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Strength Model for Concrete in Near-Reinforcement Region

Vladimir I. Kolchunov'?", Natalia V. Fedorova'”, Tatiana A. Iliushchenko®"” ™
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Abstract. The relevant problem of concrete strength in the near-reinforcement zone is solved as a problem of volumetric
stress-strain state with the “closure” of output integral parameters of this zone on the framework of the whole reinforced
concrete element, synthesizing hypotheses and dependencies of various disciplines of solid mechanics, including fracture
mechanics. The model of reinforced concrete element takes into account V1.I. Kolchunov’s effect of reinforced concrete,
which describes the mechanism of formation and development of transverse and longitudinal cracks. In this respect,
generalized hypotheses of linear and shear strains for warping and gradients of relative mutual displacements of reinforcement
and concrete are adopted. New functionals of reinforced concrete are constructed, which are consistent with the physical
interpretations of the strength of cross-sections of bar elements in near-reinforcement zones. Constitutive equations for
the concrete matrix, which models zones between transverse cracks, are written. The displacement components for the near-
reinforcement zone in relation to the crack opening width at the “concrete-reinforcement” contact interface in transverse,
longitudinal and radial cracks, respectively, are found. The use of the adopted assumptions and a multi-level calculation
approach for the near-reinforcement region brings the model significantly closer to a real evaluation of the physical
phenomena.

Keywords: volumetric stress state, near-reinforcement zone, displacement, cylindrical coordinates, effect of reinforced
concrete, linear and shear strains, generalized hypothesis
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INoctynuia B pepakuuto: 12 urons 2024 r.
[Mpunsita k my6aukauuu: 1 okTsiopst 2024 .

AnHoTanus. PemeHa akTyanpHas 3a1ada COMPOTHBICHUS OKOJIOApMaTyPHOI 30HBI OETOHA Kak 3ajada 0OBEMHOTO Hampsi-
KEHHO-Ae(POPMUPOBAHHOTO COCTOSHHUSA C «3aMBIKAHHEM» BBIXOJHBIX HHTETPANBHBIX ITAPAMETPOB 3TOH 30HBI HA CTEpXKHE-
BYIO CXEMY BCETro )KeJIe300€TOHHOTO 3JIEMEHTa, CHHTE3UPYIOLIYIO B ce0e IMIOTe3bl M 3aBUCHMOCTH MEXaHHUKH Keye300e-
TOHA W MEXaHWUKH pa3pylIeHHs. B pacdeTHO Momenu keine300eTOHHOTO 3JeMeHTa yuTeH d(P(eKT xeme300eToHa mpod.
Bn.M1. KomayHOBa ONMUCHIBAIOMINN MEXaHHW3M OOpa30BaHMA M Pa3BUTHS MOMEPEYHBIX W MPONOIBHBIX TpemuH. [Ipu 3Tom
ITPUHATBL 06061116HH])IG TUITOTE3bI JIMHEMHBIX U YTJI0BBIX z[eq)opMaunﬁ JJIs1 z[ennaﬂauni/i U TpaAuCHTOB OTHOCUTECIIbHBIX B3a-
MMHBIX CMEUIeHUH apMaTypbl 1 6eToHa. [locTpoeHbl HOBbIE (PYHKIMOHAIIBI JKeNIe300eTOHa, KOTOPHIE COTIACYIOTCS C (QHU3H-
YECKUMH TIPEICTABICHUSIME O COIIPOTUBICHUH MOMEPEYHBIX CEUCHUI CTEPKHEBBIX JIEMEHTOB B OKOJIOAPMATYPHBIX 30HaX.
3anucanbl pu3nUecKre ypaBHEHHUs Ui OETOHHOM MaTPHIIbl, MOJESIHUPYIOLIEH 30HBI MEXK/y MMONEPEYHBIMHU TPEIIMHAMHU.
Haiinens! cocTaistoniye nepeMenieHnii Uil OKOJI0OapMaTypHOH 00JacTH MPUMEHHUTENBHO K IMIMPUHE PACKPBITUS TPELUINH
Ha TPaHUIC KOHTAKTa «OETOH—apMaTypa» B MONEPEYHBIX, IPOIOIBHBIX U paJHabHBIX TPEIIMHAX COOTBETCTBEHHO. Mcmomb-
30BaHHME MPHUHATHIX MPEANOCHUIOK M MHOTOYPOBHEBOW PAaCUETHON CXEMBI AJI OKOJOAapMaTypHOH 00iacTé 3aMETHO HpH-
OJIMIKACT PACUETHYIO MOJIENb K PEabHOM OLIEHKE (DU3HUUCCKHUX SBICHHIMA.

