH K MposieTy KoHCTpyKimu [16—20].

[IpuHATEI HEKOTOPBIE MPEATOCHIIKH:

— Harpy3KH NPHUKJIAABIBAIOTCS B Y3JIbl BEPXHETO M0sICa KOHCTPYKLUH B BUAE COCPEIOTOYCHHBIX CHII;

— BHEIIHWE HArpy3KH JEHCTBYIOT TOJBKO BEPTUKAIBHO (YUET rOPH30HTAIBHBIX COCTABIISIIOIINX HATPY30K
NpeArnoiaraeTcs yYUThIBaTh B JAIBHEHIINX HCCICAOBAHUSAX );

— B3aMMHOE NIPUMBIKAHUE 3JIEMEHTOB BBIIOJIHEHO IIAPHUPHBIM, TAKMM 00pPa3oM HCKIIOYAEeTCsl BO3ZHUKHO-
BEHHE U3rH0aroIX MOMEHTOB.

Paccmotpum (epMy TpeyroiabHOTo ouepTanus (puc. 2).

B Takux KOHCTPYKLMSIX MOTYT BapbUPOBAThCS CICAYIOIIUE MapaMeTphl: cTpena noabema f, oqHOBpeMeH-
HO C 9THM M3MEHSETCS YKJIOH KPOBJIM; HOJOXKEHUE Y3JIOB NPUMBIKAHUS BETBEM HMKHEIO I0fACA K 3JIEMEHTaM
BEpXHero mosica (paccrosiHus a u b).

a b L2

YP/2 YP/2

| L |

i 1

Puc. 2. PacyeTHast cxeMa KOHCTPYKIMH B TapaMETPHUYECKOM BUIIE
Figure 2. Calculation scheme of the structure in the parametric form
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OnBIT MPOEKTHPOBAHUS PACTIOPHBIX KOHCTPYKIIMK TTOKA3bIBAET, UTO IO MEPE YMEHBIIEHUS CTPEIBI TIOIb-
ema f ycunust B amemeHTax (epMbl OyIyT yBelIMUuBaThCs. UTO jKe KacaeTcsi MOJIOKEHUS FJIEMEHTOB HHXKHETO
mosica, BO3HUKAET 3aja4a ONpe/IelIeHUs] YKIOHOB KPOBJH (MJIM CTPENBI TObeMa), IPU KOTOPBIX CEYCHUS dIie-
MEHTOB (epMbI OyTyT palMoHATBHBIMU. B KadecTBe kpuTepus 2PpPEeKTHBHOCTH MPHHUMAEM BEIIMYHHY YCHIIHI
B DJIEMEHTaX KOHCTPYKIMH. B MTOTe 3T0 HAaNpsMYI0 BIHSET HAa €€ MaTepUaoeMKOCTb. [lombITacMcsl yCTaHOBHUTD
3aBUCHMOCTD BEJIMYMH YCHIIUI OT CTPEIbI OJbEMa.

PaccmotpumM nepeBsiHHYIO TpeyroiibHYI ¢epmy mposnerom L 12 MeTpoB U mpoaHamu3upyeM KOHCTPYK-
TUBHBIE PELICHNS C Pa3InIHBIMU YKIOHAMHM 3JIEMEHTOB BepxHero mosca i = 2f/L: 1/4; 1/3; 1/2; 1/2,5; 1/1.

OO0muit anroput™ NMoucka 3PGHEKTUBHOTO PEIICHHS BKIFOYAET CISAYIONINE TAIIbI:

— mocTpoeHue quarpamMmbl yerwuidi M—K st pazinugssix 3HaueHuit pakropa i = 2f/L;

— OompeielIeHUe 3HaYeHUM YCUITUH 110 Juarpamme;

— BBISIBJICHHE XapaKTepa 3aBUCUMOCTH yCHIIHiT OT (akTopa I;

— aHaliu3 pe3yJIbTaTOB UCCIIEA0BaHUM.

[IpenmoskeHHBIN aNTOPUTM UCCIISIOBAaHUS PEaTM30BaH B cpefie TabauaHoro mpomeccopa MS Excel.

3. PesynbTaThl M 00CyKIEHNE

HarpyxeHust 1 BceX BapUaHTOB KOHCTPYKTHUBHBIX PELICHUMN BBIIOJHEHBI 3TAJIOHHOW Harpys3Koil:
HauMEHbIIEE 3HAUCHUE OJHOM M3 COCPEAOTOUYEHHBIX CHJI MPHUHATO PaBHBIM €IMHUIIE, APYTUE )K€ 3HAUEHUs I0-
JIy4YEHBI C YYETOM Pa3HULBI IPY30BBIX MIOMANEH MOKPBITHS, IPUXOIAIINXCS HA COOTBETCTBYIOLINE y3JIbI BEPX-
Hero mosica ¢pepmsl (puc. 3).

C nomo1pio JuarpaMMbl ONpeAeNseTcsl 3HaUeHne YCUINK B perierdaroil KoHcTpyknuu. Ha puc. 3 HoMme-
pamu 0003HaueHb! 30HBI (€ 1 1o 8) it mocTpoeHus: fuarpammsl. JJJIMHBI OTPE3KOB COOTBETCTBYIOT 3HAUYEHHSIM
ycunuii B aneMeHTax ¢epmbl. Hanmpumep, B aneMenTe Mexay 30HaMu 2 1 6 (manee Ne 2—6) BO3HHKAET yCHITHE,
paBHOE JJIMHE OTpe3Ka Ha AuarpaMMe MeXJy TOYKaMu ¢ TaKUMU HoMepamu. Kpome Toro, auarpaMma no3BoJisieT
ONPEAETUTh 3HAKH YCHIINI: PaCTSHKEHUE WU CIKATHE.

[Ipu mocTpoennu nuarpamMm OTMedeHa 3aKOHOMEPHOCTh: N3MEHEHHE KOOPJIWHATHI To4ek (abcuucc) mua-
rpaMMbl OOpaTHO MPOMOPIMOHAIBHO M3MEHEHHIO CTpeibl moabema f. durypa nuarpaMMbl H3MEHSIET TOJBKO
CBOIO JUTMHY. BricoTa quarpaMMbl 3aBUCUT OT BEJIMYMHBI HATPY3KH, TO €CTh 3HAUEHUS P.

Taxum o6pa3oM, B cilyyae BOSHUKHOBEHHUS] HEOOXOAMMOCTH IepecyeTa BApHaHTOB KOHCTPYKLUH U1 pas-
JIMYHBIX 3HAYCHHUU CTPEJbI MoabeMa f MmosBIsieTCs: BO3MOXKHOCTD W30€XKaTh MPOIECCOB KOPPEKTUPOBKH U DKC-
nepTussl KoHeuHodneMeHTHo moaenu (KOM). Ilpu sTtom mocraTouHo ormacmTabupoBath auarpammy M-K
C Y4€TOM COOTHOUICHHS BEJIMUUH CTPEIBI MoIbeMa f NCXOHOM 1 KOHEYHOH cxeM (epMBl, a 3aTeM CHUMATh 3Ha-
YEHUS YCUIIUM C TOTOBOM JMarpaMMbl.

3aBHCUMOCTbD YCHJIMI B JIeMEHTaX (pepMbl OT U3MEHEHHS YKJIOHA BEPXHETO IMosica KOHCTPYKIHH (1anee —
YKJIOHA KPOBJIM) HOCUT HEJIMHEHHBIN XapakTep. JTO U ABISETCS NPEAMETOM HCCIICAOBAHHUS.

Hns oGecriedenusi 00bEKTUBHOCTH OLCHKH AAHHON 3aBUCHUMOCTH PAacCMOTPHM BAapHAaHThl KOHCTPYKTHB-
HBIX pelieHui QepMbl C MOCTOSIHHBIM IIArOM W3MEHEHUs ykioHa Kpommu: oT 20 mo 100 % c marom 10 %.
To ecte mpu | = 2f/L = 1/5; 1/3,33; 1/2,5; 1/2; 1/1,67; 1/1,43; 1/1,25; 1/1,11; 1/1 (unmm mpum i = 0,2; 0,3; 0,4; 0,5;
0,6;0,7; 0,8;0,9; 1,0).

3HaueHMs YCUIIMH B JIEMEHTaX MCCIeyeMOi KOHCTPYKIMH, YCTAaHOBJICHHBIX 1Mo auarpamme M—K, mpen-
CTaBJIEHHI B TaoO. 1.

Ha ocHoBanuu nanHbIxX Tabi. 1 moctpouM aunarpammy (puc. 4), IpeABAPUTEIILHO CIPYIIIMPOBAB OJMHAKOBBIC
3Ha4YeHHs JaHHBIX, U TpOBeaeM ee aHanu3. Juarpamma Ha puc. 4 oTpakaeT 3Ha4eHHS MPOAOIBHBIX ycriauii N
B 3JIeMEHTax ()epMbI B 3aBUCUMOCTH OT YKJIOHA KPOBJIM. BelMYMHBI OTHOLICHUS 3HAUEHHUH YCHIIUH K UX MUHH-
MaJIbHOMY 3HA4Y€HHIO (B IaHHOM ciy4ae IpH YKIoHe KpoBiu 1:1) nmpuBeaeHs! B Ta0I. 2.

JuarpamMma Ha puc. 5 oTpakaeT 3HAUECHUS yCWINH B 3J€MEHTax ()epMbl B 3aBUCHMOCTH OT YKJIOHA KPOB-
TU. AHaMM3Upys OUarpaMMy Ha pUC. 5, MOKHO HAOJIFOMAaTh 3aKOHOMEPHOCTh 3HAUCHUU MPHUPAIICHUN YCUIIHH,
KOTOpbIE PUBEIEHBI B Ta0M. 2.

JanHble Tab. 3 MOKa3bIBAIOT, YTO 110 MEPE MOHMKEHHS YKIOHA KPOBJIM 3HAUCHHUS NPHPAIICHUA Ha KaXKIOM
miare yBenuuusarorcs ¢ 27 % B 1sa pasa. OAHAKO 3THUX AAHHBIX HEAOCTATOUYHO. [ NOCTIKEHMS OOBEKTHBHOCTH
aHaJIM3a TOyYEeHHBIX JAHHBIX HEOOXOANMO YCTaHOBUTH (DYHKIMOHATIBHYIO 3aBUCHMOCTh BBIXOJHBIX JAHHBIX OT 3Ha-
YeHUH BapbUpyeMOoro napamerpa. B gaHHOM ciydae 3TO 3aBUCHMOCTh U3MEHEHUS 3HAUE€HUI BHYTPEHHMUX yCUIHN
B 2JIeMEHTax ()epMbl OT COOTHOIIEHHUS! CTPEIIBI IOJbEMA K IIPOJIETY HCCIEAYEMOH KOHCTPYKIIMH, KOTOPOE BBIPAXKACTCS
C TIOMOIIIBIO BEJTMYMHBI YKJIOHA KPOBIH: | = 2f/L, TO €CTh OTHOIIICHHEM CTPEIIBI MOIbeMa K MOJIOBUHE MPOJICTA.
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Puc. 3. lnarpamma M—K mist pepmsr nponerom L = 12 m:
a-f=4m(i=21:15);6-f=3m(i=1:2);6-FT=2Mm(i=1:3);e—FT=15m(i=1:4)
Figure 3. Maxwell — Cremona diagram (thereafter M—C) of for a truss with span L = 12 m:
a—-f=4m(@=2115);6-f=3m(i=12);6-f=2m ([ =13);e-f=15m (i = 1:4)
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Tabnuya 1
3uavenus ycuumii N B 21eMeHTax epm, yCTAHOBJIEHHBIX 110 Anarpamme M-K
Ykion 1:n
1:5 1:333 125 | 12 | 1167 1:143 1:1,25 1111 11
Ne annemenTon -
YKJIOH |, B 10X

0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
1-9 (HIT) 15,369 10,292 7,768 6,264 5,270 4,568 4,047 3,647 3,332
1-6 (HIT) 15,369 10,292 7,768 6,264 5,270 4,568 4,047 3,647 3,332
2-6 (BIT) 15,616 10,658 8,246 6,848 5,952 5,340 4,902 4,578 4,331
3-7 (BI) 11,154 7,613 5,890 4,891 4,252 3,815 3,502 3,270 3,094
4-8 (BII) 11,154 7,613 5,890 4,891 4,252 3,815 3,502 3,270 3,094
5-9 (BIT) 15,616 10,658 8,246 6,848 5,952 5,340 4,902 4,578 4,331
67 (P/HIT) 4,391 2,941 2,219 1,790 1,506 1,305 1,156 1,042 0,952
7-8 (P/HIT) 3,375 3,375 3,375 3,375 3,375 3,375 3,375 3,375 3,375
8-9 (Cr) 4,391 2,941 2,219 1,790 1,506 1,305 1,156 1,042 0,952

Tpumeuanue: HI1 — mwxami nosic koHctpykuun; BIT — BepxHuii nosic konctpykuuu; P/HIT — s1eMeHTHI pemeTky, sBIsIOmuecs
nponosmkenuem Berser HIT; Ct — croiika.

Table 1
Values of forces N in the elements of the trusses assigned according to the M—C diagram
Slope 1:n
Number 1:5 1:3.33 1:25 1:2 1:1.67 1:1.43 1:1.25 1:1.11 1:1
of elements Slope i, in fractions

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1-9 (LB) 15.369 10.292 7.768 6.264 5.270 4,568 4.047 3.647 3.332
1-6 (LB) 15.369 10.292 7.768 6.264 5.270 4.568 4.047 3.647 3.332
2-6 (UB) 15.616 10.658 8.246 6.848 5.952 5.340 4.902 4578 4.331
3-7(UB) 11.154 7.613 5.890 4.891 4.252 3.815 3.502 3.270 3.094
4-8 (UB) 11.154 7.613 5.890 4.891 4.252 3.815 3.502 3.270 3.094
5-9 (UB) 15.616 10.658 8.246 6.848 5.952 5.340 4.902 4578 4.331
6-7 (S/LB) 4.391 2.941 2.219 1.790 1.506 1.305 1.156 1.042 0.952
7-8 (G/LB) 3.375 3.375 3.375 3.375 3.375 3.375 3.375 3.375 3.375
89 (R) 4.391 2.941 2.219 1.790 1.506 1.305 1.156 1.042 0.952

Note: LB — lower belt of the structure; UP — upper belt of the structure; G/LB — grid elements, which are extensions of
LB branches; R — rack.

