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Calculation of the formation of normal cracks in a reinforced concrete element
based on the deformation theory of plasticity of concrete by G.A. Geniev
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Article history Abstract. The authors present a refined method of determining the moment of
Received: October 7, 2022 cracking in reinforced concrete bar constructions using the diagram of defor-
Revised: December 21, 2022 mation of concrete built on the basis of the deformation theory of plasticity
Accepted: December 25, 2022 by G.A. Geniev in which the stress and strain invariants of concrete are linked

by nonlinear dependences. In the resulting defining equations, the hypothesis of
flat sections, as well as the premise of reaching the limit values of concrete de-
formations on the stretched fibers of the cross-section are used. Stresses in con-
crete are determined through deformation values in accordance with the nonline-
ar deformation diagram of concrete. On the basis of the assumptions accepted,
analytical dependences for determining the moment of cracking in the sections
of bending elements with single and double reinforcement have been acquired.
The formulas obtained were used in the analysis of various factors influence on
crack resistance of bendable reinforced concrete elements. It was found out that
the moment of crack formation practically does not change when percentage

of reinforcement of longitudinal tensile or compressed reinforcement changes.
The most effective method of crack resistance improvement is the increase of
concrete strength. The proposed methodology is verified by comparison with
experimental results on reinforced concrete prototypes. It is concluded that
the use of the diagram of nonlinear deformation of concrete on the basis of
the theory of plasticity by G.A. Geniev allows to estimate more strictly the crack
resistance of reinforced concrete rod elements.
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Hcropus cratbn AnHoTauus. [IpeacrasieHa yTouHeHHas METOIMKA ONPEeTICHUsI MOMEHTA Tpe-
[Mocrymnuna B penakuuto: 7 okrsiops 2022 r. LIMHOOOPa30BaHUsl B HKEJIE300€TOHHBIX CTEPKHEBBIX KOHCTPYKIMSIX C UCTIOJIB30BAaHHU-
Jopaborana: 21 nexa0ps 2022 r. €M JMarpammsl JieopMUpoBaHUs OETOHA, MOCTPOCHHOW Ha OCHOBE Je(hOpMAIIHOH-
IMpunsra k mybnaukamuu: 25 nexadbps 2022 r. HO Teopuu mnactuuHocTy I'.A. I'eHueBa, B KOTOPOH HHBApHAHTh! HAIPSKEHHOTO

1 1eOPMUPOBAHHOTO COCTOSTHHSI OETOHA CBSI3aHBI MEKAY COOOH HENMHEHHBIMU
3aBUCUMOCTAMU. B IONyuYeHHBIX ONPENENAIONUX YPABHEHUAX HCIIOJIb30BaHbI
THIOTE3a INIOCKHUX CEYEHHUH, a TAkoKe MPEIIOChUIKA O JOCTHXEHUHU Ha PACTIHYTHIX
BOJIOKHAX TONEPEYHOr0 CEYCHHUs NMpEIeNIbHbIX 3HaueHHW nedopmanuii 6eToHa.
Hamnpspxenust B 6eTOHE ONpeersiFoTes Yepe3 3HaueHns aeopMannii B COOTBET-
CTBUU ¢ HEIMHEHHOH nuarpaMMoii nedopmupoBanus 6erona. Ha ocHoBe npuHs-
TBIX TPEIIOCHUIOK TOJNyYeHbl aHATUTHYECKHE 3aBUCHMOCTH JUIS OIpENeIICHUS
MOMCHTA TpCHLI/IHOO6pa3OBaHI/Iﬂ B CEUYEHHSAX M3rM0aeMbIX DJIEMEHTOB C BapuaHTaMH
OJMHOYHOTO W JBOWHOTO apMmupoBaHus. [loxyueHHBIE (HOPMYIBI IPHUMEHSIINCH
IpY aHaJIM3€ BIWSIHUA PA3IMYHBIX (PAKTOPOB HA TPELIMHOCTOMKOCTH U3rHOaeMbIX
JKeJIe300€TOHHBIX 3JIEMEHTOB. Y CTAaHOBJICHO, YTO IPH M3MEHEHUH IIPOLIEHTa ap-

st UMTHPOBAHUSE MUPOBaHUS IPOJIOJILHOM PACTSHYTOM MM CXKATOI apMaTypbl MOMEHT 00pa30BaHUs
Vu N.T. Fedorova N.V. Calculation of TPEIIUH MpaKkTHIecKu He Mensercs. Hambonee apdhexTHBHBIM METOIOM IOBHI-
IIEHUSI TPEIIMHOCTOMKOCTH SIBJISCTCSl YBEIMUYEHUEe NpoyHOoCcTH OeToHa. IIpenso-
JKEHHAasi METOJIMKa BepU(UIMPOBaHA CPaBHEHHEM C IKCIIEPUMEHTAIBHBIMU pe-
3yJIbTaTaMH Ha )KeJIe300€TOHHBIX ONBITHBIX 0Opa3uax. CienaH BbIBOJ O TOM, YTO
WCIIONIb30BAHNE HAarPaMMbl HETMHEHHOTO 1e(OpMUpOBaHUs OETOHA HA OCHOBE
teopun mwiactudHocty [.A. ['enreBa mo3Bossiet 0oJee CTPOro OLEHUThH TPEIHHO-

the formation of normal cracks in a rein-
forced concrete element based on the de-
formation theory of plasticity of concrete
by G.A. Geniev // CtpourenbHas MeXaHU-
Ka HHXXEHEPHBIX KOHCTPYKIHH H COOpY-

semmii. 2023, T. 19. No 1. C. 3-16. CTOHKOCTB KeJIe300€TOHHBIX CTEPIKHEBBIX JICMEHTOB.
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19-1-3-16 nehopmanuu, xKeae300eTOHHbIE KOHCTPYKIUH, MOMEHT TPEUIMHOOOPa30BaHHUs
Introduction

It is known that in reinforced concrete structures under the action of loads and impacts, the formation of
cracks is allowed due to partial or complete removal of the stretched concrete zone from the work [1-4].
The work of many scientists, such as V.I. Murashev [5], A.A. Gvozdev [6], A.S. Zalesov [7], V.N. Baikov [8],
N.I. Karpenko [9], E.N. Kodysh [10], N.N. Trekin [11], V.A. Eryshev [12; 13], VLI. Kolchunov [14],
A.G. Tamrazyan et al. [15] was devoted to the solution of this problem in different periods of time. A number
of methods has been developed for determining the moment of crack formation, and successfully implemented
in regulatory documents of different generations. Nevertheless, accurate prediction of the crack formation pro-
cess has not lost its relevance and is important for improving the design of safe reinforced concrete structures,
and in some cases it is critical and excludes the possibility of their further operation (for example, waterproof
structures, structures operated in ground water, reservoirs, silos, coating shells [16—18], etc. ). The accurate de-
termination of the moment of crack formation for structures made of high-strength reinforced concrete and fiber
reinforced concrete is of particular importance [19-22]. As shown in [23] the range of deformation to failure
is relatively short and does not exceed 25-30% in such structures after the formation of cracks. Such studies
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are also relevant for conventional mass-designed structures, since the formation of cracks entails a significant
change in the parameters of the limit states of the second group — stiffness, crack opening, which in many cases
become decisive when assigning reinforcement and the level of prestressing. In this regard, studies aimed at cla-
rifying the level of load at which cracks form in the structure continue to be relevant

In the previous Russian Construction Standards and Regulations (SNiP) 2.03.01-84*! the structural model
for determining the force perceived by the cross-sections of the bending elements normal to the longitudinal axis
during the formation of cracks was built on the basis of the following provisions. The hypothesis of flat sections
(Bernoulli's hypothesis) is adopted when the calculated section is deformed. It was assumed that at the moment
of cracking, the relative deformation of the extreme stretched fiber of concrete reaches a maximum value equal
to 2R, ../ E,, and the stress in tensile concrete, regardless of its deformations, was assumed to be constant and

equal to the tensile strength of concrete Ry sr. The stresses in the concrete at the compressed zone are determined
taking into account the elastic deformations of the concrete, i.e. the stress diagram in the compressed zone has
a triangular shape (Figure 1, a). According to the accepted provisions, the moment perceived by the section
normal to the longitudinal axis of the element during the formation of a crack is determined by the formula:
Mcrc = Rbt,seerl' (1)
The concept of elastic-plastic moment of resistance is introduced in order to take into account plastic de-
formations of tensile concrete Wj:

. 2(1,, +al, +al,) ... )

1
P h—x
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Figure 1. Schemes of the stress diagram in the cross section of the element
when calculating it according to the formation of cracks normal to the longitudinal axis of the element:
a — according to SNiP 2.03.01.84*; b — according to SP 63.13330.2018>

In the new code of rules currently in force SP 63.13330.2018, in contrast to SNiP 2.03.01.84*, some ex-
cellent starting points for constructing a calculation model are adopted: the stress diagram in the tensile zone of
concrete takes a trapezoidal shape with stresses not exceeding the design values of concrete resistance stretching
Ruiser; the relative deformation of the extreme stretched fiber of concrete is taken equal to its limit value
€y = 0,00015 (Figure 1, D).

From the point of view of the theory of elasticity, the above approaches for determining the moment of
cracking in the cross section of reinforced concrete elements violate the generalized Hooke's law for con-
crete [24]. It has also been proved by experimental data that the actual diagram of concrete stresses in the tensile
and compressed zone differs from the accepted one and has a curvilinear shape even with a low level of
loading [25-30]. Therefore, such approaches, described in domestic standards in order to simplify the calculation

"' SNiP 2.03.01.84*. Concrete and reinforced concrete structures. Moscow: USSR Gosstroi Publ.; 1989. 84 p. (In Russ.)
2 SP 63.13330.2018. Concrete and reinforced concrete structures. Main provisions. Moscow: Ministry of Construction and Hous-
ing and Communal Services of the Russian Federation; 2018. 124 p. (In Russ.)
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apparatus, are conditional. In this regard, it is of interest to quantify the noted assumptions and develop a variant
of a more rigorous calculation model, taking into account the plastic deformations of concrete to determine
the limiting force perceived by the sections of bending elements normal to the longitudinal axis during the for-
mation of cracks. The solution of the problem under consideration in this paper is based on the deformation theo-
ry of plasticity of concrete by G.A. Geniev.

Method

The stress-strain state of a bent reinforced concrete element before the formation of cracks will be deter-
mined based on the following assumptions:

1. Sections remain flat during bending, i.e. deformations along the height of the element change according
to a linear law [31].

2. The stresses in the concrete of the compressed and tensile zones are determined taking into account the
inelastic deformations described by the deformation theory of plasticity of concrete by G.A. Geniev [32; 33].

3. The condition for the formation of a crack in the section is the equality of the limiting deformations on

the stretched side of concrete to the value of the limiting tensile strength of concrete €, -

4. Stresses in tensile reinforcement are taken depending on the relative deformations as for an elastic body.
In accordance with the adopted second hypothesis, the invariants of the stressed and deformed state of
concrete are interconnected by nonlinear dependencies:

r
T—%(PEFJR 3)

where the initial shear modulus Gy is determined by the formula

__E
%_2u+@’ @

I, I's — intensity of shear deformations and its limiting value respectively.

To determine the moment of formation of normal cracks, consider the case of pure bending of a reinforced
concrete rod, for which only normal stresses occur in the cross section. In this case, we have the following
boundary conditions: 6, #0, ©, =0;,.

Let us express the intensity of concrete shear deformations and its limiting value in terms of the main
deformations:

= \/g\/(sl —g, )2 +(e, —83)2 +(eg;—¢, )2 = \/g\/(gl -V, )2 +(ve, —ve, )2 +(ve, —¢, )2 :%(l—v)gl; (5)
r, =%(1—v)sl,uh- (6)

Let us express in (1) the intensity of shear stresses, the square of which is numerically equal to the second
invariant of the stress deviator:

1

T:%\/(Gl—02)2+(02—03)2+(03—01)2 :%\/(01_0)2+(0_0)2+(0_61)2 :ﬁcl' (7)

Putting formulas (4)—(7) in (3) we get a nonlinear relationship between the main stress and the main de-
formation of concrete € in cross section with pure bending:
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€

c,=E|1- €. (8)

81 Lult

Formula (8) for compressed and tensile concrete can be written as

€
o,(e,)=E,|1- : €45 )
b,ult
t4
Oy (8y) = E, | 1-——2— |&,,. (10)
bt,ult

Here, the ultimate strains of concrete in tension and compression are determined by the formulas

2 Rb ser
Epult = — (11)
Eb
Rb ser
Bunan =25 (12)
b

In accordance with the accepted third and fourth prerequisites for calculating the stress and strain dia-
grams in the cross section of a reinforced concrete element, they have the form shown in Figure 2.

1-1

% £
% "

9 EaN

AV & bt ult

Figure 2. The adopted scheme for the distribution of strains and stresses
in the section of the element when determining the moment of cracking

Using the accepted first premise, we determine the deformation of compressed concrete at a distance xb
from the neutral axis:

Xy

g, =—2—
b
h—x

Eptult- (13)

Similarly, we determine the deformation of tensile concrete at a distance xy: from the neutral axis:

Xy

14
Ep = h——tx Eptult- (14)
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Using formulas (11) and (13) into formula (9), we obtain the dependence of the stress of compressed con-
crete on xp:

Rbt,serxb |:2Rh,ser (h - )C) - Rbt,serxb:l
R (h - x)2 .

b,ser

o,(x,) =

(15)

Similarly, putting (12) and (14) into formula (10), we obtain the stress of tensile concrete, depending on x;:

Rbt,serxbt |:2 (h - 'x) - xbt :|
(h=x) |

Oy (X ) = (16)

We also determine the deformations of tensioned and compressed reinforcement from the first premise
about flat sections:

. _h—x—as8 2Ry h—x-a, 1

s h—x bt,ult Eb h—x s ( )
X—CZS/ 2]abtser x_ag

£, = = —— (18)

sc h—x 8bt,uh_ Eb h_x'
From the condition that the sum of the projections of all longitudinal forces is equal to zero, we obtain
the following expression:

h—

2X=0,Eg A+ I Ot (xbt)bd(xbt) :J.Gb (xh)bd(xh)+E e, (19)
0

s7sct st
0

Using formulas (15)—(18) into formula (19) we get

(1+B)bx’ +3| 20( 4, + 4 ) +bh | x> +6[ o 40, — Al )—ah(24,+ 4))=bi* |x+

“2h{bh* +30[ 4, (h—a,)+ Ala, ]} =0, 20)

here,

E Rbt ser
o=—; p=——.
£, p 2 1)

b,ser

From the solution of the cubic equation (20), the height of the compressed zone of the section is deter-
mined. After that, we can determine the moment of internal forces relative to the zero line. It will be equal to
the external moment:

h—x x
M, =E¢g A (h—x—as)+ J Oy, (xbt)bxbtd(xbt)+Jcb (xb)bxbd(xb)+EssscA; (x—ai). (22)
0 0

Being used in formula (22) the found formulas for stresses in concrete and deformations in reinforcement,
we obtain:
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— 2’(x‘]stt,ser + SSbtRbt,ser + BJ[J I:SR[LSGT (h —X) _3Rbt,serx:| + 2(x‘]\/R

bt,ser
Ccrc - 9 23
h—x 6 4(h—x)2 h—x 23)
rae
JszAs(h—x—aS)2 (24)
moment of inertia of tensile reinforcement to the neutral axis;
2
b(h—x
S, = u (25)
2
static moment of tensioned concrete to the neutral axis;
bx’
J, = (26)
3
moment of inertia of compressed concrete to the neutral axis;
J =4 (x-a) 27)

moment of inertia of compressed reinforcement to the neutral axis.
. . . . : I _ -
Let us consider a special case of a single reinforcement. In this case, when A, =a, =0, the equation

for determining the height of the compressed zone takes the form
(1+B)bx* +3(2ad, +bh)x* +6] ad, (a,~2h)~bh* |x+2h[ bh* +3ad,(h-a,)]=0. (28)

The moment of cracking is determined by the expression:

— Z(X‘JSRbt,scr + 5Sbt]zbt,scr + BJb |:8Rb,50r (h B .X) B 3Rbts5°rx:|
cre h—x 6 4(h _ _x)2 .

(29)

Results and discussion

According to the obtained calculated dependences, the calculation of the moment of crack formation in
a reinforced concrete bending element of a rectangular section with section dimensions: height # = 200 mm,
width b = 100 mm was performed. A short load action was considered. A500 class reinforcement with modulus

of elasticity is adopted E, =2-10° MPa. At the same time, the percentage of reinforcement of the longitudinal
tensile reinforcement varied p = A4 /bh from 0,2 to 4%, percentage of reinforcement of longitudinal compres-

sion reinforcement p| = 4’/ bh ot 0,2 1o 4%, and the class of concrete varied from B10 to B100.

By analyzing the results of the calculation, it was established (Figure 3) that with an increase in the per-
centage of reinforcement L, by 20 times, the value of the height of the compressed zone of concrete x slightly
increases by 1.18 times when calculated according to the calculated dependencies SP 63.13330.2018 and
by 1.13 times when calculated using formula (20). In this case, the relationship between them is linear (Figure 3, a).
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Figure 3. Influence of the percentage of reinforcement of longitudinal tension reinforcement:
a — on the height of the compressed zone of concrete; b — maximum stress in compressed concrete 6, max; ¢ — moment of cracking;

according to the proposed method; —®~ according to SP 63.13330.2018

A similar linear relationship is observed between the percentage of reinforcement with longitudinal tensile
reinforcement and the stress in the upper compressed fiber of concrete (Figure 3, »). Quantitative maximum
compressive stress 6, max slightly depends on i .

Insignificant changes are observed in the quantitative values of the moment of cracking in the considered
reinforced concrete element M. at different values of reinforcement percentage g . With an increase in
the percentage of reinforcement g by 20 times moment of cracking, perceived by the section, calculated
according to SP 63.13330.2018, increases by 1.45 times, and calculated by the method under consideration —
by 1.66 times. An analysis of the influence of the percentage of reinforcement with longitudinal compressed re-
inforcement was also carried out 1 on the stressed state of the reinforced concrete section at the time of crack
formation (Figure 4). It has been established that the height of the compressed zone of concrete x decreases with
an increase in the percentage of reinforcement W (see Figure 4, a), but this decrease is insignificant and when
calculating according to SP 63.1330.2018 and when calculated by formula (18) equals to 1.17 times. The maxi-
mum stress in the concrete of the compressed zone is practically independent of the percentage of reinforcement
Us (see Figure 4, b). In this case, the moment of cracking, determined according to SP 63.1330.2018, increases
by 3.6 times. The value of this moment, calculated by the above method, does not change (Figure 4, c¢).
The independence of the value of the moment of cracking from the percentage of reinforcement by longitudinal
compressive reinforcement can be explained as follows. As the percentage of reinforcement increases g from
the equilibrium equation in the direction of the normal to the cross section (see Figure 2), the height of
the compression zone will decrease. In this case, an additional compressive force occurs in the concrete com-
pression zone, caused by the compressed reinforcement. Therefore, the value of the moment of cracking, calcu-
lated by integrating the compressive stress in concrete and reinforcement over the area of the compressed
zone, will practically not change.
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Figure 4. Influence of the percentage of reinforcement of longitudinal compression reinforcement:
a — on the height of the compressed zone of concrete x; b — maximum stress in compressed concrete os.mx; ¢ — moment of cracking M,,.;

according to the proposed method; —®~ according to SP 63.13330.2018

Analysis of the change in the height of the compressed zone of concrete, the maximum compressive
stress in concrete, as well as the moment of cracking, depending on the class of concrete used, showed the fol-
lowing (Figure 5). The height of the compressed zone of the section of the element, calculated according to
SP 63.13330.2018 and according to the proposed method, does not depend on the value of the concrete class
(Figure 5, a)

The value of the maximum compressive stress in concrete 6,max When changing the class of concrete,
it increases significantly according to the proposed method, and when calculating according to SP 63.13330.2018
this value is practically unchanged (Figure 5, b).

The values of the moments of cracking in the calculation for SP 63.13330.2018 and according to the pro-
posed method, depending on the class of concrete, they change significantly (Figure 5, c). t can be seen from
the graphs that with a 10-fold increase in the class of concrete, the moment of cracking increases when calculat-
ing according to SP 63.13330.2018 by 3,93 times and when calculating according to the proposed method —
3.95 times.

Investigating the dependence of the cracking moment on the above factors, we can conclude that rein-
forcement does not play a significant role in improving the crack resistance of reinforced concrete structures.
The most effective way to increase the crack resistance of reinforced concrete elements is to increase the class
of concrete used. The difference between the moments of cracking, calculated according to SP 63.13330.2018
and according to the proposed method, depending on various factors, varies from 9.3 to 16.7%.

To assess the degree of reliability of the obtained dependences, a numerical comparison was made of
the results of calculating the fracture toughness moment calculated by the proposed method with the experi-
mental data of VI.I. Kolchunov, Al-Hashimi Omar [34], obtained using modern tools, which allowed a more de-
tailed and accurate study of the process of crack formation in reinforced concrete structures. The results of
a comparison of experimental data on the moment of crack formation, calculation data obtained by formula (23),
and according to the method of SP 63.13330.2018 for beams with a section of 100x250 mm, with a total length
of 1200 mm, supported on two supports and loaded with concentrated loads, from ordinary and lightweight con-
crete are presented in Table.
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Figure 5. Influence of concrete class:
a — on the height of the compressed zone of concrete; b — maximum stress in compressed concrete; ¢ — moment of cracking;
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As follows from the table, the calculated value of the moment of crack formation according to SP 63.13330.2018
turned out to be significantly underestimated compared to the experimental values by an average of 30%
for beam structures made of lightweight autoclaved cellular concrete and by 22.5% for beams made of heavy
concrete. When calculating according to the proposed method, the agreement between the calculated and exper-
imental average values of the moment of crack formation is closer.

Calculation results of the cracking moment in bending elements

Construction . Load of first crack M3 M :rl: M,
d Concrete Reinforcement f tion. k
code ormation, kg kH'm | kH'm | Asp,% | kH'm | A, %
Heavy concrete B25:
B2-1-2 Ry =23 MPa, R421308gﬁga 2400 4.8 3.6 25.1 3.9 16.8
E»=25330 MPa g
Heavy concrete B25:
b5-1-2 Ry =23 MPa, R421308§ﬁga 2300 4.6 3.6 20.3 3.9 15.6
E»=25330 MPa !
Autoclaved
ba-4 cellular concrete Rzgg 01?)2131%21 1150 2.3 1.6 30 1.8 20.1
Ry, =3.5 MPa y

Note: M>P , M

SP
cre

, M ! —the moment of fracturing, respectively experimental, by SP 63.13330.2018 and the proposed method;

A, — the discrepancy between the experimental data and the results of calculations by SP 63.13330.2018; A, — the same and the calcu-

lation results in accordance with the received formula (23).

From this we can conclude that the use in the calculation of the diagram and analytical dependences of
the nonlinear deformation of concrete, obtained on the basis of the theory of plasticity by G.A. Geniev, allows
a more rigorous assessment of the crack resistance of bent reinforced concrete elements.

12

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



By H.T., ®edoposa H.B. CtpontensHas MexaHuka UHXeHepHbIX KOHCTPYKLUMA 1 coopyxeHuit. 2023. T. 19. Ne 1. C. 3-16

Conclusion

1. An alternative variation of the calculation model was proposed and analytical dependencies were ob-
tained to determine the moment of crack formation in a reinforced concrete bending element reinforced with
double reinforcement based on the deformation theory of plasticity of concrete by G.A. Geniev.

2. The numerical analysis of the influence of the percentage of reinforcement of longitudinal tensioned
and compressed reinforcement and the class of concrete on the moment of cracking in reinforced concrete
bending elements showed the different influence of these factors when using the SP 63.13330.2018 method
for calculation and the dependences of the proposed version of the calculation model. The quantitative values of
the moment of cracking when calculated according to the proposed formulas with Integrals are higher from
9.3 to 16.7% compared to the calculation according to SP 63.13330.2018. At the same time, the calculated
values obtained by the proposed method are closer to the values of the cracking moment obtained experimentally
for beams made of heavy and light concretes.
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Article history Abstract. The authors present the results of a modal analysis of finite element
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Revised: November 28, 2022 chanical system. During the numerical study, the following spatial models are
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soil base. The purpose of the study is to compare the results of a modal analysis
of the design of a large-span building with different boundary conditions, physi-
cal and mechanical properties of the soil base. Modal analysis of a large-span
building with a cylindrical-and-slab roof was carried out using the Femap NX
Nastran CAE-class software package implementing the finite element method.
The authors compare the frequencies and modes of natural oscillations of
the construction of spatial models obtained on models of types 1 and 2 of the large-

span building with a cylindrical-and-slab roof. As a result of the modal analysis
of model 2, the influence of the physical and mechanical properties of the soil
base on the characteristics of the structure's own oscillation was revealed.
In the prospect, it is proposed to conduct a dynamic analysis of a large-span
building with a cylindrical-and-slab roof for seismic effects.
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Beenenne

BonbmenponerHsie 3aanus ¢ nuauHAPO-IUTHRIME (L{[1) 1 muaIuHAPO-TUIMTHO-BAHTOBBIMU TTOKPBITUIMHU
OTJINYAIOTCS HETOBTOPUMOH apXUTEKTYPOil M CIIOKHBIMU KOHCTPYKTHBHBIMHU pemternsamu’ [1-12], 4To mo3BomsieT
OTHECTH UX K KaTETOPUM YHUKAJIbHBIX. PacueTbl KOHCTPYKUUI 34aHUM yKa3aHHOIO TUIIA HA IPOYHOCTb, YCTOM-
YHBOCTh M BHOpAIMIO TPEOYIOT CEPbE3HOTO IMOJX0/a K MOCTPOCHHI0 pacueTHOW moxaenu. [locnemuss momkHa
C JIOCTATOYHOH TOYHOCTBHIO U IOJIHOTOM OTpaXKaTh XapaKTEPUCTHKU HANPSKEHHO-Ie()OPMUPOBAHHOTO COCTOSI-
ausa (HJC) u ocoOeHHOCTH JMHAMUKY TTOBEACHHS PEATbHOTO 00BEKTa MO JEHCTBHEM IKCIUTYaTaIlMOHHBIX Ha-
TPpy30K. YKa3aHHbIM TPeOOBaHUSM B HAWOOJBIICH Mepe YIOBICTBOPSICT MPOCTPAHCTBEHHAs KOMOWHUPOBaH-
Hasi KOHEYHO-3JIEMEHTHAs MOJIEb MEXaHUYeCKON CHCTEMBI «3llaHhe — (DyHIaMeHT — jKecTkas 3aaenka» [13].
YKka3aHHbIE MOJENH CBSI3aHBI C TOCTPOCHHEM W PEUICHHEM CHUCTEMBI pa3pellaloniixX ypaBHEHHH JOCTATOYHO
GompIioro mopsiaka. OgHAKO MPUMEPHI UX YCIICITHOTO PEIISHUS MHOTOYHUCIICHHHI [ 14—34], 9TO CBUIETENHCTBYET
0 3HAYUTENBHBIX JIOCTHKCHUSX COBPEMEHHON MH(POPMATHKH M BBIYUCIUTEILHOW MEXaHUKH. BmecTe ¢ Tem mpu-
OpHUTET B MPAKTUYECKOM HCIOJIH30BAHUU JOJKEH OBITh OTIaH MOMEISAM, IPU MOCTPOSHUH KOTOPHIX BHIITOIHS-
I0TCsI 11eNiecoo0pasHble M JOMYyCTHMBIE YIIPOIICHHS. B paccMarpuBaeMoM cilydae pedb UIET O PACUETHBIX CXeMax
3llaHUI, B KOTOPBIX OMOPHBEIC TOJ3EMHBIC KOHCTPYKIMHU XapaKTEePHU3YIOTCsS aOCOIMIOTHOW JKECTKOCThIO. BBon
JKECTKOW 3aJIENIKM OMOPHBIX KOHCTPYKIUH B TIOCKOCTH TPYHTa CYIIECTBEHHO COKpPAIAET MOPSIOK pa3peliaro-

Elvira R. Kuzhakhmetova, engineer, senior lecturer, Reinforced Concrete Structures and Masonry Structures Department, Institute of Industrial and Civil
Engineering, Moscow State University of Civil Engineering (National Research University, 26 Yaroslavskoye Shosse, Moscow, 129377, Russian Federa-
tion; ORCID: 0000-0002-0907-786X, Researcher ID: AAC-3301-2022, eLIBRARY SPIN-code: 1949-1140; elja_09@bk

Valerii 1. Sutyrin, Doctor of Technical Sciences, Professor, Head of the Institute of Engineering and Technology, Immanuel Kant Baltic Federal University,
14 Aleksandra Nevskogo St, Kaliningrad, 236041, Russian Federation; ORCID: 0000-0002-4911-8515, eLIBRARY SPIN-code: 7194-7481; vsutyrin@mail.ru

! Tlarent P® Ne 2740506. BonbluenposieTHOE 31aHHE C KyNOJIbHO-IUIATHO-BAHTOBBIM TOKphITHEM / Kyxkaxmerosa D.P. 2021.
Bron. Ne 2 — 7c. [latent P Ne2705689 PD. Mertammdeckast ornopa Ajs KPeIUIeHUsI Hepa3pe3HOro BaHTa B BHCSYHUX MOKPBITUAX 3TaHHHA
(coopyxenmnii) / Kyxxaxmerosa O.P., Cyreipun B.J. 2019. Bron.Ne 32. — 7 c.

18 ANALYSIS AND DESIGN OF BUILDING STRUCTURES


https://orcid.org/0000-0002-0907-786X
https://orcid.org/0000-0002-4911-8515

Kyxaxmemosa 3.P., CymbipuH B.M. CTpouTenbHas MexaHuka MHXEHepHbIX KOHCTPYKUMI u coopyxennin. 2023. T. 19. Ne 1. C. 17-34

el CUCTeMBI YpaBHEHUI KOHEYHO-3JIEMEHTHOW MOJIENH, YMEHBIIAeT TPYJOEMKOCTh U 00IIee BpeMs MHOTOBa-
PUAHTHOTO pacdyeTHOro aHajau3a. Bo3HuKaeT Bompoc, AOMyCTHMO JIM YKa3aHHOE YIPOIISHNUE MOJEH MPH aHaIn3e
JMUHAMHKH MTOBEICHUST KOHCTPYKIWU 3/IaHUsl paccMaTrpuBaeMoro tuma. OTBET Ha MOCTaBJICHHBIA BOIIPOC MOXKET
JlaTh COMOCTAaBUTEIbHBIN aHATU3 MOJHON U YIPOIIIEHHON MOoenei.

B [35] paccmoTpeHa KOHCTPYKITHs OOJBIIENPOTIETHOTO 3aHUs ¢ HMIUHAPO-TNIUTHBIM ITOKPBITHEM, TIPO-
aHAJIM3UPOBAHO BIIMSHHUE TPAHUYHBIX YCIIOBUH HA €ro HaNpsHKEHHO-IeopMUpoBaHHOE cocTosiHue. [l pacuera
3naHvst ¢hOPMHUPOBAHBI CIEAYIONINE MOJIeNH: 1) yrIpoleHHas Mo/ieb ¢ a0COFOTHO )KECTKUM OCHOBaHUEM, KOTO-
PYIO YCIOBHO Ha30BeM «3JaHHE — JKECTKasl 3aJIeTKa»; 2) MOJENb «3Manne — CBalHbIN (DyHIaMEHT — TPYHTOBOE
OCHOBaHHEY» SIBISCTCS HanOoJee IMOJIHOW Hjealln3aliedl paccMaTpUBAEMOrO CTPOMTEILHOTO OOBEKTa, BBITIOJN-
HEHHOI1 C yUeTOM TpeGOBaHMiA IeHCTBYIONMX HOPMATHBHEIX JOKYMEHTOB?,

Ha npaktrke TpyI0eMKOCTh IIOCTPOCHHUS U aHAIN3a MOJEIH 2 «31aHue — CBalHbIN (DYyHIaMEHT — TPYHTOBOE
OCHOBaHHE» OKa3ajach 3HAYMTEIBHOH. [IOpSIOK COOTBETCTBYIONIMX €l MaTpHI] KOI(QPHIMEHTOB >KECTKOCTH H
MAacChl OMPEACIACTCS HEe TOJILKO OOJNBIIUM YHCIOM KOHEUHBIX 3yieMeHTOB (KD) Haj3eMHON 4acTu U CBaitHOTO
(dbyHIaMeHTa, HO B 3HAYUTEIILHON Mepe OOJBITUM YHCIIOM conpsbkeHHBIX KD rpyHTOoBOTO Maccusa [13; 35].

B xo/1e npenBapUTEIbHOIO pacueTa CTATHKM KOHCTPYKIIMU 3[IaHUS C IMJIMHAPO-TUIMTHBIM TIOKPBITUEM BBISB-
JICHO CYIIECTBCHHOE BJIMSHUE (DU3NKO-MEXaHHMUECKUX XAPAKTEPUCTHK IPYHTA, a TAKXKE IEOMETPHUYECKUX IMapa-
MeTpoB cBaiiHoro (pyHmamenta Ha H/IC HanzemHol yactr. JIOTHYHBIM MTPOJOIKEHNEM YKa3aHHOTO YHCICHHOTO
WCCIIEJIOBaHUS SBISIETCA paccMOTpeHne (OopM M 9acTOT COOCTBEHHBIX KOJI€OaHWIA MPUHATHIX MOJEeH ¢ pas-
HBIMHU TPaHUYHBIMU YCJIOBUSAMHU. Pe3ynbpTaThl pacuera Ha ceiicMH4Yeckoe BO3ZEHCTBHE IUIaHUpYyeTca MpeacTa-
BUTH B CIIEAYIOIIEH cTaThe.

Lenp HACTOAIIETO WCCIENOBAHUA — ONPEAETUTh BIUSHIE CBAWHOTO (yHAaMeHTa B (GU3NKO-MEXaHHIECKUX
CBOWCTB TPYHTOBOTO OCHOBaHHs Ha ()OPMBI U YACTOTHI COOCTBEHHBIX KOJEOAHWH OOJNBLICTIPONIETHOTO 3/IaHHS
C IWJINHAPO-TUTMTHBIM TTOKPBITHEM. J[7Is1 TOCTHXKEHHMSI TOCTABIICHHOM 11EJTU PEIICHBI CICIYIOIINE 3a]a4u:

— c(hopMHUPOBaHBI MPOCTPAHCTBEHHBIE KOMOMHUPOBAHHBIE KOHEYHO-3JIEMEHTHBIE MOJIENIN OOJBIIEIIPOIET-
HOTO 3/IaHUs C Pa3HBIMU TPAHUYHBIMU YCIOBHSIMU;

— BBINIOJIHEH MHOTOBaPHAHTHBIA MOJIAJIbHBIN aHAIN3 KOHEYHO-3JIEMEHTHBIX Mojienie 1 u 2;

— COMOCTAaBJICHBI COOCTBEHHBIE YaCTOTHI (POPMBI KOJICOaHH yKa3aHHBIX MOJIETEH;

— OTIpeNIeJIeHO BIMSIHAE CBafHOTO (pyHAaMeHTa M (U3NKO-MEXaHHIECKUX CBOHCTB TPYHTOBOTO OCHOBaHUS
Ha (HOpPMBI U YACTOTHI COOCTBEHHBIX KOJICOAHWN HAA3EMHON 4YacTH OOJBIICTIPOSICTHOTO 3[IaHUS C IIMIHMHIPO-
TUTUTHBIM TTOKPBITHEM.

O0uas xapakTepucTuKa 00JIbIIENPOJIETHOTO 3TaHUSI
¢ IMJIHHAPO-IIUTHBIM MOKPBITHEM

Haozemnasn wacmo 30anus (puc. 1, a). LlentpanbHas 4acTh 34aHUs MpeACTaBiIseT coOOl B IUIaHE HPSMO-
yroibHUK ¢ pazmepamu 40(B)x84(L) M, IO KOHTYPY KOTOPOTO PACIIONIOKEHBI KOJOHHHKI (1103. 1) KBaapaTHOTO
CeueHus ¢ maroM 6 M, MX BBICOTa B IPOJOJIFHOM HAIpaBieHWH (IO JUTMHE MPAMOYTOJIbHUKA) NpuHATA 12 M,
a B MOMEpPEeYHOM HampasieHu# (1o mupuHe) — 12—-16 M. [IpocTpaHCTBEHHBIM MOKPBHITHEM LEHTPANBHONW YacTH
BEIOpaHa MOHOJIMTHAs Kelle300€TOHHAs LWIMHIpUYECcKash 00O0JI0OYKa HYJIEBOW rayCCOBOW KPHBHU3HBI (T103. 2),
BBICOTOH /1 = 4 M, TommmHOK 6 = 0,15 M u pamnycoM KpUBU3HEI R = 52 M. BOpPTOBBIME dJIEMEHTaMH IVTHHIPH-
YeCKOil 00O0JIOUKH SIBIISIFOTCS IBE TOPLEBBIE JKeJIe300€TOHHBIE apKH U MPOIOJIbHBIE OAlIKU MPSIMOYTOJIBHOTO Ce-
yeHus ¢ pazmepamu b = 0,5 M £ = 0,8 M. [To GokaM ¢ IByX CTOPOH K MOMEIIEHHIO ¢ 00O0JOYKOH MPUMBIKAIOT
JIBYXATaKHBIE TIOMEIICHNS C IDIUTaMHU TUIOCKOTO TIOKPBITHSA, BBICOTA KaXIOTO dTaka paBHA 6 M. TONIIMHEI Xe-
71€e300€TOHHBIX TUIMT MOKPBITHHA W mepekpelTuit (mo3. 3) mpunATel ¢ = 0,2 M. [InuTel onmparoTcs Ha KOJIOH-
HBI (1103. 1), yCTaHOBJIEHHBIE € IIArOM U BBICOTON H = 6 M. B Mpo0nsHOM M ONEpEeYHOM HAMpaBlIeHUSIX B LEHTPE U
0 TOPIIaM 3[aHUS PACTIONOKEHBI TUAPpParMbl )KECTKOCTH B BH/I€ MOHOJHUTHBIX JKEI€300€TOHHBIX CTeH (TM03. 4).
Wx Tommuna pasHa 0,5 M, qrHa — 6 U 12 M. B kpaitHux 010Kax 3MaHMs pacioIoKeHbl TH(TOBBIE TaxThl. To-
HIMHA WX MOHOJIUTHBIX KeJe300eTOHHBIX cTeH mpuHsATta 0,5 M. ToJIuHa MOHOJIUTHBIX JKEJIEe300E€TOHHBIX TUIO-
1Ia10K JIECTHUYHBIX KJIETOK cocTaBisieT ¢ = 0,2 M, a TOJIIMHA TECTHUYHBIX Mapiuel — ¢ = 0,22 m [36; 37].

Tloozemnasn wacmo 30anus (puc. 1, 6) IpeACTaBIIeT COOOW TPYHTOBBIM MacCHB (T103. 5), TOBTOPSIONTHH
¢dopmy OoublIenposieTHOTO 31aHus B TuiaHe. [lof kaxaol KoloHHOMH (1103. 1) YCTPOCHBI OTHENBEHO CTOSIINE MO-
HOJIUTHBIE KeJIe300eTOHHBIE CBaifHbIe (yHAaMEHTH B JOpMe KOHyca ¢ OOKOBBIMU M HM)KHUMH IEOHEBBIMH 00-

2 CI1 22.13330.2011. OcHoBanus 31aHKi M coopykeHuii. AkTyanusuposannas peaakuus CHull 2.02.01-83*. M., 2011. 166 c.
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pazoBaHmsMH (1103. 6). OpHTHHANBHOCT M HOBH3HA (YHIAMEHTA MOJTBEP)KJICHA MATEHTHOW JKCIEpPTH3OI .
[Mon xene300eTOHHBIMU OyioKaMu (1103. 4) 3[aHUsI, COCTOSIIMMH U3 TuadparM (CTeH), TMPTOBBIX IAXT U JIECT-
HUYHBIX KJIETOK PacHoJIOKEHbI KyCThl U3 YKa3aHHBIX cBail. B [38—42] onucana TeXHOIOTHs U3TOTOBIECHUS CBaMi-
HOW KOHCTPYKLMH YKa3aHHOTO THIIA; IPEACTABICHBI PE3yJIbTaThl YUCICHHOTO HCCIEIOBAHUS: NPOYHOCTHBIX U
JIeQOpMaOHHBIX XapaKTEPUCTHK CBAHHON KOHCTPYKLUHUH C YYETOM Pa3HBIX (PH3MKO-MEXaHUYECKUX CBOWCTB
TPYHTA; JaHO CpaBHEHHE HANPSKEHHO-Ae()hOPMUPOBAHHOTO COCTOSHUS YKa3aHHOM CBau C aHaJIOTMYHBIM COCTO-
SHUEM CBall Ipyrux BUIOB M (GOpM, IPUBEACHBI METOABI UX pacueTa [43]. B xone uccnenoBanus MpUHATHI Clie-
IyIOIIe TeOMETPHUYECKHEe TapaMeTphl CBan: OO BEpXHUN AMaMeTp CBafHOW KOHCTPYKIUH 1,2 M, HIDKHUI ee
muametp 0,6 M. HikHee meGHeBoe pacuiupeHre BHIIOIHEHO B popMe Iapa AuaMmeTpoM D pasMepoM OKOJIo 2 M.
JnuHa ctBona cBan L = 10 M. BeicoTa MaccuBa rpyHTa npuHsaTa H = 16 m.

Puc. 1. KoneuHo-351eMeHTHBIE MOJIEIH OOJIBIICTIPOICTHOTO 3AaHHS C LIMINHPO-TUIUTHBIM TOKPBHITHEM:
a—wmonenb | «3nanue — xecTkas 3a1enka; 6 — MozeNb 2 «31aHne — CBaiHbIA GyHIaMEHT — TPYHTOBOE OCHOBAHHEY;

HaozemHas yacmoy: 1 — KOJOHHBI, 2 — IWIMHIpPUYECKas 000JI0YKa HyJIEBOI rayCcCOBOW KPUBU3HBI, 3 — IPOJOJIBHBIE M IOIIEPEYHBIE THadparMsl,
4 — IUTATBI INTOCKOTO TOKPBITUS ¥ IIEPEKPBITHUS; NOO3eMHAs Yacmb: 5 — TPYHTOBOE OCHOBAaHHE, 6 — CBAHBIN (DyHIAMEHT (yCIIOBHO HE II0Ka3aHBbI)
Figure 1. Finite element models of a large-span building with a cylinder-and-slab roof:

a —model 1 “superstructure — fixed-end”; 6 — model 2 “superstructure — pile foundation — soil base”;
superstructure: 1 — columns, 2 — cylindrical shell of zero Gaussian curvature, 3 — longitudinal and transverse diaphragms,

4 — flat slabs and floor slabs; substructure: 5 — soil base, 6 — pile foundation (conditionally not shown)

MarepuaJjibl

B pacueTHOM HcceOBaHUM HCIONB30BAaHbl UCXOTHBIC JaHHBIC, aHATIOTUYHBIC JaHHBIM paHee OITyOJIHKO-
BaHHBIX padoT [35].

Haozemnasn wacmy. LlUAMHAPO-TUINTHOE MOKPBHITHE M KAapKac 3[JaHUS BBIIOJIHEHBI M3 TSDKEIOTO OeTOHa
kiacca B25. Pacuernrie xapakrepucTuku 6eroHa npuHaTh B coorBeTcTBHM ¢ CII 63.13330.2011 «beToHHEBIE 1
XKeNe300eTOHHbIe KOHCTpyKIum»®. TInoTHOCTS Tskenoro 6eTona p = 2500 kr/m® (1. 6.1.1). HavansHeli MoayIih
YIIPYTocTH Tsxkenoro 6etona B25 npu cxxaruu u pactsxennu E, = 30x10° MITa npunst mo tabmume 6.11, Mo-
aymb casura 6erona Gy = 0,4E, = 0,4:30-10° = 12-10° MITa (m. 6.1.15). Kosddurment Iyaccona (ko3¢ puiu-
€HT TonepevHoi aedopmannn) 6etona gomyckaercs npuauMats v = 0,2 (1. 6.1.17). Koapduunent nuneitnoi
TEeMIIepaTypHOH OedopManuy TsKeaoro OeToHa Mpu M3MEHeHHMH Temneparypsl oT —40° mo +50° npuHUMAOT
ope = 1-10° °C™! (11. 6.1.18). HopMaTHBHOE M pacueTHOE CONPOTUBIIEHHE TSKEIOT0 GETOHA HA OCEBOE CKATHE
kiacca B25 nns mpeaenbHOro coCTOSHUS BTOPOH TPYIIBL Ry, = Rpser = 18,5 Mlla (Tabn. 6.7). PacueTHoe co-
NPOTHBJICHUE TSDKEJIOro OETOHa Ha OceBoe CxkaTWe Kiacca B25 s mpenesbHOro COCTOSHUSI IEPBOW TPYIIIIBI
Ry = 14,5 MlIla (Ta0mx. 6.8).

Iloozemnasn wacmy. MarepuanoM JUis MOHOJHMTHOH KeJIe300€TOHHOW CBa KOHWYECKOH ()OPMBI MPHHAT
TSDKenbIi OeToH kiacca B15. Bee xapaktepuctuxu 6etona npussitsl o CIT 63.13330.2011 «beronnsie u xemne3zo0e-
TOHHBIE KOHCTPYKLMM». PacueTHoe compoTuBieHHE O€TOHA Ul MpENeNbHBIX COCTOSIHUIM IEPBOW I'PYMIIBI NIPH
knacce 6erona B15 no npouHocTr Ha cxatue R, = 8,5 MIla (ta0un. 6.8); pacueTHOE CONPOTUBIIEHHE OETOHA IS

3 Tarent PO Ne 157318.2015. KoHCTpyKIMsi MOHOJIMTHOM 5KeNe300€TOHHOM cBan KoHnueckoi Gpopmel / Kyxaxmerosa J.P., Ca-
noxHUKOB A.U. 2015. Bron. Ne 33. 7 c.; Ilatent P®D Ne 154795.2015. KoHCTpyKUUMS COeIMHEHUS BEPXHETO CTPOCHHS 3CTaKaIbl C MOHO-
JUTHOI cBaeit-o6onoukoii / CanoxuukoB A.U., Kyxxaxmerosa D.P. 2015. Bron. Ne 25. 7 c.