KaroueBbie c10Ba: 00beMHOE HAIPSHKCHHOE COCTOSHHE, OKOJI0APMATypHasl 30Ha, IIEpEeMEIIeHUE, IIIITUHAPUICCKIE KOOp-
JHATHI, 3P QEKT Kee300eToHa, JIUHEWHbIE U YTIIOBbIe HedopMaliini, 0000IeHHas THITIOTe3a

3agBaenne 0 KOHGINKTE HHTEPECOB. ABTOPHI 3asBIISIFOT 00 OTCYTCTBUHM KOH(JIMKTA HHTEPECOB.

Bxanan aBTopoB. Konuynos Ba.ll. — Hay4HOE PyKOBOJCTBO; KOHILEMNLHUS HCCIEI0OBAHUS; Pa3BUTHE METONOJIOTUH; HAlKCAa-
HHE MCXOIHOTO TEKCTa; UTOTOBBIE BBIBOABL. Pedoposa H.B. — yuacTue B pa3paboTKe MaTepHaia; J0paboTKa TEKCTa; UTO-
TOBBIE BBIBOABL Mnvioujenko T.A. — ydactue B pa3paboTke MaTepuaina, o0paboTKa U pelaKTHPOBaHHE MaTepHala.

Jost umrupoBanusi: Konuynos Bil., @edoposa H.B., Unviowenro T.A. PacueTHast MOJiesTb COIPOTHBIICHUS XKeIe300eToHa
B OKoJI0apMatypHoit obmactu // CTpouTenpHas MeXaHHKa HHXEHEPHBIX KOHCTPYKIHHA U coopyxenmid. 2024. T. 20. Ne 5.
C. 391-403. http://doi.org/10.22363/1815-5235-2024-20-5-391-403

Konuynoe Bnaoumup Heanoguu, anen-xoppecnonnenT PAACH, 10OKTop TeXHUUECKUX HayK, Ipodeccop Kadeapbl HHIKEeHEPHOU rpa UKy U KOMIBIOTEp-
HOro MojenupoBanus, HalroHaneHbIi uccinenoBarenbckuii MOCKOBCKHI rocyjapcTBeHHbIH cTpoutenbHbiid ynusepcurer (HUY MI'CY), Mocksa, Poc-
CcHsl; TIaBHBIH HayYHBIH COTpYAHUK, HayuHo-HccenoBaTebCKuil HHCTHTYT CTPOUTENBHON (u3nku, Poccuiickas akaieMust apXUTEKTYPBI M CTPOUTEIBHBIX
Hayk, Mocksa, Poccust; eLIBRARY SPIN-koxa: 3990-0345, ORCID: 0000-0001-5075-1134; e-mail: vlik52@mail.ru

Deooposa Hamanusa Bumanvesna, coetHuk PAACH, OKTOp TeXHHYECKHX HayK, mpodeccop, 3aBeayromui kadeapoii mpoMBIIIIIEHHOTO U TPaXKaaH-
CKOI'0 CTPOMTENbCTBA, HallOHAIBHBIH HCCIIeA0BaTeIbCKUA MOCKOBCKHIA ToCyIapcTBEHHBIN cTpouTelbHblil yHuBepcuter (HUY MI'CY), Mocksa, Poc-
cust; eLIBRARY SPIN-kox: 3365-8320, ORCID: 0000-0002-5392-9150; e-mail: fedorovanv@mfmgsu.ru

Hnvrowenko Tamvana Anekcanopoéna, KaHaAuAT TEXHUYECKUX HAYK, CTapIINii penoaaBartelb Kadeapbl MPOMBILIIEHHOTO U IPaKAaHCKOTO CTPOUTEIIb-
ctBa, Kypckuit rocynapcrsennsiii yauepcureT (KI'Y), Kypck, Pocensi; eLIBRARY SPIN-kox: 6913-5863, ORCID: 0000-0001-6885-588X; e-mail:
tatkhalina93@yandex.ru

392 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES


https://orcid.org/0000-0001-6885-588X
https://orcid.org/0000-0002-5392-9150
https://orcid.org/0000-0001-5075-1134