Tabnuya 2
OTHOLIEHHSI 3HAYEHHIl YCHIIUI B KAK/I0M 3J1eMeHTe ()epMbI K COOTBETCTBYOIIEMY MUHHMAJIbHOMY 3Ha4eHHI0 Ni/Nmin
Ykion 1:n
15 1:3,33 1:2,5 | 1:2 1:1,67 1:1,43 1:1,25 1:1,11 1.1
Ne 3nemenToB -
YKJIOH |, B 101X

0,2 0,3 04 0,5 0,6 0,7 0,8 0,9 1
1-6, 1-9 (HIT) 4,613 3,089 2,331 1,880 1,582 1,371 1,215 1,095 1,0
2-6, 5-9 (BII) 3,606 2,461 1,904 1,581 1,374 1,233 1,132 1,057 1,0
3-7, 4-8 (BII) 3,606 2,461 1,904 1,581 1,374 1,233 1,132 1,057 1,0
6-7, 8-9 (P/HII) 4,613 3,089 2,331 1,880 1,582 1,371 1,215 1,095 1,0
7-8 (C1) 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0

Tpumeuanue: HI1 — mxumii nosic koHctpyknun; BIT — Bepxuuii nosic koncrpykuun; P/HIT — s1eMeHTHI pemeTky, sBIsSIomuecs
nponomkenuem serseit HIT; Ct — croiika.
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Table 2
The ratio of the force values in each truss element to the corresponding minimal value Ni/Nmin
Slope 1:n
Number 15 [ 1333 | 125 | 12 | 1167 [ 1143 | 1125 | 1111 | 11
of elements Slope i, in fractions
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1-6,1-9 (LB) 4.613 3.089 2.331 1.880 1.582 1.371 1.215 1.095 1.0
2-6, 5-9 (UB) 3.606 2.461 1.904 1.581 1.374 1.233 1.132 1.057 1.0
3-7,4-8 (UB) 3.606 2.461 1.904 1.581 1.374 1.233 1.132 1.057 1.0
6-7, 8-9 (G/LB) 4.613 3.089 2.331 1.880 1.582 1.371 1.215 1.095 1.0
7-8 (R) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Note: LB — lower belt of the structure; UP — upper belt of the structure; G/LB — grid elements, which are extensions of
LB branches; R — rack.
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Puc. 4. [lnarpamma 3Ha4eHHUIT TPOJONTBHBIX yeuwii N B aieMeHTax pepMbl OT eMMHIYHOM Harpy3ku (P = 1) B 3aBUCHMOCTH OT YKJIIOHA KPOBITH
Figure 4. Diagram of the values of longitudinal forces N in the truss elements from a singular load (P = 1) depending on the roof slope

Tabnuya 3
ﬂpnpamemm yCI/l.]'ll/Iﬁ AJISL KaKA0T0 Iara iSMEHeHHUsl YKJI0Ha KPOBJIX |
Ykion 1:n
15 [ 1333 | 125 | 12 | 1167 | 1143 | 1125 [ 1111 [ 11
Ne 3iemenToB -
YKJIOH |, B 10JI5IX
0200 | 0300 | 0400 | 0500 | 0600 | 0700 | 0800 | 0900 | 1,000

1-6, 1-9 (HII) 5,076 2,524 1,504 0,994 0,703 0,521 0,400 0,315
2-6,5-9 (BII) 4,958 2,412 1,398 0,896 0,612 0,438 0,324 0,247
3-7, 4-8 (BI) 3,541 1,723 0,999 0,640 0,437 0,313 0,232 0,176
6-7, 8-9 (P/HIT) 1,450 0,721 0,430 0,284 0,201 0,149 0,114 0,090
7-8 (C1) 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000

Tpumeuanue: HI1 — vwxnuii nosic koucrpykuuu; BIT — Bepxuuit nosc koncrpykunu; P/HIT — aneMeHTHI peleTky, sBIsIoInecs
nponosmkenuem Berser HIT; Ct — croiika.
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Table 3
The force increments for each step of the changing in roof slope i
Slope 1:n
Number 15 | 1333 | 125 | 12 [ 1167 [ 1143 | 1125 | 1111 [ 11
of elements Slope i, in fractions
0200 | 0300 [ 0400 [ 0500 [ 0600 [ 0700 [ 0.800 [ 0.900 [ 1.000

1-6,1-9 (LB) 5.076 2.524 1.504 0.994 0.703 0.521 0.400 0.315
2-6,5-9 (UB) 4.958 2.412 1.398 0.896 0.612 0.438 0.324 0.247
3-7,4-8 (UB) 3.541 1.723 0.999 0.640 0.437 0.313 0.232 0.176
6-7,8-9 (G/LB) 1.450 0.721 0.430 0.284 0.201 0.149 0.114 0.090
7-8 (R) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Note: LB — lower belt of the structure; UP — upper belt of the structure; G/LB — grid elements, which are extensions of
LB branches; R — rack.
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Puc. 5. [lnarpamma BeTM4rH OTHOLICHHUS 3HAYCHUH yCHINi B 31eMeHTax ¢pepmbl Ni Kk IX MUHIMAIEHOMY 3HaueHHIO Nmin
(HIT + P — HwoxHMiA nosic u penrerka; BI1 — BepxHuii mosic) /

Figure 5. Diagram of the ratio of force values in the truss elements N; to their minimum value Nmin
(LB + G — lower belt and grid; UB — upper belt)

Pe3ynpTaThl annmpoxcuManuy IOKa3bIBAIOT, YTO IS XapaKTepa BO3PACTAHUS YCHIUM B JIEMEHTaX HIDKHE-
ro mosica hepMbl U peIIeTKH (KpoMe CTOWKHN) CIpaBeAiiBa ClIeAylomas QyHKIHOHATbHAs 3aBUCUMOCTB (pHC. 5):

y1 = 27,516x* — 80,78x* + 89,153x* — 45,637x + 10,761. (1)
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CrereHb BO3pacTaHUs YCHIINK B DJIEMEHTAaX BEPXHETO Mmosica (hepMBbl XapakTepu3yeTcs GpyHKITHeH
y2 = 21,198x* — 62,225x> + 68,574x* — 34,816x + 8,2778. 2

Kak u3BeCTHO, YCKOpPEHHE BO3PACTAHUS WM YOBIBAHUS (PYHKIMH XapaKTEPU3YeTCs €€ MPOH3BOTHOM.
Torma mpousBoaHas ¢pyskwn (1) mpuMeT BT

y1” = 110,064x — 242,34x% + 178,31x — 45,637. (3)
[MpousBoanas ¢pyHkuuu (2) Oyaer uMeTh BUI
y2” = 84,792x° — 186,68x* + 137,15x — 34,816. (4)
Ha puc. 5 mpuBeneHs! rpaduky MpoU3BOIHBIX GYHKIMN Y1' U Yo', IPeACTaBICHHbIC BRIpakeHUME (3) 1 (4).
AHanmu3 rpauKoOB MOKa3bIBaeT, YTO MHUHMMAJIbHBIE 3HAUYEHHS YCHJIMH B dJIeMeHTaX ()epMbl BOZHHKAIOT IPH

YKJIOHAaX BEPXHEro mosica KOHCTPyKIuu B auamnazone i = 0,6-1,0. DToT anana3on u OyAET SBISATHCSA 00JACTHIO
ero 3((peKTUBHBIX 3HaUCHUH (pHC. 6).

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 11

@ HII+P/LB+G

@ BII1/ UP

-10

Yckopenne yobiBanusi 3HaYeHHit BHYTpeHHHX ycummii N /
Accelerating the reduction of internal forces values N

-15

-20

VYkuon kposau i / Roof slope i

Puc. 6. 'paduky mpor3BOAHBIX (PYHKIHH, XapaKTePH3YIOIINX YCKOPEHNE H3MEHEHHUS YCHIIHIA B 3JIeMeHTaX (epM
B 3aBUCHMOCTH OT YKJIOHA KPOBJIN
Figure 6. Graphs of derivative functions characterizing the acceleration of force changes in truss elements depending on the roof slope

Pe3ynpTaThl IPOBEICHHOTO HCCIIEAOBAHMS TTOKA3bIBAIOT, YTO HHXECHEPHI MOTYT BapbUpoBaTh GopmMy aua-
rpaMMbl yeuinuii M—K 1o cBoeMy YCMOTPEHHMIO M TEM CaMbIM PErYJIHPOBATh KECTKOCTHBIE XapaKTEPUCTHKH
3JIEMEHTOB KOHCTPYKIMH, IIPH 3TOM CYIIECTBYET BO3MOXXKHOCTh BHU3YaIU3UPOBATh POIecC paboThl rpadMuecKH.

Pactymuii cripoc Ha M3roTOBJICHUE KOHCTPYKINH ¢ 3()(HEKTUBHBIM HCIIOIH30BAaHUEM MaTEPHAJIOB TpeOyeT
MIPUMEHEHHS] HTHTYUTHBHO TIOHATHBIX MHCTPYMEHTOB, TIO3BOJISIONINX POSKTUPOBIUKAM HCTIOIb30BaTh B3aUMOCBA3b
MEXIy (HOpMON KOHCTPYKIMH U YCUJIMSIMU B €€ JIEMEHTaX Ha HA4aJIbHBIX CTAAMAX IPOLECCa IPOCKTUPOBAHMS.
Y4uuTteiBas COBpeMEHHbIE BO3MOKHOCTH aBTOMATH3HPOBAHHOTO MPOEKTHPOBAHUA, pPelIeHHe MOCTaBIECHHBIX 3a-
Jiad IpH [IOMOIIH TuarpaMmMbl MakcBenia — KpeMoHbI cTaHOBUTCS JOCTaTOYHO OBICTPHIM U HATIISIIHBIM.
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W3naganpHO paccunThiBaTh pepmy ymoOHee u ObIcTpee B CHEIMaTN3NPOBAHHBIX PACYETHBIX KOMIUIEKCAX,
HO 3aTeM, MOJIb3ysICh IrpapUuecKuM METOIOM ompeneieHus ycuinidi M—K, MoKHO IpoBepsITh BapUaHTHI YKIOHA
KPOBIIH B TIOUCKE PAIMOHATLHOTO PEUICHUS KOHCTPYKITUH (PePMBI THIIA «HOKHHIIBD.

4. 3akaouenue

[Ipemnoxen anroputM moucka 3((HEeKTHBHOTO KOHCTPYKTHBHOTO pemIeHus (epM THMAa «HOKHHUIBD».
B pesynbraTte reomerpruueckas OCHOBa IpeoOpa3yercs B BHIUMCIUTEIbHYIO, KOTOpas MO3BOJISIET B PEXKUME pe-
aJbHOTO BPEMEHU IJIABHO MPOBOAUTH AllIPOKCUMAIIUIO U BHIYUCIATH YCUIIUS B 3JIEMEHTaX. Y CTAHOBIICHA 3aBU-
CHUMOCTh 3HaUSHHH YCHIINH OT BEIMYMHBI CTPENBI TIOJheMa: H3MEHEHNE KOOPAMHATHI TOUeK (a0cimcec) auarpam-
MbI 00PaTHO MPOMOPIMOHAIBEHO U3MEHEHHIO f.

BrisiBiIeHO, 4TO IO MEepe YMEHBIICHHUS YKIIOHA KPOBJIM 3HAYEHUS MPUPAIICHUN YCHIIUI B AIeMeHTaxX Qep-
MBI Ha Ka)XJIOM Iiare yBenmduBaiorcs ¢ 27 % B nBa pa3a. Ha ocHOBaHWYM Trpaduueckoro aHanmu3a MOTyYeHHBIX
JAHHBIX OMNpeJeNieH Auana3oH >(QQEeKTUBHBIX 3HAUYEHUI YKJIOHA KpPOBIH, IPU KOTOPOM YCHJIMS B DJIEMEHTax
(bepMBI IPUHAMAIOT MUHUMabHBIE 3HadeHus: | = 0,6-1,0. Takum oOpa3oM, IpeaIaraeMplii METOJ] CIIOCOOCTBY-
€T BBIOOPY 00J1e€ SKOHOMUYHBIX KOHCTPYKTHBHBIX PEIICHHA.

IIpoBenennslii pacyeT metogaoM MakcBeisa — KpeMoHbI MpoAeMOHCTPUPOBAN, YTO COBPEMEHHBIN ypo-
BEHb Pa3BUTUS MaTEMaTHUYECKUX AJTOPUTMOB JUISI CTPOUTEIBHBIX KOHCTPYKIMH JaeT BO3MOXKHOCTh HaXOJUTh
palroHaIbHbIE KOHCTPYKTHUBHBIE PEIICHUs Tpad)UIeCKHM CIIOCOO0M.

Ho ecimu CAE-cucTeMBbl MO3BOMISAIOT KOPPEKTHPOBATH KOHEUHOIEMEHTHYIO MOJIEIh IIYTeM MacIiTabupo-
BaHUS IS NpUAaHus TpeOyeMoil BBICOTHI moabema f, To W3MeHeHHe MOJNIOKEHUS] TOYEK MPUMbBIKAHUS BETBEH
HIDKHETO Tosica K BepxHeMmy Oosiee TpydoeMko. Cienyromuil 3Tan ucciieIoBaHui OyAeT MOCBSIIEH U3y4eHUIO
3aBHCHMOCTY 3HAYCHHUU YCHUIIMH B 3JI€MEHTaX (DepM THTIa «HOKHUIBD» OT TIOJ0XKEHHS TOUEK COTIPSHKEHNS BETBEH
HIDKHETO I0sIca C BEPXHUM (peryaupyercsi cooTHouienuem a/b, cm. puc. 1).
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IIpennararorcst sBHbIE ¥ MapaMeTPUUYECKUE YPABHEHUS ITOBEPXHOCTEH C TJIaBHBIM
KapKacoM M3 TpeX 3apaHee 3aJaHHBIX CYNEPIUIUICOB, JEKAIIUX B TPEX KOOp-
JUHATHBIX TUIOCKOCTSX. DTH YPaBHEHUs OMMCHIBAIOT OOJIBIION HAOOp aHAIUTHU-
geckuX (opM, IPUTOAHBIX LIl GOPMHUPOBAHUS CPEAUHHBIX MOBEPXHOCTEH TOHKHX
CTpOUTENBHBIX 00onouek. OIUH U3 CYNEPIUIMIICOB B3AT B BUJE OKPY)KHOCTH.
O00709KH MOKHO IPOSKTUPOBATH Ha KPYIJIOM U POMOMUYECKOM IUTaHAaX, a TAKXKe
Ha IJIaHax B OpMe CYNepaJUIMIICOB OOLIEro BUAA C BHITYKJIBIMH M BOTHYTBIMHU

cTopoHamu. Bce pekomeHayeMble TOBEPXHOCTH MPOMJUTIOCTPUPOBAHBI Ha 24 mpu-
Mepax CpeAcTBaMH KOMITbIOTepHO# rpaduku. C nomoinsio 0e3pa3MepHbIX He3a-
BHCHMBIX NAapaMeTPOB Ha MOBEPXHOCTSAX c(HOPMUPOBAHA CETh KPUBOJIMHEHHBIX
HEOPTOTOHAJBHBIX KOOpAMHAT. PaccmarpuBaemble MOBEPXHOCTH MOTYT BOMTH
B pe3epB IMOBEPXHOCTEH A JajbHEHIIEro HCIOIb30BaHUS B PEalbHBIX KOH-
CTPYKLHUSAX U COOPYIKEHUSX.