4 CIT 63.13330.2012. BeTOHHBIE U KENE300ETOHHbIE KOHCTPYKIMU. OCHOBHBIE MOJOMKEHMS. AKTyalu3UpOBaHHAS PENAKIMS
CHull 52-01-2003 ¢ usmenenmsimu 1. M., 2015.
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TIPEACTBHBIX COCTOSHIIN BTOPOH TPyIIBI IpH Kilacce 6eToHa B15 mo mpounocTy Ha cxkathe Ryser = 11 MIla (Tadm. 6.7).
Monyns ynpyroctu 6etona npusst E, = 24-10° MIla (tabn. 6.11). 3HaueHne MoAy/Is caABUra 6ETOHA MPUHSITO
paBabIM G, = 0,4E, = 0,4-24-10° = 9,6-10° MIla (m. 6.1.15), koadourment Ilyaccona v = 0,2 (m. 6.1.17).
[Tox HIKHUM KOHIIOM CBaW PacCIONIOKEH IMEeOHEBBIN map auamerpoM D = 2wm. lllebenp nmpuHAT rpymmsl A 1o
I'OCT 8267° ¢ Mmoxynem ynpyroctu E = 350 MITa (ta6x. 3.2)° u xoadpunuentom Iyaccona v = 0,3.

B pacueTHOM aHanmu3e UCMONB30BAaHBI J1BA THIA OJHOPOAHBIX TPYHTOB. VX pacueTHbIE XapaKTEePUCTHKH
npunsaThH cormacuo CIT22.13330.2011":

— gapuanm I — TPyHT OJHOPOJHOIO OCHOBAHMS: MECOK YETBEPTHUYHOIO OTJIOXKEHHUS, CPEIHEH INIOTHOCTH
(xoapuuuent nopucrocti e = 0,45) ¢ moaynem pedopmauuu E; = 50 Mlla, yriioMm BHYTPEeHHETO TPEHUS
¢1 =40°, ynensubiM crierieHueM ci = 3 klla (tabn. b.1) u koadpdunmenrom [lyaccona v = 0,35 (tabmn. 5.10);

— gapuanm 2 — TPYHT OJHOPOJHOI'O OCHOBAHUS: IIECOK YETBEPTHYHOI'O OTJIOXKEHUs, IbIIEBATHIA (KO3(¢-
¢unment nopucroctd e = 0,45) ¢ momynem nepopmanun £, = 11 MIla, yrinom BHyTpeHHETO TpeHUS ¢ = 26°,
yaenbHeIM cueruieHueM ¢ = 2 klla (tabmn. b.1) u koadpduuuentom Ilyaccona v = 0,35 (tabmn. 5.10).

Baemniaue BepTHKanbHbIE (IIOCTOSIHHBIC M BPEMEHHBIE, BKJIIOYas CHETOBBbIE) HATPY3KH HAa LIUIMHIPO-
IJTUTHOE TOKPBHITHE OOJBIISIPOIIETHOTO 3MaHusi ONpuHATH u3 [37; 38] U ompenelneHbl B COOTBETCTBUU C
CII 17.13330.2017 «Kposu»® u CIT 20.13330.2016 «OcHOBaHUS 3aHHIT U COOPYKEHHT» .

MeTtoanl

Meton koHewHbIX dneMeHToB (MKD) sBisieTcs yHUBEpCaTbHBIM CPEACTBOM UYHCIEHHOTO WH)KEHEPHOTO
aHayM3a OOJIBIIMX MPOCTPAHCTBECHHBIX MEXaHHUUECKUX cHUcTeM. OH MO3BOJIsET KOMOMHUPOBAThH B MOJE/SAX Ha-
nexHble crepykHeBble (Beam u Bar), mnactuHuarteie (o6onmoueunsie) (Plate) m o0bemusie (Volume Elements tvma
Solid) koHEeUHBIEC 7IEMEHTHI PA3TMIHBIME AMIIPOKCUMHPYIOIMIME (YHKITHSAMHA ITOJeH mepeMenieHuii. B mcce-
JIOBAaHUM PACUYCTHBIX MOJENICH OOJIBIICPOJICTHOIO 37aHUs NPUMEHEH pacueTHbId kKomiuiekc Femap with NX
Nastran, peanu3yrmuil IIMPOKUii HA0OP PACYCTHBIX MOAXOJIOB U METOJIOB MHKEHEPHOTo aHanu3a. J[is pacyera
COOCTBEHHBIX 4acTOT U (hopM KoneOaHuii ucronb3yercs Mmeton Jlanmoma (Lanczos), codeTaromnuii Tydiime CBOHCTBa
MeTO/a 00paTHOH CTereHH, MOIU(HUIIMPOBAHHOIO MeTo/1a 0OpaTHOU creneHu LlITypmMana 1 METOIOB TIPUBEACHUS,
Takux Kak Metoj ['mBeHca, Mmeron Xaycxoizaepa, MOTU(GUIIUPOBaHHBIN MeTon ['MBeHCa, MOAM(HUIIMPOBAHHBIM
Meroa Xaycxonaepa [44—48].

PesynbTarhl

[Ipu BBIMOJHEHUHM MOZAJIBLHOTO aHAJIKM3a MPUMEHEHBI JBE MPOCTPAHCTBEHHBIC KOHEYHO-3JIEMEHTHBIC MO-
Jienyd OOJBIIEIIPOJIETHOTO 3aHKs ¢ Pa3HBIMU TPAaHUYHBIMU yCiIoBUsAMU [35]: momens 1 «31anne — xecTkas 3a-
JlenKa» ¢ abCONOTHO JKECTKUM OCHOBAaHHEM; MOJIENb 2 «3/1aHue — CBalfHBIN (yHIAMEHT — TPYHTOBOE OCHOBa-
HHUE» ¢ MOAYJIeM JedopMalyu TpyHToBoro ocHoBanus £, = 50 Mlla (Mozenb 2, a) u ¢ MoayseM qedopMariu
E, =11 MIla (Monens 2, 6). Beieyka3aHHble KOHEUHO-3JIEMEHTHBIC MOJICTIH UMEIOT CIICAYIOIINE XapaKTePUCTHUKY:
Mozenb 1 Bkmrouaet 30 348 KOHEUHBIX JIEMEHTOB, COCTHIKOBAHHBIX B 30 469 y3nax; mozaens 2 — 1 421 209 sne-
MeHTOB U 1 989 721 y31moB (HanOONBIINN TTOPSIOK pa3pelIaoliell CHCTEMBI ypaBHeHUH cocTtaBm 5 600 292).

[NocnenoBatenbHOE omnpenencHre GOpM U YacTOT COOCTBEHHBIX KOJeOaHUI KOHCTPYKIIMH 37aHUS YXKE Ha
HAYaJbHBIX dTarmax pa3pabOoTKH MOJETH MOMOTaeT BBISBHTH OOJBITMHCTBO He()OPMaIbHBIX OIIUOOK MOJIEIHPO-
BaHMs. COMOCTAaBUTh XapaKTepHbIC HU3MIHE (HOPMBI M YaCTOTHl COOCTBEHHBIX KoJieOaHmit Moaenei 1 1 2 MOXHO
o Tabuie.

Ha puc. 2 u 3 npencraBieHsl TpaduKy pacueTHBIX 3aBUCUMOCTEH «CyMMapHbIC MacChl — MOJIbI COOCTBEH-
HBIX KoJIeOaHU», a Takke «3(PPEKTUBHBIE MacChl — MOJBI COOCTBEHHBIX KoeOaHuit» st Moaenu 1 «3manme —
JKeCTKas 3ajaenkay. ['papuk Ha puc. 2 BU3yaJU3UPYEeT OXBAT CYMMAapHON MaccChl OOJIBIICTIPOJICTHOTO 3IaHUS
C ’KECTKOH 3aJIeNTKOH C y4eToM (hopM COOCTBEHHBIX KOJEOAHUH sl IMHEHHBIX MMEPEMEIICHHI U yIII0B MOBOPOTA
oTHOcHUTENbHO ocelt X, V, Z. Ilpu munueitHom nepememennu T1 (Boons ocu X) oxBaT cyMMapHOU Macchl Mass
SUM mogenu 1 B quamazone yactoTsl oT 0 1o 20 'y (161 dopma) cocrasmr 90,16 % maccer Momenu, [tst iepe-

3 TOCT 8267-93. LlleGenb u rpaBuii U3 IIOTHBIX TOPHBIX IIOPOJ I CTPOUTENBHBIX pabot. Texuuueckue ycnosus. M.: Toccrpoit
Poccuu, 1993.

¢ MeToruecKne peKOMEHIALMK TI0 MOBBILIEHHIO KauecTBa JOPOXKHBIX OCHOBaHMii 3 mebHA pasnuunbix nopos / Coro3 JOPHUU.
M., 1980.

7 CI 22.13330.2011. OcHoBanus 31aHui M coopyxkeHuii. AkTyanusuposannas peaakuus CHull 2.02.01-83*, M., 2011. 166 ¢.

8 CIT 17.13330.2017. Kpoenu. Akryamusuposannas peaakuus CHull 11-26-76. M., 2017

9 CIT 20. 13330.2016. Harpysku u Bo3aeiicteus. AkTyanusuposannas peaakuus CHull 2.01.07-85*. M., 2016.
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memmennit: T2 (Bgons ocu V) — Mass SUM = 83,42%, T3 (Bmons ocu Z) — Mass SUM = 59,93% (puc. 2, a).
AmnanornuHblii TpaduK MOKa3aH Ha pHC. 2, 6, Te 0XBaT CyMMapHOW MaccChl BCETO 3/IaHUsI ¢ y4eToM moBopoTta R1
BOKpYT ocu X paBeH 71,16 %, na noBopota R2 Bokpyr ocu ¥ u R3 Bokpyr ocu Z — 56,71 u 83,45 % coorBet-
CTBEHHO.

PesyabTaThl pacyera cOOCTBEHHBIX KOJIe0aHU
Results normal modes

Yacrortsl fi, ', cOGCTBEHHBIX KoJIe0aHuii Moaeeii /
Frequencies fi, Hz, of natural oscillations of the models
®Dopmbl /
Mode
Mopgean 1/ Mogpeas 2, a (E1 =50 MIla) Mogpeasn 2, 6 (E2=11 MIla) /
Model 1 Model 2, a (E1 =50 MPa) Model 2, b (E2 =11 MPa)
f1=2,527898 f1=1,492509 f1=0,93039
0,000865 . 0,000528 . 0,000529 =
||
] ||
1 0,00054 . 0,00033 0,000331 =
0,000432 . 0.000264 0,000265 =
0,000324 0,000198 0,000198 |
0,000216 0,000132 0,000132
Ouksjﬁ Mode 1, 2.527898 Hz T Oufput Set: Mode 1, 1,492509 Hz _ Cufpf Set: Mode 1, 0.93039 Hz
Dol 6525 ekl St : Def8ngd(0,000528): Total Translation ~ C-000066 DefSrmgd(0,000529): Total Translation 0,0000662
RS e T T 0, Elemental Contour: Total Translation 0. Elemental Contour: Total Translation 0,
£ =2,58253 £ =1,679839 £=1.218615
0,000836 0,000359
0,000788 = .
2 0,000452 B 0,0005 0.000224 i
0,000394 I 0.000418 0,000179 ||
0,000295 0.000313 0,000135 o
. 0,000157 0,000209 0,0000897
Oul Set: Mode 2, 2.58253 Hz 2 0,0000985 i O Set: Mode 2,1.218615 Hz :
1(0,000788): Total Transl g Oufpu Set: Mode 2, 1.679839 Hz 0,000104 De (0,000359): Total Translation  0,0000448
Contour: Total T 0, Del d(0,000836): Total Translation Elemental Contour: Total Translation
Elemental Contour: Total Translation 0, 0,
f3=3,449787 f3=2,01596 f3=1,289648
_ 0,000399 . 0,000644 .
= - f
3 0,000561 [l 0,000249 i 0,000402 .
0,000449 ! 0,0002 g 0,000322 .
0,000337 = 0.00015 - 0,000241
0,000225 0,0000998 ) 0,000161
Set: Mode 3, 3.449787 Hz Out up Set: Mode 3, 2.01596 Hz
De 0.000898). Total Trans] 0,000112 : ) Oufyif Set: Mode 3, 1.289648 Hz —
Elemene Contou. Totol Trarslation. . Defa2ed(0,000399): Total Translation 0,0000455 Def (0,000644): Total Translation, " 050>
), Elemental Contour: Total Translation o, Elemental Contour: Total Translation o
f4=3,701951 fa=2,157223 f4=1,532623
0,000877 . 0,000634 0,000807 .
] ||
w54z I
0,000548
| 0.000396 0,000505 -
4 oose B
[ 0,000317 0,000404
0,000329 3
0.000238 0,000303
0,000219
Ougpuf Set: Mode 4, 3.701951 Hz 0.00011 0,000158 0,000202
Def d(0,000877): Total Translation > .
E]emer?ﬂl Contour: Total Translation o Ouforgr Set: Mods 4, 2.157223 Hz 0,0000792 Ouf Set: Made 4, 1.532623 Hz 0,000101
g Del d(0,000634): Total Translation De 0,000807): Total Translation N
Elemental Contour: Total Translation 0, Elemental Contour: Total Translation 0,
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Oxonuanue maon. / Table, ending

Yacrotsl fi, ', cOGCTBEHHBIX KOJIeOaHuii Moaeneii /

®opmbl / Frequencies fi, Hz, of natural oscillations of the models
Mode Mogeas 1/ Mogeas 2, a (E1 = 50 MIIa) Moneas 2, 6 (E2 = 11 MIIa) /
Model 1 Model 2, a (E1 = 50 MPa) Model 2, b (E2 = 11 MPa)
£ = 4,505066 fi=2,923043 fi=2,43373
0,00085 . 0,000387
0,000877 . .
5 0,000548 = 0,000531 i =
0.000438 || 0,000425 - i
0,000329 0,000319 0000145 g
0,000219 0,000213 0,0000968
Oufpyr Set: Mode S, 4505066 Hz, .
DefSrmigd(0,000877): Total Translation Rio0oLy g“ “fsj(tbl‘gggg;’ %9313_?_43 I—{z{ 0,000106 g:k;;(‘-olggg;;‘)lﬁﬁﬁ:&m‘m 0,0000484
El ital Contour: Total Translat ¢! . . lotal lranslalion ) ? 3 »
crtental Foniour Tl Tanstion 0, Elemental Contour: Total Translation 0, | Elemental Contour: Total Translation 0,
fo=5,148898 fo=3,233619 fo=2,451672
0,000858 0,000386
0,000878 . . =
6 0,000548 = 0,000536 0,000241 =
0,000430 I 0,000429 -
|| -
0,000329 0000322 0,000145
0,000212 0,000215 0,0000966
o»ieﬁ Set: Mode 6, 5.148898 Hz , Onifpuy Set: Mode 6, 3.233619 Hz 2
_ 0,00011 e . : 7
000 10, T Tl Defbimgd(0,000858): Total Translation 0,000107 g:g;:&fggg;%f;ﬂféﬁaﬁm 0,0000483
= Elemental Contour: Total Translation 0. Elemental Contour: Total Translation 0,
f=5,280518 £ =3,508300 f=2,532257
0,000875 0,00049
000112 gy = .
-
7 0.000703 I 0,000547 [ 0000306
00562 I 0,000438 . 0,000245 -
0,000422 0,000328 - 0,000184 —
i 0,000281 0,000219 0,000122
g‘c] ;;:;gg;ﬁ;j‘i—;fﬁ;ig:ﬁm 0,000141 Oufpug Set: Mode 7, 3.508309 Hz Ouf Set: Mode 7, 2.532257 Hz 0.0000612
Elemental Contour: Total Translation . Def d(0,000875): Total Translation 0-000109 Detérngd(0,00049): Total Translation 4
) Elemental Contour: Total Translation 0 Elemental Contour: Total Translation 0,
f8=5,520917 f3=4,50695 f3=2,637183
0,0002 . 0,000431
0,000972 . L =
8 0,000607 . 0,000125 i 0,000269 =
( .-.‘..\w. 0,0001 0,000215 -
|| | ]
0.000364 0.000075 0,000162
0,000243
. g 0,00005 0,000108
Ouf Set: Mode 8, 5.520917 Hz . L
Dj?,‘f,?dm,omm ) Total Translation 0.000121 I g: uf S§fb%f§ffﬁ§f)$f;§§mn T Ouffulr Set: Mode 8, 2.637183 Hz 0.0000539
Elemental Contour: Total Translation 0 3 . . & De d(0,000431): Total Translation
: Elemental Contour: Total Translation 5 Elemental Contour: Total Translation o,
fo=5,820593 fo=4,521478 fo=2,709601
0,0015 . 0,00046
0,00102 .
9 0,000635 0,000288

0,000508
0,000381
0,000254

0,000127

Ouffult Set: Made 9, 5820593 Hz
De d(0,00102): Total Translation

Elemental Contour: Total Translation

0,

0.00075
0,000563

0,000375
Oufpuf Set: Mode 9, 4.521478 Hz

Def d(0,00317): Total Translation 0,000188
Elemental Contour: Total Translation

0.

0000173

0,000115

0,0000575

O Set: Mode 9, 2.709601 Hz
Def d(0,00046): Total Translation

Elemental Contour: Total Translation 0,
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Mozasl cobcTBeHHBIX Konebanuii / Mode
—o— CymmMmapnast macca T1 V3en 0 (2) / Mass SUM T1 Node 0 (2)
—o— CymmapHnas Macca T2 V3en 0 (4) / Mass SUM T2 Node 0 (4)
—e— Cymmapnas Macca T3 V3ein 0 (6) / Mass SUM T3 Node 0 (6)
a
E‘ 0.9 [160, 0,834538]
g 08 posd 161,0,711611
E o7 )
wn ol =
A os 160, 0,567084
[a5]
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g o
g 04+
I 03
jos)
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g
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0 0 10 20 30 40 S50 60 70 8 90 100 110 120 130 140 150 160 170
Mons! co0CcTBeHHBIX Konebanuii / Mode

—e— CymmapHas Macca R1 V3ei 0 (8) / Mass SUM R1 Node 0 (8)
—o— Cymmapnast macca R2 V3ex 0 (10) / Mass SUM R2 Node 0 (10)
—e— Cymmapnast Macca R3 V3en 0 (12) / Mass SUM R3 Node 0 (12)

o

Puc. 2. Mogens 1 «3nanue — xxectkas 3aaeika», rpadpuk « CyMMapHbIe Macchl — MOJIbI COOCTBEHHBIX KOIEOaHHI»:
a —nepemerenue y3na T1, T2, T3 mo ocu X, V, Z; 6 — nosopor B y3ne R1, R2, R3 Bokpyr ocu X, V, Z
Figure 2. Model 1 “Superstructure — fixed-end”, graphic “Mass Summary — Mode”:
a—T1, T2, T3 Translation in the X ¥, Z axes; 6 — R1, R2, R3 Rotation in the )X, ¥, Z axes

I'paduru «DddexTruBHAST CyMMapHas Macca — MOJBI COOCTBEHHBIX KOJeOaHMA» I TUHEHHBIX TIepeMe-
menuit T1 no ocu X, T2 no ocu ¥, T3 no ocu Z u noBopotoB R1 Bokpyr ocu X, R2 Bokpyr ocu ¥V u R3 Bokpyr
ocH Z IEMOHCTPHUPYIOT OMACHBIC (POPMBI U YACTOTHI fmax COOCTBEHHBIX KOJIeOaHMi Moaenu 1 «31aHue — jkecTKas
3amenka» (puc. 4). Hambomnee omacHbIMH (opMaMH COOCTBEHHBIX KOJICOAHWH 1O TEPEMEMICHUSM SBIISIOTCS
¢dopma 1 st T3 no ocu Z ¢ apdexTuBHON cymmapHoit Maccout 34,72 % u dopma 6 T3 no ocu Z ¢ 3¢ dexTus-
HOU cymmapHoil Maccoii 51,33 % (puc. 4, a). dns moBopora onacHeiMH OynyT ¢opma 6 mmst R2 Bokpyr
ocu ¥V (32,21 %) u R3 Bokpyr ocu Z (29,6 %) u popma 4 s R1 Boxpyr ocu X (27,96 %).

JlanHbple rpaduKM yKa3bIBAIOT Ha OMAacHbBIC (POPMBI M YacTOTHI COOCTBEHHBIX KOJICOAHMIA 3JIaHUS MPU I1e-
pememenusx T1(X), T2(Y), T3(Z) u yrmoB moBopoToB oTHocuTenbHO Kaxnaoi ocu R1(X), R2(Y), R3(2).
Pe3ynmbTaThl COOCTBEHHBIX KOJICOAHWUN ONMPEACIIOT MOBEACHHUE KaKIOW KOHCTPYKIMM W 34aHWS B IEJIOM TIpU
JMMHAMHYECKUX Bo3aeicTBusx. Jlanee Ha puc. 5—8 mpencraBieHbl aHATIOTWYHBIE TpaQuKu IS Mozened 2, a
u 2, 6 «3maHue — cBaliHBIH (QYHIAMEHT — TPYHTOBOE OCHOBAHHE» C Pa3HBIMH MOAYJISIMHU JedopMariuii
Ey=50Mllau E, =11 MIla cOOTBETCTBEHHO.
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—o— DddexruBnas Macca T1 Y3en 0 (1) / Mass FRAC T1 Node 0 (1)
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—— D¢ dexrusHas macca 13 V3en 0 (5) / Mass FRAC T2 Node 0 (5)
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DddexTusHas cymmapuas macca /
Modal Effective Mass Fraction

0 0 10 20 30 40 50 60 70 80 9 100 110 120 130 140 150 160 170
Mozst cob6eTBeHHBIX Komebanuii / Mode
—o— D¢ dexrusnas macca R1 Y3zen 0 (8) / Mass FRAC R1 Node 0 (8)
—o— D¢dexrusnas macca R2 Y3en 0 (10) / Mass FRAC R2 Node 0 (10)
—*— D¢dexrusras macca R3 Y3en 0 (12) / Mass TRAC R3 Node 0 (12)

o

Puc. 3. Mogens 1 «3manue — )xecTKas 3aaeiKay, rpapuk « IPPEeKTUBHBIE MaCChl — MOJIBI COOCTBEHHBIX KOJIEOaHUIN»:
a —nepemerenue y3na T1, T2, T3 mo ocu X, V, Z; 6 — nosopor B y3ne R1, R2, R3 Bokpyrocu X, V, Z
Figure 3. Model 1 “Superstructure — fixed-end”, graphic “Effective masses fraction — mode™:
a—T1, T2, T3 translation in the X, Y, Z axes; 6 — R1, R2, R3 rotation in the X, Y, Z axes
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Mouns! cOOCTBEHHEIX Koaebanuii / Mode
—o— Cymmapnas Macca T1 Y3en 0 (2) / Mass SUM T1 Node 0 (2)

—o— Cymmapnas Macca T2 V3ein 0 (4) / Mass SUM T2 Node 0 (4)
—e— Cymmapnast macca T3 ¥V3ex 0 (6) / Mass SUM T3 Node 0 (6)

a

Puc. 4. Monens 2, a «3naHne — CBailHbIA (HyHIAMEHT — IPYHTOBOE OCHOBAHHE),
E1 =50 MIla, rpadux «CyMmMapHBIE MacCHl — MOJBI COOCTBEHHBIX KOJIEOaHUI):
a — nepemeienue y3na T1, T2, T3moocu X, ¥, Z
Figure 4. Model 2, a “Superstructure — pile foundation — soil base”, E1 = 50 MPa, graphic “Mass summary — mode”:
a—T1, T2, T3 translation in the X, Y, Z axes
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—o— Cymmapnast Macca R1 V3en 0 (8) / Mass SUM R1 Node 0 (8)
—o— Cymmapnast Macca R2 V3en 0 (10) / Mass SUM R2 Node 0 (10)
—e— CymmapHast macca R3 V3en 0 (12) / Mass SUM R3 Node 0 (12)

o

Puc. 4. Mogens 2, a «3nanne — cBaifHbIi (yHIAMEHT — TPYHTOBOE OcHOBaHMe», £1 = 50 MI]a,
rpapuk «CyMMapHBIE MACChl — MOJBI COOCTBEHHBIX KOJICOAHUI» (OKOHUAHUE):
6 —noBopor B y31e R1, R2, R3 Bokpyr ocu X, V, Z
Figure 4. Model 2, a “Superstructure — pile foundation — soil base”, E1 = 50 MPa, graphic “Mass summary — mode” (ending):
6 —R1, R2, R3 rotation in the X, Y, Z axes
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Monel cobeTBeHHBIX Koae6anuii / Mode

—o— D¢dexrusnas macca R1 Y3en 0 (7) / Mass FRAC R1 Node 0 (7)
—— Dddexrunas Macca R2 ¥V3en 0 (9) / Mass FRAC R2 Node 0 (9)
—— DddextuBHag macca R3 Y3en 0 (11) / Mass FRAC R3 Node 0 (11)

o

Puc. 5. Mogens 2, a «3nanne — cBaifHbIi (yHIAMEHT — TPYHTOBOE OcHOBaHMe», £1 = 50 MI]a,
rpaduk «IPPeKTHBHBIE MacCH — MOJBI COOCTBEHHBIX KOJIEOaHU»:
a —nepemerenue y3na T1, T2, T3 mo ocu X, V, Z; 6 — nosopor B y3ne R1, R2, R3 Bokpyrocu X, V, Z
Figure 5. Model 2, a “Superstructure — pile foundation — soil base”, E1 = 50 MPa, graphic “Effective masses fraction — mode”:
a—T1, T2, T3 translation in the X, Y, Z axes; 6 — R1, R2, R3 rotation in the X, Y, Z axes
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Mozpl co6cTBeHHBIX Konebanmii / Mode
—e— Cymmapnas macca T1 V3en 0 (38) / Mass SUM T1 Node 0 (38)

—o— Cymmapnas Macca T2 V3en 0 (40) / Mass SUM T2 Node 0 (40)
—eo— Cymmapmnas Macca T3 V3en 0 (42) / Mass SUM T3 Node 0 (42)
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Mozpl coOcTBeHHBIX Koebanuii / Mode
—o— Cymmapnas Macca R1 ¥V3ex 0 (44) / Mass SUM R1 Node 0 (44)

—eo— CymmapHast macca R2 V3en 0 (46) / Mass SUM R2 Node 0 (46)
—e— Cymmapnas Macca R3 V3exn 0 (48) / Mass SUM R3 Node 0 (48)

o

Puc. 6. Monens 2, 6 «3nanue — cBalHBIA (yHIAMEHT — IPYHTOBOE OCHOBaHHEe», £2> = 11 MIIa,
rpaduk «CyMMapHbIe Macchl — MOJIbI COOCTBEHHBIX KOJIEOaHHN»:
a —nepememenue y3na T1, T2, T3 mo ocu X, V, Z; 6 — mosoport B y3ne R1, R2, R3 Bokpyr ocu X, V, Z
Figure 6. Model 2, b “Superstructure — pile foundation — soil base”, E2 = 11 MPa, graphic “Mass summary — mode”:
a—TI1, T2, T3 translation in the X, Y, Z axes; 6 — R1, R2, R3 rotation in the X, Y, Z axes
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DddexTrBHAS cyMMapHas Macca /
Modal Effective Mass Fraction

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Mopust cobcTBerHBIX KOebanmii / Mode
—o— Dd¢dexrnras macca T1 Y3zen 0 (37) / Mass FRAC T1 Node 0 (37)
—o— Dddexrusnas macca T2 V3zen 0 (39) / Mass FRAC T2 Node 0 (39)
—o— Ddexrunas macca T3 V3en 0 (41) / Mass FRAC T3 Node 0 (41)

a

Puc. 7. Monens 2, 6 «3nanue — CBalHBIA (yHIaMEHT — IPYHTOBOE OCHOBaHUEe», £2> = 11 MIIa,
rpaduk «IddexTHBHBIE MacChl — MOIBI COOCTBEHHBIX KOJIEOaHMID)
a —nepemeinenue y3na T1, T2, T3moocu X, ¥V, Z
Figure 7. Model 2, b “Superstructure — pile foundation — soil base”, E2 = 11 MPa, graphic “Effective masses fraction — mode”:
a—T1, T2, T3 translation in the X, Y, Z axes
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Figure 7. Model 2, b “Superstructure — pile foundation — soil base”, £2 = 11 MPa, graphic “Effective masses fraction — mode” (ending):
6 —R1, R2, R3 rotation in the X, Y, Z axes

Oobcyxnenue

B mocnenHue roapl Npu MPOESKTUPOBAHUY 31aHUI Bce OObliee BHUMAHUE YJIENsIeTCS JUHAMUKE MX TIOBe-
neHus. Peub, B 4aCTHOCTH, UIET O PaCUETHOM MPOCKTHPOBAHUHM OOBEKTOB, MPEIHA3HAYCHHBIX U CTPOUTEIIb-
CTBa B CECMHYECKHX pailoHaXx. B MpoeKTHBIX pacueTax HEOOXOANMO YUUTHIBATH PadOTy MMOJ3EMHOM YacTH 31a-
HUS, coCcTosIIeH U3 (pyHIaMeHTa (MEIKOTO MU ITyOOKOTO 3aJI0)KeHHs), B3aUMOJIEHCTBYIOIIETO ¢ TPYHTOBBIMHU
MaccUBaMH Pa3lIn4HOM peosiorur. OcoOylo CIOXKHOCTh MPEACTABIIET 3KCIIEPUMEHTANbHAS OLCHKA JUCCUIIa-
TUBHBIX (AeMndupyomux) cBoicTs rpynta'’ [49-51], KOTOpble MOMKHBI OBITH YUTEHBI IPH BHINOJTHEHHHU pacye-
TOB BBIHYK/ICHHBIX KOJIEOaHUH CTPOUTENBHBIX OOBEKTOB MPH CeHCMHUYECKHX Harpy3kax. Bmecte ¢ TeM ompene-
JIeHHe MoJ COOCTBEHHBIX KOJIE€OaHUHM Tarkke MMeeT OOJBIIOE MPAKTUYECKOE 3HAYCHUE, TIOCKOJIbKY YKa3aHHbIE
MOJBI XapaKTepu3yloT GpyHIaMEeHTAIbHBIE YIPYTO-MacCOBbIE CBOMCTBA KaK OTAENBHBIX KOHCTPYKTUBHBIX (par-
MEHTOB, TaK M BCETo 3AaHus B 1enoM. KpoMe Toro, Mosl COOCTBEHHBIX KOJICOaHMIA UCTIONB3YIOTCS B AHHAMUYEC-
CKUX pacdeTax pa3IMyHOIo BHIA, HAPHMEP B pacdeTax BBIHYXICHHBIX KOJeOaHUH KOHCTPYKUMH MOAATbHBIM
METO0M. Pe3ynbpTaThl MOAOOHBIX pacdeToB (peakiuyu Ha AMHAMHYECKHE BO3JIEHCTBHUS) OKa3bIBAIOTCS BEChbMa
YyBCTBUTEJIbHBIMHM K TPAaHHYHBIM YycClIOBUsAM. [103ToMy BBOJ B pacueT yNpOLIEHHBIX (APUOPHBIX) TPAaHUYHBIX
YCIIOBUH, HE YYUTHIBAIOIIUX CBOICTBA M XapaKTEPUCTHKH (YHAAMEHTOB U IPYHTOB, MOXET NMPUBOAUTE K CEPb-
€3HBIM OLIMOKaM.

3akiaouenue

I'pannyHbIEe yCcIOBUS OKA3bIBAIOT CYLIECTBEHHOE BIUSHHUE Ha (JOPMBI M 4aCTOTHI COOCTBEHHBIX KOJICOaHMI
HaJ36MHOH 4aCTU 3[aHUs C LWIUHIPO-IUIMTHBIM IIOKPBITUEM. YUET B pACYETaX >KECTKOCTHBIX U MHEPLMOHHBIX
CBOICTB MOJ3eMHO# YacTH (OCHOBaHUA U (pyHAaMEHTa) 3MaHus TIPUBOJIMUT K CYIIECTBEHHOMY U3MEHEHHIO YacTOT U
¢dopm ero cobcTBeHHBIX Kosebanuii. OTcroa nNpeHeOpeKeHUE MOI3EMHON YacThi0 M MOJCIUPOBAHNE €€ BIUSHHUS
JKECTKOH 3aJIeTIKOM MOKET MPUBECTHU K CYHIECTBEHHBIM OIIMOKaM TUHAMHYECKOTO aHAIN3a KOHCTPYKLUH 3aHUSL.

19 TTarent P® Ne 184676. YcrpoiicTBo st onpenesicnus Koddduimenta neMnpupoBanus Chlly4uX MaTEpUalioB U XKUIKOCTEN /
Cyteipus B.1., Kyxaxmerosa 2.P., Illunkapenko M.A. 2018. bron. Ne 31. 7 c.; ITatent P® Ne 2646540. DkciepuMeHTaNnbHasi yCTAHOB-
Ka (CTeHA) 111 M3y4YeHHs MHOTo(pakTOpHOHW 3aBUCUMOCTH Kod(duuueHra nemnpupoBaHUs CBaW NPH B3aMMOJCHCTBHH C TPYHTOM /
Cyteipun B.U., Kyxaxmerosa 3.P. 2018. Bron. Ne 7. 9 c.; [latent PO Ne 2699311. Criocob onpeneneHus AeMI(pUPYIOMUX XapaKTepH-
CTHK XHIKOCTEH U chimyunx marepuanos / Kyxaxmerosa O.P., Cyreipun B.U., Illuakapenko U.A. 2019. brom. Ne 25. 11 c.
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CymecTBeHHOE BIHMSIHAE HA PE3YJIbTAThHl aHAIHN3a THHAMHUKH OKa3bIBAIOT (DU3UKO-MEXaHNIECKHE CBOMCTBA
TPYHTOB. B X07€ 4ncIIeHHOTO MCClieOBaHUs BBISBICHO, YTO YMEHBIICHHE MOIYIs nedopmanuii rpyHTa E;, Mlla
MOJKET MPUBOIMTH HE TOJbKO K YMEHBIIICHUIO 3HAYCHHUI COOCTBEHHBIX YaCTOT f; 3[1aHUsA, HO U K U3MEHEHHIO T10-
pSAIKa CIIETOBAHUS XapaKTePHBIX HU3IMHUX (POpM COOCTBEHHBIX KoJIeOaHMH (TIOTepEeUHBIX, MTPOIOIBHBIX, OPTOTO-
HAJNBHBIX, KPYTWIBHBIX). Hu3mmMu gopmMaMu coOCTBEHHBIX KOJIEOAHUH SBISAIOTCS (POPMBI MIOKPHITHS IIEHTPAIb-
HO¥ YacTH 3[JaHus, TO €CTh IMIHMHIPUICCKON 000JI0UYKH HYJICBOM rayCCOBON KPUBU3HBEI.
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PA3PE3HBIX CUCTEM C YUETOM UX (baKTI/I‘IECKOI‘O OKCITYaTallTuOHHOT'O0 COCTOSAHUA,
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Article history Abstract. The authors present theoretical basis for creating software for opera-
Received: September 4, 2022 tional (on-site testing) experimental determination of the possibility of safe pas-
Revised: October 20, 2022 sage of heavy vehicles on road bridges, taking into account their actual opera-
Accepted: October 28, 2022 tional condition with experimental confirmations. The features, conditions of use,

and benefits of the software under development are expanded upon. The creation
of the software is driven, on the one hand, by the need to ensure the safety of
the driver and the bridge structure, and on the other hand, the need to assess
the load capacity of the superstructures of road bridges according to the parame-
ters of their stress-strain state to ensure guaranteed safe passage of heavy vehi-
cles. The developed software for the operational determination of the possibility
of safe passage of heavy vehicles on road bridge structures, with the considera-
tion of their actual operational condition, is implemented using a personal com-
puter. The software provides an assessment of the possibility of heavy vehicle

passage through split and non-split systems of any length, considering the actual
operational condition of the systems, while allowing to safely use any mobile
load as a point of reference. The introduced software will be used as part of
an upgraded system for rapid assessment of the load capacity of road bridges,
developed on the basis of the SI-PPM measurement system with the addition
of technical devices that increase the possibility of operational assessment of
the load capacity of road bridges.
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B mpaxTuke 3KcruryaTaluy aBTOMOOMIIBHBIX JOpor PD meprnoauuecky BO3HUKAIOT CIO0XKHBIE aKTyalbHbIE
3a71a4M OIIEHKH BO3MO)KHOCTH TPOITYCKa TSKETOBECHBIX TPAHCIIOPTHBIX CPEJCTB IO aBTOJOPOXKHBIM MocTaMm [1—4].
BrimonnenneM 3Tol 3aa4y 3aHUMAIOTCS ClIeMaIN3MpOBaHHbIE OPTaHN3alliY, UMEIOIINE B CBOEM IITAaTe BBICO-
KOKBIN(HUIIMPOBAHHBIX CHELUAIMCTOB, COBPEMEHHOE POrpaMMHOE 0OecrieueHne U 000pyIOBaHHUE IS [TPOBE-
JIeHUs 00CIIeI0BaHUI U UCTIBITAHUHA MOCTOB.

Bompocy olieHKH TeXHHMYECKOTO COCTOSIHUSA MPOJIETHBIX CTPOCHUN aBTOJOPOKHBIX MOCTOB IIPU MPOITYCKe
[0 HUM TSDKEJIOBECHBIX TPAHCHOPTHBIX CPEICTB MOCBSILICH psil paboT [5—12], B KOTOPBIX ONpeneseHue Ipy3o-
HNOJbEMHOCTH aBTOAOPOXKHOTO MOCTA MIPOBOJMUTCS C UCIIOJIb30BAHUEM PAa3JINYHBIX METOJIOB.

B nensax nocTwkeHHs OnepaTHBHOCTH OIpeeSICHHs BO3MOXKHOCTH 0€30MacHOro MpoIycKa TsHKEIOBECHBIX
TPAaHCIOPTHBIX CPEACTB MO ABTOAOPOKHBIM MOCTaM C YYETOM MX (PAaKTHUECKOTO AKCITYaTalMOHHOTO COCTOSTHHS
3a OCHOBY CO3JaHUS IPOTrPaMMHOI0 o0ecrieueHus! B3AT pa3pabOTaHHBIA OIHUM U3 aBTOPOB IKCIEPUMEHTAIBHO-
aQHAIMTUYECKUA MeTox pacuera ycuiauii [13], KOTOpbIil ObUT peasn3oBaH B pe3ysibTaTe COBMECTHON paOOThHI
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aBTOPOB B IPOrpaMMy «AHAJIUTHYECKAs MOJENb ONPEAEICHUS MapaMeTpOB HANPSKEHHO-IE)OPMUPOBAHHOTO
COCTOSIHHS B TIPOJIETHBIX CTPOEHHUSAX aBTOJOPOKHBIX MOCTOB OT CBEPXHOPMATHBHBIX Harpy3ok PBCH»'.

[IpoBeneHo yrouHeHue pa3paboTaHHON MPOrpaMMbl OTHOCUTEIBHO!

— OIPEAEICHUS] HEBBITOJHOTO ITOJIOKEHUS 3TAJIOHHONW Harpy3Ku Ha IPOJIETHOM CTPOCHHH;

— pacuera U3rudarIero MOMEHTa OT 3TAIOHHOW HAarpy3Ku;

— KOPPEKTHPOBKH MPOTHOa B CEperHE MPOJIETHOTO CTPOCHMS OT STAJOHHOW HArpy3Ku, ONpenessieMOoro
9KCTIIEPHUMEHTAIILHO, C MCIIOIb30BaHUEM KOA(QQHULMEHTA YIia MOBOPOTA U YUUTHIBAsl BIMSHUE CUCTEMBI 0ajI0y-
HOT'O MOCTA.

Cospanne [1O ans omepaTHBHOTO ONpeAEiICHUS BO3MOXKHOCTH O€30MacHOTO MPOIYyCKa TSKEIOBECHBIX
TPAHCIOPTHBIX CPEACTB 0OYCIOBIEHO, C OHON CTOPOHBI, HEOOXOIUMOCTBIO OOeceueH sl 0e30IacHOCTH BOIU-
TeJIsl TPAHCIIOPTHOTO CPEACTBA M MOCTOBOI'O COOPYXKEHUS, a C APYTrod CTOPOHBI — MOTPEOHOCTHIO OLICHKU I'Py30-
MOJJbEMHOCTH TIPOJIETHBIX CTPOSHHH aBTOJOPOKHBIX MOCTOB MO MapaMeTpaM MX HalpspKeHHO-Ie(QOopMHUPOBAHHOTO
COCTOSIHUSI [UIsl TApaHTUPOBAHHOTO 0€30MacHOro MPOMYCKa TAKETOBECHBIX TPAHCIIOPTHBIX CPEICTB.

TeopeaneCKne HCCJICJOBAHUA

1. IlpeaBaputensHO 3aMeTHM, 4TO B [14] ompeneneHsl allrOpUTMbI pacyeTa HEBBITOAHOTO MOJIOKEHUS Ha-
Tpy3KH, TMPH KOTOPOM IOJy4aeMbli SKCHEPUMEHTAIbHBIM IyTeM NpOrud OoT Hee OyaeT MakCHUMaJieH, IyTeM
NPUBEACHUS ATAJOHHON HAarpy3kd K paBHOMEPHO-PAaCHpEeAEICHHON, W pacyeTa yNaJeHHs PaBHOICHCTBYIOLICH
3TaJOHHOH Harpy3KH OT IEPBOM €ro OCH; U3rUOAIOINN MOMEHT BBIYUCISIETCS Yepe3 ONpeAEICHUE IIONIAIH JIU-
HUUW BIUSHUS U3TH0AIONIET0 MOMEHTA 3TaJJOHHON Harpy3KH.

[IprumeHeHne NaHHOTO MOAXOJA K ONPEACICHUIO0 HEBBITOAHOTO IMOJIOXKEHUS M, COOTBETCTBEHHO, M3ruba-
IOLIEr0 MOMEHTA B HEKOTOPBIX CIIy4asx HE COBCEM KOPPEKTHO, TaK KaK OH CIIY>KUT AJIsI UX OBICTPOTO HaXOXK[e-
HUS 1 3HAUCHUS TIOTYYal0TCs IPUOINKESHHBIMU.

ABTOpaMu mpenjaraercsi onpejaeieHue 0ojiee TOYHOIO HEBBITOJHOTO IMOJIOKEHHUS 3TATIOHHOW Harpy3Kd
U pacueTa M3rubaroIiero MOMEHTa OT Hee ¢ MCIIOIb30BAHUEM JIMHUU BIUSHUS (puC. 1), KOTOPBIH MPOBOIUTCS
B JIBa JTara.

/
T I ¢ 1 | v
S, S-y' y:\ y Y.
s TN |

Puc. 1. [TocTtpoeHue TMHUN BIMSHUS C OpIMHATAMU OCEH HArpy30K
Figure 1. Construction of the influence line with the coordinates of the load axes

Ha INEPBOM ITAIIC OIPCACIIAIOTCA OPAUHATHI Oocel 3TaJTOHHOU Harpys3kKd Ha JIMHUU BJIUSIHUA B Ka)kJI0H TOY-
K€ IIpoJIC€Ta € 3alaHHBIM HIaroM pacyera:

! CBUIETENBCTBO O rOCYIaPCTBEHHOM perucTpaluy nporpammel 1t IBM Ne 2022614890, Ananutuueckas MOJENb OIpeese-
HMS IApaMETPOB HAINPSHKCHHO-A€(OPMUPOBAHHOIO COCTOSIHHSA B MPOJIETHBIX CTPOCHUSAX aBTOAOPOIKHBIX MOCTOB OT CBEPXHOPMATHBHBIX
Harpy3ok PBCH / JIyrosues E.A., llleBuyk A.b., I'epacumens B.I1., Yranues K.H., Hemomusimux A.B.; 3asBuTens u npaBooOiagaTens
OI'’KBOYBO «BYHII CB «OBA BC P®y; 3asen. 21.03.2022; omy6ur. 28.03.2022.
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abs (S, —0,5[) I

1
) (1

Y, =0,01abs

rae Y, — opauHaTa i-if OCH TANOHHON HArpys3ku; S, — PacCTOSHHE OT MCXOIHOM ONOPHI JI0 i-if OCH TAOHHOMI

Harpysku; [ — jinHa mpoJera.

Ha BTOpoM 3Tare onpenensercst N3rnOAOMIMi MOMEHT OT 3TAJIOHHOW HArPY3KH MPU KaXKJIOM U3MEHECHUH
ee MOJIOKCHHUSI B COOTBETCTBHH C 3a[JaHHBIM IIaroM pacdeTa W BhIOMpaeTcs MOJIOKEHHE, IPH KOTOPOM H3ruba-
IOIIMH MOMEHT OT 3TaJIOHHON Harpy3KH OyJeT MaKCHUMAaIbHBIM:

M 2

max

Y.P — max,
i=1

rie P — Harpyska Ha i-10 0Ch 3TaJOHHOM Harpy3KH.

BriOpanHOE MOJI0KEHHE STATIOHHON HArpy3KH W OYJIET SBIATHCS HEBBITOIHBIM, ITPU KOTOPOM H3THOAIOIINIT
MOMEHT, @ COOTBETCTBEHHO U MPOTHO MPOJIETHOTO CTPOCHHUS OT STAJIOHHOW HAarpy3KH, OyZeT MaKCUMaJIbHBIM.

Jlnst peanzanuu yka3aHHOTO CIIOCO0a OMPE/ISIICHUS] HEBBITOTHOTO MOJIOKEHUS U pacyeTa MpH 3TOM H3TH-
Oarolero MOMEHTa OT STAJIOHHOW Harpy3kd pa3paboTaHa U OMyOJMKOBaHA MpOrpamMmMa jisi OBICTPOTO €ro Wc-
nob30BaHK (pHC. 2)°.