KonuyHos Bn.W., ®edoposa H.B., MnbloweHko T.A. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHuit. 2024. T. 20. Ne 5. C. 391-403

1. Introduction

Mechanics of reinforced concrete is fundamental for ensuring mechanical safety of buildings and
structures in the conditions of new challenges of man-made, natural and terrorist nature. One of the key and
extremely controversial problems of the modern theory of reinforced concrete is the problem of crack
opening. For solving this problem, in the last two or three decades, considerable amount of information on the
mechanics of deformation and cracking in reinforced concrete has been accumulated worldwide [1-9],
including such regulatory documents introduced into the design practice as ACI Committee 318-14,
EN 1992-1-2: 2004, SP 5.03.01-2020, SP 63.13330.2018", etc. A lot of models, associated with a large
number of theoretical and experimental investigations, have been developed over this period, among which
the studies of Russian [10-14] and foreign [15-21] scientists can be mentioned. In the last two decades, in
the framework of such concept and on a common methodological basis, studies on this problem are conducted
also under VL.I. Kolchunov’s supervision [22—27]. In this regard, this paper discusses modelling of the bond
between reinforcement and concrete, taking into account physical nonlinearity and the presence of
transverse cracks, and using a two-level approach: at the first level, the entire reinforced concrete element is
analyzed as a bar, while at the second level, the volumetric stress-strain state of the near-reinforcement zone
is considered using a number of parameters obtained from the first-level model.

2. Methodology

Combined action of concrete and reinforcement in a reinforced concrete element is ensured by the
near-reinforcement zone. This is a local zone of concrete directly adjacent to the lateral surface of the
reinforcing bar and ending (according to the Saint-Venant principle) at some radial distance #b (Figire 1).
Therefore, the problem will be solved using cylindrical coordinates. The positive directions of these
coordinates are given in Figure 1.

Adhesion zone

Diagram of section I-I between cracks e and
section II-II in the stress diagram;

sections I *~I* between cracks in the average
relative deformation diagram;

o(z)

1 — physical neutral axis of reinforced concrete,

=]

0.5 frc 0.5frc

2 — average neutral axis of reinforced concrete

Figure 1. Regarding the analysis of experimental and numerical studies
in solving the problem of determining the stress-strain state of the near-reinforcement zone:
a — characteristic sections; b — in the zone of adhesion of concrete to reinforcement
S o urce: made by VLI. Kolchunov

'See: ACI Committee 318-14. Building Code Requirements for Structural Concrete and Commentary. Farmington Hills, Mich:
American Concrete Institute, 2014; 519 p.; EN 1992-1-2: 2004. Eurocode 2: Design of concrete structures — Part 1-1: General rules
and rules for buildings, 2004. 225 p. SP 5.03.01-2020. Concrete and Reinforced Concrete Structures. Minsk; 2020. 236 p.; (In Russ.)
SP 63.13330.2018. Concrete and Reinforced Concrete Structures. General Provisions. Moscow: Minstroy; 2018.152 p. (In Russ.)
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Theoretical solution to the problem under consideration was preceded by a number of experimental
and numerical studies [10-27]. As a result of the experimental studies (using continuous chains of strain
gauges for measuring deformations), a qualitative picture of concrete strain along the Z-axis has been
obtained (Figure 1).

The results of such studies allowed not only to find the qualitative nature of the strain distribution
in concrete, reinforcement and their mutual displacements in the near-reinforcement zone along the Z-axis,
but also to obtain a theoretical solution for determining a number of strength parameters of a reinforced
concrete bar element, taking into account physical nonlinearity and the presence of transverse cracks.

Thus, the first aspect of the following solution of the volumetric stress-strain state in the near
reinforcement zone is that a multilevel analysis approach is used here: at the first level, the entire reinforced
concrete element is analysed as a bar; at the second level, the volumetric stress-strain state of the near
reinforcement zone is considered using a number of parameters obtained from the first level model. In turn,
the output integral parameters of the second-level model influence the parameters of the first-level model
at the next iteration stage. Such an approach is possible, for example, when using parameter s, traditional
for reinforced concrete, which allows to update the average value of the parameters of the first-level model
without changing the model.

The second important aspect of the proposed solution is that after the formation of cracks (both
transverse and longitudinal), fracture mechanics hypotheses are involved in the analysis.