JJ1st puTHpOBAaHUS

Krivoshapko S.N. Surfaces with a main
framework of three given curves which
include one circle / CrpoutenpHas mexa-
HUKa WHXCHEPHBIX KOHCTPYKIHHA U CO-
opyxenuii. 2023. T. 19. Ne 2. C. 210-219.
http://doi.org/10.22363/1815-5235-2023- KiroueBble cjioBa: cynepaumic, poMO, [IMHAPOU, KPYTOBOH KOHYC, ITIOBEpX-
19-2-210-219 HOCTb IIepeHoca

1. Introduction

Until recently, surfaces with a given three flat curves of the main framework in three coordinate planes
were in demand in shipbuilding to form the hulls of surface and underwater vessels [1-3]. Then there were pro-
posals to use superellips as flat curves of the main framework [4-6]. This made it possible to significantly ex-
pand the number of shapes for ship hulls.

In [7-8] it was first proposed to use thin shells with median surfaces containing three flat super ellipses of
the main frame in construction and architecture. For the first time, a calculation was carried out for a distributed
load of the self-weight type using the SCAD computer complex [7]. An attempt was made to find the most opti-
mal shell from the three shells with the same main frame.

It is noted in [9] that surfaces containing superellipses are becoming more and more in demand due to
their universality in various branches of science [10] and national economy [11]. However, some geometric
problems for such surfaces are still unsolved.

It was assumed in [6; 7; 12] that the plane curves of the main frame of the considered surfaces are given
in the form:

— the first curve of the main frame in the plane xOy (curve z = 0):

e fy I
ly[m=w"{1 Tk €Y
— the second curve of the main frame in the plane yOz (curve x = 0):
lyl™
|z|" =T" <1 —wm ) 2

— the third curve of the main frame in the plane xOz (curve y = 0):
|x|*
|Z|S=TS<1—L—k ) (3)
where for convex curves r, t, n, m, s, k > 1; for concave curves r, t,n, m, s, k < 1.
The curves (1)—(3) are superellipses [13]. In formulas (1)—(3) it is necessary to take r =t,n=m, s = k.
Using the methodology described in [6; 12; 14], it is possible to obtain explicit equations for three algebraic
surfaces with the same main skeleton (1)—(3) and with the generating family of the same-type sections x = const:

1 1
2] = T(1 - lal* /%) [1 = ly/wim/ @ = /L™, )
with the generating family of the same-type sections y = const:
1
2] = T(1 = [y™ /W™ Y1 — /LI = |y W], )
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and with the generating family of the same-type sections z = const:
1
lyl = W = |z["/T™)Y™[1 — |x/L|*/(1 = |z/T|*)"/¥] r (6)

where -L <x<L,-W<y<W,0<z<T.
The explicit surface equations (4)—(6) can be transferred to a parametric form of setting:

x=x(u) =zxulL,y=y(u,v) =vW[1 - uf]i/r, z = z(u, v) = T[1 - uk]¥/s[1 - |v|m]i/n; (7)
x=x(u, v) =vL[1 - uVt, y =y(u) = xulW, z = z(u) = T[1 - um]V/n[1 - |v|K]1/s; (8)
x=x(u, v) =vL[1 - us]/k y =y(u, v) =+ W[1 - un]/m[1 - |v|t]¥/r, z = z(u) = uT, 9

where 0 <u<1,-1<v<1;u,v-dimensionless parameters.

Equations (4)—(9) were used in [15] to create five groups of new linear surfaces. Some of these linear sur-
faces were taken as the middle surfaces of thin building shells, for which their stress-strain state under the action
of the static load of the self-weight type was studied in [16; 17].

2. Materials and methods
2.1. Possible triples of surfaces with a main framework of three flat curves, one of which is a circle
As is known, the circle is one of the main curves used in the design of curvilinear surfaces of thin shells
in construction. Let suppose that the superellips (2) is a semicircle, then we have:

n=m=2and T=W,z=0. (10)

With this assumption, we can obtain four groups of surfaces containing the semicircle (10). Each group
will contain three surfaces with the same main frame.

2.1.1. The first triple of surfaces. If the superellipses (1) and (3) decompose into rhombuses, then
r =t=s =k =1. The triple surface equations (4)—(6) with the same main frame will have the form:

—a surface formed by a family of straight lines in the planes x = const:

|x| 2 1/2
2= [(1 - T) T2 - yZ] ; (11)
—a surface formed by a family of straight lines in the planes y = const:

1
2

Z2=T <1 Y ol (12)

)2

[ 1 [ ——

w2 AT
L(1-1)

—a surface formed by a family of straight lines in the planes z = const:

2
|y|=W<1—%>(1+;)<1—;—|)LC—|>. (13)

The explicit surface equations (11)—(13) can be written in the parametric form (7)—(9).

x=x(u)=#uL,y=y(u,v)=vW[1 -u],z=2z(u, v) = T[1 - u][1 - v2]V/%; (11a)
x=x(u,v)=vL[1-u],y=y(u) =zuW, z=z(u) = T[1 - u2]¥/2[1 - |v|]; (12a)
x=x(u,v)=vL[1-u],y=y(u, v) =+W[1 - uz]/2[1 - |v|], z=z(u) = uT. (13a)
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Figure 1 shows a triple of surfaces with the same main frame with dimensions T=W=5m,L=7m.
The presented triple of surfaces consists of a composite conical surface (Figure 1, a) [18] and two cylin-
droids (Figure 1, b, ¢) [19].

Figure 1. Analytical surfaces on a rhombic plan (the first triple):
a — the surface is created using the formulas (11a); b — the surface is created using the formulas (12a); ¢ — the surface is created using the formulas (13a)

2.1.2. The second triple of surfaces. Let the superellips (1) decompose into a rhombus, then r =t =1,
n =m = 2. The equations of the triples of surfaces (4)—(6) with the same main frame will take the form: surface
formed by a family of circles in the planes x = const:

2 = T(1 = xl* /) [1 = (/W21 = [l /L)1, (14)
with a generating family of sections of the same type y = const:

|z| = T = |y|2/W>)Y2[1 — |x/LI*/(1 = |y|/W)K]/5, (15)
and with a generating family of sections of the same type z = const:

Iyl =w@ - |zI*/T*)"2[1 = |x/LI/(1 = |2/T|*)"/¥], (16)

where -L <x<L,-W<y<W,0<z<T.
The explicit surface equations (14)—(16) can be transfered into a parametric form of setting:

x=x(u)=#uL,y=y(u, v)=vW[1-u],z=z(u, v) = T[1 - uk]*/s[1 - v2]1/2 (14a)
x=x(u,v)=vL[1-ul,y=y(u) =zuW, z=z(u) = T[1 - u]/2[1 - |v|K]V/s; (15a)
x=x(u, v) =vL[1 - us]¥k y =y(u, v) = £ W[1 - u?]1/2[1 - |v|], z = z(u) = uT, (16a)

where 0 <u <1, -1<v<1;u,Vv-dimensionless parameters.

a b c

Figure 2. Analytical surfaces on a rhombic plan (the second triple):
a — the surface is created using the formulas (11a); b — the surface is created using the formulas (12a); ¢ — the surface is created using the formulas (13a)
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Figure 2 shows a triple of surfaces with the same main frame with dimensions T=W=5m,L=7m
and with s = k = 2. The superellips (3) is taken in the form of a simple ellipse.

2.1.3 The third triple of surfaces. Let the superellipse (3) decompose into a rhombus, then s = k = 1,
n = m = 2. The equations for the triplet of surfaces (4)—(6) with the same main framework will take the form:
surface formed by a family of circles in the planes x = const:

l2] = T = xl/D[1 = ly/W /(1 = /LI, (17)
with a generating family of sections of the same type y = const:
|zl = T(1 = lyI2/WHV2[1 = |x|/L/ (A = ly/WI)M], (18)
and with a generating family of sections of the same type z = const:
lyl =w(@—2?/T*)Y?[1 = |x/LI* /(1 — |2/T|)T", (19)
where -L <x<L,-W<y<W,0<z<T.

The explicit surface equations (17)—(19) can be transferred into a parametric form of setting:
x=x(u)=%ulL,y=y(u, v) =vW[1 -ut]/r, z=2z(u, v) = T[1 - u][1 - v2]1/2% (17a)
x=x(u, v) =vL[1-uV,y =y(u) = tuW, z=z(u) = T[1 - u2]¥/2[1 - |v|]; (18a)

x=x(u,v)=vL[1-ul,y=y(u v) =+W[1 - u2]1/2[1 - |v|]1/r, z = z(u) = uT, (19a)

where 0 <u <1, -1<v<1;u,v-—dimensionless parameters.

Figure 3. Analytical surfaces on the plan in the superellipsoidal form (the third triple):
a — the surface is created using the formulas (17a); b — the surface is created using the formulas (18a); ¢ — the surface is created using the formulas (19a)

Figure 3 shows a triple of surfaces with the same main framework with dimensions T = W = 5 m,
L=7m,and withr =t=23/4.

2.1.4. The fourth triple of surfaces. To generate the fourth triple of surfaces, meet only conditions (10).
In this case, equations (4)—(6) take the form:

— with the forming family of circles lying in the sections x = const:

2] = T(1 = |xl*/L%) " [1 = y/W12/(1 = x/L12] % (20)
— with a generating family of sections of the same type y = const:
2| = T(1 = y?/W2Y2[1 = x/LI* /(1 = ly/ W], 1)

214 GEOMETRICAL MODELING OF SHELL FORMS



Kpusowanko C.H. CTpoutenbHas MexaHuka UHXEHEPHbIX KOHCTPYKLMiA 1 coopykeHuid. 2023. T. 19. Ne 2. C. 210-219

— with a generating family of sections of the same type z = const:
Iyl = WL = 22/TY?[1 = x/LI/( = |2/T|)], (22)

where -L <x <L,-W<y<W,0<z<T.
The explicit surface equations (20)—(21) can be transferred into a parametric form of setting:

x=x(u) =zxulL,y=y(u,v) =vW[1 - ut]i/r, z = z(u, v) = T[1 - uk]1/s[1 - v2]1/2; (20a)
x=x(u, v) =vL[1 - u|Vt, y =y(u) = xulW, z = z(u) = T[1 - u?]1/2[1 - |v|K]1/s; (21a)
x=x(u, v) =vL[1 - us|V/k y =y(u, v) = £ W[1 - u2]1/2[1 - |v|]¥/r, z = z(u) = uT, (22a)

where 0 <u<1,-1<v<1;u,v-dimensionless parameters.
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Figure 4. Analytical surfaces on an elliptical plan (the fourth triple):
a —the surface is created using the formulas (20a); b — surface is created using the formulas (21a); ¢ — surface is created using the formulas (22a)

Figure 4 shows a triple of surfaces with the same main framework with dimensions T = W = 5 m,
L=7mandwithr=t=2,s=k=3/4.

2.2. Triples of surfaces with the same main framework on a round plan

These surfaces are generated using the same formulas given above. It is only necessary to change the area
of changes in the variable parameters u, v in the parametric equations and the area of changes in the Cartesian
coordinates in the explicit equations. It is assumed that the Ox axis is directed upward, and that there is a circle
in the yOz plane. When generating the new surfaces, the dimensions are left unchanged T=W =5m,L=7m,
and 0 <x <L, -W<y<W,-T<z<T,n=m=2.

For the considered case, equations (7)—(9) will take the form:

x=x(u)=ulL,y=y(u,v) =vW[1 - ut]¥/r, z = z(u, v) = +T[1 - uk]1/s[1 - |v|m]1/n; (23)
x=x(u,v) = [v/[L[1 - uw]V, y =y(u) = xuW, z = z(u) = £T[1 - um]/7[1 - |v|K]V/s; (24)
x=x(u, v) = [v/[L[1 - us]Vk y =y(u, v) = £W[1 - ur]/m[1 - |v|]i/r, z = z(u) = *uT, (25)

where 0 <u<1,-1<v<1I;u,vare dimensionless parameters.

Using parametric equations (23)—(25), the first triple of surfaces at r =t = s = k = 1 (Figure 5),
the second triple of surfaces at r =t = 1, s = k = 2 (Figure 6), the third triple of surfaces at s = k = 1,
r =t = 3/4 (Figure 7) and the fourth triple of surfaces at r =t = 2, s = k = 3/4 (Figure 8) are generated.
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IHiarygtes
i 2

Figure 5. Analytical surfaces on a round plan (the first triple):
a —the surface is created using the formulas (23); b — the surface is created using the formulas (24); ¢ — the surface is created using the formulas (25)

a b c

Figure 6. Analytical surfaces on a round plan (the second triple):
a —the surface is created using the formulas (23); b — the surface is created using the formulas (24); ¢ — the surface is created using the formulas (25)

/]

a b c

Figure 7. Analytical surfaces on a round plan (the third triple):
a —the surface is created using the formulas (23); b — the surface is created using the formulas (24); ¢ — the surface is created using the formulas (25)
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Figure 8. Analytical surfaces on a round plan (the fourth triple):
a —the surface is created using the formulas (23); b — the surface is created using the formulas (24); ¢ — the surface is created using the formulas (25)

All the surfaces presented in this section are located on a circular basis on the plane yOz (x = 0). Several
examples of surfaces on a circular plane with two superellips in intersecting planes are considered in [20].
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3. Results and discussion

The paper shows the formation of four triples of surfaces, based on previously obtained analytical
and parametric equations of surfaces with the main framework of three superellipses. All the 12 surfaces contain
a circle as one of the flat curves of the main framework. The presented surfaces are visualized graphically
for better recognition of them by architects and builders. In the author's opinion, these surfaces can be taken
as the basis for the shapes of building and mechanical engineering objects, as well as the linear surfaces pro-
posed earlier in [15]. At the very least, these surfaces may be in the reserve of surfaces waiting for their applica-
tion [21] within one of the architectural styles [22].