NC AM or

NC AM or

B
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]
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HANGOABLIMA HIIMGAIOWI MOMEHT B CeueHnm, TC M 169.5
“l Nepepesusaowan cuma B ceuerim, TC: 53.485

Puc. 2. Uarepdeiic mporpammel
Figure 2. Program interface

J17ist oNTBEPIKICHUST JOCTOBEPHOCTH PE3yJIbTaTOB paciera yKa3aHHOH IPpOrpaMMOoii TIPOBEICH MOJICTBHBIN 3KC-
MIEPUMEHT B IIporpamMMHo-paciyeTHoM komriekce Midas Civil 2022 (ceprudmkar coorsercrBusi RA.KR.AB86.H01197),
OCHOBaHHOM Ha METOJIc KOHECYHBIX 3JICMEHTOB C HCIOJL30BAHHUEM MPOCTPAHCTBCHHOW MOJEIH MPOJIETHOTO
CTPOCHUS aHAJIOTHYHOMN JUIMHBI, KOTOpasl MPEJICTABIICHA B BUJIC COBOKYITHOCTH CTEP)KHEBBIX 3JIEMEHTOB, HMEIO-
IIUX 00IIKE TOYKYU — Y31kl (puc. 3).

Mojienb MPONIETHOTO CTPOCHUS 3arpyKaiach aHAJOTHYHOM STATOHHON HATPY3KOH.

B pesynbraTe MpoBENCHHBIX PAcUYeTOB OMPEJNENICHO, YTO W3THOAIIUA MOMEHT OT JTAJIOHHOW Harpy3KH,
MOJIy4eHHBIH B TporpaMMmHo-pacuetHoM komiuiekce Midas Civil 2022 (puc. 4), COOTBETCTBYET pe3yjbTaram
pacyera U3rnOAOLUIET0 MOMEHTA pa3padOTaHHOW MPOrpaMMoOl, CXOAMMOCTh 3HaUeHHH coctaBuna 91 %.

2 CBUIETENLCTBO O TOCYIAPCTBEHHON perucTpamyy mporpammel s 9BM Ne 2022669763. IlporpaMma ONpeIeNeHns PacaETHBIX
(hakTOpOB B pa3pe3HBIX MPOIETHBIX CTPOCHUSIX aBTOJOPOKHBIX MOCTOB OT MPOHM3BOJIBHON MOABIKHON Harpy3ku / YTtanues K.H.; 3asBu-
tenb U npaBoobaagarens PI'’KBOYBO «BYHI[ CB «OBA BC P®y; 3asBn. 14.10.2022; omy6m. 25.10.2022.
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Puc. 3. TIpocTpaHCcTBeHHAs MOJIEITH [TPOJIETHOTO CTPOEHHS
Figure 3. Spatial model of the superstructure
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EERM DIAGRAM
MOMENT-y, =
43.41

MVMRAX: A-1(105 T)

MAX : 50

MIN : 1

FILE: 56 TMPONET ~

UNIT: tonf*m

DATE: 11/23/2020
VIEW-DIRECTION

X:-0.858 ‘

Puc. 4. PesynsraTsl pacyera m3rudaromero momeHTa B [IPK Midas Civil
Figure 4. Results of the bending moment calculation in the Midas Civil

2. [Iporub f B cepeaurHe MPOJIETHOTO CTPOCHHUS, PACCUUTHIBAEMBIN C MCIIOJIb30BAHUEM €r0 CTPOTOM 3aBU-
CUMOCTH OT BEIIMYMHBI MPOJIETOB / M TaHIeHCa yria HaKJIOHA MCXOJIHBIX OMOPHBIX CEYCHHU OT BO3JCUCTBUS
MPOIYCKaeMbIX Harpy3ok, pa3paboTaHHOW OAHMM W3 aBTOPOB B [10], mpeanaraeTcst onpenensaTh ¢ y9eToM KO-
a¢dumenTa yria moBopora o

_i'tane

3
i €)

fmax

rae f — mporud MPOJNETHOTO CTPOSHHS B CepeluHe IpojeTra, M; 6 — yroia HaKJIOHEHUS OMOPHOTO CEYCHHS OT
MPOITYCKAEMOT0 TPAaHCIIOPTHOTO CPENCTBA; / — JJMHA TPOJIETHOTO CTPOSHHSI MOCTa, M; & — KO (UIIMEHT yria
HOBOPOTA.
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Ero uncneHHoe 3HaueHHE MOITY4EHO IIyTeM COIIOCTaBJICHHS SIIOP YIJIOB OBOPOTA Pa3pe3HbIX IPOJIETOB
C COOTBETCTBYIOIIMMH SIIOPAaMU YTJIOB MOBOPOTA B HEPA3pE3HBIX MHOTOIMPOJIETHBIX CTPOEHUSAX MPU HMX IIap-
HUPHOM OIIMPAaHHUU Ha OTIOPHI 0€3 3allleMIIeHUs] Ha HUX B porpamMmHo-pacyeTHoM kKomruiekce DCIIPU ot LIRA

GROUP’.

ComoctaBuM 3MI0PHI YIJIOB IIOBOPOTAa B KpasXx IpojeTa A pa3pe3HOro IPOJETHOIO CTPOEHUs ¢ IIpoJe-
tamu 24, 33, 42 M U Hepa3pe3HOro B Kpasx MepBOro (KpaiHEero) W BTOPOTO (CpelHero) MpoJIeTOB C COOTBET-
CTBYIOIIMMU TIpolieTamu (puc. 5).

L(1)=

23.00m

< L(1)= 2
1 33.00m 2
|| [T
LI ]] |

: :

J l i |

'? L(1)= '?' L2)= Q, L(3)= -Q
: 2¢.00m 5 33.00m 2 24.00m %
I | { H ‘ I |

Pc. 5. DHIOphI YIIIOB MOBOPOTA B Pa3pEe3HBIX M HEPA3PE3HbIX MPOJICTHBIX CTPOCHHUSIX
Figure 5. Plots of rotation angles in split and continuous superstructures

PeBynLTaTLI CpaBHCHUA SIIIOP YTJIOB MOBOPOTA B KpadX MPOJI€Ta NO3BOJUIIN NOJYUYUTh YUCICHHBIC 3HAYC-

Hus K03 punmenTa yria moBopora (Tadnuma).

3HaYeHHs1 MAKCHMAJIbHBIX OPHHAT YIJOB MOBOPOTA H K03(uinenTa yria noBopora

OpauHaTta >npsl YIJ0B NOBOPOTA
Hepa3spe3nble npoJieTHbIE CTPOEHUS
Uceaenyembiii hakrop Tpouer, Paspesoe 3 mpoJsera 4 npoJiera 5 npoJieToB
(cxema mocra) ™ TpoJIeTHOE 1-it 2-i 1-it 2-i 1-it 2-i 3-it
CTpoeHHe
Jle- |IIpa-| Jle- |IIpa-| Jle- |IIpa-| Jle- |IIpa-| Jle- |IlIpa-| Jle- |IIpa-| Jle- |IIpa-
BbIii | BbIi | BBIi | BBl | BBl | BbIi | BBl | BBl | BBl | BB | BBl | BBl | BBl | BBl
Kpaii | kpaii | kpaii | kpail | kpaii | kpaii | kpaii | kpail | kpaii | kpaii | kpaii | kpail | kpaii | kpaii
24 540 415|291 416 | 293 416 | 293
OpauHata yria noBopota, Pan
24+33...+24
( ) 33 1020 333|333 340 | 362 341 (364|370 | 370
Koagdrment yria nosopora 6
(4+33 ... +24) 24 1 0,77(0,54(0,33|0,33{0,77|0,54|0,33{0,35|0,77{0,54{0,33|0,36|0,36 [ 0,36
24 1020 777|533 778 | 535 778 | 535
OpauHaTa yriia noBopoTa, Pan
+ .
(24+33 24) 33 1653 568 | 568 575|595 5751597 | 602 | 602
Koagdrment yrima nosopora 6
(24 +33 ... +24) 24 1 0,7610,52(0,34|0,34/0,76 0,52|0,35{0,36|0,76|0,52(0,35|0,36|0,36 [ 0,36

3 DCIIPU. DieKTpOHHBIH CIIPAaBOYHMK MHeHepa: yueOHoe mocobue. URL: http://ru.midasuser.com/web/page. php?no=60 (nata

obpammenust: 25.10.2022).
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Values of the maximum ordinates of the rotation angles and the rotation angle coefficient

Ordinate of the plot of the rotation angles

Continuous superstructures

The factor under study Span, Split 3 spans 4 spans S spans
(bridge diagram) m

super-

First Second First Second First Second Third
structure

Left [Right| Left |Right| Left |Right| Left |Right| Left |Right| Left |Right| Left |Right
edge | edge | edge | edge | edge | edge | edge | edge | edge | edge | edge | edge | edge | edge

Ordinate of the angle 24 540 415|291 416 | 293 416 | 293

of rotation, Rad

(24 +33 ... +24) 33 1020 333 (333 340 | 362 341|364 | 370 | 370
Rotation angle coefficient 5 24 1 0,7710,54|0,33]0,33|0,7710,54[0,330,35]0,77(0,54]0,33 0,36 0,36 | 0,36
(24+33 ...+24) bl 9 9 > b bl 9 > bl 9 > > b >
Ordinate of the angle 24 1020 777 | 533 778 | 535 778 | 535

of rotation, Rad

(24 +33 ... +24) 33 1653 568 | 568 575 | 595 5751597 | 602 | 602
Rotation angle coefficient 5 24 1 0,76]0,52(0,34]0,34[0,76]0,52]0,35|0,36|0,760,5210,35 0,36 0,36 | 0,36

(24 +33 ... +24)

Taxum o0pa3zom, 3HaueHHE K03 duireHTa yria noBopoTa 6 ¢ HOrpeHOCThI0 He Oosee 9 Y% npuHuMaeMm:

— JIJIs1 pa3pe3HBIX MPOJIETHBIX CTPOCHUM — 1;

— 17151 JIGBOT'O Kpasi Hepa3pe3HbIX MPOJIETHBIX CTPOSHHUH Ha OTHOM orope (TIepBbIi 1 oceqauii nposer) — 0,77;

— JUTSl IPaBOTO Kpast Hepa3pe3HbIX MPOJIETHBIX CTPOSHHI Ha OJTHON ortope (NepBhId U rocenHui poeT) — 0,54;

— JIJISl HEpa3pe3HbIX MPOJIETHRIX CTPOEHUM Ha JBYX onopax — 0,36.

PazpaboranHoe nporpaMmmHOe oOecriedueHre OyIeT UCIOb30BaHO B COCTAaBE MOJEPHU3UPOBAHHOMN CHCTe-
MBI 9KCIPECC-OLEHKN TPY30HOABEMHOCTH aBTOJOPOKHBIX MOCTOB, pa3pabaThIBA€MOi Ha OCHOBE CHUCTEMBI H3-
mepernit CU-IIIIM [15] ¢ mobaBneHreM TEXHUYECKHX yCTPOWCTB, TOBBIMAIONINX BO3MOKHOCTh OTIEpaTHBHON
OIIEHKH I'PY30MOAbEMHOCTH aBTOJOPOKHBIX MOCTOB.

BKCHepHMeHTaJIBHLIe NOATBEPKACHUSA TECOPETUUYECCKUX HccaeI0BaAHUH

st moaTBepKIeHUS TOCTOBEPHOCTH IOIy9aeMOro MPOrHda B CepelliHe MPOJIESTHOTO CTPOSHHS OT YIJia
HAKJIOHA MCXOTHOTO OMOPHOTO CEUEHHS C YIETOM MOIy4eHHOTO Kod(h(dHUIlneHTa mpoBeIeH dKCIIEPUMEHT Ha He-
pa3pe3HOM METAUIMYECKOM aBTOJIOPOXKHOM IyTenpoBoae uepe3 MIK/] va kM. 8 + 783 Ha ob6xone Kamyru (yua-
cTok AHHeHKH — JXKepeno) co cxemoit Mocta: 62 + 69 + 69 + 52 + 50 (puc. 6).

Kaxmoe mposeTHOE CTpOeHHUE 3arpy’Kajoch UCIBITaTeIFHOW HArpy3KoH, MPEACTABIISIONICH co00# KOJOH-
HY YeTBIPEXOCHBIX I'PY>KCHHBIX aBTOMOOMIBHBIX caMocBaioB ¢upM Scania P8X400 u Volvo FM-TRUCK 8x4
no 45 1 kaxasii (puc. 7).

Puc. 6. [Tyrenposox uepe3 MK/ na km. 8 + 783 na obxone Kanyru (dporto E.A. JIyrosuesa)
Figure 6. Overpass through the Moscow Railway at km. 8 + 783 on the bypass of Kaluga (photo by E.A. Lugovtsev)
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VYTron HaKkJIOHa ONOPHOI'O CEUCHMS IIPOJIETHOTO CTPOCHMSA HU3MEpAJICS C UCIOJIB30BaHMEM HHKIMHOMETpa
WH-A3 720 (puc. 8).

[Iporu6 B cepenuHe MPOJETHOTO CTPOCHUS M3MEPsUICA ¢ Ucmosib3oBaHueM nporudomepon IICK-MI4,
YCTAaHOBJICHHBIX B IIOMOCTOBOM IIPOCTPaHCTBE (pHC. 9).

Puc. 7. UcnsitarensHast Harpyska (¢oto E.A. JIyrosuesa)
Figure 7. Test load (photo by E.A. Lugovtsev)

Puc. 8. Uukmunomerp MH-/13 720 ¢ nporpammubiM obecrnieuenuem (poto K.H. Ytanuepa)
Figure 8. Inclinometer IN-D3 720 with software (photo by K.N. Utaliev)

o N PR e —

RS

Puc. 9. ITporudomepst IICK-MI'4 (dpoto E.A. JIyrosuesa)
Figure 9. Deflection meters of PSK-MG4 (photo by E.A. Lugovtsev)
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B pe3synbpTare mpoBeNEHHOIO HATYPHOIO SKCIEPUMEHTAa YCTAaHOBJIECHO, YTO NMPOrUd B cepeuHE Hepas3pes-
HBIX MPOJIETHBIX CTPOCHHM, MOMYYEHHBIN Yepe3 yroyl HakjIoHa HCXOJHOTO OTOPHOTO CEUYEHHs, C Y4eTOM Ko3(-
¢unreHTa yria moBopoTa COOTBETCTBYET MPOTH0Y B CEpEAMHE MPOJIETHOTO CTPOCHUS, U3MEPEHHOTO € UCIOMb-
3oBanueM nporudomepos [ICK-MI'4, cxogumocTs 3HaueHmit coctaBuia 92 %.

[IpencraBneHHble TEOPETHUECKHUE IMPEINOCHUIKH TTO3BOJMIIN MPOBECTH YCOBEPIIEHCTBOBAHHUE MPOTPaM-
MbI', 3aKTIOYalomeecs B TOM, YTO M3MEpEHHe YIIOB MOBOPOTAa OMOPHOTO CEeUeHHs M MOCIEYIONIMi pacueT
JKECTKOCTHU TMPOJIETHOTO CTPOCHUS C YUETOM €ro (paKTHYECKOIr0 SKCIUTyaTallMOHHOTO COCTOSHUS, POU3BOAUTCS
IpUHUMas BO BHUMaHHE KO3(QUIMEHT yriia IOBOPOTA U BBIIOJIHAETCS TOJBKO OAMH Pa3 NPH YCTaHOBKE 3Ta-
JIOHHOM Harpy3Kku B caMO€ HEBBITOJHOE MOJI0KEHHE, ONPEAEIIeMOEe aBTOMATHYECKH C TOMOIIBIO TPOTPAMMBI.

[Tpu 3TOM IyTEM CONOCTABIIECHHUS OIYUYEHHOTO MPOruda B ceperHEe MPOJICTHOTO CTPOCHUS, N3THOAI0IINX
MOMEHTOB OT JTAJOHHOM HAarpy3Kd U PEaJIbHOI'O TSDKEIOBECHOIO TPAHCHIOPTHOTO CPENCTBA PACCUUTHIBACTCA
nporuod, a Takke MakCUMalIbHbIE 3HAUEHHS M3TUOAI0Iero MOMEHTA | IOTIEPEYHON CHITBI OT COOCTBEHHOTO Beca
MIPOJIETHOTO CTPOEHHUS.

3areM OT COBMECTHOI'O ACHCTBHS TSDKEJIIOBECHOI'O TPAHCIOPTHOI'O CPEACTBa M COOCTBEHHOIO Beca Ipo-
JIETHOTO CTPOEHHUS BBIUMCIAIOTCA HANPSKEHHUS B KPOMKax OaJoK MPOJIETHOTO CTPOSHHS M MPOU3BOAMTCA UX
CpPaBHEHHUE C BO3MOKHBIMH 3HAUYEHUSMH.

PacueTHble CONPOTUBJIEHHS MaTepuana IpPOJETHOTro CTpoeHus ompenensiorcs mo CIT 35.13330.2011°.
JlonmycTiMble 3HAYEHUs! MONEPEYHOM CHIIBI Ul JKEJIEe300€TOHHBIX INPOJIETHBIX CTPOCHUHM ONPENeJIIOTCS II0
OJIM 218.4.025-2016°.

Ecnu ycnoBust mpo4HOCTH XOTSI OBl MO OXHOMY MPENCIIEHOMY COCTOSIHUIO HE BBIIOJNHSIOTCS, TO IPO-
rpaMMHOE 00€eCIedeHne COOOIUT O HEBO3MOKHOCTH IIPOITYCKa TSHKEI0OBECHOTO TPAHCIIOPTHOI'O CPE/ICTBA.

3akiaroueHue

PaspaboTtanHoe mporpaMmMHOe 00ecIieueHUe Ik ONIEPaTUBHOTO OIMPEIEIICHUsT BO3MOKHOCTH 0€301acHOTO
MIPOIYCKa TSKEJIOBECHBIX TPAHCIIOPTHBIX CPEACTB MO aBTOJOPOKHBIM MOCTOBBIM COOPYXKEHHUSIM C YUYETOM HX
(aKTHYECKOTO IKCIUTYaTalHOHHOTO COCTOSIHUSI PEATM30BAHO C HCIIOIb30BaHUEM MIEPCOHAILHOTO KOMITBIOTEpA.

[IporpammHoe obOecrievueHrne 00ECIICUNBAET OLICHKY BO3MOXKHOCTH TPOIYCKA TSIKEIIOBECHBIX TPAHCIIOPT-
HBIX CPEJICTB C JIOOBIMH II0 JUIMHE MPOJIETAMH Pa3pe3HbIX M HEPa3pe3HBIX CHCTEM, HO TOJBKO IO YCIOBHUSIM
MPOYHOCTH TPOJIETHBIX CTPOCHUH aBTOMOPOKHBIX MOCTOB, C YI€TOM MX (PAKTHUECKOTO 3KCILTyaTalliOHHOTO CO-
CTOSTHUS, TIO3BOJISAS TIPU 3TOM 0€30TIaCHO MCITOJIB30BaTh JII0OYIO MOABIKHYIO HarPy3Ky B BUE STaJIOHHOM.
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Hcrtopus cTaTbu Annotanus. [IpencraBieH HOBBI MOIXOM K OLEHKE MHIEKCA HAJIGKHOCTH CTallb-
[Mocrymuna B pegakumro: 27 nexadpst 2022 T. HBIX (epM 110 KPUTEPHUIO JKECTKOCTH C YUETOM HEONPENeNCHHOCTH CIIy4alHBIX
Jopa6orana: 18 despass 2023 r. BEJIMYHMH, BBIPAKCHHOW B MHTEpBaIbHON (Gopme. Kitaccuueckre BEpOSTHOCTHO-
[punsTa k myomukaiun: 22 despans 2023 r. CTaTUCTUYECKUE METO/IbI aHATIH3a HAICKHOCTU TPEOYIOT BEIOOpa 1 000CHOBAHUS

3aKOHOB pacIIpCaciICHUA CHy‘IafIHLIX BCJIMYMH U UX NApaMETPOB. Cy6’beKTI/IBHO€
TPUHATAC CTATUCTUYCCKUX THMIIOTE3 MOXET IMPUBECTH K OOJBIIMM OIIHOKAM B aHa-
JIN3€ HAAC)KHOCTU CTPOUTCIBHBIX KOHCprKHHf/'I. B uccnenosanuu IpeacraBiia-
IOTCA CJIy‘-IaﬁHLIC BCJIMYMWHBI B BUAC MHTEPBAJIIOB, KOTOPBIC XapaKTCPU3YIOT I'pa-
HHUIIbI UX U3MCHYMBOCTH. Taxkue HWHTCPBAJIbI MOTYT OBITH MOJIY4YCHBI KaK JOITYCKH
B paMKax TEXHUYECKOU JAOKYMCHTAIlUHM, IO ONBITY CTPOUTECIIbHBIX pa60T nimn
OyTEM aHaIn3a JaHHBbIX. IlokazaHa BO3MOXXHOCTb MCIIOJIb30BaHUS HEPaBCHCTBA
Bricouanckoro — HeTyHI/IHa JUIA TIOJIYYCHHUS I'paHUL U3MCHYUBOCTH CHy‘IaI\/'IHOI\/'I
BEIUYHMHBI 0€3 TMIIOTE3BI O KOHKPCTHOM pacnpeaciCHun BepOHTHOCTefI. Ananmmz

HAJIKHOCTH CTEPXKHEBBIX CHCTEM YCIOXHSAETCS 3a CYET HEOIPEIeeHHOCTH
JAHHBIX B Ka)XIOM 3JIEMEHTE CHUCTEMbI. J[J1s WH)KEHEepHOro perieHust 3Toi Mmpo-
0JIeMBI TIPENICTABIICH aHATTMTHYECKUH MOIX0/ K 3aJa4e ONTHMHU3ALNH, Ha OCHOBE
KOTOPO# BBIYMCISIETCS MHIEKC HalaeKHOCTH. [loyueHne nHaexca Halle)KHOCTH
(bepMbI 1O3BOIISIET B KOJMYECTBEHHON (hopMe CpaBHUTH HECKOJIBKO IMPOSKTHBIX
peneHuit pepM o KpUTEPUIo 6€30IaCHOCTH IKCILTyaTaliu.
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Evaluation of a reliability index for steel trusses to the deflection criterion
with interval uncertainty of data
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Article history Abstract. The authors describe a new approach to evaluation the reliability in-
Received: December 27, 2022 dex of steel trusses by the criterion of deflection considering the uncertainty of
Revised: February 18, 2023 random variables expressed in the interval form. Classical probabilistic-
Accepted: February 21, 2023 statistical methods of structural reliability analysis require the choice and justifi-

cation of the cumulative distribution functions for random variables and its pa-
rameters. Subjective acceptance of statistical hypotheses can lead to large errors
in the structural reliability analysis. In this study, it is proposed to represent ran-
dom variables in the interval form that characterize the boundaries of their varia-
bility. Such intervals can be obtained as tolerances by the technical documenta-
tion, can be based on the construction experience or can be got by data analyz-

ing. The Vysochansky — Petunin inequality is used to obtain the limits of varia-
bility of a random variable without a hypothesis about a specific probability dis-
tribution function. The reliability analysis of bar-systems is complicated due to
the uncertainty of the data in each element of the system. For the engineering
solution of this problem, an analytical approach to the optimization problem is
offered. The truss reliability index can be used to compare several design solu-
tions in a quantitative form according to the criterion of operational safety.
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KnroueBpIM npu NPOEKTUPOBAHUH, CTPOUTENBCTBE, SKCIUTyaTallud U CHOCE CTPOUTENBHBIX KOHCTPYKIIMMA
SIBIISIETCSI TpeOoBaHue obecnieueHus HamexHoctu. B coorBerctBum ¢ 'OCT 27751-2014 «HamexxHOCTH CTpoH-
TEJTBHBIX KOHCTPYKIIUI 1 OCHOBAaHU», HAIEKHOCTh — CIIOCOOHOCTh CTPOUTENHHOTO 00BEKTa OCYILIECTBIATh Tpe-
OyeMble GYHKIMM B TEUECHHE PAaCYETHOTO CPOKa dKCITyaTtaliui. OCHOBHBIM yCIOBHEM HaJACKHOCTH CTPOUTEIBHBIX
00BEKTOB SIBIISIETCS BBIIOJIHEHHE TPeOOBaHU (KPUTEPHEB) AJISI BCEX YUMTHIBAEMBIX NPEAEIBHBIX COCTOSIHUN MPH
neiicTBuM Hanbosee HeOIAronmpusATHBIX COYETaHUM PacUETHBIX HArpy30K B TE€UEHHE PACUETHOTO CPOKA CITYKOBI.
Texymuii MoAXo K pacueTy CTPOUTENbHBIX KOHCTPYKIMH MO3BOJISIET AAaTh OLEHKY HAJEKHOCTH 3JEMEHTA 3/1a-
HUSI I COOPY>KEHHsI B (popMaTe «HaAeKHOCTh oOecreueHa/HaexHOCTh He oOecrieueHa». OTCYTCTBHE BbIpa-
KEHUSI YPOBHS HAAEKHOCTH B KOJMYECTBEHHOH (POpME MHOMKECTBO MCCIIENOBATENICH CUUTAIOT HEOCTATKOM TEKY-
Ieil KOHLETIIMN TPOSKTHPOBAHMS CTPOUTENBHBIX KOHCTpyKImi. Tak npodeccopa O.B. Mkpreue u B.J1. Paiizep
B (yHIaMEHTaJIbHON MOHOrpaduu IO TEOPHUH HAAEKHOCTH CTPOUTENBHBIX KOHCTPYKUMU [1] oTMewaror, uTo
«CYIIECTBYIOIINE METOIbl IPOESKTUPOBAHUS HE IIO3BOJIIIOT OLIEHMBATh HAJIC)KHOCTh KOHCTPYKIMH U TeM Ooiiee
MIPOEKTHPOBATh WX C 33/JaHHBIM YPOBHEM HaJIeKHOCTH... CIOXKHUBIIYIOCS CUTYallMi0 B HOPMHUPOBAHMU IPABUI
pacueTra CTpOUTENBHBIX KOHCTPYKIMH MOYXHO OXapaKTepH30BaTh TakK: y MPOEKTUPOBIIVKA MPAKTUYECKH OTCYT-
CTBYeT MH(OpMaIMs, HACKOJIBKO YCICIIHO MM pelleHa 3afada HOPMaJIbHOTO (YHKUHMOHHUPOBAHUS 3IAHH».
AmnanorndHoe MHeHHe BbeIpaxaroT npodeccop B.A. KieBnoB n kanauaat texuumdeckux Hayk J[.B. KyseBanos [2]:

Sergey A. Solovyov, Candidate of Technical Sciences, Associate Professor of the Industrial and Civil Engineering Department, Vologda State University,
15 Lenina St, Vologda, 160000, Russian Federation; ORCID: 0000-0001-7083-7963, Scopus Author ID: 57215081781, eLIBRARY SPIN-code: 4738-
8927; solovevsa@vogu35.ru

Alexander E. Inkov, postgraduate student, Assistant of the Department of Industrial and Civil Engineering, Vologda State University, 15 Lenina St,
Vologda, 160000, Russian Federation; ORCID: 0000-0002-7034-8606, eLIBRARY SPIN-code: 7977-7778; inkovaie@vogu35.ru

Anastasia A. Solovieva, postgraduate student, lecturer of the Department of Industrial and Civil Engineering, Vologda State University, 15 Lenina St,
Vologda, 160000, Russian Federation; ORCID: 0000-0002-5285-5882, Scopus Author ID: 57223210877, ELIBRARY SPIN-code: 5162-9279; solovevaaa@vogu35.ru

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN 47


https://orcid.org/0000-0001-7083-7963
https://orcid.org/0000-0002-7034-8606
https://orcid.org/0000-0002-5285-5882

Solovev S.A., Inkov A.E., Soloveva A.A. Structural Mechanics of Engineering Constructions and Buildings. 2023;19(1):46-55

«CymecTByrome Ha CeroJHsIIHAN MOMEHT HOPMBI HOCSIT TPEINFCHIBAIONINN XapakTep W He coliepKaT HU KO-
JMYECTBEHHBIX TOKa3aTelieil 0e30MacHOCTH CTPOUTETBHOTO OOBEKTa, HH METONOB €€ OIECHKH. HanexHOCTh
JUIIG JEKIapUpyeTcs, HO KOJMYECTBEHHOTO BHIPAXKEHUS He oOperaeT». PazBuThe Teopuu HAAEKHOCTH CTPOH-
TETHHBIX KOHCTPYKIWH W BHEJPEHUE TOTHBIX BEPOSTHOCTHBIX PacYeTOB B HOPMATHBHYIO 0a3y MPOEKTHPOBAHUS
SIBJISIETCS AKTyalbHOM HAy4YHOU 3a7aveil.

AKTyanbHOCTH BOIIPOCa MOATBEPIKAACTCS TaKKe MCCIeIOBaHMsIMH BEAYIINX 3apyOeKHBIX LIKOJ aHaTu3a
HaJIeKHOCTU CTPOUTEIFHBIX KOHCTPYKIHiA. B [3] oTMeuaeTcs, 9To pa3BuTHE aHAITN3a HaNpshKeHHO-Ie(hOPMUPOBAHHOTO
COCTOSIHHSI CTPOUTENBHBIX KOHCTPYKINH Ha 0a3e KOHEYHORIIEMEHTHBIX MOJIENIEH JelaeT BO3MOXKHBIM CO3IaHUE
3G PEeKTUBHON MOJENH 31aHUSI WIH COOPYKEHHS, HO HE MO3BOJSIET B TOJHOW Mepe MOIYyYUTh COTJIacHe C «pe-
AITBPHOCTHIO» BCIIEJCTBUE SIMUCTEMOJIOTHYECKOW M aJleaTOPHON HEONpeNeTeHHOCTeH CIIyYallHbIX BeNMYHWH (Ha-
TPY30K, MPOYHOCTEHN, TEOMETPHH U T. 1.).

J1s1 BEpOSATHOCTHOTO aHajIM3a HaJeKHOCTH CTPOUTENBHBIX KOHCTPYKIMH HCIIONB3YIOTCS pa3iIndHble MOe-
M ciIydadHbIX BenawuynH. Hambosee pacmpocTpaHEHHO HCIONB30BaHME HEKOTOPOH (QYHKIMH pacrpeleleHHs
BEpPOSTHOCTEH: TaKOW IMOIXOJ JA€T TOYHBIC PE3yIbTaThl W TOJ HETro pa3paboTaH MIUPOKUN HMHCTPYMEHTapHMA
KJIACCUYECKON TECOPHUHU BEPOSITHOCTEH M MaTeMaTHUECKOW cTaTuCTUKH. Kak oTMeueHo B [4], «TpyQHO OLICHUTH
TOYHBIE 3HAYEHMsI MMapaMeTPOB IS TOUHOTO ONPENENIEHUsS paclpeesIeHUus] BEpOATHOCTEN M3-3a OrpaHUYEHHON
nHpopMmarn. Kak Tompko cTaTucTH4ecKast TUIIOTE3a O paclpeielIeHIH BEPOSITHOCTEH HE BBHITTOTHSAETCS, aHaH3
HA/Ie)KHOCTH CTaHOBHUTCS HEIOCTOBEPHBIM M OECCMBICICHHBIM». /|1 BOCTIOJTHEHHS 3TOTO HemocTaTka pa3pado-
TaHbl HOBBIE MOJIETH CIYYalHBIX BEJIMYHH — p-OJIOKH [5], MO3BOISIOMINE HCIIOIb30BaTh MHTEPBATbHBIE OLIEHKU
napaMeTpoB (DYHKIUI pacmpeseleHus, HHTepPBAbHbIE MOJAETH [6], KOTOpBIEe MPENCTABIAIOT CIy4YailHbIe BENH-
YUHBI B BUJE TPAHUL] UX U3MEHUYUBOCTH, U JP.

Bounbmioit Bkiaz B pa3BUTHE HHTEPBAIBLHBIX Moenel BHecn Sl. ben-Xaum u . DnuinakoB B GyHaameH-
tansHOU MoHOTpaduu Convex Models of Uncertainty in Applied Mechanics [7], Tae npuBeneH psin 3anad aHa-
JIM3a U MPOEKTUPOBAHUA B MPUKIATHON MEXaHUKE, OCHOBAHHBIX HAa HCIOJIb30BAHUU BBIMYKIBIX MHOXKECTB IS
MOJIETMPOBAHUS HEOTIPEIEICHHBIX (P)YHKIIMNA UM T€OMETPUIECKUX HECOBEPILIECHCTB.

B nanHoit paboTe uccneayeTcs moaxoa K OLEHKE HaJle)KHOCTH CTaJbHBIX TUIOCKUX (DepM IpHU UHTEPBaIIb-
HOI HEONpEeAEeIEHHOCTH CIIy4alHbIX BEIUYUH. B KauecTBe KpuTepHs NpeaeinbHOrO0 COCTOSIHUS IPUHST KPUTEpU
XKecTKoCcTH (Tiporuba). Kpurepuii :xKeCcTKOCTH, WIIH TPOTHOa, SBISETCS OMHUM U3 KPUTEPUEB TPEACITBHBIX COCTO-
SIHUH, KOTOPBIN OKa3bIBaeT BIMSHUE HA MPUHATOE TEXHUYECKOE MpoekTHoe peuieHue [8)]. Taxke kputepuit xect-
KOCTH HEOOXOJMM JUTsI TIOJTHOTO BEPOSATHOCTHOTO aHAIM3a 3/IaHUH M COOPYKEHHH W MPEACTABICHHS UX B BHUJIE
CTPYKTYPHOM CUCTEMBI.

MeTOI[bI U MaTepHuaJibl

MaTeMaTI/ILICCKyIO MOZACIIb HNPEACIBHOI0 COCTOAHUA OJId pacueTa HAACKHOCTU MJIOCKOM HIapHUPHO-
CTCp)KHeBOﬁ CHUCTCMBI ITO KPUTCPUIO KECTKOCTU (npom6a) MOJXHO 3allicaTth B CJICAYIOLIEM BUIC:

A(P)< Ay, (1

rae A(P) — MaKCHMAJIbHBIH POruG OT 9KCILTyaTalOHHOI Y3/I0BOI HArpysKy (Ciy4YaiiHas BenuuuHa); A,

npeAebHbIA JOMYCTUMBIH Mporu6, ycraHoBieHHbIH B coorBeTcTBUU ¢ CII 20.13330.2016 «Harpysku u Bo3neii-
CTBHSI» MJIM UCXOJS U3 TEXHOJOTHUYECKUX MJIM HUHBIX TPEOOBaHHH.

Jlig pacuera nepeMeneHull MIOCKUX CTEP)KHEBBIX CHCTEM HCIOJIb3YyeTcs M3BecTHas Gopmyna Makc-
Besia — Mopa:

A—ZIMIMFd ZJ‘ Fd ZJ‘anQFdx 2)

rne MMy, NiINp, Q\0F — Npou3BeieHHs] «EIMHMYHBIX)» SHIOP Ha SMIOPHI OT BHEMIHEH HAarpy3KH (U1 U3THU-

Oarolx MOMEHTOB M, IpoJOIbHBIX N U monepevHbix cui (); £ — MoIynb yIpyrocTH MaTepHraia paccMaTpiBa-
€MOro ydJacTka; J — MOMEHT MHEPIIUH CTEP)KHS Ha PacCMaTpUBaEMOM y4YacTKe; A — TUIOIIAh MOIIEPEYHOTO Ce-
YEHHsI CTEPXKHS Ha paccCMaTpuBaeMoM ydacTke; G — MOAyYJb CABUTa MaTepHaja CTEP)KHSI Ha pacCMaTpUBAEMOM
Y4acTKe; 1 — K03 GUIUEHT HepaBHOMEPHOCTH PACIPEACIICHUS KacaTeIbHBIX HAIPSKEHHH.
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IMockoybKy B CTaTHUYECKH ONpeeuMoi hepMe MpH MPUIIOKEHUN Y3JI0BOW HArpy3KH BO3HHKAIOT TOJBKO
MPOIOJIbHBIC YCHIIUS B CTEPXKH:X, popMyily Makceemia — Mopa i pacdyera nporuba takux dGepm [9] MOxHO
3aMucath B BHJC

1 & NLiNg ;
A= 0 L0
Eia 4

1

) 3)

rae N1,; — ycwiue B i-M CTep)kHE (epMbl OT SAMHUYHON Harpy3Ku, IPUIOKEHHOH B y3i1€e, IepeMeleHne KOTo-
poro aHanmuupyercsi; Np; — ycuiue B i-M CTep>XHe (epMbl OT BHEIIHEH HAarpys3ku; /; — JUIMHA i-TO CTEPIKHS

(dhepMbI; n — 00IIIee YHCITIO CTEPIKHEH (epMBbl.

Jlist 6oJiee TOYHOTO TOAXO0/1a K aHAU3Y HAJIEKHOCTH MOYKHO YYHMTBIBATH JOMOJHUTENbHBIN POrH0, BO3-
HI/IKaIOHII/Iﬁ BCJICACTBUEC BJIIUAHUA I/I3FI/I6a}OHII/IX MOMCHTOB M IONCPEYHBLIX CUJI B CTCPIKHAX OT HArpy3Ku B BH/IC
coOcTBeHHOr0 Beca. JlaHHyI0 XapakTepucTUKy Ag,, MOKHO HPHHATh MAJTOM3MEHUYHBOH U BBIUMCIUTH B Pa3Iny-

HBIX TIPOTPAMMHO-BBIYHCIUTEIHHBIX KOMIUIEKCAX.
Torma MaTeMaTHYeCKyrO MOZEIH MPEAETFHOTO COCTOSHHUS TS aHAIM3a HaJeKHOCTH (DepMBI TI0 KPUTEPHIO
poruda MOXKHO 3aIUCaTh B BUJE

[
y )i <App —Agy- (4)

VYeunue B i-M cTepikHe (epMbl OT BHELIHEH Harpy3ku Ny ; (P) BO MHOTHX 3aJ]adyaxX MOeT OBITh 3amuca-

HO JUTA K2XXIO0TO CTEPKHS B BUIC \|/,-15, rae Y; — ko3((UIKEHT, 3aBUCAIIMN OT T€OMETPUUYECKUX MapaMeTpOB
(pazmepoB) depmsr [10].

[Ipu mpoekTUpOBaHUH CIEIyeT YIYUTHIBATH H3MEHUYNBOCTh XapaKTEPUCTUK TOMEPEYHOTO CEUYCHUS CTEPIK-
Hel BCJEICTBHE MOIMYCKOB Ha mX m3rotoBienue. Hampumep, mo 'OCT 30245-2015 «IIpodunn crambHbIC THY-
ThI€ 3aMKHYTHIE CBapHbIC KBAJIPATHBIC U MPSIMOYTOJILHBIE JJIsl CTPOUTENLHBIX KOHCTPYKINIY, BEICOTA (IIIMPHHA)
npoduas 100x100x5 moxeT m3meHsTbea B mpeaenax [99; 101] mm. B coorBerctBum ¢ I'OCT 19903-2015
«IIpokar nmucToBoit ropsraekaranbiii. CopramenT» 1 npodwmrst pazmepoM 100x100X5 TommmuHa CTEHKH MOXKET
umeth norpemrHocTh +0,40 MM. [Ipy JOMYCTHUMBIX OTKIOHEHHUSIX MOXHO IOJIyYUTh MHTEPBal BO3MOXKHBIX 3Ha-
YeHMII MOMEHTA CONMPOTUBJIEHMA ceueHns W = [52,24; 62,48] cm’® npu cpemuem 3mauenmm W = 57,32 cm’.
Ecnu npuHATE HOpMaNIbHOE pacmpeselieHre BEpOSITHOCTEH I MOMEHTa COTIPOTUBIICHUS CEYCHUs, a TPAHUIIBI
JIOTTyCTIMOTO MHTEpBaJla CYNTATh YCTAHOBJICHHBIMH IO MPABIIIy TPEX CHUTM, TO MAaKCHMAalbHOE CPEIHEKBa-
paTuyeckoe OTKIOHEHMe i JaHHOro mpoduis coctaBut Sy = 1,71 cm’. KoodduimenT Bapuarum MoMeHTa
conpoTuBieHus cedenus — 3 %. Jlna npoduns 50x5 unTepBan 3Hadenmit coctasut [11,33; 13,26] cm’. Ilpe-
NeNnbHBI K03 uumenT Bapuanmu — 2,6 %. AHATOTHYHO JJIS TUIOMIAEH TOMEPEYHBIX CEUEHUI: A CeUeHUS
50%X5 wmHTEepBaT BO3MOXKHBIX IIomanei [8,26; 9,74] oM, MpeneNnbHbIi KO3 duient Bapuauu — 2,78 %.
TeMm He MeHee MpeAnoyIoKeHHE O KO3 PUIMEHTE BapUaLlUK SBISETCS JIMIIb CTATHCTUUECKON TUnoTe30i. B nanHOM
WCCIICZIOBAaHUY TIpeJIaraeTcs aHaTU3uPOBaTh HAJIEKHOCTh (DepMbl TOJNHFKO HA OCHOBAaHWM JAaHHBIX O TpaHHUIAX
W3MEHYUBOCTH CITy4ailHON BENMYWHBI, YTO SBISIETCS TEXHHMYCCKUMH JIOMyCKaMHU JJIsl Pa3MepoB MOIEPEYHOTO
CEYECHUS CTEPKHEN.

Monyns yOpyrocT CTajid Ha MEpBON CTaJMW aHAIHW3a HAJICKHOCTH MPHUMEM JIETepMUHUPOBAHHOHN (T10-
crossaHOM) BenmmunHO#. CormacHo I'. Hlmere [11], koaddurmeaT Bapuanuy MOy YIPYTOCTH CTAIA HAXOIHT-
cs B pegenax ot 0,02 mo 0,06. [To naHHBIM SKCIIEpUMEHTATBHBIX HccnenoBanuil [12], koaddunuent Bapuanmu
MOJyJISI YIIPYTOCTH CTaJM 3aBHCHT B TOM YHCIE OT METOJA €ro U3MEPEHUs: Ipu U3MepeHnuu nedopMaiuii dKc-
TEH30MeTpoM TMonydeH kod(duument Bapmarmm 2,4 %, Mpu n3MepeHHH AeQopManuii TEH30PE3UCTOPOM —
4,7 %. Ha ocHOBe pacCMOTPEHHOI0 ajiropuTMa OYJET HECJIIOKHO MOCTPOUTH AJTOPUTM aHAIH3a HAJCKHOCTU
U C yYETOM €ro U3MEHYHNBOCTH.

[IpaBuiio Tpex curM MPUMEHUMO MIPU HOPMAITFHOM 3aKOHE paclpeielieHHsI CITy4JaiiHOW BeTnuuHEL. [Ipu He-
MOJTHOW CTaTHCTHYECKOI MH(OpPMAITH, YTO HEPEIKO BCTPEYAETCS B MPAKTHUECKUX 3aJadax aHaIHW3a HaJIeKHO-
CTH, TPYIHO YCTAaHOBUTH OUEBUIHYIO IPUHAAICKHOCTh TeHEPATIbHON COBOKYITHOCTH AaHHBIX K TOMY MJIH HHOMY
BUJy pacrpeaeneHus BeposTHocTe. Hampumep, kak otmedaet npodeccop B.A. Anumies B [13]: «B Hacrosmee
BpeMsl BO MHOTHX paboTax IMyOJIMKYIOTCS SKCIIEpUMEHTAIbHBIE TaHHBIE, CBUICTENBCTBYIOMINE O TOM, YTO pac-
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MpEACICHUSA pCAJIbHO HaGJ’IIO,I[aCMBIX CJ'Iy‘-IafIHBIX BCIIMYHUH B IIOJABJIAIOIICM OOJIBIIMHCTBE CJIydacB OTJIMYHEBEI OT
HOPMAJIBHOT'O pacCipcacICHu. }Ia " B IICJIOM, II0O MHCHHIO MHOTHUX PICCJIGZIOBaTeHefI, IMPUMEHECHUEC METOA0B Ma-
TEMaTHYCCKON CTaTUCTHKHU HCKOPPCKTHO, TAK KAK HECBO3MOXXHO Ha MPAKTHUKE C MOMOIIBIO PCAJIbHBIX JKCICPHU-
MCHTAJIBHBIX YCTaHOBOK ITPOBEPUTH JOCTOBEPHOCTH MOJYYCHHBIX C UX ITOMOIIBIO PE3YIIBTATOB). B cBs13u ¢ aTM
JId ONpEACICHUA I'paHUll U3MCHYNBOCTHU CJIy‘I&fIHOfI BCJIMYMHBI MOXXHO HMCIIOJIL30BAaTh HEPABCHCTBO Bricouan-
CKOTI'0 — HGTYHI/IHa, KOTOpPOC MOXKHO 3alrcaTrhb B CJICAYIONIEM BHU/JIC:

4
Pr(|X—mx|szx)=9?,

8
rae A — J11000e MOJ0KUTEILHOE YHCIIO C YCIOBUEM A > 3

[IpenmytecTBOM TaKOro TMOMXOJA SBISAETCS TO, YTO JAHHOE HEPABEHCTBO CIIPABEIJIMBO B TOM YHCIIC
U JUIsl pe3KO aCUMMETPUYHBIX pacHpeleieHuil, TeM caMblM YCTAaHABIMBAs FPAHUIIBI I MHOXKECTBA 3HAUCHUU
CITy4aifHO¥ BEITMYMHBI, TIOMAJIAF0IINX B ONPE/IeIEHHBI HHTEPBAIL.