4. Conclusion

The considered surfaces need further study, both from the point of view of differential geometry and structural
mechanics of shells (surface areas, volume of internal space, stress-strain state of thin shells with middle surfaces
in the form of proposed surfaces, finding optimal shells according to selected optimality criteria, etc.). The num-
ber of surfaces with circles can be significantly expanded by changing the exponents in formulas (1), (3).
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Avrticle history Abstract. Shape optimization, as one of the types of structural optimization problems,
Received: January 29, 2023 is an important process in the design of shells, since it contributes to the creation
Revised: March 21, 2023 of a structure with fine performance characteristics, expansion of design variations and
Accepted: April 5, 2023 knowledge base to obtain high-quality results. To solve the problems associated with

determining the shape and creating more advanced structures, software packages include
a special optimization module, which can be based on one or more mathematical
methods, the purpose of which is to provide the best solution in the shortest possible time.
The research is focused on the process of shape optimization in three well-known univer-
sal software packages: Ansys Mechanical, COMSOL Multiphysics and Simulia Abaqus,
as well as in Rhinoceros modeling software with a special visual Grasshopper plugin.
The purpose of the study is to analyze the technology of shape optimization in four soft-
ware packages and to compare them with each other in terms of the problem-solving
process, user interface, the fullness of libraries, accessibility for educational purposes and
system requirements for a computer. The authors specify and describe the characteristic

features of each software package. It was found that all the software packages under
consideration are equipped with great opportunities for shape optimization of structures
and have a variety of functionality for solving this type of tasks. The development of
optimization technology in calculation and modeling software packages will allow ob-
taining the most effective solutions in the process of designing shells of complex shapes.
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JUISL TIOJyYeHUS BBICOKOKAYECTBEHHBIX PE3yJIbTaToB. [ pelieHus mpodiem,
CBSI3aHHBIX C OIpeeNeHueM (OPMBbL U CO3JaHUEM 0OJIee COBEPILIEHHBIX KOHCTPYK-
IWif, B pacyeTHbIe MPOrpaMMbl BXOAUT CIIEIUATbHBIA ONTUMHI3AIOHHBIN MOYIIb,
KOTOPBIII MOXKET OCHOBBIBATHCSI HA OJHOM HWJIM HECKOJBKHX MATEMaTHYCCKHX
MeTofaX, IeNb KOTOPHIX OOECIEeUHTh JIydlllee PEelIeHHe B KpaTdaillliie CPOKH.
Hccnemyercst mpornecc MpoBEAEHNS] ONTUMH3AINH (POPMBI B TPEX U3BECTHBIX YHH-
BEpCAIBHBIX pacyeTHBIX mporpammax: Ansys Mechanical, COMSOL Multiphysics,
Simulia Abaqus, a Taxke B mporpamme A MojenupoBanust Rhinoceros co cre-
IHaNBHBIM BU3yalnbHBIM IutaruHoM Grasshopper. AHaIH3HUPYIOTCS TEXHOIOTHH
onTuMu3aniy (GopMBI B YETBIpPEX MPOrPAMMHBIX KOMIUICKCAxX, MPOBOIUTCS HX
CpaBHEHME IO IPOLIECCY pEIIEHUs 3aJadd, IOJIb30BAaTEIbCKOMY HHTEepdeiicy,
HAIOJTHEHHOCTBIO OMOJIMOTEeKaMH, JOCTYITHOCTH B YUEOHBIX IENAX M CHCTEMHBIM
TpeOOBaHUAM K KOMIIBIOTEPY. BBIAENAIOTCA U ONMHMCHIBAIOTCS XapaKTepHBIE 0CO-
OCHHOCTH Ka)kIOH NpOrpaMMbl. Y CTaHOBJICHO, YTO BCE PaccMaTpPHBaeMBbIC IIPO-
rpaMMHBIE KOMIIIEKCHI CHA0)KeHBI OOJBIINMHI BO3MOKHOCTAMH IS TPOBEACHUS
ONTUMHU3ALUK (OPMBI KOHCTPYKIHMH M HMEIOT PAaCIIMPEHHBIH (QYHKIMOHAT s
pEIICHUs TAKOTO THUIA 33ahad. Pa3BUTHE TEXHOJIOTMH ONTUMHU3ALNH B IIPOrpaM-
Max Ui pacyeTa U MOJCIHPOBAHHUS MO3BOJIUT TONYyYNTh Hanbosee 3pdekTus-
HBIE PEIICHUS B IIPOLIECCe IPOSKTUPOBAHUS 000I0YEK CIOKHBIX (POPM.

KnroueBble c10Ba: CTpyKTYpHasi ONTUMU3ALMS, ONTUMAaIbHas (opMa, ONTUMU3A-

19-2-220-232 HMOHHEIA MOYJIb, METOBI ONTUMH3ALUM, IIPOrPAMMBI, PACUET, MOJIECIUPOBAHHE

1. Introduction

Structural optimization is an iterative process of finding the best shape of an object during the design
stage. Its dynamism has never been so intense as in recent decades, where the increase in the cost of raw materials
and the necessity to decrease energy consumption have made it more decisive than ever to optimize the produced
components starting from the early stages of design so that they fulfil their intended purpose for a minimum
amount of constituent material [1]. The concept of optimization is based on mathematical principles and methods.
A brief description of the main stages of optimization concept development is provided in [2; 3] and the most
popular optimization algorithms used in various tasks related to civil engineering are contained in [4; 5].
The general optimization problem is to find the values of the control variables that minimize or maximize
the objective function f(x), taking into account some constraints. The goal of optimization is to create a new
optimized design that will be the most efficient compared to the first one in terms of stress-strain state,
strain energy, volume, etc. An overview of the studies is focused on structural optimization in civil engineering,
which is shown in detail in [6], and the introduction to the process of structural optimization is given in [7].
There are three main types of optimization tasks based on design variables: size optimization, topology optimiza-
tion and shape optimization, which are powerful tools for the effective construction design of buildings and
structures (Figure 1).

Size optimization is a structural process in which the geometric parameters of the model under study are
changed while maintaining the original appearance and topology. The properties of elements, materials and
compounds of the object of study can be set as constructive variables. The integrity of the model itself remains
unchanged. The problem of size optimization is formulated, for example, as the problem of determining the op-
timal distribution of the plate thickness or the rod’s cross section [8].

Topology optimization finds the optimal distribution of material and voids in a specific area, considering
the geometric space of the structure, loads and boundary conditions. This type of optimization is convenient
when significant changes are expected in the model (the appearance of holes, merging elements, adding new
components, etc.). Applying topology optimization to structural design typically involves considering characte-
ristics such as weight, stresses, stiffness, displacements, buckling loads, and resonant frequencies, with some
measure of these defining the objective function and others constraining the system [9]. Topology optimization
is currently under active research. Among the articles that studied topology optimization, [10] focuses on new
developments and improvements in the field of topology optimization and [11] discusses the issues of improving
the applicability of topology optimization to structural design problems.

During the shape optimization process, the boundaries, shapes and contours of the object under study are
changed while maintaining its geometric structure — topology and specified boundaries according to specific re-
quirements. The article studies this type of problem since the model under consideration is a spatial covering
consisting of a shell where holes cannot be formed. The identification of a maximally stable (or most lightweight, etc.)
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structure is a natural task in shape optimization [12-13]. An introduction to this type of structural optimization is
briefly presented in [14], and [15] reviews some fundamental ideas and recent developments in the field of shape
optimization.
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Figure 1. Three types of structural optimization problems

However, not so many practical works have been found that study particularly the process of shape opti-
mization in the software packages COMSOL Multiphysics, Ansys Mechanical, Simulia Abaqus and Rhinoceros
with Grasshopper. In [16] COMSOL Multiphysics is mentioned as part of the optimization solution for several
examples of problems and applications on a specific topic, ranging from thermal conductivity equations to fluid
mechanics problems. The calculation using COMSOL is also demonstrated in [17] where the process of optimi-
zation of the shape and geometry of a piezoelectric cantilever energy harvester is shown. Author of [18] research
shape optimization of a free geometry surface in Ansys Mechanical using a program in the Fortran language, and
in [19] the shape optimization of the model constructed according to the hyper equations is shown. In [20] shape
optimization and topology optimization of the shell are carried out using the ATOM solver in Abaqus where
the main attention is paid to the results of the experiments carried out, and the optimization process itself is al-
most not described. An example of using Abaqus with the Tosca Structure module for topology optimization of
a part from the aerospace industry is shown in [21]. The optimization possibilities in Rhinoceros are studied
in [22; 23], in which a general overview of existing Grasshopper plugins based on various methods is given.
In [24; 25] the possibilities of linking Grasshopper with Galapagos for solving specific problems are considered.

It should also be noted that no works on the comparison of all the above-mentioned software packages for
the implementation of the shape optimization process among themselves have been found in open access
sources. However, there are similar studies, for example [26], dealing with the review of software packages,
including Ansys, COMSOL Multiphysics and Abaqus to identify the most suitable software for modeling and
calculation of composite materials. In [27] three software packages for structural optimization are evaluated:
Genesis, MSC.Nastran and Optistruct.

Thus, the purpose of the study is to select and then compare well-known software packages for calcula-
tion and modeling, in which there is an opportunity to optimize the shape of the shell.

To do this, it is necessary to solve the following tasks:

— evaluate the overall implementation of shape optimization modules in software packages for calculation
and modeling;

— show the functionality of the software packages and the main stages during the shape optimization;

— compare software packages with each other.
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2. Methods

In order to create an optimal design option, the calculations are closely related to the design of the object
under study. In the age of information technology, this whole process is performed in special software packages,
the possibilities of working in which are constantly expanding. In most cases, software packages have versatility
and involve solving a wide range of tasks in various technical fields. Software packages such as COMSOL Mul-
tiphysics 6.1, Ansys Mechanical 2022/R1 and Simulia Abaqus 2022 have a multifunctional system for automati-
zation of the design process and allow solving various tasks, including structural optimization problems, as well
as creating an initial version of geometry before calculation. However, not all software packages are currently
equipped with the capabilities to carry out the optimization process. For example, LIRA-SAPR 2022 and SCAD
Office 21.1, have no special module for optimization, despite their integrated environment for connecting calcu-
lation with design tasks and the ability to model shells by equations. APM FEM 20.0 software, which is a stress-
strength analysis system for Compas 3D v21, includes an option for topology optimization. Other types of struc-
tural optimization are not available there yet.

As for software packages for 3D modeling, it is already possible to carry out optimization calculations di-
rectly in them. An example is Rhinoceros 7 with Grasshopper, which makes it possible to provide various types
of optimization calculations, including shape optimization. Also, Rhinoceros 7 with Grasshopper has a connec-
tion with software packages for BIM design — ArchiCAD 25.0 and Revit 2023. The capabilities of modern soft-
ware packages for shape optimization are presented in Table 1.

Table 1
The capability of shape optimization in software packages for calculation and modeling
Modeling S
Software package by parametric _Shgpe. Optimization method Optimization
. optimization module
equations
SCAD Office 21.1 + - - -
LIRA-SAPR 2022 + - - -
APM FEM 20.0 - - - -
. - Workbench-
Ansys Mechanical 2022/R1 - + Sequential Co.nve>§ Prograr_nmlng-SCP, structural
(APDL) optimality criteria T
optimization
Method of Moving Asymptotes (MMA, GCMMA)
COMSOL Mutiphysics 6.1. + + Sparse Nonlinear OPTimizer (SNOPT) Shape optimization
Interior Point OPTimizer (IPOPT)
Rhinoceros 7 with Grasshopper + + Evolutionary algorithm (EA) Galapagos
- -, . - SIMULIA
Simulia Abaqus 2022 - + Condition-based optimization algorithm Tosca Structure Shape

COMSOL Multiphysics 6.1 is a powerful universal software for solving simple and complex types of
tasks, including interdisciplinary ones in all areas of engineering, industrial and scientific research. The software
includes modules that extend the COMSOL modeling environment with customizable physical interfaces that
solve problems in the field of structural mechanics and solid mechanics. It contains a specific interface for mo-
deling shells, membranes, beams, plates, trusses, and pipes [28]. One of the key advantages of the COMSOL
package is multiphysics — the ability to solve related interdisciplinary tasks in a single environment [29]. Even
though the software package is quite well-known, it does not have a freely distributed version for educational
purposes, but there is a demo version of the software provided on request.

COMSOL Multiphysics 6.1. has extensive optimization capabilities. The software package contains a multi-
purpose extension — module Optimization, combined with all other modules of the software and supplementing
the basic functionality. The module provides parametric, topology, geometric optimization and some types of
inverse problems related to the choice of variable values based on external, usually experimental data.

Optimization calculations are performed in three solvers: Optimization, Shape Optimization and Topology
optimization.

The Shape Optimization solver is responsible for the shape optimization process, which includes three
gradient optimization methods used to solve problems with a large number of input parameters: Method of Mo-
ving Asymptotes (MMA, GCMMA), Interior Point OPTimizer (IPOPT), Sparse Nonlinear OPTimizer (SNOPT).
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The general process of form optimization is shown in Figure 2, which can be divided into four main stages.

The first three steps are related to the initial geometry of the model, and the fourth step is already with
the optimized version. It should be noted that moving from one stage to another in COMSOL is carried out
by sequentially creating files in the Model Builder environment.

£ s El
¥ ¥ ¥ v
[ Mesh ] £ | Constraints, loads ] ‘ Decision | Analysisof results  F

| — S | —

Figure 2. The process of shape optimization in COMSOL Multiphysics

All project data is collected in Model Builder, which allows to manage and add new functions using either
analytical (in the form of partial differential equations) or numerical (in the form of matrices, graphs, algorithms,
and optimization methods) model [30].

Before working with the object of study, the input parameters of the model are determined, which may in-
clude radius, loads, mass, etc., and they can then be set as criteria. After constructing the mesh, loads and boun-
dary conditions are set in the model, and it is possible to proceed to structural analysis. After the calculation and
analysis of the results obtained, a suitable optimization solver is selected — Shape Optimization and all other set-
tings are defined inside this solver. To begin with, the appropriate method is chosen from the three methods
(MMA, SNOPT and IPOPT), taking into account the type of task. For each method, it is necessary to determine
the number of iterations consisting of repeated calculation steps to assess the compliance of the calculation re-
sults with certain quality criteria. The process continues until certain conditions are met. The most important and
key point in the process of optimization of the mathematical model is the definition and selection of the objective
function, which will be the criterion indicating the quality of the system and to which the project will be opti-
mized. Next, the type of optimization task is selected: minimization or maximization; a system of restrictions is
introduced. After determining all the data for the calculation, the optimization is launched and the subsequent
analysis of the results is performed.

It should be noted that the practical application of the COMSOL program is described in [31], which
shows the process of shape optimization of two shells: a sphere and a helicoid.

Ansys Mechanical 2022/R1 Ansys Mechanical 2022 / R1 is an advanced Finite Element Analysis (FEM)
software package that provides solutions in various fields of engineering. The main advantages of the ANSYS
software products are a high degree of integration of individual applications, an intuitive interface and support
for high-performance computing [32]. In the construction industry, Ansys can be used to solve a wide range of
tasks. For example, calculation of complex spatial above-ground structures of a building or solution of geotechnical
problems, such as calculating the fastening of a pit, various foundations, slope stability with a structure, filtration
calculations, etc. [33]. Unlike COMSOL, a software version of Ansys Student is distributed for educational pur-
poses and provides free access to the Ansys package based on Ansys Workbench with basic applications.

The interface of Ansys, created based on the development of Motif Standard, provides convenient interac-
tive access to the functions, commands, documentation and reference materials, a kind of guide is created that
teaches how to use the software package step by step during the analysis [34].

In addition to carrying out calculations on structural strength, thermodynamics, mechanics of liquids, and
gases, the software also implements structural optimization. There are several types of topology optimization
available for solving problems, as well as shape optimization.

To calculate the shape optimization in the Ansys Workbench, two Static Structural and Structural optimi-
zation blocks are selected, which are connected, and four stages are sequentially performed through them to ob-
tain an optimized model. The algorithm of steps is shown in Figure 3.
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Figure 3. The process of shape optimization in Ansys Mechanical

Firstly, a model created in another software is imported into Static Structural, or the model is created from
scratch in Ansys. The software package includes two tools for working with CAD geometry — Ansys Design-
Modeler and Ansys SpaceClaim. Then, certain properties and materials of the model are set through the engi-
neering data service Engineering Data. After installing the preparatory actions, the transition takes place to
the Structural optimization block, where the necessary optimization method is first assigned. There are three
types of methods available in Ansys for the iterative form search process: the sequential quadratic programming
method, the optimality criterion method and the automatic solver, which is installed by the software. Next,
the type of optimization, the number of iterations, and the time are set. After the criteria and constraints are de-
termined (by weight, by displacement of the structure, etc.), the process of optimization is started. At the end,
after processing in the postprocessor, the results are reviewed and, if they do not satisfy the task, then the reverse
transition to model editing occurs.

Furthermore, additional software for CAD geometry Caeses was developed for Ansys, which has the ca-
pabilities for parametric modeling and includes tools for performing calculations and organizing the process of
shape optimization.

Simulia Abaqus 2022. Simulia Abaqus Unified FEA is a multi-purpose software package that solves
the problems of dynamics and strength by the finite element method. The versatility of Abaqus makes it possible
to use it effectively at all stages of designing and creating modern products, as well as in almost all calculation,
design and technological departments of enterprises [35]. This software is widely used in the construction indus-
try, since it can be used to perform a detailed analysis of building structures under the influence of various types
of loading, to obtain a reliable forecast of deformations of natural material and to conduct engineering studies of
the dynamics of buildings and structures. Similar to Ansys, there is a special full-featured version of the Abaqus
Student Edition software for educational purposes containing all the main modules and solvers but with a limit
on the number of computational elements and nodes that should not be more than 1000.

The work in the software package is based on the modular principle, which makes working process
in Abaqus more visual. Abaqus contains two main solvers — Abaqus/Standart and Abaqus/Explicit, as well as
a powerful pre-postprocessor Abaqus/CAE. An analysis of the possibilities for topology optimization and opti-
mization of the shape of the Abaqus package on the example of a simple part is given in [36].

Currently, the Simulia Abaqus 2022 version implements two types of optimization: parametric, which is
available in a special Isight package, and nonparametric, which is implemented in the Tosca package. The Tosca
Structure module is integrated into the Abaqus/CAE pre-postprocessor and has wide possibilities for topology,
sizing, shape and bead optimization. One condition-based optimization algorithm is available in the system for
shape optimization.

Abaqus uses Python scripts to provide interaction between modules such as Abaqus/CAE, Abaqus/Viewer,
and various solvers. It is also possible to use Python scripts without logging into graphical interfaces (CAE
and Viewer).

The general process of step-by-step implementation of shape optimization in Abaqus is shown in Figure 4.
Before conducting the optimization process, the model goes through a preparatory stage and a finite element calcula-
tion. At the preparatory stage, the model is imported or created from scratch in the Abaqus/CAE pre-processor.

The first modules “Part”, “Property”, “Assembly”, “Mesh” are responsible for the preparatory stage of
setting properties, parameters, and mesh before static analysis. At the “Step” module, the stage of the study,
its parameters and a set of output data from the calculation results are set. After the calculation step is created,
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loads and boundary conditions are set in the “Load” module. In the main module “Optimization”, the appropriate
type of optimization task is selected first. After that the Design Response Editor creates and configures responses
for the model area that will be used by the target functions and constraints.
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Figure 4. The process of shape optimization in Simulia Abaqus

The goal of optimization is always an objective function, so the next step after determining the design respons-
es is to select them with an indication of the goal: maximizing, minimizing, or minimizing the maximum values. Next,
restrictions are specified and to configure them a project response or a combination of responses must be selected and
the value of the constraint must be specified. It is also possible to set geometric constraints and define frozen areas to
set the boundaries of changes that the module can make during the calculation. To optimize the shape, a local installa-
tion condition is available as a parameter that will indicate the moment when optimization is completed.

After completing all the above tasks, the optimization process is started and transferred to the Simulia
Tosca Structure pre-processor, which can be restarted if necessary.

Rhinoceros+Karamba. Rhinoceros 7 (Rhino 7) is a 3D modeling software package in which it is possible
to create, edit, analyze and document three-dimensional models, as well as perform their visualization and ani-
mation. All surfaces in Rhino are free-form surface models created using the curve modeling method (NURBS
or Non-Uniform Rational Basis Spline). The NURBS belong to the category of parametric curves and surfaces,
and they become the standard for describing and modeling free-form shapes in computer-aided design (CAD)
and computer graphics [37]. It should be noted that Rhino is not only a simulation software, but it is also possi-
ble to perform calculations in it. The special visual plugin Grasshopper is responsible for the computational pro-
cess, which is a graphical algorithm editor that runs in conjunction with Rhino. Grasshopper has a connection
with the 3D tools of the software and makes it possible to perform all kinds of tasks at a fairly good level due to
a large number of additional components. These components provide an opportunity to quickly and efficiently
perform the necessary calculations, in particular including optimization. The connection between Grasshopper
and Rhino provides the basis for the development of high-level software logic. Depending on the task itself and
the shape under study, you can choose the application that is suitable for simulation and optimization. Among
the well-known optimization plugins in Grasshopper, the following can be mentioned: Ameba for topological
optimization based on the method of bidirectional evolutionary structural optimization (BESO); Octopus for
multi-purpose evolutionary optimization based on the Pareto principle; Galapagos and Opossum for single-
purpose optimization; Kangaroo for interactive modeling and for performing optimization in real time (Figure 5).

Also, there is an application for structural analysis and optimization for Grasshopper such as Millipede,
which makes it possible to perform linear elastic analysis of frame and shell elements in 3D or 2D plate ele-
ments. All created algorithms are based on the topology optimization method, which is built into the application.
Due to the good data processing speed, Millipede can be used in combination with the Galapagos plugin, which
implements evolutionary algorithms to solve common problems of form search. For example, an architectural
design project was created for the roof of the Azadi Stadium (architect Arash Naderpour) with the help of Milli-
pede and Galapagos. It was performed as part of a course on architectural technology at the Tehran University of
Arts (Figure 6).! The roof of the stadium was created using parametric modeling. To optimize the deflection and
weight of the structure, the Millipede plugin was implemented.

1 Parametric design & structural optimization of Azadi stadium roof. Available from: https://vimeo.com/119049707 (accessed:
12.12.2022).
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Figure 6. Optimization of the Azadi Stadium roof shape in Rhino + Grasshopper
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Figure 7. The shape of a large dome in the shopping center “Paveletskaya Plaza”

In conjunction with Galapagos, Karamba 3D application is also widely used, based on the finite element
method and being a tool for parametric design of structures [38]. With the collaboration of Galapagos and Ka-
ramba 3D, it is possible to achieve the optimal solution for the shape under study quite efficiently and quickly.
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As an example, these two applications were used for the technical process of designing a large dome in
the shopping center “Paveletskaya Plaza” (Moscow, Russia, APEX Bureau) (Figure 7).

The search for the optimal arch shape was carried out in Karamba 3D, and the search for the optimal com-
bination of sections in the dome was made in Galapagos (Figure 8). The minimum mass and the number of sec-
tions (at least 8 per dome) were introduced as criteria. Thus, due to the application of the evolutionary algorithm
in Galapagos, the selection of the optimal stiffness ratio and the reduction in the weight of the structure by 40%
were implemented compared to the traditional method of searching for sections in such software packages as
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Figure 8. Using the Galapagos solver to optimize sections in the dome
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Figure 9. The general optimization algorithm in Rhino and Grasshopper with Karamba and Galapagos

2 Design automation with Tekla structures: APEX. Available from: https://www.tekla.com/ru/oneIt/pecypcbl/aBTomaTH3amms-

npoekrupoBanusi-c-tekla-structures-omsir-apex (accessed: 08.12.2022).
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The general optimization process in conjunction with Rhino and Grasshopper together with Karamba
and Galapagos is shown in Figure 9.

Grasshopper input creates a visual model in Rhino space and all changes that occur with the model are re-
flected in real time. After creating/importing the main geometry of the model, the materials and the computa-
tional mesh are set. To carry out structural analysis through Grasshopper, Karamba 3D application is selected,
an analytical model is formed and the calculation is carried out by the finite element method.

To optimize the shape, Galapagos plugin is used, which utilize Karamba output data and geometric cha-
racteristics to change the parameters and find the most suitable solution. The plugin is based on a genetic algo-
rithm [39] using evolutionary methods. Genetic algorithms are often applied in the design of capital construction
projects of complex geometry, individual architectural elements, during selection of the most successful variants
of apartment layouts when deciding on the location and orientation of the building on the site, etc. [40].

Galapagos creates a set of solutions based on genomes (variables to be changed) that respond to fitness
(a desired criterion that needs to be minimized or maximized). Thus, to start the optimization process, it is neces-
sary to connect Galapagos Genome to variables and one criterion (function) Galapagos Fitness Input. Then
there is a transition to the Galapagos editor, where the optimization goal is selected: maximizing or minimizing
the selected parameter. As a result, an effective solution is found that allows to save suitable genomes for a ge-
neration and then connect them with other favorable genomes in the next generation.

3. Results and discussion

All the considered software packages have quite powerful functionality for shape optimization and are
widely used in the framework of design, calculation, educational and scientific activities. However, not all of
them are distributed freely for educational purposes and should have special licenses. An example is COMSOL
Multiphysics. The remaining software packages are provided with free licenses for use for educational purposes,
except the Rhinoceros with Grasshopper, where only a paid license is provided, but with the capability of pur-
chasing it at a discounted rate. The presence of a Russified version in the official version of the software packages
is not provided.

The user interface is one of the most important parts of any software package since it is with it that
the user interacts in the process of his work. COMSOL, Ansys, Abaqus and Rhinoceros with Grasshopper pro-
vide the principle of structuring the content. COMSOL Multiphysics uses a convenient Model Builder manager,
which contains all the necessary data for completion, and in Abaqus, the solution stages are determined
by special modules included in the Abaqus/CAE pre-postprocessor and sequentially located under each other.
Modules provide fast filling of information, which is then reflected in the task model tree. Since all data is col-
lected in the model tree, it is a fairly complete structure in which all the functions contained in Abaqus are col-
lected. Therefore, for novice users, working with the model tree may be difficult due to the abundance of infor-
mation. With Ansys, the block diagram provides insight into engineering intent, relationships between data,
and the status of an analysis project at a glance. The principle of the block diagram is also implemented in
Grasshopper, however, due to a large number of functions and the need to download new plugins to solve spe-
cialized tasks, the process of understanding and implementing the solution can take a long time. Table 2 shows
a comparison of the software packages by the availability of a training and Russified version, by system re-
quirements and by the user interface.

At the preparatory stage, a convenient function is an ability to build a model directly in the calculation
software itself in a special module. Also, importing a model from another CAD system does not cause problems.

Before proceeding to the optimization process, certain parameters and characteristics of the model are set.
Also, it is necessary to note the capabilities of software packages for constructing a computational mesh, which
is one of the most important stages before the calculation. The computational time of the result depends on
the quality of the mesh. COMSOL Multiphysics has the largest selection of ready-made mesh sizes and there-
fore in most cases, it is not necessary to set the dimensions manually.

In Ansys Workbench, there are fewer preset mesh sizes, whereas, in Abaqus, the mesh is built mainly
by setting parameters, although an automatic mesh can also be built from scratch. The same process of building
a mesh occurs in Rhino with Grasshopper. Meshes in Rhinoceros consist of triangles and quadrilaterals. Table 3
shows a comparison of software packages for the capability of building a mesh.

Each software package is responsible for carrying out the optimization process in its special module with
a solver, which includes a certain set of data to fill in. Since there are currently many optimization methods,
those software packages where it is possible to solve the problem using several methods and computational algo-
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rithms get a great advantage. It is possible to mention COMSOL Multiphysics and Ansys Workbench, in which
more than one method can be used during a computational experiment, which makes it possible to choose
the most optimal solution.

The availability of a library of materials with set values of characteristics is also an important factor af-
fecting the convenience of the calculation, which is fully implemented in COMSOL and Ansys. The Abaqus
software is dominated by manual input of materials with their properties. A comparison of software packages
for the optimization process is given in Table 4.

Table 2
Capabilities of software packages according to system requirements, interface and special versions

Interface

Software package Educational version Russified version - —— -
Convenience of work | Simplicity of the interface

COMSOL Multiphysics 6.1 - - + +
Ansys Mechanical 2022/R1
Simulia Abaqus 2022
Rhinoceros 7

+ |+ |+
|

+ +
+ +
+ +

Table 3
Capabilities of building a mesh in software packages
Mesh Mesh settings
Software package - - -
Number of preset mesh sizes Geometric mesh type Automatic| Custom
COMSOL Multiphysics . 9 + +
(from extremely fine to extremely coarse) Tetrahedra, hexahedra,
3 prisms and pyramids
Ansys Workbench - . + +
(coarse, medium and fine)
Abaqus - Tetrahedra, hexahedra, prisms
Rhino with Grasshopper - Triangles and quadrilaterals + +
Table 4
Capabilities of the shape optimization process in software packages
Number Amount of library data Additional software,
Software packages Module of optimization| Materials Objective plugin or module
methods library library for shape optimization
COMSOL Shape Optimization 3 + + -
Ansys Workbench Structural Optimization 3 + + +
Abaqus SIMULIA Tosca Structure Shape 1 - + +
Rhino & Grasshopper Galapagos 1 + - +

4. Conclusion

According to the results of the study, the following conclusions can be made:

1. Although there is a currently increasing interest in structural optimization and its types, only several
software packages allow providing shape optimization calculations. COMSOL Multiphysics 6.0, Ansys Mecha-
nical 2022/R1 and Simulia Abaqus 2022 are currently the main calculation software packages in which the shape
optimization process is implemented. The capability of shape optimization in modeling software packages is still
at the stage of development, and so far the solution to this type of tasks is fully implemented only in Grasshopper
special visual plugin for Rhino.

2. The presence of a special optimization module in the functionality of software packages expands
the possibilities for solving problems of finding the optimal shape. It also speeds up the computational process
due to the choice of a mathematical algorithm embedded in the software, the number of iterations, constraints,
functions, and characteristics of the model.