Kiaccuueckoe nepaserctBo [1.J1. UeOrbméBa nmeeT BUA

1
Pr(|X—mx|27»Sx)=k—2,

rae A — J1r000€e MOI0KUATEILHOE YHUCIIO.
W3 puc. 1 BumHO, uTO HepaBeHCTBO Bhicowanckoro — [leTyHWHa ycuimMBaeT M3BECTHOE HEPABEHCTBO

I1.JI. YeOnnuéna. JloBeputenbHbIC TPAHUIIBI HHTEPBAIA [mx -AS,; m,+AS ] OyayT nH(pOpPMATUBHEE IO HEPABCH-

ctBy Bricouanckoro — [leTyHHHa, 4TO JOCTHraeTCsl BBEACHUEM OTPAaHUUCHUS HA (DYHKIIHIO IIOTHOCTH pacrpesene-
HUSL BEPOSTHOCTH, KOTOpas JOJDKHA OBITh OJHOMOJIAILbHOW W MMETh KOHEUHYIO JHCIEePCHI0. AOCOIIOTHOE 0O0JTh-
IIMHCTBO CIyYalHBIX BEJIMYUH B CTPOUTEILHOMN MTPAKTUKE MOXKHO CUMTATh MOJIXOISIIAMHU IT0]T TAaHHOE YCIIOBHE.
I'paHuIIbl N3MECHYMBOCTH CITyYAHHOW BETHYMHBI MOXHO MOTYYUTH CICAYIONMM 00pa3oM: aHamuTH4ecku (3)
i rpadudecku (puc. 1) ycTaHaBIHBaeTCS 3HAUCHUE TTapaMeTpa A I IPUHATON TOBEPUTEIILHON BEPOSTHOCTH;

TPaHMLBI CTy4aifHON BeTMYUHBI BEIYUCIIIOTCS 0 (hopMyIie [)_c; x] = [mx -AS,; m,+AS ] .
[TapameTp A A7 rpaHUI] U3MEHYMBOCTH YCTaHABIIMBACTCS HCXOMs U3 TpeOyeMoil obecrieueHHOCTH. Tak mist

obecrieuennocTu 0,95 mapameTp 1Mo HepaBeHCTBY Bricodanckoro — [leryauHa coctaBuT A = 3, a 110 HEPABCHCTBY
YeOpimeéna A = 4,5. OnpeaenuTs mapameTp A, UCXOs U3 00eCIIedeHHOCTH, MOYKHO 1o pHcC. 1.
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Puc. 1. 3aBucumocts p—A s HepaBeHcTBA Bricowanckoro — [letynuna u f~A 11 HepaBeHCTBa UeObIméBa
Figure 1. The dependence p—A for Vysochansky — Petunin inequality and f~A for Chebyshev’s inequality
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MaTeMaTH4eCKyt0 MOIEIb [IPEASIBHOIO COCTOSIHMS /ISl aHAJIN3a HAIC)KHOCTH (PEPMBbI 110 KPUTEPHUIO MPO-
ruba MOKHO 3aIucaTh B BUIE

n . .
Z ’N' = AHp N ASW' (5)

OYHKIUIO TIPEAETFHOTO COCTOSHUS g HA OCHOBE YpaBHEHUS (5) MOXKHO 3aIicaTh B BHJIE

1 i NN Fi(Wi%,)l;

E5 X;

g(xi’xiﬂﬂ"'ﬂxnﬂxnﬂ)ZAnp _Asw - <0, (6)

rae i = 1,2, ... n — aucno crepxkHeil Gepmbl; X; — IUIOMAAb MONEPEUHOTO CEYEHHs i-TO CTEPXKHS GepMbl (Ciry-

JaifHas BEIMYMHA); X, ] = P — y310Bas Harpys3ka (CiryJaiiHas BeTH4IHHA);
Kaxnast cinyvaiiHas BeJIMUMHA B UHTEPBAILHON (hOpME MOXKET OBITh TIPECTaBIICHA B BUJIE

ge[xhs o], ™

rae xf — nmxkHee (I = lower) rpaHMYHOE 3HAYEHHUE CITy4ailHOM BEIMUMHBL; X; — BepXHee (# = Upper) TpaHu4HOE
3HAYEHUE CIy4YallHOW BEJIMYMHBI.
Ciy4aiiHast BenmU4YMHa X; MOXeT ObITh HOpMaiHM3oBaHa [14] u nmpeacTaBieHa B BUE

)NCI- le'c +X{6i, (8)

xll-’ + xl{ . . . xly _ xl{
———— — ICHTP MHTEpBalla, XapaKTCPHU3YIOMICTr0 CIyYauHYI0 BEIIMYHHY X;; X; :T — paguyc

e x{ =
MHTEPBaIa, XapaKTEePH3YIOLIEro CIy4aifHyI0 BEIUUUHY X; .

Torma anst GyHKIUH MPEIETbHOTO COCTOSHHS g MOXHO IOJNyYUTh HOPMAJM30BaHHBINH BEKTOP B BHJC
o= (81 ,09 ,...81-) . Ucxomst U3 3TOT0, MOKHO TIOJTYYNUTh HOPMAJIM30BAHHYIO ITOBEPXHOCTH MPEIETHLHOTO COCTOSHUS
Buma g(0)= g(81,62,...6n). WNHnexke HamIEeKHOCTH 1 MOXET OBITh OmpeeieH Kak MUHUMAaIbHOE PACCTOSHHE
OT HOpPMaJHM30BaHHOH MOBEPXHOCTH pa3pymenus g(d) ao Hadana koopauHat C. AHAIUTHYECKH ONpeNeIeHUe

HWHACKCA HAACIKHOCTHU 1 MOXKHO BbIPA3UTH KaK

n= min{"S”w} B minimize 1= {max{|51 L0950 5n|}}; ©)
S.t. g(S) =0 s.t. g(61,62,6n) = 09
rae §; € (—o0,+%), i=1,2,..,n,s.t. — subject to.

[Ipu ABYX ciaydaiiHBIX BEMYMHAX MOKHO HOJIyYUTh rpaduuecKyr0 HHTEPIPETALUIO HHACKCA HAISKHOCTH 1).
Ecnn yHkums npeaenbHoro coctostHust g(0) = g(81,82,...8n) HE MepeceKkaeT IUIoIaAb KBajpaTa, 00pa3oBaH-

HOTO €IMHUYHBIMU KOOpIUHATaMU (pUC. 2, @), TO HHICKC HaaexXHOCTH 1) > 1. Ecn pyHKIms nepecekaet rmio-
maab KBagpara, 00pa30BaHHOTO €AMHIUYHBEIMHU KOOpAMHATAMH (PHC. 2, 8), TO HHAEKC HAIe)KHOCTH 1) < 1.
[ToBepXHOCTh OTKAa3a B Cily4yae aHaIM3a HAJASKHOCTH (DepMbI IO KPUTEPHUIO KECTKOCTH MOXKHO TpEACTa-
BUTH B BUJIC
EY: c r
1 NI,I\VI(P +P 6}))[1

Niowy (P +P8p)hy  Nuaw, (P +P78p ),

Agy— P + —— +ot P——
E A — 46 Ay — 450, A, — 4,9,

g=App =0. (10)
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g(8)<0

o) Y

Puc. 2. I'padudeckas HHTEpIpeTAIHs HHAEKCA HAZEKHOCTH 1 [15]
Figure 2. Graphical interpretation of the reliability index 1 [15]

Ecnm mpeanomnararoTcst 21eMeHTH epMBI U3 OAHOTO Mpodwrst, To ciaraembie B (10) panmmoHaabsHO 00b-
eIMHUTD JIJIsl CHIDKEHHS pa3MEpHOCTH 3aj1auu. Hampumep, 3aaua pacueTa Halle)KHOCTH (epMBbl, cocTosIeit nu3
YeThIpeX pasnu4HbIX npodunet (4, Ay, A3, Ay) n co cimydaiiHO# y310BOH Harpy3koi P, TpeOyeT penreHus
nrecTHaaaTH ypaBHeHn# tuna (10) ¢ pa3nu4HbIMU KO3 PUIMEHTaMH O, KOTOpbIe MOTYT OBITH CBEJICHBI B Ta0-
nuny (Tadm. 1).

Tabnuya 1/ Table 1

Kos¢pdunuenrts! 8 nis popmuposanus ypapHenuii B (10)
Coefficients 6 for making equations by (10)

81_) 281262 263 264

_8P 281282 263 264

61):—81:62 283 264

—61_) 2—61282 263 264

6P 261262 2—83 284

—6}) 2612—62 263 264

6}) 2—612—62 263 284

_6P 2—61 2—62 263 284

61) :81:62 :63 :—84

_SP :81:82 :—83 :64

6}) :—81:62 :—63 :84

—6}) :—61 :82 :—83 :64

8]_):61:—62:—63:54

—61_):51 2—62—263 264

51_):—61 2—52 2—63 264

—Op =—0) =0 =03 =04

MuHUMaNbHBIA KOPEHb M3 BCEX BO3MOXKHBIX penieHui ypaBHeHus (10), mo maHHbIM TaOiu. 1, Oynmer sB-
JISTHCS HHIEKCOM HAJEKHOCTH (EPMEI 1).

B xagecTBe COBpeMEHHBIX MOJECH 00JaCTH M3MEHUYMUBOCTH CIYYAHHBIX BEIMYUH HCIIONB3YIOTCS TAKXKe
AJUTUTICOUAHBIE MonienH [16; 17] u Mogenu MHOrOrpanHukoB [18; 19].

Pe3yabTaTthl 1 00cy:xI1eHue

PaccMmoTpuM aHanmm3 HageKHOCTH CTATHHOU (DepMBI ¢ pacUeTHOH CXeMOi 1o puc. 3.

1500

1500 |,

3000 |
|

3000 |
|

12000

Puc. 3. PacuetHas cxema hepMbI cO CITydailHON HAarpy3KOH
Figure 3. The truss design scheme with load as a random variable

52 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Conosbes C.A., MHbkos A.3., Conogbesa A.A. CTpouTenbHas MexaHuka UHXEHEPHbIX KOHCTPYKLMIA 1 coopyxenuin. 2023. T. 19. Ne 1. C. 46-55

Pacuernbie mapameTpsl hepMBI IPUBEICHBI B Ta0M. 2.

Tabnuya 2 / Table 2
Pacuernbie napamerpsl (hepMbl
Design parameters for the truss
Ne crep:knst / Bar No. Nl,i Vi li, m/m Ac, eM?/cm? Ay, cM*/cm?

1,4 —0,5 -1,5 3 10,21 0,368
2,3 -1,5 -3,5 3 10,21 0,368
5,7 1 3 3 6,95 0,229
6 1,5 4 3 6,95 0,229
8,15 142 342 3/42 5,34 0,166
9, 14 “1/42 342 342 5,34 0,166
10, 13 1742 /2 3/2 3,74 0,112
11, 12 0 “1/+2 3/42 3,74 0,112

Tpumeuanue: monyib yupyroctu cramd — E = 2-10'! ITa; napamerpsl narpysku — P = 50 xH, P, = 25 xH; napamerps! nporu-
00B — Anp = 1/250-12 Mm = 48 MM; Acs =2 MM.

Note: elastic modulus of steel — E = 2-10'! Pa; load parameters — P. = 50 kN, P, = 25 kN; deflection parameters —
Auie = 1/250-12 m = 48 mm; Asw = 2 mm.

[ToncranoBkoii B (10) ko3ddunuenToB u3 Tabn. 1 U pacyeTHBIX MapaMeTpoB U3 TaOJ. 2 OBUIM MOTYYEHBI
3HAUEHHMS PEIICHUs, TPUBEICHHbIC B Ta0M. 3.

Tabauya 3 / Table 3
Pemenns ypapuenuii B (10)
Solutions of equations by (10)
Min = 1,052 1,262 1,118 1,19
1,09 1,166 1,21 1,099
1,06 1,22 1,157 1,15
1,181 1,166 1,253 1,06

WNHnekc HamexHOCTH JaHHOU (pepMBI 1o KpuTepuio nporuda 1 = 1,052.
Cne;[yeT OTMECTUTH, UYTO IIPU aHAJIN3€ HAAC)KHOCTU MHTCPBAJIBHBIM IMOAXOJ0M TAKKE MOXKCET IMMPUCYTCTBO-
BaTh NMpo0IeMa MHBAPHAHTHOCTH MaTEMaTHIECKON MOIEIU MpeAeabHOro coctostaus [20].

MOHO COKpaTUTh pacyueThl, BBIYUCIAA 2—3, a He 2 K03(HUIHUEHTOB & JJIsl pELICHUS 3a]a4k, TPUMEHSIS
JIBE MOJIEPHHU3AIMH aJITOPUTMA, UCIIONB3YIOIIe CBOWCTBA MOHOTOHHBIX (DYHKIMIA, onucanHble B [21]. g aToro
HE0OXOIMMO 3armucaTh (QyHKIHUIO MPEAETEHOIO COCTOSHHS B HOPMAJIM30BaHHOM BHJE, HampuMmep B Buae Gop-
myasl (10). TTocne storo Heo6xoauMo HailTH A =min(d;) . YToOkI cienaTh 3T0 OBICTPO, HY’KHO PELIHTH YpaBHE-

HUe, OOHYJIMB BCE §, KPOMe OJIHOTO, /s MonyueHus GyHkuuu Buna A; +x;0; =0. JlanHoe neicTBHe Hampas-
JIEHHO Ha OIpeJe/icHHe MOHOTOHHOCTH (QyHKuuH. Jlanee JUld BCEX WIEHOB YypaBHEHWs, I KOTOPBIX
OM /0x; >0, npunsate 8; =—0 u mia OM /0x; <0 npunate 6; =0 . [lomydeHHOe ypaBHEHHE peIIaeTcsl CTaH-

IapTHBIMH crioco0amu. KonmmdaecTBo KopHel OyaeT paBHO MaKCUMalIbHON cTeneH! Ko (UIMEHTOB & B ypaBHEHHH.
JIJ1s1 KOMIUIEKCHOTO aHalN3a HaJEKHOCTH CIIEAyeT TAKKe BBITIOIHHATH OLIEHKY MHIEKCA HAZEKHOCTH 10 IPYTHM
KPHTEPHSIM PabOTOCIIOCOOHOCTH (IPOYHOCTh M YCTOWYMBOCTH AJIEMEHTOB, HECYIAsl CIIOCOOHOCTh Y3JI0B 1O pas-
T4YHbIM KputepusiM). [locie Toro, kak OyIyT MOJTy4eHBbI MHISKCHI HAJCKHOCTH 0 BCEM KPUTEPHUSIM MPEAEIHHOTO
COCTOSTHUS TSl (pepMBbI, MOKHO OYZIET OIEHUTh HAAEKHOCTh (hepMbI KaK MEXaHHUYECKOH cUCTeMEI [22; 23].
Bomnpoc HopMupoBaHus wHAEKca HaaeKHOCTH B Poccuiickoit deneparnuu octaeTcsi OTKPHITBIM. OTaeib-
HbI€ PEKOMEHJAINHY TI0 €0 HOPMHUPOBAHUIO C IKOHOMHUYECKOH TOUKH 3pEHUs IPUBEICHHI B [24].

3akaouenue

HpeI[CTaBJ'ICHI/Ie CJ'Iy‘-IafIHbIX BCJIIMYUH B BUJIC I'PaHULl UX USMEHYMUBOCTH CHHXKACT KOJIMYECTBO CTATUCTHU-
YCCKUX TUIIOTE3 1A MOACIIUPOBAHUA CﬂyqaﬁHBIX BCJIMYMH, YTO NOBBIIIACT JOCTOBEPHOCTL PE3YJILTATOB B CIIy-
gac OFpaHI/I‘lCHHOfI CTaTUCTUYECKOM I/IH(I)OpMaLII/II/I.
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Pa3paboTaHHbIi TOAXO[] MTO3BONISET MOTYYHTh KOINYECTBEHHYIO OIIEHKY YPOBHS 0€30MacHOCTH JKCILITya-
Taruu QepMbl 10 KPUTEPHUIO )KECTKOCTH, HA OCHOBE KOTOPOTO MOXHO CPAaBHUTH MO KPUTEPHUIO HAJCIKHOCTU HE-
CKOJIBKO TIPOEKTHBIX PEIICHUH.
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MEPHO paclpe/eeHbl BIOJIb BHEUIHEH MOBEPXHOCTH KOJbLA MIPU OJHOMEPHOU
HEOJHOPOJHOCTU. B 1ByMepHOIl IIIOCKOH 3ajade TEOpHM YNPYTOCTH B IOJSAP-
HBIX KOOpAMHATaX AJs HEOAHOPOAHOIO TeJla UCIOJIB3YIOTCS aHAIUTHYECKUE WU
YHCIICHHO-aHATNTHIECKHE pelIeHns. B GombIIMHCTBE TaKMX 3aJad paccMaTpH-
BalOTCS LIEHTPAIbHO CUMMETPHUHBIE KPYIUIble Tesa. Kak mpaBuiio, 310 BO3MOXKHO,
KOTZIa BCE HEM3BECTHBIE (BYHKIIMH 3aBUCST OT pafryca. JTH 3a1a9i COOTBETCTBYIOT
OOJIBIIMHCTBY KOJBLEBBIX U LMIMHIPUUECKUX COOpYxeHUH. TpyObl MpUrogHbl
I71s1 TPYOOTIPOBOAHBIX CHCTEM M CTPOHTEIBCTBA, IPHMEHSIOTCS JUIS Ta30MpOBO-
JI0B, B TEILIOBBIX CETAX U BOAONPOBOAaX. OCOOEHHOCTh PpabOTHI B PACCMOTPEHUU

3a[a4u, KOT/1a paJualibHble U KOJIBIIEBbIC HArpy3Ku HEPaBHOMEPHO paclpejierne-
HBI BJIOJIb BHEIIHEH MOBEPXHOCTH Kojblla. CpaBHEHHE pE3yJbTaTOB pacyera,
MIOJyYEHHBIX JIByMs METOAaMH, MO3BOJISIET C JOCTaTOYHON TOYHOCTHIO OIpese-
JIUTh HaNPSHKEHHOE U JIe(OPMUPOBAHHOE COCTOSIHUS, IIOKA3aTEIEM YeTro sIBJISET-
Cs1 TIOJTyYeHHE KOJIbIIEBBIX HAIIPSKCHUH.

Juiss uuTHpOBaHUA

Anodpees B.H. Pacuer paananbHO HEOIHOPO/I-
HOTO KOJIBIIA, HArPY>KEHHOT'0 HOPMaJIbHBIMH
U KacaTelbHbIMU Harpys3kamu // CTpouTens-
Hasl MEXaHWKa MH)XEHEPHBIX KOHCTPYKIIUH

u coopyxenuit. 2023. T. 19. Ne 1. C. 56-63. KuroueBble cjioBa: TOHKOE KOJIBIO, IUIOCKAs 3ajaya, pajualbHble Harpys3kd,
http://doi.org/10.22363/1815-5235-2023- KOJIBLIEBBIE HATPY3KH, pajuanbHas HEOJHOPOAHOCTb, AaHAIUTUYECKUE METO.BI,
19-1-56-63 YUCJIICHHO-aHAJIMTUYECKUE METOIbI

Introduction

The article considers a plane problem of the theory of elasticity in polar coordinates for a radially inhomo-
geneous disk under the action of variable normal and tangential loads, factoring in the radial inhomogeneity.
The solution of the problem makes it possible to calculate the strength and deformability of pipes under the ac-
tion of internal and external pressure, as well as torsion. The feature of this article is the heterogeneity of
the structure, which significantly expands the scope of solving problems of the mechanics of deformation in solids.

The first articles on the formulation and solution of problems in the mechanics of inhomogeneous bodies
began in the 50s and 60s, when the first computers appeared. A significant contribution to the development of
the mechanics of inhomogeneous bodies was made by Russian scientists: S.G. Mikhlin [1], G.B. Lekhnitsky [2],
V.A. Lomakin [3], G.B. Kolchin [4; 5]. The works of Polish scientists, primarily V. Olshak and his students [6; 7]
should also be mentioned. The author of this article began to pursue this field of mechanics in 1974 [8—11] and
continues to do so with his students and colleagues to the present day [12—15].

The proposed article is dedicated to solving the problem of the stress-strain state of a thin ring under radial
and ring loads factoring in the radial inhomogeneity of the ring.

The problem is a two-dimensional one with one-dimensional inhomogeneity. The author uses the method
of separation of variables, which is based on the development of the generalized solution of J. Michell for
the plane problem in polar coordinates, which was written about in [16]. Two solutions to the problem are given:
an analytical one and a numerical-analytical one, and comparison of the two calculations’ results is shown.

Formulation of the problem

We consider the problem of the equilibrium of a thin ring when forces are applied to its outer surface:
p=po(l+c0s26)/2; q=pysin26/2, €))

and the inner surface is load-free (Figure 1).

Figure 1. Calculation scheme of the problem
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The modulus of elasticity of the ring material changes according to the power law:

E(r)=Eo[§j6, )

Poisson's ratio v = const.

Analytical solution

The analytical solution is made on the basis of the method [17], derived from the development of the ge-
neralized J.H. Michell solution [16], for calculating a plane problem in polar coordinates for inhomogeneous
structures. In this method, the solution is obtained in the form:

Uy (Po @1 @2 . P3
(v) = (q’o) + (lpl) 0+ (q’z) 0sinb + (1p3) BcosO +

(O (OF! . Qs Z [(‘-psn) . ((pcn) ]
+ <1p4) (LP3) sin® + <1p5) cosO + , v sin n® + v cos no|, 3)
n=

in which each summand consists of the product of unknown functions (¢;, y;) , multiplied by a certain trigonomet-
ric function. In (3), the indices s and ¢ mean that the corresponding functions are multiplied by sinz0 or cosn6.

The solution is reduced to an infinite partially decomposing system of second-order equations. In the prob-
lem under consideration, the corresponding equations are selected from this system depending on the boundary
conditions and formulas for stresses.

According to (1) the boundary conditions have the form

r=a 0,=T9=0, r=>b; o,=p(0); 1,6 =—q(0). 4)

Comparing the boundary conditions and stresses, it can be assumed that the expressions for stresses should
contain the functions @o, Y1, @ and y,. From the system of differential equations mentioned above, it is neces-
sary to consider the following four equations to determine those functions:

. L0 @) A, A +3 S BV v}
(» +2H)(‘Po +—°——§j+ R =228y 0y 2w o + 5 og +w) =00 (%)
r 7 r 7 r
H[\Vi’ +£—W—2lj + u'(\vi —hj =0; (6)
r Vd r
2t A +3p , Vo W) A +2u 1y .
-2 P2 -2 2 P2 + HE\Vs2 +—25 ; -4 2 V2 __(2@02 —rYso +\Vs2) = O; (7)
r r r r r
* " (P, ® 4” }"* U, }"* +3H *r AP (7\'*)'
(7» +2u)[<pcz +%2—%2j——2@cz M 5 T m +[(k ) +2“:|(P02 +T((Pc2 +2y5)=0. 8)
r r r
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A transition is made in the above equations, from a plane deformed state to a plane stressed state by re-
Ev

1-v?

Considering that the solution of this problem factoring in the unambiguity condition, should not have

placing the parameter A with A" =

terms containing 0, it follows from (3) that ] ~ Y1 _. Given this equality, equation (6) takes the form yj =0.
r

The integral of this equation is a linear function that becomes a constant at » = a, b. Since the boundary
conditions (18) for T,y considering (1) do not contain a constant, we should set y; =0. Then equation (5)
is simplified:

. ' . Y
Q +2u>[<p6+‘p7°—‘P—§j+[<>» '+ 2w oy + 2

7

¢p =0, ©

and can serve to determine the function of @ .

Thus, the problem can be divided into two parts: to determine the axisymmetric component of the solution
using (9) and to use (7), (8) for determination of the component that depends on 0. Substituting formula (2) into
the these equations leads them to the form

@5+(1+6)‘P—r°+(8v—1)‘f—§=0; (10)

" 1 8\“’_’3‘2 _ 9-v 6) Ys2 _ 2(1+V) (P’CZ _(6_2\/ 26) P2 =0:
WS2+( o r (l—v-’- 2 l-v r I-v ’ r2 ’ (an
(p;;2+(1+6)%+(6v—3+2v)‘i022 +(1+v)%—(3—v—25v)“;;2 = 0. (12)

The solution of equation (10) is the following function:

1-a+pB 1-a—f
(0N ZCIV 2 +C2V 2 , (13)

where a =(1+8), [3=\/(1—0c)2 —4(3v-1).
The constants of integration that are used in (13) can be found from the boundary conditions for
the axisymmetric component of the external load:

r=a; 0,=0;, r=b>b; o,=py/2.

The system of two ordinary differential equations (11), (12) can be reduced to one fourth-order equation
as follows. From equation (11) we express Wy, as a function of Wy, , ¢., and its derivatives:

Vo = (W2, 000,01, 02 ). (a)

Using the differentiation of this expression by r and substituting equality (a) into it, we obtain
V2 = /2(002:002: 025925 W2 ) (b)

AHANUTVYECKME W YNCTEHHBIE METO[IbI PACYETA KOHCTPYKLIA 59



Andreev V.I. Structural Mechanics of Engineering Constructions and Buildings. 2023;19(1):56-63

Substituting (a) and (b) into (5.40), we find the expression for Yy, :

Yo = f3((l>22,(P22a(P'cza(Pc2 ) ()

By differentiating the last equation once with by », we equate the obtained expression with (a) by substi-
tuting (¢) in it. As a result, we obtain a fourth-order equation with respect to the function @5 :

ol +(6+28) ol +(55+8% +V8—3)r @l +(v8® +v5-98-9)rgL, +(3v8 +3v8-35+9)p,, =0. (14)

The resulting equation can be reduced to a differential equation with constant coefficients by introducing
a variable ¢ with the dependence r = ¢

d’ d
02 4 w2 -2 —108)% +(3v8” +3v5-38+9)p.o =0.

d* d°
%2 12 “’302 + (2 +v8—5-10)
df dt dt

The characteristic equation corresponding to the resulting equation will be
14281 +(8% +v8——10)1% +(v8* 8% —108)1 +3v3> +3v5—35+9=0.
Using the substitution n =/ 24581 , this equation can be reduced to a quadratic one:
n% +(v8—8-10n+3v8% +3v6—-38+9 =0.

The final solution of equation (14) has the form

2 It

(pc2 = Zl)ze s
i=1

its constants D; are determined from the boundary conditions for the non-axisymmetric component:
r=a; 6, =T =0; r=>b; 0, = p,c0s20/2; T,.9 =—p,Sin20/2.

The function Y, can be found from equality (c).

Below is an example of a calculation performed for the following initial data: & = —1; b/a = 2; v = 1/3;
E=2-10* MPa.

Figure 2 shows the stress diagrams along the three radius directions. It can be concluded from the graphs
shown above that the consideration of heterogeneity in this case does not lead to a qualitative change in the cha-
racter of the diagrams. Numerical differences in some cases amount to approximately 20%. It is logical to as-
sume that with more substantial heterogeneity, the differences in the results for homogeneous and heterogeneous
materials may be more significant.

In this case, it is simple enough to trace the dependence of displacements on the inhomogeneity of the ma-
terial. Figure 3 shows the diagrams of the displacements of the points along the angular coordinate of the inner
contour of the ring. It can be noticed that the displacements in the inhomogeneous ring are larger than in the ho-
mogeneous ring. This fact is explained by the fact that when 6 = —1 then the modulus of elasticity decreases from
the inner contour to the outer contour twice, and this leads to a decrease in the stiffness of the ring as a whole.
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Figure 2. Stresses o in the ring:

Figure 3. Displacements of points on the inner contour of the ring:
— — inhomogeneous material; — - — - homogeneous material

— — inhomogeneous material; - — - — homogeneous material

Solution using numerical-analytical method

In this section we consider the problem, the analytical solution of which was obtained in item 3.
By the example of this problem the application of numerical-analytical method will be demonstrated, including
numerical solution of systems of ordinary differential equations [6; 7]. At the same time it is possible to deter-
mine the accuracy of the method under consideration.

As it was shown above, in order to satisfy the boundary conditions (4) considering (1), it is sufficient to

restrict formulas (3) to the summands @o, P.c0s20 and y,sin20. The expressions for the stresses o, and T
in the boundary conditions will have the form

B E O , P2 + 2%,
Gr—m[(@ +VT)+<(pC2+Vf>COSZG],
I Lpsz + Z(PCZ

E .
Trg = m(lpsz fsm 29) (15)

Equations (10)—(12) are valid for the functions o, @2 and s, for the law of changing for the modulus
of elasticity (2).

Equation (10) is reduced to a system of two first-order equations, introducing the following notations
Y1 =00,Y2 =Pp:

V=2 y'z=—(1+5)y72—(5v—1)y—§. (16)
r

Boundary conditions (4) for the axisymmetric component of stresses will take the form:

Vi i pod+v)1-v)
]/:a’ +V—:O; l":b, +V = .
b%) . b)) 2E(D) (17)
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Equations (11), (12) with introduction of notations y; = ¢.2, ¥3 = @La, Y3 =W, Y4 = W, are

transformed to a system of four equations of the first order. Adding the boundary conditions (4) for the non-
axisymmetric component to these equations, we obtain the boundary task for functions ¢ ., and v _, .

The calculation was carried out on the interval (a, b) with an equal division into 100 steps for the same
initial data as in item 3. Table shows comparative values of stresses in the inhomogeneous ring at 6 = 45°,
obtained as a result of analytical and numerical calculations.

Stresses in the ring

Analytical solution Numerical solution
a Gr T or 0
1.0 0 0 0 0
1.2 0.252 -1.266 0.263 -1.296
1.4 0.377 -1.338 0.378 -1.363
1.6 0.444 —-1.108 0.444 -1.121
1.8 0.480 —-0.807 0.480 -0.813
2.0 2.000 —-0.500 2.000 —-0.500

Comparison of the results obtained by the two methods allows us to conclude that the accuracy of the nu-
merical-analytical method is sufficiently high.

If we consider a ring with sufficiently large ratio of outer and inner radii, then we can obtain the solution
of the problem of tension-compression of a plate with a small circular hole using the calculation method shown
above. The solutions for tension of an inhomogeneous plate with a hole in one direction, tension-compression
in two directions, and shearing of a plate with a hole were obtained in [8]. It was demonstrated on the basis of
numerical-analytical calculation of a homogeneous plate and comparison of the results with the solution of
the Kirsch problem [4] that satisfactory accuracy can be achieved when the ratio of the plate dimensions to
the hole radius is more than 10.

Conclusion

The problem considered in the paper is an example of using a generalized method for calculating a plane
two-dimensional problem for a radially inhomogeneous ring. The possibility of obtaining an analytical solution
to such problems largely depends on the inhomogeneity of the material, i.e., first of all, on the dependence of
the modulus of elasticity of the material on the radius. The degree dependence of the modulus of elasticity on
the radius selected in the paper is the simplest one.

The second solution obtained by the numerical method shows good compliance with the analytical solu-
tion and may be used for calculations of two-dimensional planar problems with radial inhomogeneity at any con-
tinuous dependence of the modulus of elasticity on the radius.
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AnHotamus. Llens nccnenoBanus — pa3pabOTKa aropuTMa KOHEYHO-DJIEMEHTHOTO
pacdyera TOHKUX OOOJIOYEK BpalICHHs HA OCHOBE CMEIIAHHOW (OPMYIHPOBKH
METOa KOHEYHBIX JJICMEHTOB B JABYMCPHOMH [TOCTQHOBKE NPU HCIIOJIB30BAHUH
B KQueCTBE JJIEMEHTa IUCKPETU3ALUH YETHIPEXYTOJNBHOTO (hparMeHTa CpeIuH-

HOIf MOBEpXHOCTH. VICKOMBIMH y3JIOBBIMH HEHU3BECTHBIMU OBLTH BBIOPAHBI MPO-
JIOJIbHBIE YCUINS M MOMEHTHI, a TAaK)Ke€ KOMIIOHEHTBI BEKTOpa INepeMEIleHHUS.
KonnuecTBo UCKOMBIX HEU3BECTHBIX B KaXJOM U3 Y3JI0B YETBIPEXY3I0BOIO 3Je-
MEHTa JUCKPETH3aIlUU JAOCTHraeT JICBSTU: LIECTh CHJIOBBIX U TPH KMHEMaTHYe-
CKMX UCKOMBIX BEIMYMH. J[/Is Mogy4eHHs MaTpHLbl IOJATAMBOCTH U CTOIOLA
Y3JIOBBIX YCUINH MCIONIB30BaNCs MoauduupoBanHbiil GpyHkimonan Peiiccuepa,
B KOTOPOM TIONHAS yZAeNbHAas paboTa HaNpsDKEHHI MpecTaBlIeHa YASNbHON pa-
6010l MeMOpaHHBIX yCHIUI M M3rHOAIOIUX MOMEHTOB CPEIUHHON IOBEPXHO-
CTH Ha ee AedopManusIx M UCKPUBICHUAX, a yACIHbHAs JOIOIHATENbHAs paboTa
orpeJeNieHa yIeNbHOW paboTONH MEMOpaHHBIX YCHIIMI U U3rHOaIOIIX MOMEHTOB

CPEIMHHON TOBEPXHOCTH. B kauecTBe anmpOKCHMHUPYIOMINX BBIPAKEHHN M IS
CUJIOBBIX, U JJIs1 KHHEMATUYCCKHUX MCKOMBIX HCU3BCCTHBIX HCIIOJIb30BAJIMCh 61/[-
JUHEeHHbIe (QYHKIUH (OPMBI JIOKAaJBHBIX KOOpAHMHAT. Pa3MepHOCTh MaTpHIBI
HNOJATIMBOCTH YETBIPEXY3JIOBOIO JIEMEHTA AUCKPETH3alMu cocTaBuna 36x36.
Pemenne TecToBOH 3amauM MO aHANM3y HANpsHKEHHO-Ie()OPMUPOBAHHOTO CO-
CTOSIHUSI YCEUEHHOTO JIIMIICOMa BPALIeHUs, 3arpy>KEHHOT'O BHYTPEHHHM IaB-
JIEHUEM, [10Ka3a/10 JOCTATOUHYIO JUIl MH)XXEHEPHOU NPAKTUKH TOUHOCTH BBIYUC-
JICHUH TIPOYHOCTHBIX MapaMETPOB UCCIIEAYEMOit 000I0YEUHONH KOHCTPYKIIHH.
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Introduction

Finite element analysis of thin shells based on the displacement method (when the unknown nodal varia-
bles are displacements and their partial derivatives) has been developed quite well and is widely used today
in various software suites. In [1], FEM is presented as an alternative to the finite difference method with justifi-
cation of its advantages. It is widely used in the calculations of beams and frame structures [2], as well as multi-
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layer plates and shells [3; 4], and in the calculation of three-dimensional structures and thick slabs [5; 6]. FEM
was widely used in the formulation of the displacement method in the calculation of thin shells under elastic and
elastoplastic deformation [7—11]. This method is also used in the analysis of the nonlinear deformation of plates
and shells [12-15]. FEM is used in the formulation of the displacement method and in cases of large defor-
mations during loading of plates and shells [16—18], as well as in shell stability calculations [19; 20]. In engi-
neering stability problems, a mixed formulation based on the predictor-corrector scheme was proposed [21; 22].
To reach the appropriate level of accuracy for computing the unknown values, it is necessary to use the approxi-
mating expressions of class C?, since the Cauchy relations for thin shells [23; 24] contain second order partial
derivatives of the normal displacement vector. When using the mixed FEM (when the unknown nodal variables
are displacements, axial forces and moments), approximating the unknowns with functions of classes C’ and
C" is sufficient. A major advantage of using the mixed FEM is the ability to compute stresses and deformations
at an element node in terms of the evaluated unknowns of the element at this specific node. In contrast, to deter-
mine nodal stresses, FEM based on the displacement method requires calculating the unknowns at the adjacent
nodes, which increases the computational error. In this regard, the most relevant problem now is the development
of algorithms for linear and non-linear analysis of thin shells with the mixed FEM using curvilinear coordinates.

Methods

The Reissner functional is considered in the following definition [25; 26]:

r = [{o) {e}av -2 [{0)] [C, )fo)av — [ (U} (P}aF. ()
VIx3 34 2V 1x3  3x3 3x1 F Ix3  3xl

T
where {G}T ={011 622 012}, {8{;} z{sfl 8%2 8%2} are the stresses and deformations at a point in the shell,
which is located at vertical distance { from the corresponding point of the middle surface; matrix [Cs] repre-

sents the transformation matrix from vector {sc} to vector {G} , which is composed based on the Hooke’s law

for thin shells [23; 24]; {U }T = {uvw} is the row vector of displacement components of the middle surface point;
{P} is the external load vector.

Stresses {c} in functional (1) are expressed in terms of the forces of the middle surface [23; 24]:

N,
_ 11+CM11;

N,
! d =N22+CM22; i = 12+CM12,

o
11 I Ji 12 2 Vi

2

022

3
where [ = I is the moment of inertia of the cross-section; % is the height of the cross-section.

Deformations of an arbitrary layer of the shell are determined in terms of membrane and bending strains
by relations [23; 24]:

8%1 =&11 +CN1 3 8%2 =89 +LN9; 8%2 =¢g1p +20Ny;. (3)

Physical and geometric expressions (2) and (3) may be represented in matrix form:

o} =[Ta]{So}s {=*}=[re]{eol: @

3x1 3x6  6x1 3x1 3x6  6x1
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where {So} ={N1j Noy Niy Myy My M} {eo} =1{eqy &2 212 Ny Nyp Nio

1x6 1x6

oo S 00

hl I 1 00¢CO0 0
[FG]=OZOO%O;[F8]=0100CO.
3x6 . C3><6 00100 2

00 — 00 =2

L h 1]

Membrane and bending strains of the middle surface are defined by expressions [27]:

[ L (@05, +a07 , +al%h +als
€ap zi(aguﬁ + a[(a)v,a); Nop :E( aPp ATtV + agvﬁ)’ ©

where 53 are the basis vectors of a middle surface point; v is the displacement vector of the middle surface

point; v =d — @’ is the difference vector of normal lines of the middle surface point in the deformed and unde-

formed states.
Relationships (5) may be expressed in matrix form:

{eo}=[L]{U}, (6)

6x1 6x3 3x1

where [L] is the differentiation and algebraic expressions matrix.
6x3
Moments M g and forces Nyp ata point on the middle surface, which are contained in (2), may be ex-

pressed in terms of the values of these force unknowns at the nodes of the quadrilateral element using approxi-
mating bilinear functions with the following matrix product:

(So}=[H]{s,} ()
6x1 6x24 24x1

T i N ok nl i [ i [ agi [ i [ agi ).
where {Sy} Z{Nlll Nljl NIINIINEZ”'NZZ Nllz...le Mlll"'MllM£2 ...M22 Mllz ...Mlz},

'I{EET _
oy
v
o .
oy
v

{(p}T ={@; 92 93 ¢4} are the bilinear functions of local coordinates —1<& n<1 of the quadrilateral finite
1x4
element [27].
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Deformations at a middle surface point (6) may expressed using bilinear functions ¢ as the following
matrix product:

teo}=[L][4){U ,} = [BI{U ,}. ®)

6x1 6x33x12 12x1 6x12 12x1

o) {0} {0}
where Ezﬂz {0} {(p}T {0} ; {Uy}T ={{uy}T {vy}T{wy}T}; {qy}T ={q qJ qk ql}, q represents
(o) (o) {(p}T 1x12 x4

tangential #,v or normal w displacement vector component.
Considering (4), (6), (7) and (8), functional (1) may be represented as

h
. B
op={,| [J[H]'| ] [Tal [Ts]dc|[B]dF{U, |-
1x24 F24x6 | h 6x3  3x6 6x12 12x1
2

1 T
s i Hr L e (s, - Lo, ) AT ®)
1x24 F24><6 _h 6x3 3x3 3x6 6x24 24x1 Ix12 F12x3 3><1
2

T
By minimizing functional (9) with respect to {S y} , the following relation can be obtained:

6CDR/6{Sy}T = [0] {u,}- [] {s,}=0, (10)

24x12 12x1  12x24 241

h h

2
where (0] = [[[H1"| [T [ruJac|[)ar: [¥] =[f[a)" | T [, [0 Jac ] ar
24x12 F24x6 | _h 63  3x6  |6x12 12x24  F24x6 | h 6x3 3><3 N6 |6x24
2 2

In order to minimize functional (7) with respect to unknown nodal displacements {U y} , equation (9)

needs to be represented in the following form:

v} e’ Th[ T[ry)dc |[]ar (s, }-

Ix12  F12x6 6x3  3x6 6x24 24x1

1x24 F 24x6 6x3  3x3 3x6 6x24 24x1 Ix12  F12x3 3><1

i) Thr " [c)ra)de |[#]ar {s, - {v, ) 4] (P (an
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T
Minimizing (11) with respect to {U y} yields the following matrix expression:
T T
oD p a{Uy} = (0] {Sy}—{fy}zo. (12)
1224 24x1 12x1

By rearranging (10) and considering (12), it is possible to obtain the flexibility matrix and the nodal forces
vector for the quadrilateral element in the following form:

-] el {s}] (1o

24x24  24x12 || 24x1 | _ | 24x1

= . (13)
o] [0] ||{u,}| |/}
12324 12x12 | 12x1 12x1
36x36 36x1 36x1

Thus, the dimension of the flexibility matrix of the quadrilateral element is 36 x 36, and the nodal un-
knowns vector contains 24 force and 12 kinematic factors, which are axial forces Nyg and moments Mg

and displacement components of a nodal point of the middle surface.
Construction of the general flexibility matrix and nodal forces vector of the entire shell is conducted using
the index matrix, which reflects the boundary conditions of the shell [28].

Results and discussion

Calculation example. In order to verify the developed algorithm, a truncated ellipsoid of revolution, which
is illustrated in Figure, was analyzed.

|

Truncated ellipsoid of revolution

The following initial data was adopted: ellipsoid shape parameters a =1.3 m; b =c = 0.9 m; shell thickness

h =0.02 m; modulus of elasticity £=2- 10° MPa; Poisson’s ratio v =0.3; internal pressure ¢ =5MPa. Only 1/8

of the shell was analyzed due to ellipsoid having planes of symmetry. The results of the analysis are presented
in Table, in which the numerical values of normal stresses of the middle surface at the support (x =0.0 m)
and end (x =1.2 m) sections of the ellipsoid with different finite element grid are given.
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The results in Table imply that refining the grid leads to stable convergence of the computational process.
However, convergence stability is a necessary, but not sufficient condition for the efficacy of the algorithm
in regards to the real physical distribution of stress in the shell.

To evaluate the objectiveness of the results, let us compute meridional stress at the support and end sec-
tions. The meridional stress at the support section can be obtained from the following equilibrium equation:

011,y =5 RG ~RE ), (14)

h2nR

where R, R;, are the radii of revolution of the ellipsoid at the support and the end sections respectively, besides
b 0.9

Ry=b=09m; R, =—\a* —x} =3 1.32 -1.22 =0.346 m.
a .