230 GEOMETRICAL MODELING OF SHELL FORMS



Epmakosa E.B., PbiHkosckas M.M. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLWIA 1 coopyxeruir. 2023. T. 19. Ne 2. C. 220-232

3. All the considered software packages have an accessible, structured user interface. All model data in
COMSOL and Abaqus is contained in a special manager (the model tree of the project), whereas in Rhino with
Grasshopper and Ansys, a block data type is implemented, where all tasks are in separate interconnected blocks.

4. According to the number of functional capabilities in the process of shape optimization, Comsol Multi-
physics can be noted for its wide range of optimization methods and preset mesh sizes.

5. Ansys Mechanical has the most extensive database of materials and properties in terms of the amount of
library data.

6. As part of educational access, software packages such as Ansys and Abaqus are available, which provide
free educational licenses and learning platforms, but there is a limit on the estimated number of mesh elements.

7. To work with all studied software packages knowledge of English is required, since there is no possibility
of choosing a Russian-language version in them.

The final decision on the choice of a suitable software package for shape optimization should be made
taking into account all of the above characteristic features of the software packages.
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Hcropus cratbu AnHoTanus. llens nccneoBaHUs — ONPENENUTh BIUSHNAE PA3IMIHBIX J00ABOK
[octynuna B penpakuuto: 12 suBaps 2023 r. Ha CBOiicTBa 00BIYHOTO OeTOHA. B GeTOHHYIO CMeCh BHECEHBI TPH BHJIA 100ABOK:
Jopaborana: 28 mapta 2023 T. JKEJIaTHHOBBIN IIOPOLIOK B KAYECTBE CBA3YIOLIET0, BTOPHYHBIE 3AII0JIHUTENN U MHUH-
IMpunsra k myGnukamuu: 10 ampernst 2023 1. JlajbHas CKOpJIyla B Ka4eCTBE MEJIKOTO W KpynHoro 3anonHuteneil. [Iposeneno

HCCIIeIOBAaHUE TI0 ONPEAEIeHHI0 (PU3NKO-MEXaHHYECKUX CBOWCTB OETOHA C yKa-
3aHHBIMU JI00aBKaMH: MIPOYHOCTH HA CYKATUE M PACTSHKEHHUE, UCTIBITAHUS HA YIAPHYIO
HarpysKy, Ha JOJTOBEYHOCTH (BOAOIOTIIONICHUE) M Ha TITyOHHY MPOHUKHOBEHUS
BIard B 0eToH. MUKpPOCTPYKTypa OeTOHa M3yueHa ¢ MOMOILBIO CKaHUPYIOIIEH
3eKTpoHHON MuKpockonnu (SEM) m sHeproancrnepcHOHHON pPEHTTeHOBCKOM
cnekrpockornuu (EDXS). YcraHoBieHo, uto npu go6aBieHud 70 KT jKeIaTHHO-
BOro nmopomka Ha 1 M® GeToHa ero IPOYHOCT HA CKATHE M PACTSKCHHE YBEIH-
yunach Oosaee 4eM Ha 22 %; moj AeicTBHEM yIapHOW Harpy3kd HadalbHOE U
rpefenbHoe KOJMUECTBO TpeluH coctapisieT 11 u 129, a HauanbHas u npeesns-
Has [IPOYHOCTh TPeLHHO0Opa3oBaHus — 6onee 223 u 2346 [ cCOOTBETCTBEHHO.
Kpome Toro, rmokasarenu J0JTOBEYHOCTH Jiydllle y OeToHa ¢ JoOaBJIEHHEM Ke-
natuHa. Pesynpratel, momydeHHsle pu nomomu SEM, meMoHCTpUpyroT, 4To IMo-

HIDKEHHAs! TIPOYHOCTh OETOHA C J00aBICHUEM MHUHIAIBHOW CKOPIYIIBI CBsI3aHA
C TPEemMHAMU U IIyCTOTaM{ MEXIy IIEeMEHTHOH MaTpuield 1 MUHAAILHOU CKOp-
aynoi. ITycToTsl B OETOHE C KENaTHHOM BBIIIE, YeM B 0OBIMHOM OeToHe. CTpyKTypa
OOBIYHOTO OETOHAa MMeeT BUA TJIAJKUX KPHUCTAJUIOB, a OETOHA C KEITaTHHOM —
OCTpbIC U KYOHUECKHE KPUCTAIUTBL. Pe3ynbTaThl, MOMy4eHHbIe ¢ momotpio EDXS,
[OKa3aJId pa3Iiuie B XUMHYECKOM COCTaBe. OOBIYHBIN OETOH COAEPKUT KpeM-
HUH, TOrJa Kak OCTOH ¢ M00aBKOW JKelaTHHA B BBIIICYKA3aHHBIX MPOMOPIHIX
COJICPIKUT KaJIbIMiA U B HEM o0Opasyetcs reib C-S-H.
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1. Introduction

After water, concrete is the most widely used material in the construction industry. Mechanical properties
and durability of concrete are among the most important properties related to performance. Many researchers
tried to add different materials to concrete for improve the mechanical and chemical properties of concrete [1-3].
In this term the effect of some materials on the concrete are important for researcher [4-5]. For example, many
researchers have been studied on the effect of recycled aggregates on the concrete [6-9].

Many researchers have been preferring to use alter materials as alternative aggregates in the concrete.
For example, Gunasekaran et al. [10-11] investigated on the mechanical properties of reinforced concrete
with additional coconut shell. Their results shows that coconut shell aggregates concrete beam shear force
at the yielding moment was more than 20 MPa, while control concrete sample yielding shear force was more
than 19 MPa. In another example, Gunsekaran et al. [12] found the mechanical properties of coconut shell con-
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crete. Their results shows that the compressive strength of coconut shell concrete was more than 26 MPa. Hilal
et al. [13] used walnut as the alternative material with coarse aggregates. They understood that adding walnut
instead of coarse aggregates decrease the compressive strength. The conventional concrete compressive concrete
was more than 56 MPa, while the walnut concrete compressive strength decreased to 26 MPa. Alaneme, and
Mbadike [14] investigated on the Bambara nutshell ash as mixture of concrete mortar. Their results show that
the compressive strength increased more than 20-46% with adding different percentages of Bambara nutshell ash.
Kong et al. [15] investigated adding the waste oyster shell on the recycled aggregates concrete. They examined
the compressive, and flexural strength. Their results have been shown that the compressive strengths were than
21 MPa, and 47 MPa for 3 and 28-days curing periods respectively. The flexural strength was more than
7.5 MPa for 28 days curing periods. Raja et al. [16] investigated on the coconut shell, and the foundry sand as
replacement aggregates with fine, and coarse aggregates. They replaced more than 10, 20 and 30% of foundry
sand, and 10 and 20% of coconut shell to concrete. As a result, the compressive strength increased more than
32 MPa. Their results shows that the effect of foundry sand was more than coconut shell on the compressive
strength of concrete. The tensile, and flexural strengths were 4.2 and 2.88 MPa respectively. In another example,
Soriano et al. [17] added almonds shell ash (ABA) to cement. They examined the mechanical properties of con-
crete with adding ABA. They found that the compressive strength of concrete increased more than 44 MPa when
25% of ABA has been added. Moreover, some researchers added sustainable powder to cement to find the effect
of mechanical properties. For example, Bigi et al. [18] added more than 18 and 82% of gelatin powder to ce-
ment. They understood that the final setting time of cement increased more than 45 min, and compressive
strength enhanced up to 10.7-14 MPa.

Many researchers investigated on the recycled aggregated as a greener method, and a viable concrete.
For example, Nuaklong et al. [19] find the mechanical properties of concrete with recycled aggregates and add-
ing different type’s fly ash. According to the results, different fly ash types was not effective on the compressive
strength. The compressive strength results were between 44 and 46 MPa. He et al. [5] studied the effect shrink-
age, and creep on the recycled aggregated concrete. In their study, the results of compressive strengths were be-
tween 32 and 48 MPa with different mixture designs.

The morphology analysis is an important analysis which related to understanding the reaction of material
in micro scale of materials. Scanning electron microscopy (SEM) is a method which can display the morphology of
the materials. Chaudhary et al. [20] analyzed the almond shell via SEM method with 10um as a reinforcement
in composite. The SEM results shows that almond shell has pure particle size between 1.020 to 1.253pum.
For example, recycled aggregates microstructure is important to understand the mechanical properties of con-
crete. In this regard, Guedes et al. [6] investigated the microstructural characterization of concrete with recycled
aggregates. Results shows that, the replacement of natural aggregates by recycled crushed concrete did not
change any morphology of the Cementous structure and hydration.

The mechanical properties and durability of recycled aggregate concrete (RAC) are currently the subject
of extensive research. A comprehensive examination of the RAC's mechanical properties was carried out.
The findings indicate that the high-water absorption of the aggregates and the weak areas created by the mortar
adhering to the old interface is primarily responsible for the RAC's deterioration in terms of its mechanical properties.
The sturdiness of RAC likewise was explored, and the outcomes show that the higher the reused total (RA) con-
tent, the mortar content appended to the RA, and the W/C (water-to-ash ratio), the more regrettable the strength
of RAC [21-23]. The use of almond shell and gelatin powder to mix with concrete lacks sufficient information
regarding the properties of the fresh and hardened shell and gelatin powder, as can be seen from earlier literature.
Therefore, in order to introduce a new type of conventional concrete with high-strength properties, this research
examined the use of shell and gelatin powder as a substitute.

The current study has applied different materials, such as almond shell powder, gelatin powder, and recy-
cled aggregates, to a mixture with concrete. This study aims to introduce a new type of conventional concrete
with high-strength properties. In this regard, the materials were mixed with concrete to find the compressive and
tensile strengths. Moreover, microanalysis was applied. In this term, scanning electron microscopy and energy-
dispersive x-ray spectroscopy (EDXS) were applied to find the microstructure and chemical properties.

2. Materials and methods

2.1. Materials. The current study has been used almonds shell, gelatin powders, recycled aggregates as
the sustainable, and natural material in concrete. The original concrete has been inspired by the high-
performance concrete (HPC) in previous study. To prepare concrete, portland cement (Table 1), gravel, and sand
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aggregates, superplasticizer (Table 2), almond shell, gelatin powder, and recycled aggregates have been used.
The gravel size range was between 20 mm, and 5 mm with specific gravity (2650 Kg/m®) granulometric curves
of coarse aggregates is shown in Figure 1. The sand with a particle size range of 0.6 to 2.0 mm is mixed with

concrete and both are collected from the Semnan region, Semnan, Iran. The fine aggregates specific gravity was
2384 Kg/m?, and the granulometric curves is illustrated in the Figure 2.

Table 1
Chemical properties of ordinary portland cement (OPC)
Oxide, % . . .
- Fineness, m?/kg Relative density
SiO2 Fe20s MgO SOs Al2O3 CaO K20 LOI
19.52 4.04 4.36 2.89 481 62.18 0.6 1.62 387 3.14
100,00
84,96
80,94
75,00
o
£
% 50,00
S
25,00
0,00
3 5 7 9 1 13 15 17 19
Sieve size, mm
Figure 1. Granulometric curves of coarse aggregates
100,00
75,00
S
8 50,00
25,00
0,00

0,7 0,9 11 13 15 17 19 2,1

Sieve size, mm
Figure 2. Granulometric curves of fine aggregates
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The almond shell was used as an alternative material with coarse aggregates. The size of the almond shell
was between 50 and 20 mm. The positive aspect of adding an almond shell was the lightweight and the shell
form structure of the almond. Figure 3 shows the almond shell. Gelatin powder was added to concrete to find
the ability to improve compressive strength and the cementious matrix. In this case, the gelatin powder was
melted at 100°C water temperature. Next, normal-temperature water was added to cement. Cio2H151N31039 illus-
trates the chemical properties of gelatin powder as shown in Figure 3, b [24].

Recycled aggregates were added to the concrete mixture to find mechanical properties. In this term, recy-
cled aggregates with sizes between 50 and 20 mm as coarse aggregate were added to the concrete (Figure 4).

a b

Figure 4. Recycled aggregates as the coarse aggregates

In the current study, ten different mixture designs were examined one by one. Table 2 shows the mixture
design. According to earlier research, basalt fibre high-performance concrete (BFHPC) served as an inspiration
for the original concrete® [25].

1 ASTM C109/C109M. Standard test method for comprehensive strength of hydraulic cement mortars. ASTM International,
2009; ASTM C496. Standard test method for splitting tensile strength of cylindrical concrete specimens. ASTM International; 2017;
ACI Committee 544.2R. Measurement of properties of fiber reinforced concrete. Detroit: American Concrete Institute; 1989.
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Table 2
The mixture design of the current study
specimens | Cement | water | o8| ATAN | aggragates | sgaregetes | ponder | plastster
ocC 500 190 450 - - 600 - 10
AS 500 190 360 200 - 600 - 10
AS1 500 259 450 270 - 480 - 10
AS2 550 259 450 225 - 600 - 10
AS3 550 259 540 279 - 720 - 10
GC 500 190 450 - - 600 70 10
GC1 500 210 250 - - 800 105 10
GC2 500 210 - - - 1300 140 10
RC1 450 210 - - 450 600 - 10
RC2 450 210 - - 450 600 140 10

2.2. Experiment methods. The current study investigates the compressive and tensile strengths according
to ASTM C109? and ASTM C496.2 The dimensions of samples for compression, tension, and flexural tests were
10x10x10 cm?®, and 10 (radius)x20 cm?® (Figure 5). The materials were mixed in the laboratory pan mixer at
a steady speed of 48 rpm. The aggregates were mixed for 1-2 minutes, the water was quartered for 1 minute,
and the binders were added and mixed for 2 minutes (Figure 5). Before loading concrete, the frameworks are
polished with oil. The concrete is loading on the frameworks. The cube and cylinder concrete specimens are
molded to water. The cube water molded samples were held at 35°C for 48 hours, while the cylinder water
molded samples were kept at 35 °C for 72 hours. The samples were then cured for 28 days molded with 35 °C
water (Figure 6).

The cube samples were tested in the compression machine (Figure 7). The compressive test is done
according to ASTM C109.* The cube specimens sample was 10x10x10 cm® The loading speed was
600 Kg/second. Refereeing to Figure 8 an analog loading speed check, a cement surface was put under
the cube to load stabile.

Figure 5. Cube (a) and cylinder (b) samples

2 ASTM C109/C109M. Standard test method for comprehensive strength of hydraulic cement mortars. ASTM International; 2009.
3 ASTM C496. Standard test method for splitting tensile strength of cylindrical concrete specimens. ASTM International; 2017.
4 ASTM C109/C109M. Standard test method for comprehensive strength of hydraulic cement mortars. ASTM International; 2009.
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a b

Figure 6. The pan mixture of laboratory (a) and molded concrete samples under water (b)

ALALAAAAAARARRRRRRRRRRRREES
L L L

Figure 7. Cube simples under compression machine Figure 8. Compression machine

The tensile test was established according to ASTM C496.° Furthermore, the cylinder diameter was
10 (radius)x20 cm?®. The loading test speed is shown in Figure 9 as equal to 200 Kg/second. According to the test
method, certain devices must surround the cylinder. The tension machine is loaded on top of the samples,
and finally, the sample is divided into two parts (Figure 10).