Values of normal stresses in the middle surface of the ellipsoid

Node grid Analytical solution
Section Sﬁf)s:, 41x 41 61 61 81 81 101 x 101 121 x 121 according to the
Laplace equation
Support, o, 95.93 95.89 95.88 95.87 95.87 95.86
x=00m 5, 179.03 179.04 179.05 179.05 179.05 179.06
End, o, 0.916 0.449 0.270 0.182 0.133 0.00
x=12m o, 167.75 168.45 168.78 168.96 169.06 167.82

By substituting the initial data into (14), it is possible to obtain the following value of meridional stress

B =;(n0.92 —n0.3462) —95.86 MPa.
¥=0"0.02-27-0.9
The meridional stress at the end section must be zero, since the right end of the shell is not loaded:

('511 =12 =0.00 MPa.

at the support section: oy

Circumferential stress ¢,, of the middle surface of the ellipsoid at the support and end sections may be
expressed using the Laplace equation:

Oi1 %22 _49 (15)
R, R, h

Radii of curvature R, and R, in (15) are defined by
Rl :—1/(x’35r,xx); R2 :1/(r/x,5), (16)

where r = (b/a)\/a2 —x? is the radius of revolution of the ellipsoid, Ty 1s the second order derivative of

2
the radius of revolution; x g = 1/ 1+ (1: x)

Thus, it is possible to obtain the analytical value of circumferential stress at the support and end sections

of the ellipsoid from (15):
q_ %1
Oy =| ——— |Ry. 17
22 (h Rl] 2 A7)

Substituting the corresponding initial data into (17) yields the values of the desired stresses:
onl,_,=179.06 MPa; oy _, , =167.82 MPa.
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Conclusion

By comparing the analytical values of meridional stress o;; and circumferential stress ¢,, computed

with equations (14)—(17) and the values obtained via the developed algorithm, it can be concluded that the ade-
quate level of accuracy of the finite element analysis has been reached, as the minimum computational error
does not exceed 1%. The developed algorithm may be recommended for application in engineering practice
for the analysis of thin shells.
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Hcropus ctatbn AnHoTanus. OnuceiBaeTcs U IOJPOOHO 000CHOBBIBAETCS METOJ pacueTa CTaTHKU
[Noctynmna B penakuuio: 19 oxtsaops 2022 1. W JUHAMUAKH KPWUBOJIMHEHHBIX CTEp)KHEH, OCHOBAHHBIM HAa COOTHONICHHUSX IS
JopaboTtana: 28 suBaps 2023 r. NPSIMOJIMHENHOTO cTepykHs. VMcrone3yroTes runoTessl bepHysi ¥ BapuallMOHHBIN
[punsTa k myOmmkarwm: 30 ssaBapst 2023 T. meron. OCHOBHOE JTOCTOMHCTBO M OCOOEHHOCTH WCIOIB3YEMBIX COOTHOIIECHHI

COCTOUT B TOM, YTO JUId PACUETOB KPHBOJIMHEHHBIX CTEP)KHEH NPUMEHSIOTCS
npocreimme (GOpMyIIBI, CIIPaBEIUTHBEIE JUIS MPAMOIHHEHHBIX CTepxkHeH. B atH
(opMyJIBl HE BXOAAT NapaMeTphl, XapaKTepHU3yIolye KPUBU3HbI IPOJOJILHONH OCH
crepxHA. JJaHHas 0COOCHHOCTH SBIACTCS CYIIECTBEHHBIM (paKTOPOM IIPH pacue-
T€ KPUBOJMHEHHBIX CTep)KHEH, HH(OpMAIUA O MPOJONBHON OCH KOTOPBIX 3a7a-
eTcsl TUCKPETHO, TaK Kak He TpeOyeTcs HCHONb30BaHHUE CIELHUAIbHBIX METOIO0B

aNMpOKCUMAalK JUCKPETHO 3aJaHHBIX JAaHHBIX, [TO3BOJIIOIIUX IOJy4YaTh HH-
(dbopManuio 0 paauyce-BeKTOpe MPOLOAbHON OCH CTEPXKHSA U €r0 IPOU3BOAHBIX
¢ TpeOyeMol BBICOKOH TOYHOCTBIO. [Ipe/icTaBIeHbI PEIICHUS TECTOBBIX CTATHUECKUX
W JUHAMHYECKOH 3a1a4. PaccMOTpeHbl M3rub CTEpXHS C MPOAOIBHOM OCBIO B BUZIE
OKPY)KHOCTH, €CTECTBEHHO 3aKPy4YEHHOTO CTEpKHS W KOJIeOaHUS MpPY>KHHBL.
CpaBHeHHE pe3yJIbTaTOB pacdera ¢ OIyOJMKOBAaHHBIMH B JIUTEPATYpE AaHHBIMH
WLTIOCTPUPYET JOCTOBEPHOCTH M BEICOKYIO TOYHOCTD ITOJTyYaeMbIX PEIIeHHH.
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for rectilinear rods are used for the calculations of curved rods. These formulas
do not contain parameters characterizing the curvatures of the longitudinal axis
of the rod. This feature is an essential factor in the calculation of curved rods,
where the information about their longitudinal axis is given discretely, since no

special methods of approximation of discretely given data are required, which
enable to obtain information about the radius-vector of the rod longitudinal axis
and its derivatives with the required high accuracy. Solutions of test static and
dynamic problems are provided. Bending of a rod with a longitudinal axis in
the form of a circle, a naturally twisted rod, and a spring fluctuation are consi-
dered. Comparison of the calculation results with the data published in the litera-
ture illustrates the reliability and high accuracy of the solutions obtained.
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BBeaenne

B Hacrosiee BpeMs Teopus U METOABI pacyeTa CTaTHUKH M IWHAMHUKHU CTEPXKHEBBIX CHCTEM JOCTATOYHO
pa3paboTaHbl M OTPaKEHBI B psime MoHoTrpaduii [1-5]. OmHako KpUBOIMHEHHBIC CTEP)KHN UMEIOT OUYEHB IITMPOKHUI
KpYT MPIIOKEHUH (apKu, MUIOHBI MOCTOB, KOMITO3UTHBIE CTEPKHEBBIE KPUBOJIMHEIHBIE CTPYKTYPHBI, IPYKUHEI,
cBepIa, TpyOOIpoBOIbI, YIIPYTHE TTOABECKA BUOPATOPOB, JONATKH TypOOMAIIMH YIIPYTHe aMOPTU3aTOPhI) U TIPU
UX pacueTe BO3HUKAIOT 0COOCHHOCTH, TpeOytolmue oTaeabHoro BHUManus. Ilocnennee cBs3aHo ¢ TeM, 4TO Tpa-
JTUIIOHHO HMCIIONb3yeMble BapHallMOHHbIE IPUHIUIBI U YPABHEHUSI PAaBHOBECHS KPUBOJIMHEHWHBIX CTEPXKHEH CO-
JiepKaT MPOU3BOJHBIE HE HMKE BTOPOTrO MOPSAJKA OT pajnyca-BeKTOpa MpoOiIbHOM ocu cTepxkHs. Bo MHOrHX
CIIy4dasiX MCXOAHBIE TaHHbIE O TEOMETPUH CTEP>KHEH CIOXKHOM (OPMBI 3aJat0TCsl TUCKPETHO, TIOATOMY IIPU pac-
YyeTax MCIHOJIb3YIOTCS allpoOKCUMUpPYIomKe QYyHKINH, IOCTPOSHUE KOTOPBIX TpeOyeT pa3pabOoTKH CreuaabHbIX
METOJIOB, MO3BOJIIONINX IMOJyYaTh HHPOPMAIMIO O PaauyCce-BEKTOPE MPOJOIBHON OCH CTEPKHS U €ro MPOou3-
BOJIHBIX C TpeOyeMoi TouHocThIO [6-9]. Kpome Toro, ciieiyeT uMeTh B BUy, YTO B HACTOSIIEE BPEMsI OCTAIOTCS
aKTyaJlbHBIMU BOIPOCH! pacdeTa KPUBOJIMHEHHBIX CTEp)KHEH, TaK Kak BOSHUKAET Psil OCOOCHHOCTEH IpH MoJie-
JUPOBAHUH TEXHOJIOTHYECKHX TporeccoB [10—12], uccnemoBaHNM KOHTAKTHBIX B3aUMOJEHCTBHN, XaOTHIECKUX
KoJIeOaHUH ¥ IMHAMUYECKOM MoTepH ycToiunBocTH [13—17], mpu pacuere GONBIIMX MEpEeMENIeHNH, KOT/Ia mps-
MOJIMHEHHBIN CTEpXKEHb MpPH J1e(OPMUPOBAHNH CTAaHOBUTCSI KPHBOJIMHEWHBIM CTEpP)KHEM CIIOXkHOM (opmsl [18; 19],
IpU pacdere BIUSHHUA pedep KECTKOCTH Ha HalpsDKEHHO-Ie(OPMHUPOBAHHOE COCTOSIHUE O0OJIOYEK CIIOXKHON
¢dopmel [20; 21]. OcraroTcs He 10 KOHIIA HCCIECAOBAaHHBIMU BOIIPOCHI BIHMSHUS MPHHATBHIX TIPU MOJICIIMPOBAHUN
CTEpIKHEH 'MIIOTE3 Ha PE3YJIbTAThl PACYETOB CIOXKHBIX AMHAMUYECKHX mporeccoB [22-25].

IIpencraBieH MeTon pacueTa KpUBOJIMHEWHBIX CTEp>KHEH, OCHOBaHHBIM Ha MCIOIb30BaHUM rurnote3 bep-
HYJUTH ¥ COOTHOIIIEHUH TS MpsIMOIHHEHHOTO cTepxHs. [IpuBoasaTcs o6ocHOBaHME METO/a M PEe3yJIbTaThl pac-
4eToB. OCOOEHHOCTh MCIOIB3YEMbIX IS PAcu€TOB KPHUBOJIMHEWHBIX CTEP)KHEH COOTHOIIEHHIH COCTOWUT B TOM,
YTO B HUX HE BXOAST KPUBU3HBI IPOIOJIBHON OCH CTepkHs. PaHee moo0HbBII METO HCIIONB30BAICS ISl peLle-
HUSl TUHEWHBIX W HEJTMHEWHBIX 33/1a9d CTATHKH CTEP)KHEH ¢ HMCIONb30BaHWEM COOTHOIIEHHH, MOJYYeHHBIX Ha
ocHoge rumnote3 Koccepa — Tumomenko [26—28].

OCHOBHBIE COOTHOILIECHHUSA

PaccMoTpuM CTEPKHEBYIO CUCTEMY, COCTOSIIYIO U3 IMPSAMOJIMHENHBIX U KPUBOIMHEHHBIX cTep:kHel. [lo-
JlaraeM, 9TO BO3HHKAIOIIHE B CTEP)KHEBOW crcTeMe Ae(opMaIiuil SBISIFOTCS MaJlbIMHU, CIPaBEIMBEI THITOTE3HI
BepHyu, 3aBUCUMOCTD MEXKAY AeQOpMalsIMUA M HANPsDKEHUSAMHU OTPEAENIeTcs] 3aKoHOM ['yka, KpUBOJIHMHEH-
HbIE CTEPXKHH SIBJISTIOTCS CTEPIKHIMHI MAJIONH KPUBH3HBI, UISl KOTOPBIX OTHOMICHHEM h/R MOXHO mpeHeOpeds Mo
CpaBHEHHIO C equHuIeH (h — ToNmHa ceueHns, R — pagnyc KpUBU3HBI IPOAOJILHON OCH).

Pazo0bem cucteMy Ha N y4acTKOB TakuM 00pa3oM, YTOOBI Ha KayKJIOM U3 HHX HAIpaBJIIOLIMe KOCUHYCHI Kaca-
TEJILHOT'O K IPOAOJILHOM OCH CTEPKHsL BEKTOpA U OPTOB IVIABHBIX OCEH MONEPEUHBIX CEYEHHUI H3MEHSINCH HEPEPBIBHO.

Bocnonssyemcesa npunnunom I'aMuinsToHa — OCTpOrpaackoro, B COOTBETCTBHH € KOTOPBIM JTOJIKHO BbI-
MOJIHATBCS YCIIOBUE

t1

N
f Z f[SK(s, £) = 8TI(s, £) + 8'W(s, )] dL,, (s) b dt = 0, )

to \n=11,
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rae l,, — TMHKsS IPOJONIBLHON ocH cTepskHs Ha N-M yuactke; K, I1, 8'W — kuneTnueckas, NoTeHIUaIbHas SHEPTHU
nedopMalii U 3JeMeHTapHas padoTa BHEUIHMX CHII;  — BpeMs; S — mapaMeTp, MCIOJIb3YEMbIH IS OMUCAHUS
TUHAH L.

[Ipu uccneqoBaHUM CTATUKHU U AUHAMHKHU CIIOKHBIX CTEPXKHEBBIX CHUCTEM YacTO UCIOJB3YIOTCS aJrOpUT-
MBI PEIICHUS, B KOTOPBIX HHTETPANIBI B YCIOBHUH (1) BRIYUCISIOTCS YUCICHHO. [Ipy MCIIOIB30BaHUH YHCICHHOTO
MHTErpUpOBaHUs BeIpaxkeHuE (1) MOKHO 3amucaTh B CIEIYIOIIEM BUJC:

i . N o

f > D I8KCsi,£) = 81, £) + 8'W (s, ] Hgd =, @)

fp \n=1i=1

rlie S; — KOOPJIUHATHI y3JI0B HHTETpUpOBaHus; Hy,; — MHOXHTENHN, BETMUYMHA KOTOPBIX 3aBUCHT OT ()OPMBI IMHUN
[, ¥ OT HcnONMB3yeMOH TPY UHTETPUPOBAHUH KBAAPATYPHOU (DOPMYIIBL.

CoommuouwteHun 011 RPAMOJIUHEIIHO20 cmepdcHA. J1s onncanus nedopMaiiy MpsIMOIMHEHHOTO CTEPKHS
UCTIONIB3YEeM JIEKapTOBY CUCTeMy KoopauHaT OXyZ ¢ optamu L, J, k. [lomaraem, uto och Ox HampaplieHa BJIOIb
MPoJI0JIbHOM ocH, a Oy, OZ — II1aBHbIE LIEHTPAJIbHBIE OCH MTONIEPEUHOT0 CEUeHUsI CTepkHs. B 3TOM ciyuae s = x .

BBeneM BeKTOp HepeMelleHHs TOYeK MpOoAoibHOM ocu crepxHs U(x,t) = uy T+ u; j + uz k u Bexrop
YTJIOB IOBOPOTA MOMEPEYHbIX cedeHud Q(x,t) = @1 T+ @, ] + 3 k.

[Ipu ucnonszoBanuu runotes3sl bepuymu

_ Oug _ 0wy
(PZ_ ax'(p3_dx'

ClietoBaTeNbHO,
T muy ity it de; =i — 235422 3
SUlTUz ] TU3 K @ = Pql Ox ax ()
BexTop nepemenienns cTepHS Onpeaensercs no popmye
W, = U + op,
mep=yj+zk. B
VYuuteiBas Beipakenus st U , @ , p , nosiyyaem
_ Jus duy\ _ B _
W= (-2 52—y S2) T+ (=20 ] + (s +y 9 k. @)

Jluneiinble u yrinoele AedopManuy BEIYUCIAIOTCS 10 GopMynam

oy 0%uy 0%uy 0@y ON .
&7 ox 02x  CTorx Y TPy i Va2 T Y5 ®)

HaHpﬂ)KCHI/I}l u ,I[C(l)OpMa]_II/II/I CBs3aHBI 3aKOHOM FyKa:

oc=EFEg 11 =Gy, T, =Gy, (6)

rae E, G — Moxynu ynpyrocta u caeura; y; = f1(y, 2)%: Y2 = f2(y, 2)%: (.2), f2(y,2) — pynkuun,
BBbIpaKaroIllie 3aKOH paclpeiesieHHs KacaTebHbIX HApsSHKEHUH 10 MONEePEeYHOMY CEUEHUIO CTEPKHS, BUI ITHX
(byHKLUI 3aBUCUT OT ()OPMBI CEUEHUS CTEPIKHSA, HAIIPUMEDP AJISI KPYTJIOTO CeUeHHs f1 = Z, fo, = V.

C yuerom cootHomreHuit (3)—(6) u toro, uto Oy, OZ — TTIaBHBIE IEHTPAIBHBIE OCH TIOTIEPEYHOTO CEYCHHS,
BBIPOKCHUS IS BapHaliil KHHETHYCCKON M MOTEHIIMATBHOU SHEepTuid AedopMaiiy MOXKHO 3alucaTh CIEIyIo-
M 00pa3oMm:
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Wy <17 02 92 92
K = —po I, T Sy dA = —po [A (T2 bus + 55 By + T bus ) +
az(pl aZuz azuz 62u3 62u3
r at? O01+Jz dx? o dx? +ly dx? o ox2 |’ ™)

1 1 dup\* 92us\’ 92u,\’ dp.\°
oIl = ESff[O’S + 1y, + T2Y,] dA :ES EA (a) + E]y W +LEJ, W +G]Kp (E) )
A

rae 4, ]y, ], — miomas, riaBHbIe MOMEHTHI WHEPLHH IOINEPEYHOrO CEYCHHs; [, — MOMEHT MHEPLUUH IIPU

KpYYCHUH.
OneMeHTapHas padoTa BHEITHUX CHIT

Jdus Ju,
6’W = Q16u1 + q25u2 + q36‘U,3 + M1 6(p1 - M2 6_ + M3 SE,

9% (8)

rie q;, M; — KOMIOHEHTBI BHEITHUX CHIT 1 MOMeHTOB dyukimu (i = 1,2, 3).

Bemnuunsl q;, M; sBIstoTCS QYHKUUSAMH KOOPAMHAT X U {, BUJ KOTOPBIX ONPEAEIIETCS XapaKTepoM pac-
MIpEJIENIEHNUs TI0 CTEP KHIO U BO BPEMEHH JIEHCTBYIOUINX BHEIIHUX CHUJIAMU.

OcHognvle coomnowienua OnA KPUGOIUHENHO020 CHmepPcHA. BhIenM HEKOTOpBIH y4acTOK KpPUBOJIU-
HEWHOTO CTEeP KHS, IPOJIOIbHAS OCh KOTOPOTO L, JexuT Ha moBepxHocTH {),,. BBenem nekapToBy cucremy Koop-
muHAT OXYZ ¢ opTamu I, , k . Beibepem Takue pasMephl BHIIETEHHOTO y4acTKa, YToObI TIOBEPXHOCTH (), MOKHO
ObLT0 omucaTh ypaBHeHueM z = Z(x,y). 3agaaum JUHHIO [, B TapaMeTPUUECKOM BUJIE:

x=x(s);y = y(s); 2 = Z(x(s); ¥(5)). (9)
Pannyc-BexTop moBepxHOCTH {1,
Ro=x1+yJ+Z(x,y)k.
Ecnu B nocienHee COOTHOIICHHUE MOICTABUTH BhIpaxeHUsI (9), TO MOJTyYUM paginyC-BeKTOp JTUHUU L,

r=x()T+y(s) T+ Z(x(s),y(s)) k. (10)
B momnepednsIX CEUEHUAX CTEPHKHA BBEIEM PEIEP ¢ HAYAIOM B IIeHTpE TskecTH O

_dF _ dF dF
T=_;V2=a'6; 1 = VT (11)

Bekrop T HampaBieH mo kacareipHOHW K l,, a V,— mo HopMmaimu K {),. B HampaBieHuM BEKTOpPOB
V1, V5 BBenleM ocH koopauHaT 048, U 0&,. B 310l cucteme KOOpauHAT palyc BEKTOP TOUYEK MOMEPEUHBIX Ce-
YEHUI CTEPHKHS

P =86V +8&7;.

BekTops! nepeMenieHns ToYeK MPOI0TIbHON OCH CTEPIKHS U YTIIOB MOBOPOTA MOMEPEYHBIX CEUCHHH Ompe-
TIETISIOTCS TI0 popMyIIaM

dus _  duy, _

U(s,t) =uT+u, vy +uz vy ; (s, t) =@ T — 5y it V2
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BekTop nepemenieHus cTep>kHs
W, = U + ®p,
mep =% +5k

C yuerom Belpaskenuii 11 U, @, P Hojydaercs, 4TO BEKTOp MepeMelleH s TOUeK CTepskHs TpH aedop-
MHPOBaHUU

_ . Jus ou, \ _ _ _
Wo=U+op= <u1— ) Bs + & E) T+ (U =& @)V + (Uuz + 8 91) V3.
Panuychl-BEKTOPHI TOUEK CTEPKHSA 70 M TT0cie Ae(hopMaIiy BEIYUCIAIOTCS 0 (popMyIam
R=7+p =x(s)T+y(s)J+Z(x(s),y(s)) k + § V1(s) + & V,(s);

R*

R+ W,

Ucnonszys seipaskenus (10), (11) u yuanTsiBas, 4to

dr _ 4z dr o dzo
dx = T dx dy S+ dy '
HaXOIUM
__dx_+dy_+dZE.__ dZz  dZ _ i
TastTas T Tas T Tt dy]
. dy dzdz

(dx az dZ) (dZ dx dZ dy) —

V1= (ds Tas ds dy) ds dsdx E%_E%

PaCCMOTpI/IM CTCPKHU MaJiou KPUBU3HBI, JJI KOTOPBIX JOJKHBI BBIIIOJIHATHCA YCIIOBUA

2 2

d-y
ElF

27

<1 « 1.

Elﬁ

EZF

I/ICHOJ'IL3y$I MPUBCACHHBIC B CTATHC COOTHOILICHUS AJIA dﬁ*, dﬁ, nojry4acm

AR — dRdf = 2R i, == 228 . Yo g g5 4 o (OR W OR 0o\ 1 e 4o (OR W OR OW)
= P == 255 os BASH2\Ge s T s oy, ) Bt 2\ G a5 Yo @, )| B

CrnenoBaTenbHO, KOMIOHEHTHI AeopManny OyyT BBIYUCIATECS 10 HopMysIaM

_OR oW,  9R aWp+a§ W, 1y i
s os VT g Tas Tas 9y T % 12
31ech
OR dx _+dy k _dx _+dy_+dZE d2y+dZ dzZ dz d*z
os ds ' ds d o ds R ds "o T ta T a2t ey a2 T @ dsdy

(dzx dz d?z dzZ dZZ> (dx @z _dy &7 _dz &y dZ d*x )_
J—

“N\asz T ax a2t as dxas ds dyds ds dxds ds ds? ' dy ds?

d?z N d*z _
dsdxl dsdy]
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oR (dy N dz dZ) N (dx N dz dZ) _ (dx dz dy dZ)k 13
w - \as o ws) T s T as) ) T \as Ty Tas ) © 13
oR . dz _ dz .
95, dx ' ayl T
oW, ou ou do - 09 op oOu ou ous - 0%*u, d?Z 0du; d*x Ou
e R TR W et —=—Lt74+ 27 3 2 R e
ds ds ds 6sk+6 pte s sl+as]+6sk El[(asz dsdy 0s ds? 0s
N d*z +d2y ou,\ _ (0@, d?*x d2y0u3 P
dsdy P17 g5z Bs ds  ds? et ds? ds

0%u, d Z duy\ _ (¢, d®Z ouy,\ _ [d*Z d*z Oug
8|l — 52 + Syl Vi @1+ k|;
ads dsdy 0s ds dsdy 0s dsdy dsdy s
G)TA du, _ Oduz - OW, ous _
il Al Al A SR
d¢; ds ds 0%, ds

Kax BumHo u3 cootHomenuid (12)—(13), BeIpakeHHS I KOMIIOHEHTOB Je(QOpMaIlii SBIISIOTCS CPaBHH-
TEJILHO TPOMO3AKHMH U CIPaBEIMBEI B Clly4yae, KOTJa MPOJ0JibHAs OCh CTEPXKHS L, HAXOAUTCS Ha MOJIOTOH TOo-
BepxHOCTH {),,. Kpome Toro, koadduumentsr nepes uckoMpiMu GyHKIUAMH B (13) sSBISIOTCS EpBON U BTOPOH
MPOM3BOJIHOM YpaBHEHHUS MOBEPXHOCTH Z = Z(X,Y), I09TOMY B OOIIEM Cilydae, KOTJia JIMHUS MPOIOJIBHON OCH
CTepkHS [, MMeeT HeJIOCTATOYHO MPOCTOH BHJ, 3TH K03()UIMEHTH OyayT NEepEMEHHBIMU BETMUYUHAMHU U IS
UX OMPEEeNICHUS C HYKHOI TOYHOCThIO HEOOXOIMMO HCIIONIB30BaTh CICIHAIbHbIC aNrOpUTMBI [1-5].

Ot™MeTnM, 9TO yKa3aHHBIE OCOOCHHOCTH B BBIPOKEHUSX JIJIsl KOMIIOHEHTOB e(hopMaIvi MIMEIOTCS U B KITacCH-
YECKUX TEOPUAX KPUBOJIMHEHWHBIX cTepkHEH [6—9].

Jii cymecTBEHHOTO YMPOIIEHUS yKa3aHHBIX (OPMYT M CHATHS OTPAaHWUYEHHS, CBS3aHHOTO C TIOJO-
TOCTBIO (1, TOCTYMAaeM CIEAYIOLIINM 00pa3oM.

BBenem nBe nmexkapTOBBI CHCTEMBI KOOPIWHAT, TI00AIBHYIO — 6)?)72 u JnokaiabHyto — Oxyz. Hauano no-
KaJIbHOM CUCTEMBl KOOPAMHAT COBMECTHUM C TOYKOW MPOJOJIbBHOM OCH CTEpP)KHS, HaXOJAIIEHCS B CEUECHHH,
JUIS. KOTOPOTO HY>KHO BBIYMCIUTH Aepopmanui. O003HAYMM KOOPAUHATY 3TOH TOUKH S;. COBMECTHM Hampasiie-
HUS OpPTOB 1, ], 'k JOKaJbHOH CHCTEMBI koopauHat Oxyz ¢ HampaBJIIEHHMEM BEKTOPOB pemepa T,Vq,V,. B aTom
Clly4ae B TOUKE Hayaua KOOpAMHAT IIpU S = §;

dx_ 9 _0 dy_dz_dz_dz_  _ __ iy
ds ' 9s ox ds ds dx dy 4=y R=27. (14

C yuerom (14) cootHomienust (13) cyliecTBEHHO yNPOIIAIOTCS ¥ IPUHUMAIOT B

OR _ OR _ _ oR r
os U og U oog
oW  Ou,_ Ou,_ Ous-— 0%u, _ 0@, 7 0%us 0@, _
s~ ox T ax ) Tax KT8\ G T ox (52 T )
ow, ou du, - O0W u
i3 dx dx %, dx

[Toacrapisist TN BBIpakeHUS B coOTHOMIEHUS (12), momydum (GOopMyIIsl A BEIYACICHUS IedhopMarmid,
TaKHe ke Kak PopMyIIbl s MPSAMOJIUHEHHOTO CTePKHS B Bue (5).

TakuM 00pa3oM MOKa3aHO, YTO JJIsi KPUBOIUHEWHOTO CTEPIKHS KOMIIOHEHTHI NeOpMAIlK B JTOKATBHOM
JIeKapTOBOM cucteme kKoopauHaT Oxyz ONpeneNnsroTCs TAKUMHE K€ COOTHOIICHUSIMH, KaK U JUIsl TPSIMOJTMHEHHO-
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ro crepxHs. Jlepopmaruu Beraucistores mo popmyde (5). Bapuanum moTeHIManbHOW 1 KHHETHYSCKON dHEPTU
nedopmaliiu, paboTa BHEIIHUX CHJI OIPEACIIAIOTCS COOTHOIIeHUsAMU (7), (8).
[Ipu mpoBeneHNN pacyeToB ClEAyeT BBECTH BEKTOP MEPEMEIICHHS

~~T ~ ~ ~
{U} = {u’l(sr t)l u’Z(S' t): u3(sl t)}
1 BEKTOP YIJIOB IMOBOPOTA IMONCPEYHBIX CEeYeHUI CTCPIKHA

dti3(s,t) 0tiy(s,t)
ox ' 0Ox

@' = {@1(5, t), —

C KOMIIOHEHTAMH, OINPEJCNCHHBIMH B TJIOOAIbHOM IeKapToBOil cucTeMe KoopauHat OXyZ. IlepeMerneHus
{UYT = {u,(s, ), uy(s, ), uz(s, t)} u mosopotsl {@}T = {p;(s,t), P,(s,t), p3(s, t)} B NOKATBHOI cHCTEME KO-
opauHat Oxyz OyIyT BBIpaXkaThCsl Yepe3 {U } u {P} mo popmynam

{UY = [4{T}; {9} = [A )@}, (15)

rae [A,] — Matpuna Hanpapnsronux Kocunycos n;; (i,j = 1,3) NokanbHON CHCTEMBI KOOPIHHAT.
Benencreue Toro, uro npu audhepeHInpoBaHUK 110 HaNpaBaeHu0 OX HANpPaBIIAIONINE KOCUHYCHI T;j
SBIIAIOTCS KOHCTaHTaMH, CIIPaBEJINBBI PABEHCTBA

d Jd .., 0 0
a{U} = [Au]a{U},a{(P} = [Au]a{fﬁ}- (16)

[pu BeIYHCICHUY NedopMaluil U HaNPsDKEHHH, a TAKXKe MPU 3alicy YCIoBus (2) cieayert, ¢ yaeTom (15),
(16), Bce BemM4MHBI BEIpAXKaTh Yepe3 KOMIIOHEHTHI BEKTOPOB {ﬁ}, {®}, onpenencHubIe B rI00ANBHON CHCTEME
KOOpIMHAT.

Jis mpoBeieHnsl pacyeToB Ha OCHOBE OMMCAHHOW MaTeMaTHYeCKOW MOJIENH MCIIONb30BAaJICs BapHAIOH-
HBI MeTo. OnHieM METOANKY pacdera.

Ha KaI0M UX y4acTKOB CTEp’KHEBOH CHCTeMbl C HPOJOJIBbHOM ockio 1, BBemeM Bektop Uy, (ily, iy, Tiz)
1 yroj noBopota P, (P, Py, P3) ¢ KOMIOHEHTAMH B TII00AIBHOM CHCTEME KOOPIUHAT.

C yuerom cootHomrenut (7), (8), (6), (16) ycmoBue (1) MOXHO 3amucaTh CISAYIONIAM 00pa3oM:

ty

N I
J {Z [GK( an(si' t)' (_pn (Sil t)) - Sn(an (si' t)' (T)n(si' t)) + SIW(an(Si' t)' (T)n (Sil t))Hni} = 0. (17)

to n=1

[MpencTaBUM NEpeMEILCHUS M YOIl TIOBOPOTa (4 (t, S) B BUjIE pAIOB

M
Ty (t,s) = Z AT (O fn(s), k = 13;
m=1

M
G:(65) = ) BR(Ofn(s), (18)
m=1

rae A}, (t), BR(t) — dynximu, nomnexamme ompenenenuto u3 pemenus; 0 <s < 1; fi(s) = (1 —s?)?;
f2(8) = [s 2 =91 f3(s) = s(s = D? fu(s) =s2 (s = 1), fi(s) = [(1 —=s*) s?] /71 j =1,M — 4.
3HaueHnio S = 0 COOTBETCTBYET HAYAJIO yYacTKa CTEPIKHS, 3HAYCHUIO S = 1 — KOHeI.
DyHKIUH f;, (S) TakoBBI, 4TO HA KOHIAX 0Tpe3ka 0 < s < 1 BBIMOJHAIOTCS PaBEHCTBA

1, (0,t) = AR, (1); 1, (1,t) = AR, (t);
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a1, (0, o1, (1,
P00 _ ey D s k=

$1(0,t) = B{'(t); @1(1,t) = BZ(t);

09,(0,t) n 09,(1,t)
ds B3 (®); ds

= B} (t).

CrnenoBarensHo, Ay, (t), AR, (), Axs(t), AR, (t), BT (t), BF(t), B (t), B (t) — 310 3Ha4eHus (GyHKUHI
U (t,s), §1(t,s) n ux mepBLIX NPOM3BOAHBIX pu S = 0 ©unpu s = 1. Mcnons30BaHue ammpoKCUMHPYIOIIUX
¢ynkumii B Buze (18) mM03BOJISAET JIETKO YAOBIETBOPATH T€OMETPUUECKHM IPAHUYHBIM yCHOBI/IHM IS ICKOMBIX

¢byHkuMil u ux npousBoAHoi. Hampumep, mist ynosnerBopenus yciouit i1y = 1 npu s = 0, —S =0mpus=1

cnenyer nojoxuts AT, = 1,A%, = 0.

Hcnonp3oBanue anmpokcuMupyromux GyHknuii B Buae (18) Taxike MO3BOJSIET JETKO OCYIECTBUTH CThI-
KOBKy MepeMEIIeHN W YTJIOB MOBOPOTa HAa KOHIAX YYAaCTKOB CTEP)KHEBOW CHCTEMBL. TakK, €CIM TOJOXKHUTh
R,o= AR, AR, = AT, To Gyner BHINONMHEHO YCNOBHME CTHIKOBKM KOHIIOB JBYX CTEp/KHEH C HOMEpamu
nun+ 1 1g nepeMerieHnit 1 nepBbIX NPOU3BOAHBIX OT IIEPEMELICHUH.

[TosToMy Ipu MPOBEICHUH PacdeToB YacTh Kod(duumeHToB psaaoB (18) HaXOAUTCS U3 TEOMETPUUECKHX
TPAaHUYHBIX YCJIIOBHH, & TAKXK€ U3 YCIOBUH CTHIKOBKH IEPEMEIIECHUH U TIEPBBIX NPOU3BOAHBIX OT MEpEeMeIeHUN
Ha TPaHMLIAX YIaCTKOB CTEPKHEH.

[Moncrasnsst Beipaxkenue (18) B ycnosue (17), monydnm cucteMy ypaBHEHWid uisi onpenenenus Ay, (t),

BIL(t):
MI{C} + [KI{c} = {F}, (19)

riae [M], [K] — maTpumsl Macc u skecTKocTH cTepxkHeBoit cuctemsl; {C} = {411, A1z, ..., By} — Bextop dyHK-
uwst; {F} — BEeKTOp, 3aBUCSIIMIA OT JCHCTBYIOIICH BHEIIHEH HATPY3KH; TOYKA HAJ 0003HAYECHUEM O3HAYAET MU(-
(epeHIUpOBaHKE [0 BPEMEHHU.

[Tpu cBOOOAHBIX KOJIEOAHUAX KOHCTPYKIMU BHEUIHHUE CHJIbI PABHBI HYJIIO U chcTeMa ypasHenui (19) 3a-
MTACHIBACTCS CIICTYIOIIIM 00pa3oMm:

MI{C} + [KI{c} = 0.
[Monaras {C} = sin(wt) {V}, nonyuaem
[KI{V} + w?[M]{V} = 0.
Junsa cratnyeckoii 3agaun ypaBHeHus (20) MpUHUIMAIOT BAT

[KI{C} = {F}.

PesyabTaThl pacueroB

[IpencraBuM mpUMepsl CpaBHEHHUS PE3yILTATOB pacueTa Mo ONMHMCAHHOMY METOIY C OIyOJMKOBAaHHBIMH B
JIMTEPATypC JaHHBIMU. Ot IMPpUMEPHI MOKA3bIBAIOT JOCTOBCPHOCTDH U BLICOKYIO TOYHOCTD IMOJIYyYaCMbIX pCIHCHI/Iﬁ.

Ha puc. 1, a cxemarndecku nokaszaH CTEp)KeHb C ITPOIOIBHON OCBIO B BUZE OKPYKHOCTH paamyca R = 50 cm,
HarpyKCHHBIH paBHOMEPHO pacrpeseieHHon Harpy3koi ¢ = 0,1 H/cM. OmuH KOHEI[ CTEPKHS 3alleMICH, APY-
roii — cBoboneH. [lonepeuHoe ceueHne — KBajgpat co cTopoHod h =1cMm, E = 2+ 10° MIla, N =1, M = 14.
B pesynbrate pemenus noiayueHo uz = 1,3 cM (pu o = 90°), 02 = —29,5 MIla (o = 180°). Ha ocHoBe kiac-
CHYECKOH TCOPHH KPUBOJWHEHHBIX cTepkHEH [29] momyuaeTcs Uz = 1,4 cM, Oy = —29,8 MIla.

[IpencraBneHHble 3/1eCh COOTHOIIEHHMS SIBIISIFOTCS CIIPABEUIMBBIMU U ISl €CTECTBEHHO 3aKPYUYEHHBIX CTEpIK-
Heit. [IpuBeaeM pemieHue 3agaun M3ruba COCPEIOTOUCHHBIM MOMEHTOM M, paBHOMEPHO 3aKPYYCHHOTO KOH-
combHOTO cTepikHs (puc. 1, 6). Ha 0HOM KOHIIE CTepyKHS 3a/Ie)IKa, a Ha APYroM KOHIE, B iockoctH 0XZ neii-
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ctByeT MoMeHT M,. Ilpu pacuerax momaramock My = 1,28-10°H-cMm, [ =100cm, E = 2-10° Mlla,
G =8-10*MIla, N = 1, M = 8. TlonepeuHoe ceyeHHe CTEPKHA — MPSMOYTONBHUK CO CTOPOHAMH b = 4 cM,
h = 6 cM. PaccMOTpeHBI City4yau, KOTa BIOJIb MPOIOJIBHOM OCH CTEPIKHS yToJ1 3aKkpyunBanus o(X) nu3aMeHseTcs
110 JIMHEHOMY 3aKoHY, a Ha Konle — o(l) = 45" u a(l) = 90°. IToayueHs! pacueTHbIC 3HAYCHHS TIePEMEIICHHS
Ha KoHIe ctepxHs 1; = —0,94 cM u 1i; = —0,83 cM. DT BEeIWYHUHEBI C TOYHOCTHIO IO ABYX 3Hadamux 1udp
COBIIAJIM C JAHHBIMH, TPUBEICHHBIMHA B [29].

o(/)

a 9]

Puc. 1. CrepeHb ¢ POJOJIBHON OCBIO B BHIE OKPYKHOCTH (@), €CTECTBEHHO 3aKPYUYEHHBIH CTep:KeHb (0)
Figure 1. A rod with a longitudinal axis in the form of a circle (a), naturally twisted rod (6)

YacToTel COOCTBEHHBIX KOJICOAHUIT NMPYKUHBI C COCPEJOTOYCHHON Ha KOHIe Maccod M™ (puc. 2) mpex-
CTaBJICHbl BO BTOpPOM cTonOLe Tabmuisl. B mocnemnem cronbue TaOmumpl NpUBONATCS AaHHBIE U3 [29].
IMpu pacuerax monaranoch, 4ro JuMHa npyxuHel [ = 50 cM, pamuyc momepeuHoro cedenust r = 0,5 cMm,
pamuyc BHHTOBOH ocu R = 10cM, o= 15", E =2-10%MIla, G = 8-10* MIla, p = 81077 H cex?/cm*,
M* =4,19-10"°u cek?/cm, N = 3, M = 6.

« YacToThl KOJ1e0aHMIi NPYKHUHBI
M Spring vibration frequencies
—— —— — Pacuernbie 1auubie / | Jlanubie u3 [29] /
—_— , T/ Hz Calculating data Data from [29]
—s
— = a o1 5,6 5,79
T =
2R o2 7,3 7,04
Puc. 2. Tlpyxuna ®3 15,8 14,31
Figure 2. Spring

OtmetnM, uTo B [29] pe3ynbTaTbl pacdeToOB MPEACTAaBICHBI B BHAE TPa(UKOB, IMO3TOMY B IOCIEAHEM
CTOJIOIE TAaOIUIBI TAHHBIE MOTYT UMEThH TIOTPEIIHOCTb.

3akiIouenue

IIpencrapiien MeTo/ pacyeTa KPUBOJIMHEHHBIX CTEPKHEN, OCHOBAaHHBIM Ha UCTIOIB30BAHWN COOTHOIIECHUN
JUISL IPSIMOJTMHEIHOTO cTep kHS U runoTe3 bepuymmu. OCHOBHOE JOCTOMHCTBO B OCOOCHHOCTH METOJIa COCTOUT B
TOM, YTO JIJISl Pacue€TOB KPUBOJUMHEHHBIX CTEPXKHEW HCHOJB3YIOTCA MPOCTEHIINE COOTHOILICHUS, B KOTOPBIC HE
BXOJISIT KPUBU3HBI TIPOJIOJIEHOW OCH cTepHs. Kak MOKa3pIBalOT YHCIIEHHBIE pacueThl TECTOBBIX 3a1ay, METOI
MO3BOJISIET ¢ BRICOKOM TOYHOCTBIO IMoJIy4aTh pCHICHUA 3aJa4 CTATUKN U TUHAMUKHA KpPIBOJIHHGfIHBIX CTep)ICHefI.
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from the action of a constant uniformly distributed load the most optimal shell of
a diagonal transfer of a velaroidal type with the same main frame of three super-
ellipses. The static calculation was performed using the SCAD program based on

the finite element method, designed to perform strength calculations of various
types and purposes of structures. The influence of parametric equations for de-
fining a surface depending on the generative family of the same type of cross
sections on the distribution pattern of normal stresses and bending moments is
shown. The results obtained can help architects and designers with choosing
the shape of shells for new projects.
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Brenenmne

B [1] BniepBBIe paccMaTpuBaroTcs 0000IIEHHBIE anre0pandecKue IOBEPXHOCTH ¢ KapKacoM U3 TpeX CyIep-
smmaricoB [2]. [loaTBepskaeHo, 9To MMest OWH M TOT YK€ KapKac M3 TPEX IUIOCKHUX CYTIEPAJUIAIICOB, MOYKHO TIONYYUTh
TpH anreOpandeckue TOBEPXHOCTH Pa3HBIX NOpAAKOB. CyHepauIuIIChl KaKk 00pa3yrolye KpUBbIe TOBEPXHOCTEN Tiepe-
HOCa € IPOCTPaHCTBEHHOM HaIpaBJLIOLIEH JTMHUEH Ha IUIMHAPE MIPUMEHSTIOTCA JUTS TOCTPOEHMS TOBEpXHOCTEH B [3].

UsBecTHBI nosepxnocmu ouazonanviozo neperoca. OHA 00pa3ylOTCS TO MPHUHIUIY TEpeHoca KOHTPY-
SHTHOW IIJIOCKOW KPHUBOU IO HAIIPABJIAIONICH TaK, 4TO MPHU CKOJIBKEHUH 00pa3yromieil KpUBOM 1O IIOCKOMY He-
TIOJIBIKHOMY KOHTYpPY JIB€ €€ CHMMETPHYHBIE TOUKH HETIpepbhIBHO ero kacatorcs [4]. IlpuBeneHHoe ompenenenne
HE COBCEM TOYHO HJEHTH(PHUIMPYET M3ydaeMble MTOBEPXHOCTH. BenapoudaivHoll Ha3bIBACTCS HOBEPXHOCHb Ne-
penoca Ha TIOCKOM TPSIMOYTOJIRHOM TUIaHE ¢ 00pa3yroIie KpUBOW NMEpeMEHHON KpHWBHU3HBL. Takum oOpaszom,
IMMOBECPXHOCTh OIrpaHWYCHA YE€THIPbMA B3aMMHO OPTOrOHAJIbHBIMU KOHTYPHBIMH MPAMBIMH, JIC)KAIIUMU B OI[HOﬁ
IUIOCKOCTH [5]. DTO ompeneneHne Takke He COBCEM KOPPEKTHO TS pacCMaTpUBaeMBbIX MoBepxHocTel. M3BecTHa
TaKkkKe TPYIIa nogepxHocmell gerapoudanrvroeo muna [6]. Ilo-BuauMomy, paccMaTpuBaeMble MOBEPXHOCTH
JIOJKHBI OBITH BBIJENEHBI B 0COOYIO TPYIHITY HO8epXHOCHEU OUA2OHAILHO20 NEPEeHOCd 8elapoUudailbH020 Mund
C 2NABHBIM KAPKACOM U3 MPeX NIOCKUX KPUBBIX.

B [7] BuiepBBIe TpesioKeHO UCMONB30BaTh anreOpandecKue MOBEPXHOCTH C KapKacoM M3 TpeX IIOCKHUX
KPUBBIX B KOOPIWHATHBIX TUIOCKOCTSAX, HAIIEANINX NPUMEHEHHE B CyIOCTPOUTENHHOI NMPOMBINIICHHOCTH [§]
Y B CTPOUTENBHOI OTpaciy B Ka4yecTBe 000JI0UEK [T IEPEKPHITUS OOIBIINX IIIOMTa e .

Lesas uccaenoBaHusi — BBHISIBUTH C TOYKU 3PEHUS HANPSDKEHHO-AE(QOPMUPOBAHHOTO COCTOSHUS OT AeH-
CTBUS ITOCTOSTHHON PaBHOMEPHO pacIpeie]IeHHON Harpy3Ku ONTHMAIBHYIO 000JI0UKY THAaroHAIBHOTO TIepeHoca
BEJapOMJIATBHOTO THIIA C OAMHAKOBBIM TJIABHBIM KapKacoM M3 TPeX CYNep3JUINIICOB.

Meton

Feomempuﬂ noeepxnocmeﬁ OUAZOHAILHOZ20 nepernoca eeﬂapoanﬂbHozo muna
C 2JIABHBIM KaAPpKACOM U3 mpex njiioCKux Kpueblx

[TycTh TpW MIOCKUX CYMEPIJUIUIICA, JISKAIINE B TPEX TIABHBIX KOOPJUHATHBIX IUIOCKOCTSAX, (DOPMUPYIOT
TJIABHBIA KapKac MCCIeayeMOl TTIOBEPXHOCTH, TO €CTh:
— kpuBas 1 B miockoctu z = 0:

t
T=wr 1—ﬁ ; 1
vl ) (1)
— KpuBas 2 B MI0CKOCTH X = 0:
ly|™
Zn:Tn 1_W 5 (2)
— KpuBas 3 B miiockocTu y = 0:
s _psfq_ I
22 =T{1-" ) (3)

T/I€ JUIS BBITYKIIBIX KPUBBIX 7, f, 1, m, S, k> 1; U151 BOTHYTBIX KPUBBIX 7, £, n, m, S, k< 1.

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK 85



Aleshina 0.0. Structural Mechanics of Engineering Constructions and Buildings. 2023;19(1):84-93

B sToM cirydae, Kak yKas3pIBaJOCh BO BBEJCHHH, MOXKHO TOJNYYUTHh SBHBIE alreOpanvecKkue ypaBHEHHS
TPEX pa3HBIX MOBEPXHOCTEH, colepiKamux oauHakoBbie miockue kpusble (1)—(3) [1]. Otu sBHBIE anrebpande-
CKH€ YPaBHEHUS MOBEPXHOCTEH JIETKO MEPEBECTH B IMapaMeTPHUECKyIo (popMy ¢ 00pa3yIoiM CEMEHCTBOM OJI-

HOTHITHBIX CEUECHHUIA:

— X = const:
x = x(u) = tul; y = y(u,v) = vW[1 — ut]'/7;
z = z(u,v) = T[1 — uk]%[l — |v|™Ym, 4)
—y = const:
x = x(u,v) = vL[1 — u"V5 y = y(u) = +uW;
z = z(w,v) = T[1 — u™]/"[1 — |v|*]"/5; ()
—z=const:
x = x(u,v) = vL[1 — v IV% y = y(u,v) =+ W[1 — u]V™[1 — |v|]]V7;
z = z(u) = uT, (6)
rne 0 <u<1,-1<v<1;u v— 6e3pa3mMepHbIC TaPaAMETPHI.
JIns nanpHennero pacCMOTPEHUsI IPUMEM
(7)

L=10m;W=Tm;T=10m;s =k=2;n=m=2;r=t=1,5.

Ha puc. 1 n300paxeHbI Tpu MOBEPXHOCTH, UMEIOITNE OAMH U TOT K€ TJaBHEIN kapkac (1)—(3), HO 3amaH-

HBIE TPEMS Pa3HbIMHU CHCTEMaMH IMapaMeTpHIECKuX ypaBHeHHH (4)—(6).

Il
IREal
J 1T

Y-
Tt

. o

Puc. 1. I[ToBepxHOCTH, ONHCHIBAEMBIC TAPAMETPUIECKUMH ypaBHeHIIMU (4)—(6),
L=10m;W=Tm;T=10m;s=k=2;n=m=2;r=t=1,5:

a — TIOBEPXHOCTh IOCTpOeHa 1o hopMyaM (4); 6 — HOBEPXHOCTH MOCTpoeHa 1o GopMyinam (5); 6 — HOBEPXHOCT HOCTpOeHa 1o hopmynam (6)
Figure 1. Surfaces governed by parametric equations (4)—(6),
L=10m;W=Tm;T=10m;s=k=2;n=m=2;r=t=1,5:

a — the surface is constructed according to the formulae (4); 6 — the surface is constructed according to the formulae (5);

6 — the surface is constructed according to the formulae (6)

[lycte moBepxHOCTH Ha pHc. 1, a IMEeT OTBEPCTHE B BEPIIMHE C MOIYPa3MEPOM BAOJIb OCH ), PaBHBIM

yo =2 M. Torma u3 hopmyisl (2) HaxonuMm
1/2
8)

Y02
2 =7(1-(F))
TO eCTh 2o = 9,583 M.

U3 popmymns (3) onpeaensieM nomypa3Mep OTBEPCTHS B HAPABICHUU OCH X:
1/2
)

st )"

TO €CThb X9 = 2,86 M.
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Takum 00pa3oM, OTBEPCTHE B BEPIITHHE UMEET Pa3Mephl B 0CAX 2xo X2yp = 2:2,86%2-2 M.

[ToBepxHOCTH HA pHC. 1, 6, 6 TaK)KE UMEIOT aHAIOTMYHBIC ()OHAPHBIC OTBEPCTHS B BepinmHax. Kpas ot1-
BEPCTHH COBMANAIOT C KOOPAMHATHBIMU THHHUAMHA. [I0BEpXHOCTH Ha puc. 1, 6 UMeeT OTBEpCTHE B BEPIIIUHE, COB-
najiaroliee ¢ KoOopAuHATHON JuHuen ug = 0,958, ¢ pasmepamu 2xo u 2y, paBHbIMU 2-2,86 M U 2:2 M COOTBET-
cTBeHHO. Kpasi OTBepCTHS COBMANAIOT TAKXKe C JIMHUEH MepeceueHrs OBEPXHOCTH, 3a/1aBaeMOil mapameTpuye-
CKUMH ypaBHEHUSIMH (6), C TOPU3OHTAIBHOH MIIOCKOCTHIO Zo = 9,583 M.

MOKHO 3ampOeKTHPOBATh OTBEPCTHS TaK, YTOOBI MX Kpas Ha MOBEPXHOCTSX, 33/[aBAEMBIX YpPaBHEHHS-
Mu (4), (5), coBIagau ¢ IMHUSAMH TIEPECEUCHUS dTUX MMOBEPXHOCTEH ¢ TOPU30HTATHHON IIOCKOCTHIO Zg = const,
npuyeM zo < 7. B 3TOM city4ae u3 SIBHBIX YpaBHEHUN pacCMaTpUBAeMbIX TIOBEPXHOCTEH, MPUBEICHHBIX B [1; 7],
HAXOJAWTCS SIBHOE ypaBHEHHUE TMHUH MTEPECEUSHHS TOBEPXHOCTH (4) C TIOCKOCTBIO zo = const:

2/3
x3/2 2

372 (12 ( - ﬁ) (10)
LZ

a Taxke SIBHOE ypaBHEHHUE IMHUH ITEPECEUSHHS TOBEPXHOCTH (5) € TNIOCKOCTHIO zo = COnst:

2/3
y3? zg

- 1—-—
W3/2 - (1 ~ yz) (11)

w2

x=%L|1

Ha puc. 2 uzo0paxxeHsbl JBE MOBEPXHOCTH, MMEIOIUE OJUH M TOT K€ riaBHbIN kapkac (1)—(3), HO 3amaH-
HBIE IByMsI pa3HBIMU CUCTEMaMH MapaMeTpHYeCKuX ypaBHeHUH (4), (5). Kpas ¢poHapHBIX 0TBEpCTHII COBMAIAIOT
C JIMHUSIMU TIEPECEUEHHUS ATUX MOBEPXHOCTEN C TOPU3OHTAIBHOM MIIOCKOCThIO Zo = 9,583 M = const. TpeTbs 1mo-
BEPXHOCTh C OTBEPCTHUEM B BEpIIMHE, [MOKa3aHHAs Ha puc. 1, 6, OyneT oauHakoBa IUia oboux cirydaes. B mo-
cneaHux AByX Gopmynax 2,86 M <x <286 M, 2M <y <2 M.

) ‘\‘\\\\\

W N
0\ \\\\ Y | l":e

SRt G

R ‘\i“:\‘\\"“”f,',’ T
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X
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o7 808
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\\ \\ RT7 % &%
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\\ ':':

Puc. 2. [ToBepXHOCTH, OMHUCHIBAEMBIC TTAPAMETPUICCKUMHE yYpaBHEHUSIMH (4), (5) ¢ (hOHAPHBIMU OTBEPCTHUSIMH,
COBIMAJIAIOUIMMH C JINHUEH MepecedeHns NOBEPXHOCTH C TOPU3OHTAILHON IIOCKOCTHIO
20=9583M; L=10m; W=Tm; T=10m;s =k=2;n=m=2;r=t=1,5:

a — MOBEPXHOCTH MOCTpOCHa 10 opmyiam (4); 6 — TOBEPXHOCTh MOCTpoeHa 1o hopmyiam (5)

Figure 2. Surfaces governed by parametric equations (4), (5)
with lantern holes coinciding with the line of intersection of the surface with the horizontal plane
20=9583m; L=10m; W=Tm; T=10m;s=k=2;n=m=2,r=t=1,5:

a — the surface is constructed according to the formulae (4); 6 — the surface is constructed according to the formulae (5)

Cmamuueckuii pacuem mpex 0007104€eK ¢ 00UHAKOBBIM 2TIABHBIM Kapkacom

Paccunraem 0005109KH, TIpeNCTaBICHHBIE Ha pUC. |, Ha JEWCTBHE HArpy3Kd TUIA COOCTBEHHOTO Beca
g = 4 xH/M?, neiicTByIomero B HanmpaBIeHNN, 0OPATHOM HANPABICHUIO HETOABIMKHOH KOOPIMHATHOMH och Oz.
I'eometpuueckue mapamerps! L, W, T v nokazatenu creneHeil B ypaBHeHUAX (4)—(6) cpeIuHHBIX TOBEPXHOCTEH
oboiouek manbl B Buae (7). Kpome Toro, mpumMeM MOCTOSIHHYIO TOJIIMHY 000JI0YEK, PaBHYIO /1 = 7 cM, MOIYITb
YIpyTOCTH MaTepuaiia 000109ku £, = 32 500 Mlla, ko3 dumment [lyaccona v = 0,17. bynem cumrats, 9T0 000-
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JI0YKa 3alleMiieHa B OCHOBAaHUU I0 KOHTYpY z = (. B BepmmHe 0007109€K MpeIryCMOTPEHO OTBEPCTHE 2X0 %2V
€O CBOOOJHBIM KOHTYPOM z = zo = const. ISl TOTyueHHs pe3yIbTaToOB HCIIOIb3yeM BBIYHCIHTENbHBIH KOMIUIEKC
SCAD' [9] Ha 6a3e MeToaa KOHEUHBIX 2eMeHToB> [10] B mepeMeIeHusX.

Ha puc. 3 u 4 npeacraBieHbl pe3yabTaThl pacueTa TOHKOH 000JI09KH, H300paKeHHOH Ha puc. 1, a. AHamu3
HapsKEHHO-1e(POPMHUPOBAHHOTO COCTOSIHUS 0005104KH (puUC. 1, @) BBIMOIHEH ¢ MoMolIbio nmporpaMMbel SCAD.
st 5TOTO0 CO31aHa KOHEYHO-3JIEMEHTHAs MaTeMaTuieckas MoJiesb, COOpaHHasi U3 BOCBMH MOJIEINeH-CXeM MpU aBTo-
MaTUYeCKOM pa30MEeHUH Ha Pa3IIMYHbIe CeTKH (Pa3HOE KOIMYECTBO Pa3OMEHU 110 KPUBOJIMHEHHBIM KOOPIMHATHBIM
JIMHUSM TIOBEPXHOCTH U | V) JUIS TIOMYYEHHsI OTHOCHTENIFHO PaBHOMEPHOH aIpOKCHMAIINN CPEANHHON TTOBEPXHO-
CTH HCCIeayeMol 000JIOYKU TUIOCKMMU YEThIPEXyTrOdbHBIME KOHEUYHbIMU AteMeHTamu (KD). [Ipu BeimonHeHUn
JTAHHOH OTIepalfy B HIDKHEW 00JIacTH 000JI0YKH cO CTOpOHBI ocu Ox HaOIogaeTcs cryleHue cetku (puc. 1, a),
MIPY ATOM YeTHIpEXyToibHbIe KO BRIPOXKIAIOTCS B CIHIIKOM BHITSHYTHIE TpeyronbHble KO, 1 mporpaMma He MOYKET
BBIMIOJTHUTD pacueT. B cBs3u ¢ 3TUM mpoOieMHas 30Ha CTYIICHHS CETKH Oblia yAaleHa U ¢ MOMOIIBI0 PeKUMa
TeHepaIuy CEeTKH MPOU3BOJILHON (POPMBI IPOBEICHA JOKaAbHAS TpUaHTyanus. OJHAKO B IPOTOKOJIC BHITIOIHE-
HUS pacdera BhIBE/IeHA OMMOKa O HAIWYMH HEAOMyCTUMBIX yriioB B K3, To ecth pacuer He BhimonmHeH. [locme
3TOTO TPOBEJICHA TPYAOeMKasi paboTa 10 HAaHECEHHIO T0JIb30BaTeNbcKol ceTku K3, pe3ynbrar npencraBieH Ha
puc. 3 u 4. Bonee Toro, st KOPPEKTHOTO OTOOPasKEHHS M30IONEH HANPSHKEHUH U M3THOAIOMIMX MOMEHTOB (pHc. 3)
HEOOXOAMMO BBITIONHUTH BEIpaBHWBAaHWE HAIIPABICHUH BBIIaYM PE3yJLTATOB HAMPSIKEHHOTO cocTosiHUSA. Komm-
4eCTBO KOHEYHBIX AJIEMEHTOB B pacueTHOU cxeMe 6066, y3moB — 6078.
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Puc. 3. Ilpumep 1. HopmanbHble HanpsHKEHUS U BHYTPEHHUE W3THOAOIIIIE MOMEHTHI
Figure 3. Example 1. Normal stresses and internal bending moments

Ha puc. 5 u 6 pencraBieHsl pe3yIbTaThl pacyeTa TOHKOW 000710YKH, H300pakeHHOH Ha puc. 1, 6. AHa-
T3 HANPsHKEHHO-1e(OPMHUPOBAHHOTO COCTOSIHUS 00071049KH (puc. 1, 6) BhIMoMHEH Takke B porpamme SCAD.
[o ananorum ¢ mpumepom 1 (puc. 1, a, 3 u 4) nns npumepa 2 (puc. 1, 6) co3maHa KOHEYHO-3JICMEHTHAs MaTeMa-
THYecKas MOJellb, coOpaHHas M3 BOChbMH Mozeneii-cxem. [Ipu mocTpoeHnn pacueTHOH CXeMbI O0OJIOYKH IO

' Cemenos A.A., Manapenxo A.A., Iopvisaes U.A., Hapuxos K. /1. Borancnurensueiii kommiekc SCAD B CTPOMTENLHOM By3e
(mpumeps! 1 3aga4n): yueonoe nocobue. M.: Mza-so ACB: CKAJ] CODT, 2021. 395 c.

2 Cuoopos B.H., Bepuunun B.B. MeToj KOHEUYHBIX 3JIEMEHTOB B pacueTe coopyxkeHuid. Teopus, alropuT™, IpUMEPbl PacueToB
B porpamMmmaoM komiuiekce SIMULIA Abaqus: yaebnoe nocobue. M.: Uzn-so ACB, 2015. 288 c.
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ypaBHEHUSM (5) CTyIIIeHHe CeTKHA 00pasyeTcs B HIKHEW 00sacT co cTopoHsl ocu Oy (puc. 1, 6), mpu 3ToM de-
ThIpeXyroibHbie KO Takke BBIPOKIAIOTCS B BBITSHYTHIC TpeyroiabHble KO. JlaHHas 30Ha CTyLIeHHUs! CETKH Oblia
3aMEHEeHa Ha MOJIb30BaTeNbeKylo ceTKy KO (puc. 5 u 6). KonmnuecTBo KOHEUHBIX 3JIEMEHTOB B PAcUETHOH cXeMe

2896, y3moB — 2942,

Puc. 4. ITpumep 1. edopmanust cperHHOI HOBEPXHOCTH 000JIOUKHM OT BHEIIHEH Harpy3KH THIIa COOCTBEHHOTO Beca:
a — BUJ1 CO CTOPOHBI OCH Oy; = BHJ CO CTOPOHBI OCH Ox; 6 — BUJI CBEPXY CO CTOPOHBI OCHU OZ;
2 — u3oMeTpust 1e(OPMUPOBAHHON CPEANHHOM TIOBEPXHOCTH 0OOTOUKH
Figure 4. Example 1. Deformation of the middle surface of the shell from an external load of its own weight type:
a — view from the Oy axis; 6 — view from the Ox axis; 6 — top view from the Oz axis; ¢ — isometry of the deformed middle surface of the shell
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Puc. 5. IIpumep 2. HopmasbHble HalpsDKEHUS ¥ BHYTPEHHUE U3rHOAIONINe MOMEHTHI
Figure 5. Example 2. Normal stresses and internal bending moments
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8 2

Puc. 6. [Tpumep 2. ebopmanust CpeTUHHOI MOBEPXHOCTH 000JI0YKH OT BHEIIHEH HArpy3KH THIa COOCTBEHHOTO Beca:
a — Buj co cTopons! ocu Oy; 6 — BUJL €O CTOPOHEI ocH OX; 6 — BHJ CBEPXY CO CTOPOHBI ocu Oz;
2 — U30MeTpHs 1e(hOPMUPOBAHHON CPEAMHHON TTOBEPXHOCTH 000TI0UKU
Figure 6. Example 2. Deformation of the middle surface of the shell from an external load of its own weight type:
a — view from the Oy axis; 6 — view from the Ox axis; 6 — top view from the Oz axis; ¢ — isometry of the deformed middle surface of the shell
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Puc. 7. IIpumep 3. HopMmaibHble HaNpsDKEHUS ¥ BHYTPEHHUE U3rHOAIONINE MOMEHTHI
Figure 7. Example 3. Normal stresses and internal bending moments

Ha puc. 7 u 8 mpencraBieHbl pe3yinbTaThl pacueTa TOHKOH 000JIOYKH, M300pakeHHOH Ha puc. 1, e.
Puc. 7 u 8 B3sTHI 3 paHee ONMYOIUKOBAHHOW CTATHU [7], TMIe PACCMATPUBAINCH O0OJIOYKH C TEMH K€ TeOMETpPH-
yeckuMH napametpamu L = 10 M, W =7 m, T = 10 M, HO ¢ pa3HBIMHU IMOKa3aTeNIIMU CTEHCHEH B (hopMysiax
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cynepaumuricoB (1)—(3). CnenaHa MOMBITKA BRIICHATH ONTUMAIBHBIC 000JI0YKH B TOW IPYIINIE TOHKHX 000JI0YEK.
IIpu mocTpoeHnn pacueTHON cxeMbl 000JI0YKU Ha pHUC. 1, 6 IO MapaMeTpUIEeCKUM YpaBHEHUSIM (6) B BBIYHCIUTENb-
HoM koMmrutekce SCAD oGmacTs crymenus cetku KD Haxomutces B BepXHel yactH (30Ha oTBepcTHs) [7].

8 2

Puc. 8. Ilpumep 3. ledopmarust CpeAMHHOM TOBEPXHOCTH 000JI0YKH OT BHELIHEH HArpy3KU THIIA COOCTBEHHOTO Beca:
a — Buj1 co cTopoHsl ocu Oy; 6 — BUI cO CTOPOHBI ocu OX; 6 — BUJI CBEPXY CO CTOPOHBI ocu Oz;
2 — u3oMerpust 1epOpMHUPOBAHHOI CPEIUHHON TOBEPXHOCTH 000JIOUYKH
Figure 8. Example 3. Deformation of the middle surface of the shell from an external load of its own weight type:
a — view from the Oy axis; 6 — view from the Ox axis; 6 — top view from the Oz axis; ¢ — isometry of the deformed meddle surface of the shell

Pe3yabTathl U 00cyx1€eHNE

AHaM3 MOJyYEeHHBIX PEe3yJbTAaTOB HAMPSHKCHHOTO COCTOSHHS TPEX MCCIeIyeMbIX 00oouek (puc. 1) mo-
Ka3bIBaeT, YTO B HUX MPH JICHCTBUU HArPY3KH THUIa COOCTBEHHOI'O BECa BO3HUKAIOT KaK CKMMAIOIINE, TaK U pac-
TATUBAIOIINE HAMIPSKCHHUS.

Brons koopauHaTHOW TUHUY v TIPH ICUCTBUH pacCMaTPUBAEMOTO TUIIA HATPy3kH B mpumepe 1 (puc. 1, a)
uyCIIOBEIE 3HaYeHHs Hanpsokenuit o(Nv) mpu pactsxennn ot 0,00 mo 295,90 xH/M?, 30Ha pacTATHBAIOIIMX
HaNpsDKEHUH pacronaraercsi B HIKHEH yacTu 000J104ku co cTopoHsl ocu Oy (puc. 3), a co cTopossl ocu Ox —
cokuMmatomue HanpsbkeHus o(Nv) (B 30He crymenus cetku KD). 3Havenus Hanpsokenuid o(Nv) npu coxaTuu
oT —676,46 1o 0,00 xH/M?, B obnacTu oTBepcTHs B BepXHel dyacTH 00070ukH 3HaueHHs oT —1014,69
10 —676,46 xH/M? (puc. 3). B npumepe 2 (puc. 1, 6) uncrnoBsle 3HadeHus Hanpsxenuit 6(Nv) mpu pacTsike-
mm ot 0,00 10 300,34 kH/M%, 30Ha pacTATHBAIOIIMX HANPSKEHUH PAcHojaraeTcs B HWKHEH 4acTH 060I0UKH
co croponbl ocu Ox (puc. 5), a co cTopoHsl ocu Oy — cxxumMaroinue HanpsikeHus o(Nv) (B 30HE CIYIICHUS CETKU
KD). 3nauenns nanpskennii 6(Nv) npu cxaruu ot —605,52 1o 0,00 kH/M?, B o6mactu oTBepCTHS B BepXHeil
vactu 060s10uKkK 3HaueHus ot —908,28 o —605,52 kH/M>. B npumepe 3 (puc. 1, ) 4uCIOBbIE 3HAYEHHS HATIPSI-
xennit 6(Nv) npu pactsxenuu ot 0,00 10 427,45 kH/M%, 30Ha pacTATHBAIOIMX HAMPSKEHUI pacrojaraeTcs
B HIDKHEH 4acTu 000JI0YKH MO Beel AnuHe KoopauHaTHOM nmuHun v (—1 < v < 1) (puc. 7). 3HaueHUs HaNPsHKEHUH
o(Nv) mpu cxatun ot —621,71 mo 0,00 kH/M?, B 061acTi OTBepCTHS B BepXHEH 4acTH OOONOYKH 3HAYCHHS
or —1243,43 1o 621,71 kH/™".

Bmoms koopaMHATHOWM JIMHUY ¢ TIPW JISHCTBUH 33JaHHOTO THIIA HArpy3kw B mpumMepe 1 (puc. 1, @) 9ucioBbie
3HaueHus Hampsxenuit o(Nu) npu pactsxerun oT 0,00 10 277,14 kH/M%, 30Ha pacTATMBAIONIMX HATIPSKEHHH
pacrosaraercsi B 0005104Ke co cTopoHsl ock Ox (B 30He cryiueHus cetku K3) (puc. 3). 3HaueHus Hanpsbkeruit o (Nu)
I CKaTHH oT —653,66 10 0,00 kH/M?, B 0611aCTH OTBEPCTHS B BEpXHEH JacTH 000I0UKH 3HAYeHHs oT —784,39
10 —653,66 kH/M* (puc. 3). B mpumepe 2 (puc. 1, 6) 4icoBble 3HaueHHs HanpskeHnit 6(Nu) TIpy pacTsSKeHHH
ot 0,00 mo 227,15 kH/M%, 30Ha pacTATMBAIOIMX HANpPSUKEHHUI pacronaraeTcss B 060N0UKe CO CTOPOHBI ock Oy
(B 30He crymenus cetku KD) (puc. 5). 3Hauenus Hanpsokeruit o(Nu) mpu cxatin ot —690,88 1o 0,00 kH/M?,
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B 00JIACTH OTBEPCTHS B BEPXHEH 4acTH 0607I0uKH 3HaueHus oT —1209,04 no —690,88 xkH/M?. B mpumepe 3 (puc. 1, 6)
BJIOJIb KPUBOJIMHEHHON KOOPAMHATHON JIMHUM U B CPEAMHHOM MOBEPXHOCTH 000JIOYKH BO3HUKAIOT CKHMAIOIIME
nanpskerus o(Nu) ot —754,09 no 0,00 kH/M%, a pacTaruBaroIye HaNPsKEHNS IOKATH30BaHbI B BEPXHEil dacTH
000J109KH OKOJIO OTBepCTHS (pHC. 7).

Hccnenopanue o6osodek (puc. 1) B HacTosmIel paboTe BBINOJIHEHO ¢ MOMOIIbio mporpammel SCAD
Ha 0a3e MeToJla KOHEYHBIX 2JIEMEHTOB, NpeAHA3HAUCHHOM AT BHIMIOJHEHUS IPOYHOCTHBIX PAaCcueTOB Pa3iInYHO-
TO BUJa U Ha3HAYEHUSI KOHCTPYKIUN U COOPYKEHHM, B TOM YHCIIe 000I0YeUHBIX KOHCTpYKIui [11; 12].

IToBepxHOCTH AMArOHAIBHOIO MEPEHOCA BEIAPOUIATIBHOTO TUIIA C IVIABHBIM KapKacoM M3 TPEX CyIEp3JUIUII-
COB 3HAYUTEJIEHO PACUIMPSIOT YUCIIO MOBEPXHOCTEH, MPUTOHBIX K BHEAPEHHUIO, HECMOTPS Ha TO YTO B HACTOsAIIEE
BpeMsI UMeeTCsl 3HAYUTENbHBIA pe3epB GopM, KAymux cBoero mpumeHeHus [13]. IlpemioxkeHHy0 METOAUKY
MIONCKA ONTUMAJIBHBIX 000J0YEK Cpear TPOeK 000I0YEK C OJMHAKOBBIM IVIABHBIM KapKacOM MOXKHO HCIIOJIB30-
BaTh JJIS CITy4aeB, KOT/a CyNepaUIMIICHI BBIPOXKIAIOTCS B poMOBI [ 14].

Wntepecusie npeanoxenns dansl B [15]. A.B. Kopotnu cuuraer, 4To HOBbIE HETpaaAWIMOHHBIE (OPMBI
000J109€K MOTYT CTaTh allbTEPHATHBON B TPaIUIIMOHHON apxutektype [16]. O6omouku B popme moBepxHOCTEH
JIUarOHAJFHOTO TIepeHOca BelapOMAAIBLHOIO THIIA TaK)Ke€ MOYKHO HCIOJB30BaTh KaK COCTaBHbIE ()parMeHTHI HO-
BBIX apXUTEKTYPHBIX 0000uek [17]. B [18] moka3siBaercs, 4TO HET B MUPE CTPAHBI, I/ie Obl HE OBLIO MOCTPOCHO
XOTsI OBl HECKOJIBKO OOIBIIETIPOJIETHBIX 000JI0UeK.

3akaouenue

AHaM3 MOJyYECHHBIX PE3yJIbTAaTOB HANPSHKCHHOTO COCTOSHHS TPEX MCCIeIyeMbIX o0oouek (puc. 1) mo-
Ka3bIBACT, YTO B HUX IPH JCUCTBUU HATPY3KH TUIIA COOCTBEHHOTO Beca BO3HUKAIOT KaK CKUMAIOIIUE, TaK U pac-
TATUBAIOIINE HATIPSDKCHUS.

Pe3ynbTaThl MONyYEHHBIX JAHHBIX TO3BOJISIIOT TOBOPUTH 00 OTHOCHTENBHO CXOXHMX WMHTEpBallaX 4YHCIO-
BBIX 3Ha4YEHWN HOpMaNbHBIX HampspkeHud o(Nv) u o(Nu) B obomodkax B mpumMepax 1—3, BOZHHKAIOIUX OT
JICWCTBUS Harpy3KH TUIa coOCTBeHHOTO Beca. Kak BumHO Ha puc. 1 GpopMBI KapKacoB TpexX 000JI0YeK OJMHAKO-
BbIe. [Ipy 5TOM HEMHOTO OTJIMYAeTCs KapTHHA PACHPENCNICHNS C)KUMAIOIINX M PACTATUBAIONINX HANPSHKEHHUN
B 3aBUCHMOCTH OT MapaMEeTPHUYECKUX ypaBHEHHH (4)—(6) A MOCTPOSHHS IOBEPXHOCTEH.
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Ounenka 0e30MaCHOCTH MACCHBHO-KOHTP(OPCHBIX IJIOTHH
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Hcropust cratbu AnHoTtanusi. B 1950-e rozxpl Hauanock CTPOUTENBCTBO THAPOY3JIOB B palloHax
[octymmna B pemakuuto: 20 HOstOpst 2022 T. Cubupu n JlamsHero BocToka, XapakTepu3yOmumxcs CypOBEIMU KITMMATHUECKU-
Jopabotana: 22 suBaps 2023 1. MU YCIIOBUSIMH, C YYETOM KOTOPBIX HY>KHO YMETh IPOTHO3UPOBATH HAIPIKEH-
[punsrta k myGmukamuy: 25 ssaBaps 2023 . HOE COCTOSIHUE IUIOTHH. L{enb mcciie1oBaHus — OLEHKa YCIOBHH (OPMUPOBAHHMS

TEeMIEPaTypHBIX TPELIUH B OCTOHHBIX INIOTHHAX U UX BIUSHUS Ha JalbHEHIITYIO
pPabOTy COOPYKEHHS, a TAK)KE MEPONIPHATHI U TEXHOJOTUH 10 OOpbOE ¢ TPeIu-
HOOOpa30BaHUEM B MAaCCUBHOM OeToHe. TemmepaTypHble HANPsDKCHUS HEPENKO
10 BEJIMYMHE TPEBBIIIAIOT HANPSHKEHUS, BbI3BaHHBIC JEHCTBHEM BHELIHUX Harpy-
30K, 1 IPUBOAAT K MOSABJIECHHIO B OeTOHE TpemuH. TeMnepaTypHOMY TPELIHHO-
00pa30BaHUIO U CErOAH: MOJBEPKEHbI IPAKTUUECKU BCE COBPEMEHHBIC OETOHHBIE
w1oTHHEL. Heo0XxoauMo nperycMaTpuBaTh COOTBETCTBYIOIINE KOHCTPYKTHBHBIE
1 TeXHoJoryueckue Meponpustus. IIpu u3ydeHun TepMOHANPSKEHHOTO COCTO-
SIHUSL OOJNErYeHHBIX OCTOHHBIX IUIOTHH IPHMEHSIOT METOHA HEIOCPEICTBEHHOTO

BOCIPOU3BEICHUS TEMIIEPATYPHBIX AehopMaluil Ha MOJEISIX U3 XPYIKUX MaTe-
pHaNoB U pacyeTHbIE METOJbI, OPUEHTUPOBAHHBIE HA KOMIIBIOTEPHBIE METOJBI
peuienus 3anad. IIpencraBiieHbl pe3ysibTaThl MOAECIBHBIX U PACUETHBIX HCCIEN0-
BaHMH MAaCCHBHBIX KOHTP(OPCHBIX IUIOTHH, PACCMOTPEHO BIHSHHE OCHOBHBIX
BO3/eicTBYIOIUX (PAKTOPOB € YYETOM BIIUSHUS TPEIIMHOOOPa30BaHUs Ha pabo-
Ty TaKUX IUIOTHH.
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Safety assessment of massive buttress dams in the presence of thermal cracks in them
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Article history Abstract. In the 1950s, the construction of hydropower facilities began in the
Received: November 20, 2022 regions of Siberia and the Far East, characterized by harsh climatic conditions,
Revised: January 22, 2023 which should be taking into account to predict the stress state of dams. The aim
Accepted: January 25, 2023 of the study is an assessment of the conditions for the formation of temperature

cracks in concrete dams and their influence on the further operation of the struc-
ture, as well as measures and technologies to combat cracking in massive con-
crete. Thermal stresses often exceed the stresses caused by the action of external
loads and lead to the appearance of cracks in the concrete. Almost all modern
concrete dams are subject to thermal cracking today. Appropriate design and
technological measures must be provided for. When studying the thermally
stressed state of lightweight concrete dams, the method of direct reproduction of

thermal deformations on models made of brittle materials and computational
methods oriented towards computer methods of solving problems are used. The
results of modeling and computational studies of massive buttress dams are pre-
sented and the influence of the main influencing factors is considered, taking
into account the effect of cracking on the operation of such dams.
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Beenenne

B 1950-e rompl Ha9aroch CTPOUTEILCTBO THAPOY3IIOB B paiioHax Cubupu u Jlanpaero BocToka u Bo BTO-
poil monoBuHe XX BeKa THIPOIHEPreTUYECKOE CTPOUTENBCTBO IPOJABHMHYJIOCH Ha BOcTOK Poccuum: Hpkyr-
ckas (1958 r.), Bparckas (1967 r.), Ycrb-Unumckas (1974 r.) 'DC na p. Anrape; Kpacnosipckas (1972 r.),
Casgno-lllymenckas (1983 r.) I'DC na p. Eancee; Bumotickas I'9C nHa p. Bumoe (1976 r.); Komsimckas ['9C
Ha p. Komeime (1988 1.) u ap.

C HavaJoM MPOEKTHPOBAHHUA M CTPOUTENBLCTBA, & TAKXKE DKCILTyaTalMd OCTOHHBIX TUIOTHH THIPOY3JIOB
CTaJI0 OYEBHIHO, YTO VI TAKUX IUIOTUH U MIPUPOAHO-KIMMATHUECKUX yCIOBUI BeCbMa aKTyaJbHBIMH SBIISIIOTCS
TEMIIEPaTypPHBIC BO3IEHCTBHS U HY>)KHO YMETh IPOrHO3MPOBAThH HANPSKEHHOE COCTOSHHUE IUIOTUH C UX YIETOM.

st 0co00 CYpOBBIX KIMMATHUECKUX YCIOBHU CpEIHSSI MHOTOJIETHSS TeMIlepaTypa MOXKET OBITh HHKeE
—3-4 °C ¥ UM COOTBETCTBYIOT OOJBIINE BETHYUHBI aMILTHTY bl KoJebanuii Temmeparypsl (10 90 °C). Oto byx-
TapMuHCKas, bparckas, MaMakaHCKas ¥ IpOYHE THAPOIIEKTPOCTAHIMY ¢ OETOHHBIMU IUIOTHHAMH [1].

HpyrumMu paiioHaMH, T/I€ OYE€BUIHO CYIIECTBYET M OCTPO CTOMT BOIPOC y4yeTa TEMIIEPaTypHBIX BO3ZCH-
CTBHH Ha paboTy OETOHHBIX IJIOTHH U KyJa B 1970-1980-e ropl NpUIIIO THAPOTEXHUUECKOE CTPOUTEILCTBO,
SBJISIOTCSI FO’KHBIE ropHbIe paiioHsl ObiBero CCCP. VX mpenMyecTBO B BO3MOXKHOCTH CTPOUTEIBCTBA BHICOKO-
HAIOPHBIX THIPOY3JIOB OONBIION eMKOCTH IIPU MaJIbIX TUIOIIAAAX 3aTomieHns. Ho ¢ nenpio obGnerdenus: JOCTaBKU
CTPOMUTENBHBIX MaTEPHAJIOB U C YUETOM HAJINYHUS MPOYHBIX CKAJIbHBIX OCHOBAHMUH Ul TaKUX pallOHOB XapaKTep-
HO CTPOMTENIBCTBO 00JIErYeHHBIX OCTOHHBIX INIOTHH — APOYHBIX M KOHTPOpCcHBIX. KpoMe Toro, Takue IIoTHHEL
MO3BOJIIOT ONTUMAJIBHBIM 00Pa30M PEryJMpoBaTh TEMIIEPATYPHBII PEXXHUM B CTPOUTEIBHBINA NEPHOL, @ PaiOHBI
CTPOUTENLCTBA XapakTepu3ytorcs nepenagamu 10 20 °C B paspese cyTok. /i1 uX HOpMaJbHOM paboThl HE00X0-
IUMO o0OecreuyrBaTh MOHOJIMTHOCTb, @ TEMIIEPAaTypHbIE TPEIIMHBI, BO3HUKAIOIINE BO BPEMs CTPOUTEIHCTBA B
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ceficCMIYecKH aKTUBHBIX 30HAX, MOTYT HapyIIaTh MOHOJUTHOCTh COOPYKEHHS B IKCILTYyaTaI[HOHHBIA TEPUONT U
BECTH BOSHHUKHOBEHUIO HEJOMYCTUMON PruibTparuu [2].

B Poccuu cyriecTByeT YHUKATBHBIN OMBIT IPOSKTUPOBAHUS M CTPOUTENBCTBA IUIOTHH B CYPOBBIX YCIOBHUSX,
KOT/Ia BO3/ICIICTBIE BHEIIHIX TeMIIepaTyp M TEIUIOBBIIeNIeHne OETOHA MPH THPATAIHA [IEMEHTa BEAYT K TPEIIHHO-
00pa3oBaHHIO B OJIOKaX CEKIMH TUIOTHHBI, YTO MOXKET CKa3aThCsl Ha HANPSHKEHHO-1e(OPMHUPOBAHHOM COCTOSHHS
TUTOTHHBI B YCIOBUSX NalbHEUIICH dKCIUTyaTanuu. Bompocs! olieHKH yCIoBUi (OpMUPOBAaHUS TEMITEPATYPHBIX
TpemuH B OETOHHBIX TUIOTWHAX W WX BIHSHHS HA JaTbHEHITYIO pabOTy COOPYKEHUs, a TaKiKe MEPOTIPUATHS U
TEXHOJIOTHH 110 00ph0e ¢ TPEIMHUHOOOPa30BaHNEM B MACCUBHOM OETOHE TO-TIPEKHEMY aKTyaIbHEI.

Ha psne oTeuecTBEHHBIX THIPOY3JIOB MPOBOISTCA HATYpHbIE HAONIOACHUS, B TOM YHUCIE AJS IUIOTHH
Bpatckoii, Kpacnosipckoit 1 Ycrb-Unumckoit 'DC (rpaBuTanimoHHbIC TUIOTHHBI); 3efickoi u AHanmxanckoi [[DC
(MaccuBHO-KOHTp(OpcHBIe IoTHHE); CasHo-1lIymrenckoit I'9C (apodHo-rpaBUTAIIMOHHAS TUIOTHHA) [3]. DTO YHU-
KaJIbHBIM pOCCUMCKUIN ONBIT, HE UMEIOIINI aHAJIOrOB.

KoHCTpyKTHBHbBIE M TEXHOJOTHYECKHE MEPONIPUATHS
MO PeryJHpoBaHUIO TEMIIEPATYPHOIr0 PesKHMA IJIOTHHBI
B NIepHOJ KJIATKH U TBePAeHUs1 0eToHA

XapaKkTepHbIMU NPUMEPOM TPELIMHOOOPA30BaHUS B CTPOUTENBHBINA MIEPHOA MOXKET ObITH OCTOHHAS TLJIO-
THHA AHIWKAaHCKON M HeKOTOphIX Apyrux ['DC. OOpa3oBaBmuecs B ee Tele CUCTEMbl TPEIIUH BBI3BAIA HEOO-
XOJMMOCTb JOTOJIHUTEIBHOTO N3yUeHHs UX BIUSHUS HA paboTy AHAMKAHCKOM IIOTHHBL.

HavanpHbIit 3Tan cTpouTeNbCTBA — NMEPHOJ] YKIAIKA OETOHA B TEJO IIOTHHBI — 3aKJIAJbIBAE€T OCHOBY OY-
IOyuield paboThl IJIOTHHBI B IEPUOJ MTPUIIOKEHHUS BCEX IKCIUTYyaTallMOHHBIX HAarpy30K.

VYuer penakcanuu HanpspKCHUH IO3BOJISIET CHIDKATh TPeOOBAaHUS K TEMIIEPAaTypPHOMY PEXUMY O€TOHa.
[ToaToMy Tak akTHBHO pa3pabaThIBAIOTCS M UCIOIB3YIOTCA METO/IBI TI0 PETyINPOBAHUIO TEMIIEPATYPHOIO PEXKHU-
Ma TUIOTHHBI B MEpUOJ KJIaJKU 1 TBepAeHus OetoHa. B HacTosmiee BpeMs MPOAOIDKACTCS U3yUCHHE TTOBEICHHS
OCTOHHBIX IUIOTHH B CTPOUTEJBHBIH MEPHO, OLIEHKH TEMIIEPaTypHOro M HANpsKEHHO-1e()OPMHUPOBAHHOTO CO-
CTOAHUI O€TOHA paHHEro BO3PacTa M UX PETYIHMPOBAHUS JJIS MPeAOTBpalleH s TpemnHooOpa3zoBanus [2; 4; 5].

Heobxomumo mpenycMaTpuBaTh COOTBETCTBYIOIINE KOHCTPYKTHUBHBIE U TEXHOJIOTHUECKHE MEPOTIPHATHSL.
OpHUM U3 HUX SIBIISiETCS cTo04aTas pa3pe3ka, KoTopas Mmo3BojsieT 0ojee cBOOOIHO MPOSBISATHCS TEMIIEPaTyp-
HBIM AedopMarisM 0eTOHHOW IIIOTHHEI U (POPMHPOBATH OoJiee OJIarONPUATHOE TEPMOHAIIPSHKCHHOE COCTOSTHHE.
IIpu TakoMm MOAX0A€ MEXIY OTACIbHBIMU OETOHHBIMHU CTOJI-
06aMu HopMHUPYIOTCS BpeMEHHBIC CTPOUTENbHBIC MBI (HCKYyC-
CTBEHHO CO3JIAfOTCS «TPEIIHHEB, puc. 1) [6; 7].

TexHOMOrN4YEeCKHEe MEPOIPHUITHA COCTOST B OCHOBHOM
B TIOHIYKEHHH TEeMIIepaTypbl OeToHa BO BpeMsl MakCHUMyMa K-
30TEPMHUYECKOTO PA30rpeBa U B MOCIEAYIOLUH niepuoy [7].

PackpbiTue GJI0YHBIX LIBOB IOSIBJISETCS IIOCIE CHHKE-
HUSI TeMIepaTypsl 0eToHa (0T MaKCUMaJbHOM) B CpelHEM Ha
10—-11 °C [7], a BenuYMHA PACKPBITUS OIPEIEISIET YCIOBHUS X

A
A
A
4
A
N

¢ delelelelelelels [IEMEHTAIINH.
AT A A ” Ha Bparckoii 'DC packpbITHE IIIBOB COCTABIISIIO MEHEE
nAaH 0,3 MM B 29 % u 0,3-0,5 mm B 13,3 % ciyuaes.

[Ipu packpeiTin 6oiree 0,5 MM ITEMEHTAIIHAS [ITBOB MOXKET
OBITh BBIIOJHEHA C HCIOJIL30BAHUEM OGI)I‘IHBIX OEMCHTOB.
IIpu MeHbIIEM PACKPBHITUU HYXHBI MaTEPHAIbl ¢ MEHBIIUMU

Puc. 1. beronnas mioTHHa co cTOJIIOYAaTOH Pa3pe3Koi: pasMepamu (l)paKI_II/II/I, HalpuMep 0c000 TOHKOrO AHUCTIIEPCHOTO
1 — cTonbb1 6ETOHUPOBAHMUS; 2 — CTPOUTEIILHBIC BB BSIKYILIETO (OT I[B «MI/IKPOHYP») [8]
Figure 1. Concrete dam with column cut: Cornacno [3], HM3Kas OTpHLATENbHAS TEMIIEpATypa Ha-

1 — concreting pillars; 2 — building seams o
PYXXHOU Cpefbl CIIOCOOCTBYIOT M3MEHEHHIO (PH3UKO-MEXaHU-

YECKUX XapaKTEPUCTHK OETOHA W3-3a MPOMOPAKUBAHHUS OJIOKOB, IMOBEACHHUS IIIBOB M TPEIIWH, BIUSIIOIIMX Ha
paboty miotuH. HeoOxomumo najipHElIee H3yueHHe MPOIeCCOB, BO3HUKAIOIIUX PU 3aMOPAKUBAHUM M OTTaH-
BaHUH OETOHOB.

TeMneparypHoe TPEITUHOOOPA30BAHUE OTMEUCHO BO MHOTHX MJIOTHHAX M B HACTOSIIICE BPEMsI, B TOM YHCIIC
Y B BO3BEJICHHBIX 110 COBPEMEHHOM TEXHOJIOTHH YKaTAaHHOTO O€TOHA C MaJIbIM KOJIMYECTBOM IleMeHTa [4].
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BeroHHBIX MacCHBHO-KOHTP(HOPCHBIX TUIOTHH M TPABUTALMOHHBIX OOJIETYEHHBIX IJIOTHH C PACHINPEHHBI-
MU 1mBamu Oonee 500, © OHM MMEIOT HEKOTOpBIE NMPEUMYIIECTBA IO CPAaBHEHHIO C I'PABUTAMOHHBIMU ILIOTH-
HAMH — 3TO 3KOHOMWsI MarepHualia W BOCIPHUSATHE TEMIIepPaTypbl, a TaKKe BO3MOXXHOCTH €€ PeTyJIHPOBAHUS.
JlaHHBIC MpEeUMyIIIeCcTBa XOPOIIO BUIHEI HA TIpuMepe TI0THHEI 3etickoi ['DC.

[TpobaeMa TpemMHOOOpa30BaHUsI B CTPOUTEIBHBIN NIEPUO U CETOTHSI OCTAETCS aKTyalbHBIM BOIIPOCOM,
KOTOpPOMY HEOOXOAUMO yIeNsITh JOKHOE BHUMaHHE [4].

Posab TemnepaTypHbIX HalpsizKeHU it
B CTATHYECKOI padoTe rUAPOTEXHNYECKUX COOPYKEHH A

TemrepaTypHble HAaNpPsHKCHUS! UTPAIOT B CTaTHUECKOW paboTe OONBLIIMHCTBA THAPOTEXHUYECKUX COOPY-
JKEHUU CyIIECTBEHHYIO posib. Hepeako mo BeNWYMHE OHM MPEBBIIAIOT HANPSDKEHUSI, BBI3BAHHBIE NEHCTBHEM
BHEIIHUX HArpy30K, U IPUBOJASAT K MOABIEHUIO B O€TOHE TpemnH. boibIIoii nHTEpec MpeACTaBIsMIOT HAMPsHKe-
HUS, 00YCIIOBJICHHBIE CE30HHBIMU KOJIeOaHUSAMHU TeMIIepaTyphl BO3AyXa B 30HE y rpaHeil coopykeHus. Tepmo-
HaNpsDKEHHOE COCTOSHHE COOPYKEHHMS 3aBUCHT TaKXKe OT MEXaHHYECKHX W TEIJIOBBIX XapaKTEpUCTHK OeToHa,
pa3MepoB U3ydaeMoro COOPYKEHHS U X KOH(PHUTypaIii, XapakTepa 1 )KeCTKOCTH CBSA3€H C OCHOBAHHEM.

Boubryro momonips npu U3y4eHNH TEPMOHAIIPSKEHHOTO COCTOSTHUS O0JIETYeHHBIX OETOHHBIX TUIOTHH OKa-
3bIBa€T METOJ HEMOCPEICTBEHHOTO BOCHPOM3BEICHHS TEMIEpPaTypHBIX AedopMannii Ha MOJENSIX U3 XPYIMKUX
MaTepHaoB.

PaccmoTpuM pe3yapTaThl MOJIENBHBIX HCCIIEIOBAHII TEPMOHAIIPSHKEHHOTO COCTOSIHHUS CEKITUH O00JIeT4eH-
HOW OETOHHOM IJIOTHHBI C PACIIMPEHHBIMU [IBAMU OT CE30HHBIX KOJICOaHUI TeMIepaTyphl BO3AyXa MPH HAIOJ-
HEHHOM BOJIOXPaHWJINILE, KOT/Ia TEMIIepaTypa BOAbl, BO3AYIIHON NOJOCTH U OCHOBAHUS IIOCTOSIHHBI BO BPEMEHHU
IIpU I'PaHUYHBIX YCJIOBHSIX MEPBOro poAa. B aToM ciydae MOJEIMPOBAHUE TEPMOHANPSKEHHOTO COCTOSHUS AJIs
yHOpyToil cTaguu paboThl ocymecTBIsUIOCh o kputepusMm ['yka H, u @ypre F,. Ha ocHOBe IpUHATHIX KPUTEPH-
€B MoJ00Ms BBIBEACHHI MACIITA0bl MOJOOWS: BPEMEHH, TEMIIEPaTyphl, MOAYJIEH YNPYrocTH W HANPSHKEHUH.
I'ogoBas rapMOHHKa TeMIIEpaTyp ¢ aMuuTyoi 15 °C BocnpousBoaniachk Ha Moaenu 3a 40 MUHYT M aMILIUTY-
noii 8,9 K [9].

HccnenoBanns MO3BONMIN BBIIBUTH BEChbMa CYLIECTBEHHBIE BEIMUYMHBI PACTATHMBAIOLINX HANpPsKEHUH,
SIBJISIFOIIMXCS OUEBUIHO CIEICTBUEM TEMIIEPATYPHOTO 3aIEMIICHUS.

118.0
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=

yr x>z

3 4

a 7] 8

Puc. 2. KoHCTpYKTHBHBIE 0COOCHHOCTH OCTOHHOM TTOTHHBI:
a — nepeMelieHre rPeOHs IIIOTHHBI IIPU H3MEHEHNH TEMIIEPATyPbl HAPYXKHOTO BO3/yXa: / — MPOGMIIb IIIOTHHBI PH OXJIAXACHHH 3HMOM;
2 — npoduiIb MIOTHHBI P HATPEBAHUH JIETOM; 3 — 30Ha, B KOTOPOI MOT'YT BO3HUKHYTb PACTATUBAIOIIIE HAPSKCHHS, YTO MOXKET [IPUBECTH

K pa3pbIBy IPOTHBO(UIBTPALMOHHON 3aBEChI; 4 — IPOTHBO(QMIBTPALIMOHHAS 3aBeca; 6 — PACKPBITHE CTPOUTENbHBIX IIBOB IIPH ITOHMKEHUH

TEMIIEPATyPbl HAPY’KHOTO BO3JyXa: / — CTPOUTEIIBHBIN IOB; 2 — paCYETHBINA NPOGUIb IIOTHHBI; 3 — peabHbIi TPOQUIIb IVIOTUHBL; 4 — TPEIINHA;
6 — cxeMa pa30HBKY IUIOTUHEI HA 30HBI pa3nuaHoi nedopmarusHoctH (I, 11, I1T)
Figure 2. Design features of a concrete dam:
a —movement of the crest of the dam with a change in the temperature of the outside air: / — profile of the dam during cooling in winter;
2 — profile of the dam during heating in summer; 3 — zone in which tensile stresses can occur, which can lead to rupture of the impervious curtain;
4 — impervious curtain; 6 — opening construction joints when the outside temperature drops: / — construction joint; 2 — design profile of the dam;
3 —real profile of the dam; 4 — crack; ¢ — scheme of dividing the dam into zones of different deformability (I, 11, I1I)

Beton HH30BOM U BepxHeil dacTeil BepXoBoil TpaHu paboTaeT B YCIOBUSAX JIBYXOCHOTO (BO3MOXKHO Tpexoc-
HOT'0) PacTSDKEHUH 04, O U 03. BenuunHb! pacTsaruBaronmx HanpspKeHW Ha HU30BOW TPaHU (3a UCKITIOYEHHUEM 30HEBI
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B BepXHeH 4acTH IUIOTHHEI) HE MPEBOCXOAT BENHYMHBI IIPOYHOCTH GeToHa Ha pacTskenme (R = 18x10° ITa).
YuuThiBasi, YTO MPOYHOCTH IMBOB 3HAUNTENBbHO HIKe (Ha 30—40 %) mpoYHOCTH HA PACTSHKEHUE MOHOJIUTA, CTie-
ITyeT OKUAATh PACKPBITUS CTPOUTEIHHBIX IITBOB HA HU30BOMW TPaHH IUIOTHUHBI (pUC. 2, 6).