The falling mass impact resistance test is in the category of tests that determine the mechanical properties
of concrete. The projectile impact test, Sharpie test, drop weight test, and Hopkinson bar test are consecutive
tests suggested by ACI committee 544 to check the impact behavior of concrete. With the drop weight test de-
vice with repeated blows, the number of blows to create a certain level of rupture is obtained, which is a measure
of the material's energy absorption capacity. This test is performed by dropping a 4.54 kg weight from a height

5 ASTM C496. Standard test method for splitting tensile strength of cylindrical concrete specimens. ASTM International; 2017.
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of 457 mm and repeated blows until certain cracking levels (first cracking and final cracking) continue [25-28].%
This test was carried out on concrete samples with disk dimensions of 15x16.36 cm obtained from concrete
based on blast furnace slag treated at ambient temperatures of 25 and 90 °C at the age of 28 days and also based
on equation (1) The impact energy absorption capacity E was calculated as

E = N(WH), (1)

where N — the number of blows to cause the initial crack; W — the hammer's weight; H — the height of the fall.

Figure 9. Cylinder loading test speed

Figure 10. Tension test:
a — tension test method; b — cylinder simples under compression machine

Concrete's ability to absorb water is one of its most important defenses against the elements and issues
with durability. Concrete has a lower capacity for water absorption, which reduces the likelihood of harmful ions
entering the material and reduces reinforcement corrosion or destruction. According to the ASTM C642 stan-

6 ACI Committee 544.2R. Measurement of properties of fiber reinforced concrete. Detroit: American Concrete Institute; 1989.
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dard,” after 28 days of processing, cubic samples of concrete measuring 100x100x100 mm were first dried
for 72 hours in a heater at 105 °C was measured after this time period and cooling of the samples in the labora-
tory environment. Then the samples were immersed in water. Their wet weight was measured after half
an hour and 24 hours. The water absorption of the samples is calculated within the specified timeframes.
The water absorption equation was determined as

Wy, + Wp
b= 2)
where Wa — water absorption; Wy — saturated weight of the sample; Wp — dry weight of the sample.

After 28 days of processing, cubic samples measuring 150x150x150 mm were placed in the testing ma-
chine following the standard DIN 1048-part 5.2 The samples inside the machine are subjected to a pressure
of 5 atmospheres for 72 hours. After this time, the samples were removed from the machine, broken with a pres-
sure jack, and the depth to which water penetrates the concrete was measured.

3. Results and discussion

3.1. Mechanical properties: compressive strength. Concrete structure behavior in the utility phase is
called compressive strength. The addictive chemical powder, replacement cement with other materials, and cur-
ing environment affect the compressive strength. The concrete with the addition of almond shells was lighter,
and the compressive strength was lower than other types of concrete. Figure 11 shows that the compressive
strength of concrete with additional gelatin powder was better than conventional concrete. The compressive
strength of GC (additional concrete with gelatin powder) was 50.7 MPa for 28 days curing periods, while for
conventional concrete, the compressive strength was 39 MPa. On the other hand, the concrete with almond shells
had less compressive strength than other types. For example, AS has 10.9 MPa compressive strength, and AS1
has 14.6 MPa for 28 days curing periods.

60 -

50 -

40

m 28 Days
14 Days

20 - 7 Days
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10 -

Compressive strength, MPa

C O & D O DD
O ¥ W WSS

Figure 11. The compressive strength of each concrete types

The GC concrete type results show that gelatin powder's curing period is directly related to compressive
strength, and compressive strength will frequently increase with time. Meanwhile, in the compressive strength
experimental test, the concrete with additional almond shells and recycled aggregates showed harsh and sudden
failure. In contrast, the concrete with gelatin powder showed soft failure (Figures 12 and 13). The test results
show that coarse aggregates' compressive strength was better than almond shells and recycled aggregates.

7 ASTM C642. Standard test method for density, absorption, and voids in hardened concrete. ASTM International; 2021. p. 1-3.
8 DIN 1048-part 5. Concrete harden determination of the depth of penetration of water under pressure. 2016.
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Figure 12. The dry weight of each concrete types

Figure 13. The failure mechanism of each concrete type:
a —recycled aggregates; b —almond shell

3.2. Tensile strength. The nature of concrete is brittle and does not allow it to withstand tensile load;
therefore, the tensile strength of concrete is low. The lowest tensile strength was for the AS3 28 days, and
the biggest was for the GC concrete types. According to the results, the GC has maximum tensile strength with
3.7 MPa for 28 days and 2.6 for 14 days curing periods (Figure 14).

3.3. Impact resistance results. According to the results, the GC had the maximum impact resistance rather
than other than samples. The first crack was 11 joules, the second sample was 129 joules, the first crack impact
strength joules was 223.85 joules, and the second impact strength was 2641.43 joules (Tables 3 and 4). The OC
first and ultimate cracks were 9 and 106 joules respectively. Moreover, the first and ultimate crack impact
strength in joules were 183.15 and 2161.17 joules (Figure 15).

3.4. Durability, water absorption and penetration depth. The durability of any structural component in-
cludes the ability to withstand weather conditions, chemical attacks, abrasion, or any other destructive process.
The durability of concretes is determined by their characteristics, such as absorption and water absorption.
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Concrete with more gelatin and recycled aggregates absorbs less water than concrete with more almond
shells, according to the results of the water absorption test. Water penetrates the cube specimens through the sub-
stantial pores of the concrete samples with the addition of bead shells. In contrast, water cannot penetrate
the concrete specimens through the effect of gelatin on cement. According to Figure 16, the GC had the best re-
sults with 0.5%, and AS had the maximum absorption with 2.1%. The RC1, and RC2 had good results, while
RC1 results were better with 0.7% (Figure 16).

Almond shell concrete had the highest porosity; the results indicate that the almond shell concrete series
had the highest penetration depth. These results indicate that the penetration depth is related to concrete pore
percentages (Figure 17).
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Figure 14. The tensile strength of each concrete types
Table 3
First crack impact energy of samples
Sample First crack First crack impact strength, joules
oC 9 183.15
AS 2 46.5021
AS1 3 62.28721
AS2 3 70.81971
AS3 2 50.76834
GC 11 223.85
GC1 5 104.5231
GC2 4 86.60482
RC1 6 125.001
RC2 3 65.27358
Table 4
Ultimate crack impact energy of samples
Sample First crack First crack impact strength, joules
ocC 106 2161.17
AS 26 548.7247
AS1 36 734.9891
AS?2 41 835.6725
AS3 29 599.0665
GC 129 2641.43
GC1 60 1233.372
GC2 50 1021.937
RC1 72 1475.012
RC2 37 770.2283
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Figure 16. Water absorption results of concrete
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Figure 17. Deep of penetration results
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3.5. Microstructure results. The current study applied scanning electron microscopy and energy dispersive
x-ray spectroscopy for all types of samples. Figure 18 displays almond shell concrete SEM. Figure 18 shows the crack
region between the almond shell and concrete (Figure 18, b). In addition, the crystallization of concrete is shown in
Figure 18, d. Cracks and voids between the almond shell and concrete were an important reason for not improving
the compressive strength of concrete. Figure 18, f shows that the crack depth of 10 micrometers and almond shell
and concrete, the crack depth is an important reason for reducing concrete's mechanical and chemical properties.
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Figure 18. The SEM of almond shell concrete
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Figure 19 shows the conventional concrete (OC) SEM results. Figure 19, b shows the voids and crystalli-
zation process (at a 100-micrometre scale). With the focus on one crystal, the type was heterogeneous with
a round shape and round edges (Figure 19, c). The EDXS analysis of the crystal reveals that the value of
unnormalized concentration(Unn) in weight percentage of element silicon, at 26.01 according to Figure 20
and Table 6. After silicon, aluminium and potassium with 9.11 and 4.23 had the maximum percentages of ele-
ment (Table 5, Figure 20).
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Figure 19. The SEM of OC sample
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Figure 20. The EDXS of OC sample
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The EDXS of OC sample

Table 5

Element Unn wt, %

Carbon 0.92

Oxygen 38.03

Sodium 2.47

Aluminium 9.11
Silicon 26.01
Potassium 4.22
Calcium 1.23
Iron 0.77

GEMMAG 100X WD:14.30 mm VEGAN TESCAN
SEMHV: 2000 kv Det SE + BSE 200 ym 1
Date(m/dfy): 03/29/23 Vac: HiVac RAZ'"

- : £ P
SEM MAG: B0 x ‘WD: 35.00 mm C ] VEoANTERCAN
SEMHV:2000k/  Det SE + BSE [
Date(migh): 03128123 Vac: HiVac 1/}

SEM MAG: 500 x WD 14.30 mm Lvwoa st oy | VEGAN TESCAN
SEM HV: 20.00 kv Det SE + BSE {
Date(midly): 03/29/23 Vac: Hivac RAZI n

SEN MAG: 200 WO 14.30 mm T VEGAN TESCAN
SEMHY. 2000kv  Det SE + BSE 1
Date(midh) 03129723 Vac: Hivac rez [l

. P 4
SEMMAG: 200k« WD: 14.27 mm Lot VEGANTESCAN
SEMHV:2000Kkv  Det SE + BSE 1
Date(midhy): 03128123 Vac: HiVac raz [l

SEM MAG. 4.00 kx WD: 11.10 mm VEGAWTESCAN
SEM HV: 20.00 kv Det SE + BSE 7
Date(mid): 03/29/23 Vac: HiVac RAZI n

Figure 21. The SEM of gelatin concrete
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Gelatin concrete had more voids and more crystals than normal concrete (Figure 21, a, b). 500 um SEM re-

sults show that gelatin concrete has many voids on the surface, while normal concrete has fewer. There are two
types of crystals in gelatin concrete: the pointed crystal and the white crystal, and the cubic crystal (Figure 21, b, c).
Cubic crystal contains sharp crystal. The EDXS results show that the sharp crystal contains more calcium and silicon,
while the cubic crystal contains more carbon and magnesium. The chemical properties of conventional concrete
crystals include silicon and gelatin, including carbon and calcium. In fact, the gelatin powder can form C-S-H gel
in the concrete. The sharp crystal has more silicon in C-S-H gel and the cubic crystal has more carbon in C-S-H gel
(Figures 22 and 23, Table 7).
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Figure 22. The EDXS of B place of gelatin concrete
Table 6
The EDXS of A place of gelatin concrete
Element Unn wt, %
Carbon 6.27
Oxygen 40.14
Magnesium 12.38
Aluminum 0.43
Silicon 0.77
Calcium 20.33
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Figure 23. The EDXS of B place of gelatin concrete
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Table 7
The EDXS of A place of gelatin concrete
Element Unn wt [%]
Carbon 2.19
Oxygen 45.12
Magnesium 2.14
Aluminum 1.12
Silicon 6.37
Calcium 26.87

4. Conclusion

The current study investigated the effect of almond shells, gelatin powder, and recycled aggregates on
concrete. According to the results, the gelatin powder had the maximum effect on the concrete's mechanical and
durability properties. The mechanical test, such as compressive and tensile strengths and impact loading re-
sistance, were applied. Water absorption and deep penetration were applied based on chemical resistance.
The main conclusions and relevant suggestions are as follows:

1. GC had the best compressive strength and tensile strength, and the almond shell aggregates lost
the weight of concrete samples.

2. The impact resistance was better for OC and GC. This show that the effect of gelatin powder is on
the impact resistance of concrete.

3. The SEM results show that the crack between the almond shell and concrete was the reason of
the weakness of almond shell concrete.

4. SEM of conventional concrete shows that the crystals are smooth, and EDXS results show silicon in
the chemical properties of concrete.

5. Sharp and cubic crystals of two different types can be seen in gelatin concrete. Gelatin concrete had
more open space than regular concrete, and sharps crystals outnumbered cubes crystals. While the cubic crystal
has more carbon in its C-S-H gel, the sharp crystal has more silicon.
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Mechanical properties of fine-grained carbonate concretes with a complex additive,
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Avrticle history Abstract. The stress-strain properties of fine-grained carbonate concretes, de-
Received: February 17, 2023 spite the fact that they have proven themselves well in various types of construc-
Revised: April 12, 2023 tion, have not been studied to the same extent as the deformation and strength
Accepted: April 21, 2023 properties of traditional heavy concrete. The object of the study is to find ways

to improve the physical and mechanical properties of fine-grained carbonate
concretes by using a mineral complex additive consisting of a finely dispersed
limestone filler and a superplasticizer in the composition of concrete. The rela-

tionship between the ultimate values of strength characteristics (cubic strength)
and crack-initiating stresses and deformations for conventional and carbonate
fine-grained concrete compositions were analyzed. Through the damping mecha-
nism of the cracking process in concrete, due to the joint work of a superplasti-
cizer and a carbonate microdisperse filler a composition of carbonate fine-grained
concrete was obtained, capable of resisting static and dynamic loads, with a dense
structure and increased reliability and durability.
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1. BBeaenue

AKTyallbHOCTh pa3paboTKu KapOOHATHBIX MeIKo3epHUCTHIX O0eToHOB (M3KDB) ¢ moBbImIeHHON TpemuHo-
CTOMKOCTBIO U IPOYHOCTHIO IUKTYETCS pacTyIleil MOTpeOHOCTBIO B CTPOUTENIBHBIX MaTepualiax, KOTopble 00a-
JIAIOT JIOCTATOYHOW CTETEHBIO JIOJTOBEYHOCTH M HAISKHOCTH. AHaimM3 mokaszan [1-8], urto pa3paboTke MomoOHBIX
MaTepHaJIoB yeNIseTcs HeloCTaTOYHO BHUMaHWsA. HecMoTps Ha Hanndwe myOIuKaIui 1o UCCIeI0BaHuI0 (PHU3UKO-
MEXaHHYECKHX XapaKTePUCTUK KapOOHATHBIX OETOHOB, UCIOJIB3YyEMbIX B CTPOUTENIBHBIX KOHCTPYKImsx [1-11],
MaJIOM3Y4YE€HHBIMH OCTAIOTCSl TAKUE CBOMCTBA MEJIKO3EPHHUCTOrO KapOOHATHOTO 0ETOHA, KaK TPEUIMHOCTOMKOCTD
1 1ehOpMaTUBHOCTH, B YCIOBHSIX HHTEHCHUBHBIX 3HAKOIIEPEMEHHBIX W JHHAMHUYECKHX HArpy30K, OCOOEHHO MpPHU
UCIIOJIb30BaHMHU €r0 B KOHCTPYKUMSX, ITOJBEPKEHHBIX MOBBIILICHHOMY TpeIIMHO00pa3oBaHuio 1 u3Hocy. Kpome
TOTO, HECMOTPS Ha BOCTPEOOBAHHOCTH B CTPOUTENILCTBE, B IIEJIOM HEAOCTATOYHO M3y4YeHBI Je)OpMaTHBHEIC Xa-
PaKTEepUCTHKH (TpermMHOoO0Opasyronie nedopMalui 1 HaIpsHKEHHs ) KOMITO3UTOB ¢ MUHEPAITbHBIMH 3aIlOJTHUTE-
Jasmu 1 go6aBKamH, BKITFOYasi HaHopasMepHsie [12—17]. B HacTosimeM ucclie[JOBaHUH OLICHUBAIOTCS U3MEHEHHUS
3HAYECHUH TPEIMHOOOPA3yIOIUX JIeOpMaliii M HANpsHDKEHUH MPH BBEACHUH B COCTAaB OETOHA KOMIUIEKCHON
J00aBKM Ha OCHOBE TOHKOJMCIIEPCHOT'O M3BECTHSIKOBOI'O HAIOJIHMUTEINS U CylepIuiacTu(HUKaTOpa Al COCTaBOB
OOBIYHOTO M KapOOHATHOTO MEJKO3epHUCTOr0o OeroHa. TpemmHooOpasyomye HampspkeHus U aedopmanun
M3KPB onenuBanucey Ajisi pa3NUuHBIX MPONOPIHKA KOMIIOHEHTOB OeToHa. Llesib mcc/ieoBaHMsl COCTOHT B T10-
BBIIICHUN MHACKCOB HANEKHOCTH M JIOJTOBEYHOCTH KOHCTPYKIHH, TOJBEPralOIINXCsl HHTCHCHBHOMY BO3ACH-
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CTBHIO W TPEIIMHOOOPA30BAHMIO, Yepe3 MOAUPHUKAIINIO Te(hOPMATHBHBIX CBOMCTB. I TaBHOM 3amadell Ipu 3TOM
CTaJo CYIIeCTBEHHOE (B CPABHEHHUHU C OOBIYHBIM COCTABOM OETOHA) MOBBIIICHUE YPOBHEH TPEIIMHOOOPA3YIOIINX
nedopMaliiii 1 HanpsHKSHUH P ONITUMAJIBHO MO00PaHHBIX MPOTOPIUAX KOMIIOHEHTOB OETOHA.

2. MeTtoabl Hccae0BaHuA

Pa3paboTan TpemMHOPE3NCTEHTHRIM COCTaB KapOOHATHOTO OeToHa ¢ KoMIUlekcHOH mobaBkoit m3 CII-1
W yIBTPaaUCIIEPCHOTO M3BECTHAKOBOTO Topomika Ha 6aze saramonHoro cocraa M3Kb. I[IpoBeneno cpaBHeHune
MEXaHMYECKHX XapaKTEPUCTHUK pa3paboTaHHBIX KOMIIO3UIMK C To0aBlieHHMEM AaHHOH 100aBKM B pa3IMYHBIX
koMOuHanusX. [lokazano, 4To MOTUGBUITMPOBAHHEIN KOMIUIEKCHOW 100aBKOW OETOH 00yamaer 0ojiee BEICOKUMU
nedhopMaTHBHO-PE3UCTEHTHRIMI CBONCTBaMH, TTOCKOJIBKY oOecredrnBaeT 0oyiee BBICOKUI YPOBEHBb HANPSHKEHUN
n nedopmariuii, COOTBETCTBYIOIIMX Hadaly MHKPOTpeuImHooOpa3oBaHus. llpm 3ToM mpoBepsieTcsi rumoresa
TUTACTUYECKOTO JIEMII(PUPOBAHMS TIPOIIECCa MUKPOTPEIIMHOOOPA30BaHMS, CIIOCOOCTBYIONIETO CHIDKEHHIO Tpe-
MTUTHOOOPA3YIOMHKX AeGopMaIiiii MEIKO3EePHICTOTO KapOOHATHOTO OETOHA.

Metoauka ucciaeI0OBaHUN, TPOBEIEHHBIX B TBEPCKOM TEXHHYECKOM YHUBEPCUTETE, COCTOANA B TOM, YTO
nedopMalii B KOHKPETHBIX YCIIOBHSX UCIBITAHHUM, YPOBHSIX HAMPSDKEHUIN OBUTH ONpPE/IeNICHBI SKCIIEPUMEHTAb-
HO TP Pa3IUYHBIX COOTHOIICHUSX KOMITOHEHTOB. [Ipy 3TOM MPHUTOTOBIEHBI 00pa3LIbl IS UCIIBITAHUN ¢ KOMOU-
HaIusIMu cooTHoreHuid Boga/tiemeHt 0,35; 0,45 U COOTHOIIECHUH H3BECTHSIK/IIEMEHT B COCTaBe BsoKymiero 0;
0,3; 0,5. Bcero mpuroToBiIeHO MIECTh CMECEH, B KAUeCTBE YACTHYHOW 3aMEHBI 1IEMEHTA BBECH YJIbTPAJIHUCIIEPC-
HBII KapOoHaTHBIN nopoiuok. B Boxy nobasnsum cynepmnactugukatop CII-1, paBusiit 1,4 % ot MaccoBoii nonu
BSDKYIIETO. VcIbITaHusl Ha MPOYHOCTH MPU CXKaTUU CTAaHAAPTHBHIX KyOOB IMPOBOIMINCH B COOTBETCTBHUHU C HOP-
MaMH CTaHJapTOB. 3HAYEHUS TPEIINHOOOpa3yomuX Ae(opManry 1 COOTBETCTBYIONIMX UM 3HAUEHHUH HarpsHKe-
HUH ONpeNeNsUINCh ONBITHO Ha oOpasnax ¢ pasmepamu 10x10%10. MonoTeiii B mapoBoil MesbHUIIE KapOOHAT-
HBIM 00H Tociie TMpoceBa MPUMEHSIICSA KaK yIbTPaAUCIIEPCHBI H3BECTHSAKOBBIN HAIIOJHATEIh — YacTh TBEPAOU
(a3sl BspKymiero. Bee 06pasimpl 6eToHa (10 ABa AT KXKIOTO M3 IMIECTH COCTABOB) XPAaHWINCH COTJIACHO yCIIOBHU-
M cTaHgapToB. B Tabin. 1 u 2 mpeacTaBieHbl 3TaJOHHBIE COCTaBbl OOBIYHON M U3BECTHSKOBON MENKO3EpHHCTOM
cMmeceit. B Tabn. 3 mpuBeeHbI BAphUpyEMbIe IPOMOPIIMYA KOMIIOHEHTOB KapOOHATHBIX CMECEH.

HcnpiTaTenbHBIM yCTPOWCTBOM OB THAPABIMYECKUH TpecC.

Tabauya 1
ITaJIOHHBIH COCTAB 00BIYHOI0 MEJIKO3EPHUCTOI0 0eTOHA
KoMmoHeHTBI CocraB, kr/m®
Llement 678
3anoiaHuTeNnb 1483
Bona 286
JHo6agka CII-1 1,8
Table 1
Reference composition of ordinary fine-grained concrete
Components Composition, kg/m?
Cement 678
Aggregate 1483
Water 286
Additive SP-1 1.8
Tabnuya 2
Jrajonnblii coctaB M3KbB (0e3 H3BeCTHAKOBOI0 KOMIIOHEHTA B COCTaBe BSKYIEI0)
KoMnoHeHTBI Kouauuectso Ha 1 M3 cocraBa, Kr
LemenT 696
3anonHUTeNh 1490
Bona 298
Jlo6aska CII-1 2,6
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Table 2
Reference composition of fine-grained carbonate concretes
(without limestone component in the binder composition)
Components Quantity for 1 m® of composition, kg
Cement 696
Aggregate 1490
Water 298
Additive SP-1 2.6
Tabauya 3
IIponopuny KOMIIOHEHTOB /ISl IECTH COCTABOB 110 OTHOLIEHUIO K 0a3oBoMy coctaBy M3Kb
(c HU3MECHCHHEM l'lpOl'lOp].ll/lﬁ HU3BECTHSIK — HIEMEHT B Bfl)l(y].l.leM)
HOMep cocraBa BoaonemMeHTHOE OTHOLLIEHHE OTHOILIIEHHE H3BECTHSKA K HEMEHTY
1 0,46 0
2 0,44 50
3 0,34 0
4 0,36 0
5 0,38 17,8
6 0,42 50
Table 3

The proportions of the components for the six compositions in relation to the base fine-grained carbonate concretes composition
(with a change in the proportions of limestone — cement in the binder)

Composition number Water — cement ratio Limestone to cement ratio
1 0.46 0
2 0.44 50
3 0.34 0
4 0.36 0
5 0.38 17.8
6 0.42 50

3. Pe3yabTaThl

Pe3ympraTel ucnbITaHUN 171 0a30BOTO COCTaBa OOBIYHOTO OETOHA W IMIECTH KOMIIO3UITHN KapOOHATHOTO
MEJIKO3EpHUCTOr0 OeTOHA MpHBECHHI B Tadn. 4. OHU BIOJIHE COTJIACYIOTCS C MPEJICTABICHHBIMU LEISIMHU H 3a-
Jla4aMHu, TEM CaMbIM CBUCTEIBCTBYS O HEKOTOPOM YBEIWYCHUHU MOPOTra TPEUIMHOOOPa30BaHUS KapOOHATHOTO
MEJIKO3epHUCTOTO OETOHA MO CPABHEHHUIO ¢ 0a30BBIM COCTaBOM OOBIYHOTO OETOHA.

Tabnuya 4
CpaBHeHHe 3HAYeHHIT TPeIIMHOO0PA3YIOIIMX HANPSIAKEHHIl U MPOYHOCTH HA cxKaTHe 00bIYHOro 0etoHa n M3Kb
Buna 6eToHa u Homep cocTaBa Tpemunoodpasyomee HanpsixeHue ocrc, MIIa | Ilpounocts Ha cxkatue R, MIla

OOBIYHEII OETOH 31,2 48,1

1 34,4 441

2 23,3 27,8

Coctasst M3Kb 3 24,2 350

4 34,1 41,2

5 40,1 46,8

6 30,3 37,3
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Table 4
Comparison of the values of cracking stresses and compressive strength
of ordinary concrete and fine-grained carbonate concretes
Type of concrete and composition number Crack-forming stress 6cre, MPa Compressivestrength R, MPa
Ordinary concrete 31.2 48.1
1 34.4 44.1
2 23.3 27.8
Fine-grained carbonate concretes 3 24.2 35.6
compositions 4 34.1 41.2
5 40.1 46.8
6 30.3 37.3

PucyHok moaTBepraaeT THUIOTE3y IMOBHIIMICHHS Topora TpemuHooOpasoBanus M3Kb npu yBenwmueHnn
3HAYEHHUH COOTBETCTBYIOIIMX IMApaMETPOB, TPEIMHOOOpa3yIonmx nedopMaliuii 1 HalpsHDKeHUH. JTO coriacyercs
C MEXaHM3MOM IUTACTHYECKOTO JeMI(upoBaHus mpouecca MUKpoTpemnHooopazoBanuss M3Kb u Bepuduuupy-
€T TUI0Te3y 00pa30BaHUs PA3HOYPOBHEBHIX MHUKPOILIACTHYECKUX IIEHTPOB BHYTPH TBEPJCIOIICH MaTPHIIBI Kap-
OoHaTHOTO KOMITO3uTa. [IOBBIIIEHNIO TPAaHUIIBI TPEIIMHOOOPA30BAHMSI B 3HAUUTEIHHON CTENEHH CIIOCOOCTBYIOT
COOTHOIIICHHE KOMIIOHCHTOB MaTPHYHON YacTH KOMIIO3UTA M 3aIlOJTHSIONICH, TOHKOCTH MOMOJIa KapOOHATHOTO
HATIOJHUTENS U MPOIEHTHOE COoIep KaHne CyTepracTuGuuupyromei 100aBKy.

80
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=< ~
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M3BeCTHIKOBBIN HaIOJIHUTCIIb, % OT Macchl OeMECHTa
Limestone filler, % by weight of cement

[IpouHoCTh NpH CxkatHu (kpusas 1) U HANPSHKEHUSI IPH 0Opa3oBaHUK TPEILUH (kpusas 2)
B 3aBUCUMOCTH OT COAECPKAaHUA U3BECTHAKOBOT'O HAIIOJIHUTEIIA B Kap60HaTHOM MEJIKO3CPHUCTOM 0OeTOHOM
Compressive strength (curve 1) and cracking stresses (curve 2)
depending on the content of limestone filler in carbonate fine-grained concrete

Takum 00pa3oM, pe3yIbTaThl MOATBEPKAAI0T MEXaHU3M JIeMII(UPOBAHMS TPEIIMHOOOpa30BaHus B KapOo-
HAaTHOM MOHOJIUTE TI0 TTOBHITIICHHBIM 10 CPABHEHHUIO C ATAJIOHHBIM COCTABOM 3HAUCHHUSM TPEITHHOOOPA3YIOIIIX
HaNpsOKEHUH U aedopmariuii. M3BeCTHIKOBBIN HANIOJHUTENb JCHCTBYET CUHTYJIIPHO C CYyIEpILiacTu(GUKATOpOM
Y UTPAET POJIb MUKPOILIACTUYECKUX HEHTPOB — MUKPOIIAPHUPOB, TACAIINUX YIIPYTYIO SHEPTUIO TPEUIMHOOOpa30-
BaHMS Ha MHUKPOYpPOBHE. B cpaBHeHHMH ¢ JpyTHMH paboTaMH TOMYyYEHBI Pe3ybTaThl, CBUICTEIHCTBYIOIINE
0 OoJice 3HAYMTENHFHOM YracaHWM JaHHOW YIPYro# SHEPTUU TPEIMHOOOpAa30BaHUs AJsl KApOOHATHOTO MEIKO-
3€pHUCTOrO KOMIIO3UTA.

4. 3akaouyenue

OmnpeneneHo COOTHOUIEHHWE OCHOBHBIX KOMIIOHEHTOB O€TOHA, BKJIIOYas KOMIUIEKCHYIO 100aBKy, COAEp-
JKAIYI0 MUKPOAUCIIEPCHYIO YacTh — KapOOHATHBIH MOPOLIOK U CYyNepILIacTU(GHUKATOP, IIPH KOTOPOM JTIOCTUTHYTO
3aMETHOE IMOBBILICHHE 1e(OPMATUBHBIX XapaKTEPUCTUK KapOoHaTHOTO OetoHa. [Ipu 3TOM peannzoBaH MeTon,
OIMCAHHBIN B HaYaJle UCCIIEIOBAHUS, — CPAaBHEHNE MAKCHMAJIBHOTO IIOPOTa TPeInHOo0pa3oBaHus sl 0a30BOro
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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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