[lepemeniennst TpeOHs IUIOTUHBI C PACIIMPEHHBIMU IIBAaMH HOCAT IUKIUYecKuid xapakrep. [lpu Hamoi-
HEHHOM BOJIOXpaHWIIUINE aMIUINTy1a ux coctasisgeT 0,7 MM Ha 1 K aMmiuTyp1 KoseOaHU TeMIiepaTypbl HU30-
BOH TpaHM; 3UMO rpeOeHb TUIOTHHBI TiepeMeriaercs B cTopoHy HmxHero Obeda (HB). 3amazgeiBanue u mpo-
JOJDKUTEIHHOCTh MAaKCUMAJIBHBIX BEJTMYHH MIepeMeIIeHns TpeOHs IUIOTHHBI cocTaBigeT 1 mecsr (puc. 2, a).

[lomyueHHBIEe pe3ynbTaThl YKa3bIBAIOT Ha HEOOXOAWMOCTh ydeTa TeMIepaTypHBIX BO3JEHCTBUIA U TEPMO-
HAINpPSHKEHHOTO COCTOSTHUS 00JIerdYeHHON OETOHHOH IIOTHHBI IPH aHANN3e €€ PabOThI B IIETIOM.

Mexx0mouHble CTPOUTEIBHEIE IIBBI U MIBBI HAaJIPE3bl OKAa3hIBAIOT CYIIECTBEHHOE BIHMHUE HAa (DOPMUPOBAHUE
TEPMOHANPSHKCHHOT'O COCTOSIHUS TIOTHHBL. XapakTep UX BIUSHHSA OAMHAKOB M MEXIY HUMH UMEIOTCS JIMIIb
KOHCTPYKTHBHBIE OTH4us [9]. OHU CHIDKAIOT PACTATHBAIOIINE HAMPSHKSHNUS B 3UMHHAN TIEPUO U MOTYT SIBUTHCS
3P PEKTHBHBIM KOHCTPYKTHBHBIM MEPOINPHATHEM IO PETYIUPOBAHUIO HAPSHKEHHO-1e(hOPMUPOBAHHOTO COCTO-
STHUSL 00JIETYCHHBIX OETOHHBIX TUIOTHH.

Cornacuo [10; 11], pacueTHble METOIbI, OPUEHTHUPOBAHHBIE HA KOMITBIOTEPHBIE METOJIbI PEIIeHHs 3a/1ad,
UMEIOT TPEUMYINECTBO Tepe] SKCIIEPUMEHTaIbHBIMH B CMBICIIE OMEPATHBHOCTH U MEHbBIIEH TPYAOEMKOCTH,
TOrJa Kak MOJENbHBIE NCCIIEOBAHNA TAal0T BO3MOKHOCTD 00Jiee MOJTHOTO Y4eTa MPOCTPAHCTBEHHOTO XapakTepa
paboTHl COOPYKEHUH, €r0 KOHCTPYKTUBHBIX OCOOCHHOCTEW, TPAHUYHBIX YCIOBHH, (DM3MYECKOW U reoMeTprude-
CKOW HEJIMHEHHOCTH.

[Ipu o6ocHOBaHUY MPOYHOCTH M YCTOMYUBOCTH OTBETCTBEHHBIX THIPOTEXHUYECKIX COOPYKEHHUU B TIpaK-
TUKE MPOEKTUPOBAHMUS TIPHHSTO MPOBEACHNE W PACUETHBIX, M SKCIIEPUMEHTATBHBIX HccienoBaHnii. CyliecTBeHHBIM
SBIIIETCS TAKXKe y4eT Je(OPMATHBHOCTH CKAIBHOTO OCHOBaHUS, KOTOpasi XapaKkTepu3yeTcss MOIylieM Aedopma-
UM U BIUSET HA HANPsHKEHHO-Ie(pOPMHPOBAHHOE COCTOSHHE IUIOTHHBL. Ba)KHBI METOI ONpeneneHus] MOIYJIs
YOPYTOCTH OCHOBaHUS M OIlEHKAa BO3MOXKHOW ITOTPEITHOCTH B OINpPEAETCHHH PacueTHOW IeOpMaTHUBHOCTH
CKaJIbHBIX MTOPOJ] OCHOBAHUS HA TEPMOHAIPSHDKECHHOE COCTOSIHUE OCTOHHBIX II0oTHH [12].

B neiicTBuTENEHOCTH TEMIIEpaTypHOE TOJIe OCHOBAaHUSI HE OCTAeTCS MOCTOSHHBIM, U3MEHSSICH KaK BCIe/-
CTBHE TEIUIOOOMEHA MEXIy TUIOTHHOW M OCHOBAaHUEM, TaK M BO3JEHCTBHS TEMIEpaTyPHBIX KOJIEOaHUN BO3IyXa
Ha OCHOBAaHHE CO CTOPOHBI HIDKHEro Obeda minoTuHbl. CyIIeCTBOBAaHHE HE PAaBHBIX HYIIO HampspKEeHHH, 00y-
CJIOBJICHHBIX M3MEHEHUSIMH TEMIIEpPAaTypHOTO IOJII OCHOBAHUS, MMOATBEP)KIAETCS KaK MOJEIFHBIMU MCCIIE0Ba-
HUSIMU, TaK U HATYPHBIMH U3MEPCHUSIMH.

[IpencraBnser WHTepec BBISABIEHHE pPa3MEpPOB TAaKOH 30HBI OCHOBAHHS (HA30BEM €€ «TeMIepaTypHO-
AKTHUBHOI» 30HOH), BHE TPEIEIOB KOTOPO U3MEHEHUE TeMIIepaTyp OCHOBAaHHS HE BIUSET Ha TEPMOHAIPSIKEH-
HO€ COCTOSTHHE IIOTHHBI.

CormacHo pacyeTHBIM HCCJICAOBAHHSM IO CIIELUATBFHON MPOrpaMMe, M3MEHEHHE PacueTHOTO MOAYJIS Jie-
dopmammu B 1Ba pasa (B Ty U APYTyIO CTOPOHY OT MCXOMHOM Bemmduabl 410 000x10° ITa) He3HAUHTENBHO CKa-
3BIBACTCS HA TEPMOHAINPSKEHHOM COCTOSIHUM OOJISTYCeHHOW IPaBUTAIMOHHOMN IUIOTHHBL VI3MEHEHHUS B BEIMYMHAX
HanpsoKeHuH He mpeBsmaoT 10 % ot ucxonusix. HanpsokeHus, o0ycnoBieHHBIE TeMIIEpaTypHBIMA H3MEHEHH-
MU OCHOBaHHsI, UMEIOT MECTHBIH XapakTep. BONM3M KOHTAaKTa COOpPYKEHHS C OCHOBaHHMEM NpeHeOpeKeHHE
YKa3aHHBIMH TEMIIEPATYPHBIMI W3MEHEHUSIMH WM UX y4eT B HETIOJHOM 00beMe CYIIeCTBEHHO MCKaXKaloT Kap-
TUHY TEPMOHAIIPSKEHHOTO COCTOSIHUSI IIOTHHBIL.

[Ipu BO3MOKHOM BO3HHUKHOBEHHWH CHCTEMBI BEPTHKAIBHBIX TPEIIWH HA BBICOTY MOJyYaeM B IEJIOM yIIyd-
[IEHUE TEPMOHANPSHKEHHOTO COCTOSIHUS IJIOTHHBI MO0 CPABHEHHUIO CO CIy4aeM MOHONUTHOTO mpoduis. Hanbo-
Jiee CYIIeCTBEHHOE YMEHBIICHHE BEIMYMHBI PACTITUBAIONINX HAIMPsDKEHUH MMEeT MEeCTO B NMPHUCKAIBHOW 30HE
B CBSI3U C YMEHBILIEHHEM 00I1Iel KEeCTKOCTH COOPYKECHHUS U3-3a2 YMEHBIICHHSI OCPEIHEHHOTO MOAYJISL YIPYTOCTH
TMPU HATMYNH BEPTUKAIBHBIX TPEIIMH. A HAIMYIE BEPTUKAIBHBIX HE3aEMEHTHPOBAHHBIX TPEIINH (CO 3HAYNTENHHBIM
PasBUTHEM TI0 BBICOTE) YXYALIAeT CYMMapHOE HaNpsHDKEHHOE COCTOSHHE IUIOTHHBI 10 CPAaBHEHUIO C MOHOJIMT-
HBIM IIPO(HTIEM C TTOSIBIICHHEM PACTATHBAIOIINX HAINPSHDKEHWH Ha BEPXOBOM TPaHM U B KOHTAKTHOW 30HE OCHOBA-
Husl. Hannume Takoi CUCTEMBI BEPTHKAIBHBIX TPEIIUH MPUBOIAUT K 3HAUYUTEIILHOMY CHIKCHHIO KO3 DUITMCHTA
3amaca (mpuMepHo Ha 46 %).

[NosiBieHME OONBINX BEIMYHMH PACTATUBAOININX HANPSHKSHUN HA BEPXOBOW IPaHH MOXKET ITPUBECTU HE TOJBKO
K PacKpBITHIO CTPOUTEBHBIX IIIBOB B €€ BEPXHEW YacTH, HO M K PAaCKPBITUIO KOHTAKTHOTO IIIBa. JTa TEHICHIIUS
MOJKET BBI3BaTh Psijl HEOJIATOMPHUITHBIX BO3ICHCTBUN MPU HAIMYUU JOCTATOYHO KECTKOTO OCHOBAHHMS I10JT HATIOP-
HOU TPaHbI0. AHAIIOTUYHAS CUTYAIHs MOXKET BOSHUKHYTH IIPH PACKPBITHIX MEKCTOJIOYATHIX IIIBaX.

OpHrM W3 TIaBHBIX HAIMpPaBIEHUH Mporpecca B 00JacTH MPOEKTHUPOBAHHS W CTPOHUTEIHCTBA OETOHHBIX
TUIOTHH SABJISIETCS PETYIMPOBAHHUE UX HANPsHKEHHOTO COCTOSHMSA, HAIPaBJIEHHOE Ha MOBBIIICHNE CTETIEHH HCTIONb-
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30BaHUS MPOYHOCTHBIX CBOMCTB OETOHAa W OCHOBAHHS W OOECIIEUEHHE PABHOMPOYHOCTH OTIEIBHBIX 30H Tela
TUIOTHHBL. TpaJiMIIMOHHBI METOJI HANPABJICHHOTO BO3/ICHCTBHS Ha HANPSHKEHHOE COCTOSTHUE COOPYKEHHUS — UC-
MOJIb30BaHUE KOHCTPYKTUBHBIX MEPOIPHUITHN, TAKHX KaK panroHaIu3anus GopMbl IUIOTHHEI, YCTPOWCTBO pas3-
JUYHBIX IIBOB, MIAPHUPOB, MPOCIIOEK, TETJION30JISIIIAN, HAIPSHKEHHOW aHKepOoBKH U 1p. K 3ToMy HampaBieHuio
MOYKHO OTHECTH U JOTYIIEHHE PACKPBITHS TOPU30HTANBHBIX MEXKOIOUHBIX IIBOB HA HU30BOH I'PaHH COOPYIKEHHUS
NP HU3KHUX TeMIIepaTypax Hapy»Horo Bo3ayxa [13].

Hapsiny ¢ KOHCTPYKTHBHBIMH CYIIECTBYIOT TEXHOJIOTHUECKHUE METOIBI PETYINPOBAHUS HAPSHKEHHOTO CO-
CTOSTHUS, HaTIpUMep 30HUPOBAaHUE TeNla IIOTHHEI 0 e OpMaTUBHOCTH OeToHA (pHC. 2, 8).

TexHONMOTHYECKHE METOBI BHITOJHO OTIMYAIOTCS OT KOHCTPYKTHBHBIX TE€M, YTO HE TPeOYIOT M3MEHEHHS
(hOpMBI TUTOTHHEI, HE CBSA3aHBI C AKCIUTYaTallMOHHBIMH H3/IEPKKAMH.

UccnenoBanns BAMSAHUS pPa3HOMOMYJIHFHOCTH TeNa TUTOTHHBI HA €€ TEPMOHANPSHIKEHHOE COCTOSHUE BBITION-
HEHBI PACUYCTHBIM METOJOM IO CIeIUabHOW mporpamme [12]. B cOBOKymHOCTH pacCMOTPEHO CEMb PACUETHBIX
BapHUaHTOB 30HUPOBAHUS TeJa TUIOTUHBI 110 JIe(hOPMATUBHOCTH, BKIIFOUYAs] BAPUAHT OJHOPOIHOM IIOTHHEI (Ta0I. 1).

CormacHo [13], m3MeHEeHNE MOy YIPYrocTH OeTOHA BHYTpPEHHEH 30HBI HE SBISICTCS 3(PQPEKTHUBHBIM
C TOYKH 3PEHUSI PETyJIUPOBAHUS TEPMOHANPSHKEHHOTO COCTOSHHUS IJIOTHHBI, 8 YKa3bIBaeT HA BOZMOXKHOCTb TPH-
MEHCHHSI B OTPEACICHHOM 00beMe MaTepuayia ¢ MOHWKCHHBIMU XapaKTePUCTUKAMHU ISl BHYTPEHHUX 30H CO-
OpYy’KEHUsl, He HapyIlas IPU 3TOM KapTUHY CyMMAapHOT'O HAIPSHKEHHOTO COCTOSTHUS.

KonkpeTHbIe M3MEHEHUSI CyMMAapHBIX HAIPsDKEHUH ONpEeNsioTCs TeOMETPHEer COOPY)KEeHHS M ee KOH-
CTPYKTUBHBIMU OCOOEHHOCTSIMH, COOTHOILIEHHEM MOJyJel ympyrocta Hu3oBoro kinHa (II — puc. 2, 6) u ocHOB-
HOro Tena MioTuHb (I — puc. 2, 8), KTUMaTHYECKUMH YCIOBUSMH cTBOpa. HambomnbIiee BIUsSHIE HA TEpPMOHA-
MPSDKEHHOE COCTOSIHME OOJeTdeHHON OeTOHHOW TUIOTHHBI OKa3bIBaIOT M3MEHEHHUS MOIYJS YIPYTOCTH B 30HE
HU30BOTO KIIMHA.

Tabauya 1
PacueTHble MOIYJIM YIPYTOCTH B 3aBUCHMOCTH OT 30HbI IJIOTHHBI
Tun PacuerHas cxema 1, PacuerHas cxema 2, PacuerHas cxema 3,
3JIeMeHTa Enax10% TIa Euxx10% Ta Euax10% TIa
I 265 265 265 53 265 530 265 265 265
II 53 265 530 265 265 265 265 265 265
111 265 265 265 265 265 265 53 265 530
No BapuanTa 3 0 4 5 0 6 1 0 2
Table 1
Calculated modules of elasticity depending on the dam zone
Element Calculation scheme 1, Calculation scheme 2, Calculation scheme 3,
type Edamx108 Ta Edaam*108 TIa Edamx108 Ta
I 265 265 265 53 265 530 265 265 265
II 53 265 530 265 265 265 265 265 265
111 265 265 265 265 265 265 53 265 530
Option number 3 0 4 5 0 6 1 0 2

Pabora IrpaBUTANHOHHBIX U KOHTp(l)OpCHI)IX IJIOTHH
C TpEHIMHAMMU B 30HC KOHTAKTa CO CKAJIbHBIM OCHOBAHUEM B MIEPUO/J IKCILIyaTalluUA

B nepuron akcrryaTanuy He Bceria OJarorpusaTHBIMU OKa3bIBAIOTCS YCIOBHSI pa0OTHI TUIOTHH C TPEITHHAMHU
Y, B YaCTHOCTH, CKBO3HBIMH BEPTUKATGHBIMHU TPEIIMHAMH, BO3HUKIIIUMH B 30HE KOHTAKTa CO CKAJIbHBIM OCHOBaHM-
em. B IrpaBUTAlITMOHHBIX U KOHTp(i]OpCHLIX IUIOTHHAX MOI'YT BO3HUKATh BEPTUKAJIIBHBIC NI HECKOJIBKO HAKJIOHHBIC
TPEUIHHBI, PACTIPOCTPAHSIOIINECS HA OOJIBIIYIO BEICOTY H Pa3JICNIAIONINE COOPYKECHUE HA OT/ICIBHBIC YaCTH.

OCHOBHOHM TPUYHHON 00pa3z0BaHUs TAKMX TPEUINH SIBIAIOTCS PACTATHUBAIONINE HAIpsDKEHUS B OeToHe,
BO3ZHHKAIOIIUE B PE3yJIbTaTe €r0 OCTHIBAHUS HAa CKaTbHOM OCHOBaHWH. C IPYyroil CTOPOHBI, MOSBICHHUE TAKUX
TPEIIMH CBSA3aHO C HEPABHOMEPHOCTBIO pacHpeeICHHs TEMIIEPATyp MO0 CEUSHUIO MACCUBHBIX COOPYKEHUH, BbI-
3BaHHOHM 3K30TepMHEl OETOHHON cMecH, HadallbHBIM TepernajoM TeMIlepaTyp U KojeOaHHeM TeMIepaTyphl Ha-
PYKHOU Cpelibl.
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Tak, HarIpuMep, CKBO3HbIE BEPTHKAIbHBIC TPEIIMHBI, BOSHUKIINE B KOHTAKTHOM 30HE CO CKaJbHBIM OCHO-
BaHKeM B tuiotuHe Kuposckoit ['DC (puc. 3) cBs3aHbI C IPUOCTAHOBKOW B OETOHHPOBAHUH, YTO TPUBEIIO K OC-
TBIBAHUIO IpOBOX yacTh MaccuBoB Ha 10—12 K mo oTHomIeHHIO K MAKCUMAIIbHON TEMIIEpaType.
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Puc. 3. Cxema TpemunHo0OpazoBanus KupoBckoil mimoTHHEI (cexuus 6):
1-4 — MecTa ycTaHOBKH IpHOOPOB
Figure 3. Fracturing scheme of the Kirov Dam (section 6):
1-4 — instrument installation locations

Ne24

OIMHOYHBIC TPEIMHBI, OPUCHTHPOBAHHBIC BIOJIb OCH CEKLIUK
Single cracks oriented along the section axis

OIMHOYHBIE TPEIINHBI, OPUEHTHPOBAHHBIC BJIOJIb OCH IIOTHHBI
Single cracks oriented along the axis of the dam

OIMHOYHBIE TPELIMHEL, IEPECEeKaroIIHe 610K
Single cracks crossing the block

Cerka TpeLuH
Crack grid

BepTukanbHbie ¥ TOPU30HTAIBHEIC TPEIIUHBI
Vertical and horizontal cracks

TpeIIUHBI Ha TPAHSX 3JIEMEHTOB
Cracks on the faces of elements

Puc. 4. Cxema TUIMYHBIX TpeLUH 24 CeKUMU TIIOTUHBI AHKaHcKoi [[DC
Figure 4. Scheme of typical cracks in section 24 of the Andijan HPP dam

Bonpimoe KOIMYEeCTBO pPa3MYHBIX THIIOB TPEHIMH 3a(HKCHPOBAHO B IUIOTHHE AnHmwwkaHckor ['OC.

Ha puc. 4 mpencraBiieHsl XapaKTePHBIE TPEIIUHBI, OTMEUCHHBIC B 24-1 CEKITUHU TUTOTHHEL. OCHOBHBIMU TIPUIHMHAMUI
TPEIMHOOOPA30BaHMS CTaIH JUIMTEIbHBIC NEPEPHIBEI B OCTOHUPOBAHWU, HEPAaBHOMEPHOCTh BO3BEICHHS dJic-
MEHTOB CEKIIUH, OTCYTCTBHE COBPEMEHHOW TETUIO3AIIUTHI HAPY KHBIX TPaHei.
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W3zBecTHO, 9TO TemIiepaTypHbIe TPEIIMHBI B OOJBIIEM WIIM MEHBIIEM KOJIHYEeCTBE 3a(hMKCHPOBAHBI HA BCEX
TUIOTHHAX, TOCTPOCHHBIX U CTPOSIIMXCS TUAPOY3JI0B. Mepbl 00phOBI 10 MPeTOoTBPALICHUI0 00pa30BaHUs U JIHK-
BUJIAIMH WX HEOIArOMPHUATHBIX TOCIECTBHI CIOXKHBI M IOPOTOCTOSIIIH.

B cBsi3u ¢ 3TUM BO3HWKAET BOIPOC: KaKWe TPEIINHBI SBISIFOTCS JOITyCTUMBIMH, a Kakue HeT (TO eCcTh He-
00X0/IMMO OIICHUTH CTETNIEHb MX OMACHOCTH). [ pemeHus Bompoca TpeOyeTcst MPOBEICHNUE COOTBETCTBYIOIINX
TEOPETHUECKUX U IKCIIEPUMEHTAIBHBIX HCCIIEI0BaHUM.

B 3agauy HacTosSmIMX WCCIIEOBaHWN BXOIWIO HKCIEPUMEHTAILHOE OIpEeeeHne Ha XPYIKUX MOIEISX
TEPMOHAIPSDKEHHOTO COCTOSIHUST CEKIIMU MaCCHBHO-KOHTP(OPCHOH IIOTHHEI ¢ OJMHOYHBIM KOHTpdopcoM (puc. 5)
BBICOTOH 75,5 M U MacCUBHO-KOHTP(OPCHOH MIIOTUHEI ¢ tuadparmoii (puc. 6) BeicoToit 110,5 M B ciryyae mosis-
JICHWsI B HAX TPEIIMH. DTO TO3BOJIMIIO IMPOBECTH COMOCTABUTENBHBIN aHAIN3 C paHee MOJTYYCHHBIMH JKCIIePH-
MEHTaJIbHBIMH JAHHBIMH Ha dTAJTOHHBIX (0€3 TPEITuH) MOJICIISIX.

Ou3HKO-MEXaHUYECKUE U TEIIO(OU3NIECKUE XapaKTEPUCTHKH OCTOHA TUIOTUH M CKaJlbHBIX OCHOBaHHH
omnmcansl B [9; 14].

Mogenn ceKnnu MacCHBHO-KOHTP(HOPCHON IUIOTHHBI C OAMHOYHBIM KOHTP(OPCOM M CKAIBHOTO OCHOBa-
HUS BBITMIOJHEHbI M3 THIICOBBIX pacTBOpoB. Bricora Moxenu muioTuHbI coctaBuna 50,3 cMm (TeomeTpuueckuit
Mmacmrad 1:150), a ocHoBanue umeno pasmepsr 180%60,3%14,6 cM.

CKBO3HBIE BEPTUKAILHBIC TPEUIUHBI HA KOHTAKTE C OCHOBaHUEM (pHUC. 7) BOCIIPOU3BOAMIUCH CICAYIOIUM
oOpa3oM. BHauane opraHn30BHIBAIMCH CKBO3HBIE MTPOIMIIBI C TIOMOIIBIO NUIHIIOBKA. 3aTeM MOBEPXHOCTH TOJY-
YEHHOTO IIIBa TOKPHIBAIUCH IIEJUIAYHBIM JAKOM, a OJHA M3 ATHX MMOBEPXHOCTEH MOCiIe BBICBIXaHH JIaka CMa3bl-
Bajach TOHKHM CJIO€M XHpOBOW cMa3ku. C MOMOINBIO0 TUTACTHIIMHA OKOJIO KaXKIOTO IIIBa OPTaHU30BHIBAIINCH
KapThl 7151 HATHETaHUS TUIICOBOTO PacTBOPa, COCTaBa, MIPUHATOTO IS JAHHOW MOJENH, HO ¢ 10OaBIeHHEM Ta-
meHoil u3zBectu. llocnenHsas He JaeT yBeIHMUMBATHCS PAcTBOPY B 0ObeMe MPH €ro CXBAaThIBAHWU U IMO3BOJIAET
MOJYYHTH TpeOyeMoe pacKphITHE IBOB. B 1aHHOM ciydae MX pacKpbITHe Ha MOAEH He npeBbimano 0,05 M.

Mogenp ceKnud MacCHBHO-KOHTPGHOPCHON IUIOTHHBI ¢ MuadparMoi BBIMONHSIACH M3 THUIICONECYAHOTO
pactBopa B macmrade 1:200.
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Puc. 5. OcHoBHBIE pa3Mepbl MACCHBHO-KOHTP(OPCHOM IIOTHHBI C OJJMHOYHBIM KOHTPHOPCOM
Figure 5. Main dimensions of a massive buttress dam with a single buttress

JJiss BOCIIPOU3BEICHHS CHCTEMbI BHYTPEHHUX TPEIIUH MOJIEIh MaCCUBHO-KOHTP(OPCHO TUIOTHHEI C AHa-
(hparmMoii U3roTaBIMBaJIACh OTIEIBHBEIMHU OiokaMu (9 0i0okoB). B kaxmoMm OJIoke MOJEIMPOBaHUE TPEIIUH OCY-
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MIECTBISIIOCH C TOMOIINBIO (DOTBrOBBIX IUIACTHHOK. OHHM M3rOTaBIMBAINCH U3 BBICOKOMPO4HOH (ombru ot 10
10 100 MEKpOH B COOTBETCTBUH € TPeOyEeMOii NIMPHHON PACKPBITHSI.
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Puc. 6. OcHOBHBIE pa3Mepbl MAaCCHBHO-KOHTP(HOPCHOH IIIOTHHBI ¢ nadparMoit
Figure 6. The main dimensions of a massive buttress dam with a diaphragm
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1 - corcTele necuanmkH / layered sandstones
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Puc. 7. CxeMa pacrionoKeHust BEpTUKAIBHBIX TPELMH Ha MOJEIN MACCUBHO KOHTP(OPCHOH IIIOTHHBI ¢ OJMHOYHBIM KOHTP(OpPCOM
€O 3HAYMTENIBHBIM PA3BUTHEM HX 10 BHICOTE
Figure 7. Scheme of location of vertical cracks on the model of a massive buttress dam with a single buttress
with their significant development in height
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Ha ocHOBaHmm Meroandeckux MPOpadOTOK OMPENeNsiIOCh BpeMs BBIIEPTHBAHHS MOJOCOK (OIBIU W3
OXBAaTHIBAIOIIEro pacTBopa. KOHTpOIs 3a Ka4yecTBOM IOJIyYEHHBIX TPELIMH OCYIIECTBISUICSA IO paciuiaMm 00-
PasIoB C HCIIOF30BAaHUEM DIIEKTPHUUECKOTO MUKPOCKOIa. B mepecyere Ha HaTypy HMIMpUHA PACKPBITHS TPEIIHH
cocraBwia 1,4-2,0 mm. Ha puc. 8 npenicraBiena cucteMa 3aMOJAeIMPOBAHHBIX B COOPY>KEHHUU TPEILHH.

Puc. 8. Cxema cMOJeIMPOBAHHBIX TPEIIHH HA TOBEPXHOCTIX OJIOKOB (0TMeTKH 126—53, B ckoOKax DaHBI pa3Mepsl VI MOJEIIH B CM)
Figure 8. Scheme of simulated cracks on block surfaces (marks 126-53, in parentheses are the dimensions for the model in cm)

ITpu nmpoBeneHny uccienOBaHNH Ha MOZIEIM MaCCUBHO-KOHTP(OPCHOH IIOTHHBI C OJMHOYHBIM KOHTPGOpPCOM
CE30HHBIE KoJIeOaHus TeMIIepaTyphbl BO3AyXa allpOKCUMHUPOBAIUCH TEMIIEPATYPHON FTapMOHUKON C aMITJIUTY A0
20 K, TonmuHa HU30BOH OTEIUIAIONIEH CTEHKH MpUHMMANach paBHOH 4,5 M, TemmepaTypa BOAbI B BOJOXpaHH-
JIMIIE U BO3IYLIHBIX MOJIOCTEH, 00pa3yeMbIX COCETHUMHU CEKIIUSAMU MIOTHHBI, IPUHUMANACh IIOCTOSTHHOM.

Ha Monenn maccuBHO-KOHTP(HOPCHOH TUIOTHHEL ¢ quadparMoii u 0e3 OTEIUIAIONIeH CTEHKH BOCIPOH3BO-
JUITUCH CE30HHBIC KoJieOaHHs TeMIlepaTyphl Hapy>KHOTO BO3[IyXa ¢ aMIIUTynoi At = 15 K npu HanmonHeHHOM
BomoxpaHunuiLe. [Ipu 5ToM yuuThIBaIKCh KOJIeOaHUs TEMIepaTyphbl BOABI BOJOXPAHWINIIA (Ha OCHOBE aHANN3a
JaHHBIX 110 TEMIIEpPAaType BOJbI BOJOXPAHWIHNILA) U NIEPUOJUUECKUE KOJIeOaHUsI TeMIIepaTyphl HAPYKHOTO BO3-
JlyXa CO CTOPOHBI OOKOBBIX I'paHell TNOTHHBI ¢ At = 15 K npu He3aMKHYTOH HH30BOW MEKCEKIIMOHHOM TIOJIOCTH.

Jist ciydasi HaIllOJHEHHOIO BOJOXPAHUIMING TEILUIOBOE COCTOSHUE M 3HAYCHUE IEPEMEIICHUN CEKLIUU
IUIOTHHBI OBUIX MOJYYEHBI IIyTEM CJIOKEHHS COOTBETCTBYIOLINX BEJIMYMH IPU PA3eIbHOM IIPUI0KEHUH TEIUIO-
BOI IMKJIMYECKON Harpy3KH cO CTOPOHBI HU30BOM M OOKOBOM IpaHel U ¢ y4eTOM KoJeOaHHUs TeMIIepaTyphl BOIBI
BOJOXPAaHWINIIA.

Takoe cio)keHHe Ha OCHOBE NMPHUHIMIA CYNEPHO3UIMH ABISETCS MPaBOMEPHBIM JUIsI MOHOJIUTHOIO TPO-
Guis IWIOTHHBL, a U1 MOAENHU ¢ TPEIMHAMHU CIPAaBEUIMBO IS aMIUINTYAbl TEIUIOBON HAarpy3KH, HUMEBIIEH MECTO
B 3KCIIEPUMEHTAX.
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Macuirabpl MOAEIMPOBAHMS B JAHHBIX MCCIIEIOBAHMSX IIOJIy4€HBI Ha OCHOBE KpuTepueB noaoous (Pypwe
u ['yka) ¢ yueToM CBOWCTB MaTepHajoB IJIOTHH W UX Mojeield. B coOTBETCTBUH ¢ MOTYyYEHHBIMH MacIITa0aMu
roJloBasi rapMoHuKa Temrnepatyp ¢ ammuTynoil 20 u 15 K BocnpousBoaunace Ha Mozaensax 3a 80 u 32 MUHYTHI
¢ ammuutyoi 11,1 u 8 K cooTBeTCTBEHHO.

BHemHui HecTalMOHApHBIM TEIUIOBOM PEXUM HA MOJEISAX CO3JaBaJICsl C MIOMOIIBIO CIELUAIbHOW CUCTE-
MBI TEMIIEPATypHOT'O 3arpyXeHusi, paboTtaromiell B py4YHOM M aBTOMAaTHYECKHX pexuMax. JlJisi Bocnpon3Be1eHHS
3aJaHHOT'O PEXHMa NMOTPeOOBAJIOCh U3MEHITh HAIIPSKEHNE TOKa, IMHUTaroIero Harpesarens ot 0 no 62 B u no-
HIDKaTh TeMIepaTypy xJjajnonocurens 1o 257 K.

Jns1 3amepa TemiiepaTtyp IpUMEHSUTICH TEPMOMETPBI COITPOTUBIEHUS (TEPMOJATINKN) U XPOMEITb-KOTIEIEBbIC
TEPMO3JIEKTpUYECKHE MTPpeoOpa3oBaTey. 3anuch TEMIIEPATYPhl OCYLIECTBIIACh HEMIPEPHIBHO O HAYaia OMbITa
1 B TIPOIIECCe BCETO OMBITAa HA 24-TOYETHOM caMONUIIyIeM noteHimomeTpe D11T1-09M3.

JHedopmarnyu, BOZHUKAIOIINE OT TEIUIOBON HATPY3KH, 3aMEPSUINCH C TIOMOIIBIO TEPMOKOMIIEHCHPOBAHHBIX
TEH30pE3UCTOPOB. 3amep AedopManrii BEIOIHSIICS Yepe3 ONpeieieHHbIe TPOMEXYTKH BPEMEHH Ha MOIyaBToO-
MaTHYECKOM MOCTY TlepeMeHHoro Toka tuna ADJIT-4M. Llena nenenns npubopa — ¢ 1,0-10°° exuanm otHOCH-
TeIbHON nedopMaluu.

Jia 3aMepa TeMmepaTypHBIX NEpeMENIeHUH HCIOoIb30BalnCh AaTuuku nepememienuit AI1-10 (1130-29)
qyBCTBUTENBHOCTHIO 0,01 MM, a TaK)Ke MHAUKATOPHl YaCOBOT'O TUNA C UyBCTBUTEIHHOCTHIO 0,001 MMm.

B kadecTBe kies sl KperuieHus JaTaukoB npuMensuics Bd-4. TepmooOpaboTka Kiiess U TapUpOBKa KOH-
TPOJBHO-U3MEPUTENBHOH anmapaTypsl, YCTAaHOBIEHHOM Ha MOJIENH, OCYIIECTBISNACh B KIUMAaTHYECKOM Kamepe
Feutron 3001, roe Temnepatypa noaaepxupaiack ¢ TouHocThi0 £0,2 K.

3a UCXOJHOE COCTOSIHME MOEesel OblI MPUHAT UX YCTAHOBHUBIIMICS TEIUIOBON PEXUM HETOCPEACTBECHHO
nepes TeMIlepaTypHbIM 3arpykeHrneM. CpeaHss TeMmIepatypa Mojeleil B 3KCIepUMEHTax COOTBETCTBOBAJA
TeMIeparype nomemieHus u pasHsiack 291-295 K. TemmneparypHble HampspKeHUS B MOJAENAX ONPEAEIsINCh
gyepe3 AedopManny M yOpyrue KOHTakTbl MaTepuana Mo 3aKoHaM Teopuu ynpyroctd. [lepecuer pesynbTaTos,
MOJTy4YeHHBIX Ha MOJIENIAX, Ha HATYPY OCYIIECTBIIAJICS COTJIACHO MaciTabaM MOJEINPOBaHUS

Bemecam)HLle CKBO3HbI¢ TPCIIUHBI

Kak BugHO U3 puc. 9, B ciyuyae MOSBICHUS TPELIUH, pacpOCTpaHUBLIMXCS Ha BbicoTy 12,5 u 25,0 M
(0,16 1 0,34 H coOTBETCTBEHHO), B IIEJIOM MPOUCXOIUT YIyUIIEHAE TSPMOHATIPSHKEHHOT'O COCTOSIHUAS TITIOTHHBI
M0 CPaBHEHHIO CO CIIy4aeM MOHOJIMTHOTO mpodwmisi. Hanbonee cymecTBeHHOE YMEHbBIICHUE BETUYUHBI PACTSI-
TMBAIOLINX HANPSDKEHUI HMEeT MECTO Ha HU30BOHM U BEPXOBOW IPaHsAX B MPUCKAIBHON 30HE.

7550

-

69.30
v

6017

v

Puc. 9. TepmoHanpspkeHHOE COCTOSTHHE CEKIUH IUIOTHHBI B STHBape IIPU HAIIOJHEHHOM Boxoxpanwmmiie (4r = 20 K):

— — — MOHOJIUTHBI IPOQHUIIE; — - — - IVIOTHHA € TPEIMHAMY; BETMYMHBI HAIPsOKeHuit nanbl B 10° TTa
Figure 9. Thermally stressed state of the dam section in January with a filled reservoir (4: = 20 K):
— — —monolithic profile; — - — - dam with cracks; stress values are given in 10° Pa

Ha BepxoBoii TpaHy B MPUCKAJILHON 30HE BEJIMYMHA PACTATMBAIOUIMX HAIPSOHKEHUHM 0%, CHMIKAETCA HA OT-
metkax 23,0 u 12,0 m Ha (33-46) % u cocrapmuser (2,8-1,6)x10° Ila, a BelMYMHA CKUMAIOIIMX HATPSKECHHIA
yBenmuuBaerca Ha (50-66) % u cocrasmser (2,4-3,0)x10° ITa. Ha otmetke 0,0 M BelMYMHA PACTATUBAIONIAX
HaNPSUKEHUI 0Y OJIM3Ka K HYJIIO.

Ha #u3oBoil rpanu, HaunHas ¢ oTMeTku 23,0 M 10 HyJE€BOW OTMETKH, BEIMUMHA PACTITUBAIOIINX HAIpsi-
JKeHHui 0 U 04 cHmkaetcsa Ha (34-38) % u cocrasnser (36-38)x10° I1a u (8,6-23,4)x10° [1a cOOTBETCTBEHHO.
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B crenke koHTpdOpca TaKkKe MPOUCXOMMT TEPEPACTIPENETCHUE HANPSIKEHUHA U Oy U Oy (YBENMYCHHE
CXKMMAMOIINX U YMEHbBIIECHHE PACTATHBAIOIINX HANpsKeHWH). Tak, MakcUManbHas BEeJTHMYHWHA PACTATHBAIOIINX
HampspKeHu Ha oTMeTKe 23,0 M ymeHbImaercs Ha 36 % M cocTaBiseT 8,3x10° ITa, a MaKCHMaJIbHAsI BEITMYNHA
CXKUMAIOIINX HANpsOKEHUH yBennanBaeTcsa Ha 64 % u coctapiseT 4,6x10° ITa. CreoBaTenbHO, 9TO OrPAHUYHT
JajbpHeiIIee pacIpOCTPaHEHHUE TPEILIHH 10 BBICOTE.

VYiydimeHne TepMOHANPSKEHHOTO COCTOSHUS IUIOTHHBI B TPUCKAJIbHON 30HE CBSI3aHO C YMEHBIIEHHUEM
00111e#i )KEeCTKOCTH COOPYKEHUS BCIICICTBUE YMEHBIIICHUS OCPECTHEHHOTO MOIYJIS YIIPYTOCTH TJIOTUHEI TIPU Ha-
JIMYUU BEPTUKAIBHBIX TPEIIUH.

AMITIUTY1a TIepeMelleHns] TPeOHs TUIOTHHBI ¢ BEPTUKAIBHBIMU IIIBAMU YBEIUYHUBACTCS 10 CPAaBHEHHUIO
C MOHOJIUTHBIM TpoduieM Ha 15 %.

JUiss OLlEHKM CyMMapHOTO HaNpsKEHHO-Ie()OPMHUPOBAHHOTO COCTOSHMSI TUIOTHHBI TEMIEpaTypHbIC Ha-
MPsDKEHUS, BO3HUKAIONINE B TUIOTHHE 3UMOM, OBLIM CIOXEHBI C HANPSHKEHUSMH, MONyYeHHBIMU JKCIIEPHMEH-
TaJlbHO Ha aHAJOTUYHOM XPYNKOH
MOJENN OT BO3JCHCTBUS HA IUIOTH- -
HY THJIPOCTaTUYECKOTO JaBIICHUS .
1 cOOCTBEHHOTO Beca IMPU HPHUHS-

TOH CHCTEME BEPTHKaIbHBIX Tpe- Em'”
IIMH, BO3HUKIIUX B KOHTaKTHOW
30He (puc. 9). E51-°

Ha puc. 10 npuBeneHa kaptu-

HA CYMMAapHOTO Halps>KEHHOTO CO- 37.47
CTOSIHUSL TOJIBKO JIJI BEPXOBOH Tpa-
HH, TaK KaKk Ha HU30BOW TPaHH OT
CTaTUYECKUX HArpy30K IpH JaH-
HOW CXEMe PaCKpPBIBIIMXCS BEPTH-
KaJbHBIX TPEIIMH BEIUYHHA CXKH- ¥
MAaIOIIUX HAMPSHKEHUH BO3pacTaeT

HE3HAYUTEIBHO. €-° J

Kak Bugno u3 puc. 10, Ha-
TUYre BEPTUKAJIBHBIX He3alleMeH-

TUPOBAHHLIX TPCIIMH CO 3HAYUTCIIb- Puc. 10. CymmapHOE HallpsKEHHOE COCTOSIHUE BEPXOBOI rpaHu
HBIM pa3BHTHeM II0 BBLICOTC yxyﬂ_ CCKI MU IUIOTHUHBI B SIHBAp€ IMMPU HAITOJIHEHHOM BOJAOXPaHUJIUIIEC (TJFPJFG)Z

— — — MOHOJIUTHBI IPOQHUIIE; — - — - IVIOTHHA € TPEIMHAMY; BETMYMHBI HAIPsOKeHuit nanbl B 10° TTa
[HaeT  CyMMapHOC HaHpH)KGHHOS Figure 10. The total stress state of the upper face of the dam section
cocTostHue MIOTHHBL. Ha BepxoBoit in January with a filled reservoir (T+P+G):
TpaHU Ha BEPXHMX OTMETKaAX IpoO- ———monolithic profile; — - — - dam with cracks; stress values are given in 10° Pa

UCXOJWUT YBEIHUYEHHE DPACTATHBAIONINX HAMpPSDKEHUH, a B MPUKOHTAKTHOW 30HE TOSBWIHCH PACTATHBAIOIINE
HATPSDKEHHS, JOXOJAIINE y TOJOMBE TOTHHE 10 4,5%10° Tla. DT0 CBA3aHO C YXY/AUICHHEM HAMPSKEHHOTO
COCTOSIHUSI OT CHJIOBBIX Harpy3ok. [locienHee monTBepKIaeTcss pe3yibTaTaMu UCCIeloBaHUH MeTonoM (oTto-
YOPYTOCTH HAIPSKEHHOTO COCTOSIHUS OOJIETYEHHOHN TUIOTHHBI C PACIIUPEHHBIMU IIBAMHU TIPHU HAJHMYHUU CKBO3-
HBIX TPEIIMH B KOHTAaKTHOW 30HE

Crnenyer OTMETHUTB, YTO HAJIMYUE TAKOW CHUCTEMBI BEPTHUKAJIBHBIX TPELIMH B COOPYKEHHUH NPUBOIUT
K 3HAUUTENbHOMY CHIKeHHUIo (Ha ~40 %) xoadduuuenta 3amaca (BeIWYMHA, YHCICHHO PaBHas OTHOLICHUIO
paspymraromeii Harpy3Kd K pacueTHOW — AKCIUTyaTallnoHHOH). Ha ocHOBe moirydeHHOW KapTHHBI HAMTPSHKEHHOTO
COCTOSIHHMSI MOXXHO OTMETHUTH, YTO B CEKLUHU IUIOTHHBI C BEPTUKAJIBHBIMU TPEUIMHAMH BO3MOXKHO TaKXe PacKphI-
THE TOPU30HTAIBHBIX CTPOUTEIBHBIX LIIBOB B BEPXHEH YacTH HAlOPHOM I'paHU, II€ BEIMYUHBI PaCTATHBAIONIUX
HANPSHKEHUH MTPEBBIIIA0T TPOYHOCTH IIBOB.

Hanyame 60pmmx BETHMYNH PACcTATUBAIOIINX HANIPSHKEHUH Ha BEPXOBOUM IPaHU MOXKET MPHBECTH HE TOIBKO
K PacKpBITHIO CTPOUTEIBHBIX IIBOB B €€ BEPXHEH YacTH, HO M K PACKpPHITHIO KOHTAKTHOTO IIBa. BeposTHOCTH
3TOTO YBEIMYUBACTCS NMPH HAIMYHMH TOCTATOYHOTO JKECTKOTO OCHOBAHHS HITH €T0 YaCTH TOJI HAIOPHOU I'PaHBIo.
[TosBIEeHNE B COOPYKCHHUM TPEIIUH C Pa3BUTHEM IO BRICOTE 10 12,5 u 25,0 M (TIpu 3HAYUTEITHLHOM HUX PACKPHI-
THH) HEIOMYCTUMO, TaK KaK 3TO HE TOJBKO CKa3bIBACTCS HA CYMMapHOM HaIPsDKEHHOM COCTOSIHWH, HO U CyIIIe-
CTBEHHO CHIDKaeT KO3((UIMEeHT 3amaca. AHaJOrHYHas CUTyalMs MOXET BO3HHUKHYTH HPH PACKPBITBIX MEX-
CTONOYATHIX IIBAX.
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CucremMa BHYTPeHHUX TPeINH

Cxema BOCTIPOM3BEAECHHBIX TPEIIMH HAa MOJAETH COOTBETCTBYET pealbHOW TPEIIMHOBATOCTH OETOHA, 3a-
(uKcupoBaHHOW B 24-# ceKunu IIOTHHBI AHMmkaHckoi ['OC u xapakTepHOU s pssia APYTHX CEKITUH.

Pe3ynpTaTel BO3NEHCTBHS CE30HHBIX KOJEOAHMH TeMIIEpaTypbl HApY>KHOI'O BO3JyXa Ha pabOTy CEKIUH
TUTOTHHBI C TPEIIUHAMH TIPU HAITOJTHEHHOM BOJIOXPAHHJIMIIE MPEJICTABICHBI B Ta0. 2 ¥ Ha puc. 11. AMIuTy b1
KoJIeOaHU# TeMIepaTypsl U epeMEIeHUH TTOJTyYeHBI IPH TEMIIEpaType Hapy>KHOro Bozayxa ¢ 4. = 15 K.

Tabauya 2
BeanuuHbI TeMIepaTypHbIX NepeMeneHuii 1151 MOHOJIMTHOr0 NPogu/isi ¥ IVIOTHHBI ¢ CHCTEMOI TPeluH
HamnosiHeHHOe BOIOXPaHHIIHIIIE ILi1oTHHA ¢ cHCTEMOI TPeLUH
No Iepemerenus Tepemerenust
M- Ormerku, OT CE30HHOrO Iepemerenust Cymmupyiouue OT CE30HHOr0 Tepememenust Cymmupylonme
KATODOB M KoJIe0aHus OT FM/IPOCTATHKH | nepemeienusi G, P KoJ1e0aHus OT FH/IPOCTATUKM | nepemelienusi G, P
P TeMInepaTypol  |M cOOCTBeHHOro Beca| H f(Ar=15K) TeMIepaTypbl |4 cOOCTBeHHOro Beca| U f(Ar=15K)
Ar=15K Ar=15K
13 987,5 9,45 39 48,45 8,6 46 54,6
12 883 4,95 32 36,95 4,8 42 46,8
11 883 4,8 32 36,8 5,0 42 47,0
9 846 0,81 25 25,81 0,84 32 32,84
846 0,84 25 25,84 0,82 32 32,82
818 0,3 18 18,3 0,33 25 25,33
Table 2
Values of temperature displacements for a monolithic profile and a dam with a system of cracks
Filled reservoir Dam with cracks system
Displacement Displacement
. N_O' of | Marks, from seasonal Moving Summing from seasonal Moving Summing
indicators m temperature from hydrostatics | movements G, P temperature from hydrostatics | movements G, P
fluctuations and own weight and #(Ar=15K) fluctuations and own weight and #(Ar=15K)
Ar=15K Ar=15K
13 987.5 9.45 39 48.45 8.6 46 54.6
12 883 4.95 32 36.95 4.8 42 46.8
11 883 4.8 32 36.8 5.0 42 47.0
846 0.81 25 25.81 0.84 32 32.84
846 0.84 25 25.84 0.82 32 32.82
818 0.3 18 18.3 0.33 25 25.33

Kak BusiHO U3 Ta0I. 2 Hamu4Me TPEUIUH NPAKTUYECKH HE CKAa3aJIoCh Ha PaCIpe/ICIICHUN TeMIIepaTyp B CO-
OpyXeHUH (M3MEHEHHUs B aMIUTUTYIaX TeMIepaTyp MO CPaBHEHHIO C MOHOJHUTHBIM MPOQHIeM HE MPEBHIIIAN
5-6 %). B utoTrHE ¢ TpenHAMH TEPMO3JIEKTPUIECKHe TpeodpazoBaTeNu ObUTH YCTAHOBJICHBI HA BHYTPEHHEH
MOBEPXHOCTH 3aMKHYTOH TOJOCTH CO CTOPOHBI HU30BOW I'paHU. DTO MO3BOJIMIO 3a(UKCHUPOBATh KOJeOaHUE
TeMIepaTypbl, UMEBIIIEe MECTO Ha MTOBEPXHOCTH HU30BOW YacTH BHYTpeHHEH mosioctu ¢ A, = 5,4 K c 3ama3zsbi-
BaHHEM B ~3 Mecsma. MakcumalnpHasi aMIUTATy/Ia KOJIeOaHHusI TeMIlepaTyphl Oblsla OTMEYeHa B HM30BOH YacTH
BHYTpEHHEH MOJI0OCTH CO CTOPOHBI HU30BOM I'paHu U paBHsuIachk 5,9 K.

Ha puc. 11 npuBoauTcs X0 U3MEHEHHS TEMITEPATypPhl Ha TPaHIX IDIOTUHBI U TPAQUKHU MEPEMEIICHUN TPU
HATIOJTHEHHOM BOJJOXPaHWIJIHIIE C yIEeTOM KOJIeOaHHs TeMIepaTyphl BOIbI BOAOXPAaHMIINIIA.

B Tabn. 2 ayis cpaBHEHUS MPUBEICHBI BEIUYUHBI TEMIICPATYPHBIX MEPEMEIICHUMA TSI MOHOJIUTHOTO TMPO-
(WIS U IIOTUHBI C CUCTEMOU TpeliuH. M3 Tabn. 2 BUIHO, YTO TPEIIUHBI HE OKA3bIBAIOT CYIIECTBEHHOTO BIIUS-
HUS Ha TTOBEJICHNE COOpYyKeHUs. BennuuHel mepemeneHunit koneoaroTest oT 1 10 8 % u B pse cirydaeB HaXoAT-
s B TIpefiesiaX TOYHOCTH U3MEPEHUH.

3HaueHUs] CyMMapHBIX MIEPEMEIICHUN Ul yKa3aHHBIX CIy4YaeB Takke AaHbl B Ta0n. 2. OHU MONTy4eHBI
B pe3yJIbTaTe CIIOKEHHUSI COOTBETCTBYIOIINX BEIMYHH, 3aMEPEHHBIX Ha TEIUIOBBIX M CTATHUECKUX MOJIETIX.

AHanu3 MpUBEICHHBIX JTaHHBIX MMOKA3bIBAET, YTO MPH HAJTHYUHU TOCTATOYHO CIIA00T0 OCHOBAHWSI PEIIaro-
11ee BO3/IeicTBHE Ha BETUYHHY MTEPEeMEIEHHUI COOPYKEHHS OKa3bIBAIOT CUJIOBbIE HAIPy3KH.
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Puc. 11. I'paduku nepeMemieHniA 331aHHBIX TOYEK CEKIUH IUIOTHHBI (C UMEIOLIEHCS CHCTEMOH TPELIHH )
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Figure 11. Graphs of displacements of given points of the dam section (with the existing system of cracks)
when the reservoir is filled, considering fluctuations in the reservoir water temperature

CrpemsieHne caenaTth KOHCTPYKIMIO 0ojee SKOHOMHUYHOW M YMEHBLIMTh PUCK TPEIIMHOOOPAa30BaHUS
3a CYeT CHIDKEHUS pacxoja LeMeHTa MPUBEJIO K MOSBICHHUIO TUIOTHH U3 yKaTaHHOTO OeToHa [15; 16].

YrtoObl cBECTH K MUHUMYMY TPEIIMHOOOPA30BaHUE B MEPHOJ CTPOUTEIHCTBA HEOOXOIUMO HCIOIb30BAThH
METOABI PEryINPOBaHHUS TEMIIEPATyPHOTO peXuMa IPU BO3BEICHUH (BBIOMPATh COCTAaB OETOHA M TEXHOJIOTHYe-
CKH€ TIapaMEeTPhI €r0 YKIIAIKH).

BaxHbIM (hakTOpOM, BIHSIONIMM Ha TETJIOBOE U TEPMOHAIPSKEHHOE COCTOSHUE TUIOTHHBI, SBISIETCS Ya-
CTHYHAs WIM MOJHAs cpadOTKa BOJOXpaHWIMIIA. B 3TOM cilyyae MpOMCXOOUT W3MEHEHUE HAIlpaBJICHUS Iepe-
MEIIICHUS IUIOTHHBI U [IepepaclpeaeIcHie NepeMencHAN.

Baxxno npu pacuerax Ha OBM y4uTHIBaTh HATMYKE U BEJIMYMHY TEMIEpaTypHO-aKTUBHOW 30HBI, TaK Kak
IUIOTHHBI aKTUBHO B3aMMOJEHCTBYET ¢ ocHOBaHHEM. HeoOxoaumo BeIpabOTaTh NOAXO0 K HA3HAYCHUIO BEIMYH-
HBI TaKOM 30HBL.

Takxe, KaKk IMOKa3bIBaeT W3y4YE€HHE MPAKTUKU IKCIUTyaTallid OETOHHBIX TUIOTHH, BECbMa BaXXHBIM (aKTo-
POM SIBIISIETCSI BIQXKHOCTh Hapy)KHOTO BO3AyXa M BIAKHOCTh OETOHA, 0COOCHHO B CYPOBBIX KIMMAaTHYECKUX
yenousix [17; 18].

HeoOxoanmo pa3paboTaTe HaZeKHbIE METOMBI aHaTW3a ISl OLIEHKH TEKYIIEro COCTOSHHUS 3THX IJIOTHH
1 onpezeseHus: 0e30MacHOCTH YaCTHYHO TOBPEXACHHBIX cOopyxkeHu# [19].

3akaouenue

UccnenoBanHas cucteMa BEPTHKAIBHBIX TPEIIMH (C Pa3BUTHEM IO BBICOTE 10 25 M) MpH HATIOJHEHHOM
BOJIOXpaHIIUINE U aMIUIUTyAe KonebaHus temnepaTypsl B 20 K oka3pIBaeT B L1€J0M MOJOKHUTEIHHOE BIHSHUE
Ha TEPMOHAMPSKEHHOE COCTOSHUE MJIOTUHEI.

[Nomy4yeHnHast KapTHHA CyMMapHOTO HAaPsDKEHHO-Ae(OPMIPOBAHHOTO COCTOSTHUS LTS CIydast ¢ BEpPTHKAITGHBIMA
TpEUIMHAMHU XapaKTepU3yeTcsl YBEJIMUYEHUEM pPacTITHBAIOIINX HANpsHDKEHUM Ha BEPXOBOW I'paHH, MPEBBIIIAOIINX
MPEJCTbHO JIOMYyCTUMBIC Ha CTaIUM HOPMAITLHOW 3KCILTyaTallid M BEAYIIUX K TOSBICHUIO OOJBIINX BEJIMYUH pac-
TATHBAIONINX HANpPsDKEHUH B KOHTAKTHOM 30HE. DTO MOXKET BBI3BaTh PACKPBHITHE IIBOB W TPEHIMHOOOpa30BaHUE
B BEpXHEH YacTH HAITOPHOHW TPaHU U, BO3MOKHO, PACKPHITHE KOHTAKTHOTO II1BA TI0OJ BEPXOBOU I'PaHbIO.

Hns obecriedeHrss HOPMaJIbHON AKCIUTyaTallMd COOPYXKEHHsSI HEOOXOAMMO NPEAOTBPATUTH MOSBICHUE
CKBO3HBIX TPEIIMH B KOHTAKTHOW 30HE, a B CJIy4ae BOSHUKHOBEHUS TaKWUX TPEIIMH OTPaHUYUAThH UX PACIIPOCTpa-
HEHHe B BepxHHE spychl. [losBiIeHne BepTHUKAIBHBIX TPEIIMH C PAcIpOCTpaHEeHHEM Mo BbicoTe >10 M cyme-
CTBEHHO YXYJIIaeT HANpPsHKEHHOE COCTOSIHME BEPXOBOW TpaHM M3-3a 3HAUMUTENBHOTO IepepaclpesieNieHus Ha-
MPSDKEHUH OT CTATUYECKUX BO3JCHCTBUM U CHIDKAET BEIMUMHY KO3 (QUIMEHTA 3amaca.

[IpuHATas K WcCIeNOBaHUIM CUCTEMa TPEIIMH, HMEIOIas MeCTO B 24-1 CeKINH TUIOTHHBI, HE OKa3bIBaeT
CYIIIECTBEHHOTO BJIMSHHSA Ha €€ TEIUIOBOE COCTOSHHE M BEIMYMHY TeMIIepaTyPHBIX MEpeMEeLIeHUH NP HaroJ-
HEHHOM BOJIOXPaHUJIHILIE.

Bompoc o creneHu onmacHOCTH Pa3InYHBIX THIIOB TPEIIMH JTOJKEH PEIIaThCs B KAXKIOM KOHKPETHOM CITy-
Yae JINIIG [TOCIe TIIATeIHhHOTO PACYeTHOTO M AKCIEPUMEHTAIEHOTO 000CHOBAHUS, C YI€TOM BCEX BHEIIHUX CH-
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JIOBBIX W TEMIIEPAaTypHBIX ()aKTOPOB, CBOMCTB MaTepHaja CaMOTO COOPYXKEHHS W XapakTepa ero B3anMOJei-
CTBHS C OCHOBaHHEM.

[IpuBeneHHBIC BBINIE MOJCIHHBIE MCCIECIOBAHHUS MOITBEPIMIA IMIMPOKHE BO3MOXKHOCTH pa3paboTaHHOM
paHee METOIUKH MOJEINPOBAHUS TEPMOHAIPSHKEHHOTO COCTOSHUS OETOHHBIX COOPYKEHHUH NP pEelIeHruH pa3-
JIMYHBIX 3aJla4 SKCILUTYaTallMOHHOTO €puoaa, B TOM YUCJIC CBA3AHHBIX C 06pa3OBaHI/IeM TPCUIUH.

Kaxk moka3spiBaeT OIBIT IPOSKTUPOBAHMUS U AKCIUTyaTallii OCTOHHBIX IUIOTHH, HAMITYYIIHM CIIOCOOOM H3yde-
HUSI UX paOOThl U TPOSKTUPOBAHUS SBIISIETCS COYETAaHHE MOAETHHOTO W PAaCUETHOTO UCCIIEIOBAHUI COOpPYKEHHIA,
OCHOBaHHBIX Ha JAaHHBIX HATYpPHBIX HAOIIOAEHWH 3KCIUTyaTHPYEMBIX IUIOTHH, KOTOPBIE TO3BOJSIIOT BRIpaOaThI-
BaTh HOBbIE (hM3NUECKUE MPEACTaBICHUS 0 paboTe MIOTHH U Pa3BUBATh PACUETHBIC METOMABI MPOTHO3UPOBAHUS
WX MTOBEJICHUS C y4eTOM (DAaKTOPOB BIHSHUA.

OXumaeMpIil CPOK CITY»KOBI MHOTUX OCTOHHBIX IIOTHH B MUpPE MPUOIMKACTCS K KOHITY, CPEIH HUX MHO-
THe TPECHYJIH M3-3a BO3JIEHCTBHS OKpY Karomien cpenbl. TakuM o0pa3oM, xelaTeIbHO UMETh BO3MOKHOCTD MPO-
JUINTh CPOK CITy>KObI TakuxX IUIOTHH. [103TOMYy BakHO pa3paboTaTh HaAeKHBIE METOIbl aHaIM3a AJISl OLECHKH
TEKYIIETO COCTOSIHHSI STHX IUIOTHH W ONpeAeNieHHs] O€30IMaCHOCTH YaCTUYHO TOBPEXKIECHHBIX COOPYIKEHHIH.
Hanpumep, ToHKas xene300eTOHHAS apovHas IUIOTHHA CHIIBHO TPECHYJIA BHU3 N0 TEYCHUIO, B OCHOBHOM M3-3a
CE30HHBIX KoyeOaHui TemmnepaTypbl. Pazpaborana moapoOHas MOAENb KOHEYHBIX AJIEMEHTOB Ul MMHTALMH
WCTOPHH IUIOTUHBI C YY€TOM M3MEHEHHH YCIIOBHH OKpY’KaIoIIed Cpeibl, KOTOpble NMEIH MECTO B TEYCHHE ee
Cpoka ciyObl. Pe3ympTaThl poAeMOHCTPUPOBAIM XOpOIiee COBIAJCHNE KaK KapTHHBI TPEIIMHBI, TaK H CMe-
IICHHUA IIJIOTUHBI. Hpouez[ypa HMUTAHU MMOCTCTICHHOT'O pa3spymCHUA IJIOTUHBI HAYWHAA C TCKYIIETro COCTOAHUSA,
WCTIONB3YeTCs Ui OIEHKH TEKYIIEro ypOBHs O€30MacHOCTH. Pe3ynbTaThl NMOKa3bIBAIOT, YTO PACTPECKHBaHUE
OKa3bIBaeT BIUSHUC HA KO3 GUIIHESHT O0e30TaCHOCTH TIIIOTHHEI.
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Hcropus cratbu AnHoTauus. [Ipy npoekTHPOBaHUK OEPEro3alUTHBIX MEPONPHUSITHI 0cO00E BHH-
IMocrynuna B penakuuro: 23 HosOpst 2022 . MaHue o0palaeTcs Ha CO3/IaHUe U PACIIUPEHUE ECTECTBEHHOTO IUISHKHOTO OTKOCA
Jopabotana: 25 siuBapst 2023 r. Ha nobepexbe BOAHOro o0bekTa. [l Ha3HAYEHHs] TE€OMETPUYECKUX Pa3MEpOB
[punsra k nyonukarmu: 30 ssaBaps 2023 . OTHOCHUTENILHO YCTOMYHMBBIX IUISHKHBIX OTKOCOB HEOOXOIMMO OILIGHHTH B3aUMO-

CBSI3b BOJIHEHMSI C YUETOM PEKHMa YPOBHEH, XapaKTEepHOTO ISl JAHHOTO yJ4acTKa
Oepera. Llenb paboThl — M3yueHHe ocoOeHHOCTEH TpaHchopMaluK MPOQUIIs BOITHBI
Ha MEJKOBOJbE M MPOBEICHNE CONOCTABUTEIHFHOTO aHANIN3a TEOPUH M dKCIEPH-
MeHTa. MccnenoBanus BBIIOIHSUIICE B BOJTHOBOM JIOTKE, T/I€ BOJIHBI BOCIIPOM3-
BOJIWINCH KayaromIMMCs IIUTOM. PaccMOTpeHbl 0COOEHHOCTH TpaHc(hOopManuu
poduis BOMH Ha YMEHBUIAIOMNXCS INTyOMHAX MEJIKOBOJbSI KPYHHOTO BOZHOTO
o0bekTa. JlaHa OLleHKa N3MEHEHNSI KHHEMAaTHUECKIX XapaKTEePUCTHK BOJIHEI, Ha-
Oeraroleii B MEJIKOBOIHOM 30HE HA HEYKPEIJICHHBIH IUISKHBIA CKJIOH, UMEIOIINI
3anoxkenue 10, 20 u 30. [IpuBomsTCS M aHAIM3HUPYIOTCA PE3YIbTATHI IKCIEPHU-
MEHTAJIbHBIX HCCIECIOBAHUM, BBISBUBILMX BIMSHHWE KPYTHU3HBI BOJHBI Ha KHUHE-
MaTHYECKHE XapaKTePUCTHKH M OCOOCHHOCTH TpaHC(HOPMAIMK BOJIHEI HA MEJIKOBO-
Ibe. BEIMOTHEH COMOCTaBUTENBHBIN aHAIN3 TEOPETHUECKUX PELICHUH U JaHHBIX
9KCIIEPUMEHTOB C OLIEHKOI 001acTH UX NPUMEHUMOCTH. B nemom npoduns Bomi-

HBl U TOPH30HTAJIbHASI COCTABIIIONIAsT OPOUTATIBHON CKOPOCTH NPH MPOXOXKIE-
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Estimation of the main parameters of wave action
on the gentle slopes of the banks of large water bodies
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Article history Abstract. When designing coastal protection measures, special attention is paid to
Received: November 23, 2022 the creation and expansion of a natural beach slope on the coast of a water body.
Revised: January 25, 2023 To assign geometric dimensions to relatively stable beach slopes, it is necessary to
Accepted: January 30, 2023 evaluate the relationship of waves, taking into account the level regime characteristic

of a given section of the coast. The aim of the research is to explore the features of
the transformation of the wave profile in shallow water and to conduct a comparative
analysis of theory and experiment. The studies were carried out in a wave tray, where
the waves were reproduced by a swinging shield. The features of the transformation of
the wave profile at decreasing depths of the shallow water of a large water body are
considered. An assessment is given of the change in the kinematic characteristics of
a wave incident in a shallow water zone on an unfortified beach slope with a depth
of 10, 20 and 30. The results of experimental studies are presented and analyzed,
as a result of which the influence of the wave steepness on the kinematic characteris-
tics and features of wave transformation in shallow water is revealed. A comparative
analysis of theoretical solutions and experimental data with an assessment of the area

of their applicability is carried out. On the whole, the wave profile and the horizontal
component of the orbital velocity during the passage of the wave crest are in satisfac-
tory agreement with the calculations according to the Stokes theory at relative depths
of more than 0.07. It has been established that for shallow water conditions the relative
height of the wave crest affecting the beach slope of the near-shore zone of the coast of
a large water body is most noticeably affected by the slope, with an increase from 10
to 30 the magnitude of the wave steepness can increase by 1.2 times.
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Brenenmne

3ammra OT BOJHOBBIX BO3ICHCTBHH OCPEroBBIX YYaCTKOB BOJHBIX OOBEKTOB PEKPEAllMOHHOTO Ha3Hade-
HUSI, OTKOCOB NPHKAHAIBHBIX 3€MJISHBIX 1aMO, NPUOPEXHBIX TPAHCIOPTHBIX Marucrpaiei, OTKOCOB CyIOXO[-
HBIX M KPYITHBIX MEIHOPATHBHBIX KAaHAJOB M BOJIOTOKOB, MOJBEPTaONIMXCS Pa3pyIICHHIO MO ACUCTBHEM Kak
NPUPOAHBIX — BETEP, BOJIHBI, JJOXK/b, CHET, JIe/, BEIXOJbI TPYHTOBBIX BOA M T. [., TAK U HCKYCCTBEHHBIX (IIPOH3-
BOJICTBEHHBIX) — KOJI€OaHUS YPOBHS OT pabOoThI LIUIIO30B, 3aTBOPOB BOAOIPOITYCKHBIX COOPYXEHHUI, HACOCHBIX
CTaHIUH, EHCTBUS BOJH MPOXOISIIHIX CYJ0B, pa0OTHI 3eMIIeUepIaTEIbHBIX CHAPSIOB, KOTJa B 3TOM BO3HUKAET
HEOOXO0AUMOCTD, (PaKTOPOB, OCYLIECTBISIETCS C TIOMOILBIO CIEeHaIbHBIX TUApoTexHuUeckuX coopyxenuit (I'TC).
B MupoBoii mpakTuke A NpOBENCHUS Oepero3amuTHRIX MEPOIPHUATHH B NPUOPEKHBIX 30HAX HUCIONB3YIOTCS
pasnIMYHBIe KIaccudeckde THIH urpkeyaepxkuarommx I'TC' [1]. Cpeanm HEX MOXHO BBIIEINTH CIETYIOIIHE
OCHOBHBIE THIIBI [2]: TajeyHble W MecyaHble IUDKU (pHc. 1); MPUKPBITUS W3 KaMHS WM (acOHHBIX MaCCHBOB;
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MOTIEPEYHbIC COOPYKCHUH THUIMA TUISHKEYEPKUBAIONIMX OYH, IIMOPHI, MOJBOJHBIC BOJHOJIOMBI C TPaBEPCaAMH,
MOJBOJHBIE OaHKETHI (pUC. 2), MBICHI  OCTPOBA; MOABOIHBIE pU(BI, BIOTBOEpPErOBble OaHKETHI, BOJTHO3AIUTHEIC
CTEHBI C BEPTUKAJIHHOHN, KPUBOJIMHEWHOH MO0 CTYNEHUATON MepeIHel IpaHblo; CKBO3HBIE CTEHBI, CBaliHBIE TI0-
I 1 ApyTHE coopykeHus [3—5].

Puc. 1. Dpo3ust 6eperoB KpymHOro BOAHOTO 00BeKTa (00cae0BaHE BRIIOIHEHO OceHbIo 2022 1.):
a — ¢ TIeCYaHBIM IUIDKEM [2]; 6 — MCKYCCTBEHHOTO IUISDKA, OTCHITAHHOTO IeOHEM M TPaBUHHO-TaIeYHUKOBBIM MaTepHaioM [2];
6 —p. IIpotBa B MecTe Bagenus B p. Oky (doto O.H. UepHbix)
Figure 1. Erosion of the banks of a large water body (survey completed in autumn 2022):
a — with a sandy beach [2]; 6 — an artificial beach, backfilled with rubble and gravel-pebble material [2];
6 — Protva River at the confluence with the Oka River (photo by O.N. Chernykh)

3ammra MOPCKUX mobepekuii 1 OeperoB KPYMHBIX BOJOXPAHMIIMLI SBISAETCS CPABHUTEIBHO MOJIOAOH OT-
pacibio THIPOTEXHUYECKOTO CTPOUTENILCTBA. B Hamiel crpane Brnepsble Mopckue Oeperosamuthbie ' TC Opin
nmoctpoeHsl B Coun B koHIe 1940-x rT. [6]. HayuHBIe OCHOBBI MOPCKOW OEpero3amiiThl y)Ke TPOILIH CTaIHI0
cranoBiieHus. OHAKO B 007acTH OeperoBOi TUAPOTEXHUKH CYIIECTBYET MHOTO TPOOJIEM, KOTOPBIE KIYT CBOE-
ro paspemenus. B wacTHocTH, B AajbHEHIIEM HM3Y4YeHUHM HYKAaeTcs siBJIeHME B3aummoneiicTBusi BoiH ¢ ['TC
u mspkamu. CymecTByeT HeoOXOQMMOCTh B pa3pabOTKe TEOPUH pacyeTa KOHCTPYKIUN OMOMIO3UTUBHBIX Oepero-
3amuTHBIX [ TC Ha yCTOHYMBOCTH M MPOYHOCTH, TAKIKE UMEIOTCS HEPEIICHHBIE TEXHOJIOTUYECKUE MPOOICMEL.
Hamertunuce nBe TeHACHIMM B MPaKTHKE 3alIUThl Oeperos. [IpuBepskeHIbI EPBO OTAAIOT MPEANIOYTCHUE HH-
JKEHEPHbIM METOJaM, OCHOBaHHBIM Ha ucmosib3oBaHuu ['TC; CTOPOHHMKHM BTOPOH HCKJIIOYAIOT MHXEHEPHOE
BMEILIATEIbCTBO B OEPETrOBYIO 30HY BOAHOTO OOBEKTa M CUMTAIOT, YTO B OCHOBE OEpEero3amuThl JOJDKEH JeKaTh
MPUHIMAIT COXPAaHEHUsI eCTECTBEHHOTo NanamadTa modepexknil. 3amada 6eperoBoil THAPOTEXHUKN KaK HayKd —
o0ecreynTs ONTUMANBHOE COYETAaHUE 3TUX ABYX TCHIACHLMUI.

[l obecnieueHUs: peKpealiMoOHHbIX TOTPEOHOCTEN Ha KPYIIHBIX BOJHBIX OOBEKTaxX Be3le, € 3TO MPHEM-
JIEMO 0 TEXHUKO-DKOHOMHYECKUM TOKa3aTessIM, YIIUPSIOT CYHISCTBYIONIME WIN CO3[al0T HOBbIE MCKYCCTBEH-
HBIE TUISDKU, CTPEMSICh TI0 BO3MOKHOCTH HE 000CTPSTH MpoOIeMbl 0XpaHbl UCTIOJIB3YEMBIX TeppuTOpuil. B cymie-
CTBYIOLIMX KPYIHBIX aKBaTOPUSAX OOJBIIOE MECTO 3aHMMAIOT T'aJICUHUKOBBIC TUISKH, 0011ast [JUIMHA KOTOPBIX CO-
CTaBIAeT OKOJIO 5 % OT Bcelt OeperoBoi TMHIM MHpOBOTO OKeaHa, miu mopsaka 40 Teic. kM. M3 coBpeMeHHBIX
TEXHOJIOTHH MOYHO BBIICTHTB: IKOJOTMYECKHE TEXHONOTHH «CTPOUTENBECTBO BMECTE C MPHUPOJOH», 6a3upyro-
IIMeCs] Ha CO3/IaHMM HAMBIBHBIX NMPHOPEKHBIX TEPPUTOPHM, OHM 4acTO MPUMEHSIOTCS B EBpone u momyumin
ITUPOKOE pacrpocTpaHeHrne B Azmm, Adpuke, AMepruKke W ABCTpaIMH; YCTPOWCTBO Ha JHE OHOIIOTHYECKOTO
KpEIJICHUS] B BUJIE TIOCAIOK BIIArOJIOOMBBIX PACTCHUH; MOJIOCH U3 MOJHUIIPONIIICHAa UCKYCCTBEHHBIX BOJAOPOCIEH
U pAO IPYTHX pEIleHUH W3 MPUPOAHBIX U MIPUPOAONPUOIIKEHHBIX MaTEPUAIOB 3KOAMHAMHYECKOTO IIPOCKTUPO-
BaHMs (raOMOHOB, BAJIyHHOTO KaMHS, CIELHUAIbHBIX OJIMMEHU3UPOBAHHBIX O€TOHOB, MUKCUPOBAaHHBIX OHOIIO3H-
TUBHBIX, THIIH3UPOBAHHBIX (PACOHHBIX OJIOKOB, 3200pUYaThIX KOHCTPYKIMH JUIsi 00pa3oBaHMsl OTMEJIEH, HCIIONb30Ba-
HHE COYETaHUsI YKPEIUICHUS [IITYHTOM WK CBasMH C APYTHMH TUTIAMHU KPEIUICHHH WIT IPUMEHEHNE OMOMH)KEHEPHBIX
CHCTEM C T€0000JI0UKaMH U Te0Ty0aMH, HCKYCCTBEHHBIX puQoB). Cpear HHHOBALMOHHBIX PEIICHUH Oepero3aluTsl
MOKHO BBIICIUTH IUIBDKEYACPKUBAOLINE COOPY)KEHUs, HalIpIMEP UCKYCCTBEHHbIE PH(BI, KOTOpblE BO3BOIITCS Ha
rmyoune 3—4 M, Ha ydactkax aiuHoi mo 80—100 m (EBmaropus, Oxorckoe mope, FOxHo-Kypribckoe MenkoBoase
U Ap.). 3a mociejHee JECITHIIETUE YCTAHOBIICHO OoJiee MOyMUIUTHOHA pr]00s10B 13 3k00eToHa B 70 cTpaHax mupa [6)].

MeTtoabl u MaTepHuabl

[IporpeccuBHbIC BOJHBI MIPU BBIXOJIC HA MEJIKOBOABE U MPHOJIMKEHUH K Oepery TpaHchopmupyrores [7; 8].
TpauchopMmanuu moaBepxkeH NPo(UIL BOJHBI, IIPU 3TOM €€ BBICOTA, JUTMHA U CKOPOCTh PACHPOCTPAHCHUS W3-
MeHSIOTCs. Borpoc o KpuTHdeckux mapaMeTpax BOJH B HACTOSIIIEE BPeMsi PACCMOTPEH B JINTEpaType JOCTATOYHO
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mopo0OHO, KaK TEOPETUIECKH, TaK M IKCIIEPUMEHTAIBHO, MPEIOKEHB! (DOPMYJIBI ISl OTIPEIeIIEHHS] KPUTHIECKON
BBICOTHI /1, COOTBETCTBYIOIEH JTUHBI BOJIHBI Ax K MOMEHTY pa3pyIIeHHs Ha TOJIOrOM CKJIOHE, a TAaKXKe KPUTHIe-
CKOI1 TITyOWHBI BOJBI B BoggoeMe Hy, IPU KOTOPOW BOJHA TEPSET yCTOHUMBYIO (hopMy MPaBHILHOTO TIEPHUOIUIE-
CKOTO IBIDKEHHUS W pa3pymaercs. [logqo0HbIe SKCIIEpUMEHTH TPOBOAMIINCH B JabopaTopuu TuApaBiIuka Moc-
KOBCKOT'O aBTOMOOMIIbHO-ZIOPOKHOT'0 MHCTUTYTA TMOJT pyKOBOACTBOM KaHJUAaTa TeXHH4Yecknx Hayk B.M. Anty-
HHUHA, BO Bcecoro3HOM Hay4YHO-HCCIIE0BATEIbCKOM MHCTUTYTE BONOCHAOXKEHUS, KaHAIN3AIMH, THAPOTEXHIYE-
CKHUX COOpYXEHHUH U uHxkeHepHou runporeonoruu .M. AntynunsiM [7; 8], a paHee BBIIOIHAIUCH B THAPOTEX-
HUYECKOH JTabopaTopuu MOCKOBCKOTO THIPOMEIHOPATUBHOTO MHCTHTYTA U B JaOOpaTOPHH OT/eNa AMHAMUYE-
CKHX HccaenoBannii Hayuno-nccnenoBareabckoro HHCTUTYTa 3HEPTeTHUECKUX COOPYKEHUH Mo pyKOBOACTBOM
JIOKTOpa TEXHUUYECKUX HayK, mpodeccopa B.M. Jlarxepa [9-11]. OnHako ocobeHHOCTH TpaHChHOpMaIuu Ipodu-
JIS1 BOJTHBI, B YaCTHOCTH M3MEHEeHHe Mpoduis ee rpeOHS K MOMEHTY pa3pylIeHHs, a TAaK)Ke 3aKOHOMEPHOCTH Bep-
TUKaJIBHOTO pacTpeAeNeHus] TOPU30HTAIBHBIX COCTABISAIONINX OPOUTAIBHBIX CKOPOCTEH Ha OTPaHUYEHHBIX TITy-
OMHaX Mccle0BaHbl HEAOCTaTOYHO. BMecTe ¢ TeM TOYHOCTH pacueTa B3auMOCHCTBHSI BOJH ¢ Oepero3amiTHEIMH
u npyrumMu ['TC 3aBHCHT OT JOCTOBEPHOCTH 3HAYCHUH KWHEMATHYCCKUX XapaKTEPHUCTUK BOIH. B 3TOl cBs3M
HeJab HCCIe0BAHUS — H3YUeHUEe 0COOEHHOCTEH TpaHChOpMalui IpoQuisl BOIHBI HA MEJKOBOABE M TPOBEIC-
HHUE CONOCTAaBUTENBHOTO aHANIN3a TEOPUH U IKCIIEPUMEHTA.

Bonpmias 9acTh 3KCIIepUMEHTATBHBIX UCCIICOBAHUHN BBIMOIHSIACH B CTEKISTHHOM BOJTHOBOM JIOTKE M-
HO¥ pabouei wactu 8§ M, mupunoi 0,55 M u HarmoHeHneM 0,5 M [12]. BoHBI BOCTIPON3BOIAINCEH KAYaIOIIIAMCS
ITUTOM, TIPUBOJAMMBIM B JIBIKEHUE BOJTHOBOW MAIIMHOM, IEPHOBI BOJIHEI T paBHsuuch 0,92, 1,22 u 1,64 c. Boi-
COTHI T€HEPUPYEMBIX BOJH COCTABILLIN UIsl TIIyOOKOBOJHOW 30HBI /iy = 8—12 cM, MPU HCXOJHOW MOJOTOCTH
Ai/ha = 10-65, Te Ay — COOTBETCTBYIOMIAS THHA BOTHBL Ko3durmenT HaganpbHOTO 3a710KEHUS TTPUOPEIKHOTO
ckiona m coctarysii 10, 20 u 30. [Ipoduis BOIHBI, BpeMs ee HaOeraHus ¢ U OpOUTAIbHBIC CKOPOCTH (PUKCHUPO-
BaJIMCH C MOMOILBI0 HHANKATOPOB M KHHOKAaMEphl, YCTaHABIMBAEMOM Ha paccTosSHUU 1 M OT OOKOBOH CTEKIISH-
HOW CTEHKH JIOTKA.

Pe3yabTarhl U 00Ccy:x1€HHE

Ha npenBapuTenbHBIX CTagusx HAOMIOAEHUS 3a MPOLECCOM TpaHc(opManuu BOJH yCTaHOBJICHO, YTO B
MEJIKOBOJHOH 30He Ha rimybuHax H/A; < 0,3, rne H — ri1yOuHa Bogsl B BOXHOM 00BEKTE, IPOUCXOAUT IEPECTPO-
eHue poduis BOJIHBL. YBEINIUBAETCS BHICOTA IPEOHSI BOJIHEI 1), @ €€ [UIMHA YMEHBIIAETCS, B TO JK€ BpeMs IJIH-
Ha JIO)KOMHBI yBeianuuBaeTcs. 'peOeHb BOJHBI CyXaeTcs U 3a0CTpsSeTcs, a JI0KOWHA CTAaHOBHUTCS IUIOCKOM.
ComocraBjieHUEe C pacyeTHBIM MPOGHIEM BOJHBI HA MEIKOBOABE, IOCTPOCHHBIM 1O (OpMyJIaM TPETHEro MpH-
Ommwkenns BoJHOBOM Teopmnu Crtokca [13; 14] m BTOpOMY NpHOMIKEHWI0O KHOMAATBLHON Teopum BOIH [15],
TpaHchopManuu BONHBI, 3a()UKCUPOBAHHONW HAa OTHOCUTENBHBIX riyounax H/h; = 0,07; 0,04; 0,03, mokasaio,
yro npu H/A; > 0,07 pacueTHble W ONBITHBIE MPOQHIN coBmanaroT. [Ipy MeHbIIeH OTHOCHUTENHHOH TITyOHHE
H/hg = 0,04 u 0,03 pacuetHBIe TIPOdHIN TPEOHSI BOJHBI BCE 0OJIee OTIMYAIOTCS OT DKCIEpUMEHTAIbHBIX. JIo6o-
Basl WIM NEPEIHssI CTOPOHA IPeOHSA CTAaHOBUTCS Kpyde ee 3anHel rpanu. OKka3aloch, YTO TEOPETUUECKUE pellie-
HUSI HE YYUTBIBAIOT aCHMMETPHIO MTPOQHIISL BOJHBI U JAIOT TOJIBKO CHMMETPUYHYIO (OpMY TpeOHS Ha MEIKOBOJIBE.
Takum 00pazom, pacdeTHble TPOGUIN TPEOHS BOJHBI XOPOIIO COIJIACYIOTCS ¢ ONMBITHBIMHU NaHHbIMU Tipu 0,07,
a IPY yMEHBIIEHNH OTHOCUTEIIbHBIX TIyOUH OHH Bce 00Jiee OTIMYar0TCS.

WzyueHne 3akOHOMEPHOCTH W3MEHEHUs! poduiis rpeOHsT BOJHEI Tepe]] ee pa3pylIeHneM MOKa3aio, YTo
B 3aBUCHMOCTHU OT KPyTHU3HBI HCXOIHON BOJHBI U 3QJI0KCHUS CKIIOHA, Pe3yJIbTaThl KOTOPBIX MPHUBEACHEBI Ha PHUC. 2,
JUISL TIOJIOTHX BOJTH C KPYTH3HOH Aq4/hg = 0,017—-0,02 3HaUeHNE OTHOIIICHHS #/T HE 3aBHCHT OT 3aJI0KCHHSI TIOJIOTO-
rO CKJIOHA W OCTaeTCs MOCTOSHHON BenuunmHo# B mpenenax 0,19-0,21. DTu BenUYUHBI #/T OTPAKAIOT MAKCH-
MaJIbHOE TepecTpoeHue Npoduist BOJIHBI Nepea paszpymieHreM. s BoMHBI OoJblIeil KpyTH3HBI 3HAUYCHUS /T
BO3pAaCTaIoT U mpH Aq/hq = 0,08 paBusrores 0,40-0,47. Ha n3MeHeHne BEIMUMHBI #/T BIUSET 3JI0’)KEHUE CKIIOHA.
Jls1 6oree MOIOTHX CKIIOHOB TIPH TTOCTOSTHCTBE OTHOIIEHUS /4/As BETMIMHA #/T CTAHOBUTCS OOJIBIIIE.

B uccnenoBaHHOM AHana3zoHe H3MEHEHHS 3a710KEHUS MPUOPEKHOTO CKIIOHA M MOJIOTOCTH UCXOJHBIX BOJH
BBIYJICHEHBI 1Ba BUa pa3pyLleHNUs IPeOHs BOJHBL: CKOJb3sIIIee U Heipstolee. [Ipu ckonp3smeM paspymenu (Tai I)
BemM4uMHA /T m3MeHsiercss B nuamnazone 0,21-0,48, a mpu weipstomem (tun II), coorBerctBenno, 0,19-0,30.
IIpuuem npns ckiaoHa ¢ m = 30 ckomp3dilee pa3pylIeHHME HMEeT MECTO TOJBKO ISl TOJOTUX BOJH
¢ ha/ha < 0,02, nns ckinona m = 10 kpyTusHa BoaHbI Bo3pacTaeT 10 0,05. DTOT pe3ynbTar coriacyercs ¢ paHee
MONTy4YeHHBIMU AaHHBIMH [13; 16]. AHanm3upys W3MEHEHHE OTHOCHTENBHOW BBICOTHI I'peOHs (M/h«) (puc. 3),
MOYKHO OTMETHTB, YTO JUIsI KPYTHIX BOJH € A4/hq = 0,08-0,09 HabmogaeTcss MUHUMaIbHOE 3HAUCHHE MapaMeTpa,
pasHoe #/1 = 0,66—0,71. IIpu yMeHbIIEHUH KPYTH3HBI BOJIHBI OTHOCHTENbHAS BBICOTAa TPEOHS BO3pAcTaeT U s
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ckiona ¢ m = 30 pu ha/Aqg = 0,017 mocturaet 0,81. s 6omee kpytoro ckimoHa (m = 10) 1 ipu TOH ke KpyTHU3HE
BOJIHBI BelTMUnHa 1)//, MeHbIIe U coctasisier 0,73.

t/t
0,5
, T
0/34
///" [
—_— m=10
0,4 '6|9"°
—-—m=20 '6//0/ 0
-——m=30 ® 8 —
m 6' J(’///
0,3
0,2
0,1
0,01 0,02 0,03 0,04 005 0,07 0,09 0,1

hd/Aq

Puc. 2. I'paduik 3aBHCUMOCTH OTHOCHUTENIBHBIX MApaMETPOB BOJIHBI [Iepe]] Pa3pyILICHHUEM OT KPyTHU3HbI HCXOIHBIX BOJH #/T = f{ha/ha)
Ha CKJIOHAX C Pa3INYHbIM 3aJI0)KEHHEM (CHHUM I[BETOM yKa3aHa IpaHHIa 00IacTell ¢ pa3HbIM TUIIOM Pa3pyLICHHS BOJH):
1 — obnacThb CKOMB3SILIEr0 pa3pyIIeHNs: BOJIHBI, [/ — 0071aCTh HBIPSIOIIETO pa3pyLIEHHs BOJIHBI
Figure 2. Graph of the dependence of the relative parameters of the wave before breaking on the steepness of the initial waves #/t = f(ha/\a)
on slopes with different inclinations (blue color indicates the boundary of areas with different types of wave destruction):
1 — the region of sliding wave breaking; // — the area of the diving destruction of the wave

n/h.

0,8 !.“"0-

el
0T T —m=10 ‘030

—-—m=20
-——m=30
0,6 i
0,01 0,02 003 0,04 005 007 0,1

ha/Ad

Puc. 3. I'paduk 3aBHCUMOCTH OTHOCHUTEJIFHOM BBICOTHI TPEOHS BOJHBI OT KPUBH3HBI HCXOIHBIX BOJIH 1/hx = f{hda/\d)
IIpY U3MEHEHUH 3aJI0KEHHs oTKoca 6epera m ot 10 mo 30
Figure 3. Graph of the dependence of the relative height of the wave crest on the curvature of the initial waves 1/Ax = f{ha/ha)
when changing the bank slope m from 10 to 30

Takum 00pa3oM, Ha OTHOCHUTEIBHYIO BBICOTY I'PEOHSI BOJHBI 1)//ix, TOMUMO OTHOCHTEIBHOW BEITMYHHEI
ha/\a, 3aMETHOE BIUSHUC OKA3bIBACT 3AJI0KCHHE CKIIOHA, C YBEIIMUECHUEM KOTOPOTO BEITMYMHA OTHOIICHUS 1)/
Bo3pacTaeT. Tak Kak BEJIMYMHBI OTHOIIECHUH #/T | 1)/fix TIOJTY4EHBI B CTBOpE IEpe pa3pylUICHUEM BOJIHBI, TO UX
3HAYCHHSI COOTBETCTBYIOT MaKCHMaJbHBIM 3HAYCHHUSM HUCCIEAYEMBIX MapaMEeTPOB MPH (QUKCUPOBAHHBIX A4/Ag
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u m = 10-30. OueBunHO, 4TO ycTraHorieHHoe panee .M. AntyauasM [13; 14] s METKOBOIBS OTINYHE pac-
YEeTHOTO M KCIEPUMEHTAILHOTO Npoduiei TpeOHsT BOJHBI Ha YMEHBINAIOIINXCS TIYyOMHAX JTOJDKHO CKa3aThCs
Y Ha KUHEMAaTHYECKHX XapaKTePHCTHUKAX BOJIHBI, YTO HEOOXOAMMO MPOBEPHUTH B JAbHEHIIEM M COMOCTABUTH
¢ narabpMH [2; 17] o Teopuu CTokca Ipu ONMM3KUX 3HAYCHUAX /q4/\qg.

3akiaroueHue

BrImonHeHHbIe SKCIIEpUMEHTANIBHBIE HCCIIE0BAaHNS TO3BOJIMIIM BBIIBUTH HEKOTOPBIE 3aKOHOMEPHOCTH TO-
cTpoeHwus MpodUIIs BOJTHBI HA MEIKOBOABE U M3MEHEHHN KHHEMATHIECKAX XapaKTePUCTHK BOJTHOBOTO MTOTOKA.

CorocTaBIeHHE ONBITHBIX JaHHBIX ¢ pacdeTHBIMU GopMmyitamMu Teopun Ctokca (3-¢ mpuOImKeHHEe) MoKa-
3aJ10, 4TO NPO(UIb BOIHBI M TOPU3OHTANIBHAS COCTABIISIIOIIAS OPOUTATBHON CKOPOCTH P MPOXOXKAESHHH Ipeld-
HS1 BOJIHBI yIOBJIIETBOPUTENIBHO COTIACYIOTCS TP OTHOCHUTENBHBIX TiyOnHax H/A: > 0,07.

B pesynbpTaTe MOAETBHBIX HCCIECAOBAHUI BBIICHEHO, YTO AJI YCIOBHU MEJIKOBOJIbS HA OTHOCUTEIIBHYIO
BBICOTY I'peOHsI BOJHBI, BO3/IEHCTBYIOIIE HAa HEYKPEIUICHHBIM IUISKHBIM OTKOC MPUYPE30BOM 30HBI Oepera KpyT-
HOTO BOJHOT'O 00BEKTa, HanOoyee 3aMeTHOE BIIHMSHUE OKa3blBaeT 3aJ0KEHHE OTKOCA, C YBEIUYCHUEM KOTOPOTO
ot 10 mo 30 BenmmunHA KPyTH3HBI BOJHEI 1)//ix MOKET Bo3pacTy B 1,2 pasa.
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