3. Results and Discussion

The solution will be derived taking into account the physical nonlinearity and particular nature of
concrete, being different resistance to tension and compression. Relationship diagrams Gsi— €si, W(A) — €bi,
oun—  are used in the analysis.

The projection of the 65— € diagram onto axes t-— 7y, allows to establish the relationship between
shear stresses and shear strains or, when local shearing is introduced, between the relative mutual
displacements of reinforcement and concrete g,. It is important to emphasize that, since the stresses in the
concrete of the near-reinforcement zone adjacent to the crack are compressive in the cross-section of
a reinforced concrete element (see Figure 1), the shear stresses are determined by the upper branch of the
strain diagram. This will have a significant effect on the maximum value of shear stresses. Thus, the zones
of maximum shear bond stresses are concentrated in proximity to transverse cracks. Therefore, on one hand,
the greater the number of transverse cracks crossing the reinforcing bar, the better the bond between the
reinforcing bar and concrete in the near-reinforcement zones (before yielding of the reinforcement or formation
of radial cracks). On the other hand, as the load increases, the adhesion of concrete and reinforcement in the
region between cracks (at zi= 0,5/urc) first increases, and then, due to the specificity of deformation of the
concrete matrix (Figures 1, 2), begins to decrease.

Firstly, this is associated with the fact that in these regions, the stresses in the concrete of the near-
reinforcement zone are tensile in the cross-section of the reinforced concrete element. This affects both the
current value of the shear stress and its possible maximum.

Secondly, as transverse cracks appear, the area and magnitude of tensile stresses between cracks
decrease. In view of the above, special attention is required for the highlighted sections (see Figures 1, 2)
located at distances z = ¢ and z = z;. An additional assumption concerning the near-reinforcement zones
adjacent to sections I-I and II-II, where it is necessary to determine the stress-strain state of concrete, is
taken. The strain diagrams of concrete in tension in section I-I and concrete in compression in the near-
reinforcement zone in section [I-II are assumed to be linear. This assumption is consistent with the ideas
about the resistance of cross-sections of bar elements and is confirmed by numerous experiments. Stresses
on and o’» (see Figure 1) in a reinforced concrete bar element are determined from the conditions of
equilibrium of moments in sections I-I and II-II with respect to the point of application of the compressed
concrete resultant force. The values of strain ex(z) in sections I-I and II-II are determined taking into
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account the strain incompatibility of concrete and reinforcement. They are denoted as &1 and & n respectively.
Using the 6»— €»i diagram for section I-1, stress 61(r) is found. Given that the strains and stresses along
the z-axis are considered, the diagrams are projected onto this axis. Since it is known that the curvilinear
segments of the diagram are described by a square parabola and the coordinates of the end points of these
parabolas (€z1 and Ox, €11 and O») are specified, then the angle between the considered axes is needed only
to determine the initial modulus of the G- — €5,- diagram:

E,.=0E,, (1)

where ¢ is the coefficient accounting for combined stress state and the presence of shear stresses along

axis z%.

In this case, the value of the shear bond stress and normal stress G» is determined at a load of 0.2
of the cracking moment Mcr.. After substituting the expression for determining the strain in section I-I into
the expression for determining the stress in the same section, the following equation is obtained:

2

r r
GZ,I(V):klsilD2 l-— +(pEbgz,ID l-—, ()
tl tl
o, —0oF ¢
where klzw; D=—g_ +ag; t;=h—x —a.
821 ’

0.5 ferc

a C

Figure 2. Diagram of the stress state:
a — in the near-reinforcement zone, b, c — deformation of the concrete matrix in sections I-I and II-II respectively:
1, 2 — stress-strain state before and after crack formation, respectively;
3, 4 — direction of microcracks and macrocracks, respectively; 5 — deformation of concrete
S o ur c e: made by VLI. Kolchunov

2 Veryuzhsky Yu.V., Kolchunov V.I. Methods of reinforced concrete mechanics: textbook. Kyiv: NAU Book Publ;
2005. (In Russ.)
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The fundamental equations for the near-reinforcement zone, with respect to the case when only
transverse cracks are present and longitudinal and radial cracks have not been developed yet, are now
considered.

Taking into account that the problem is axisymmetric, the values of and T, are equal to zero

earw
and the equations of equilibrium in cylindrical coordinates take the form
Jr. do. 1
—E s 7 (), (3)
or 0z r
dc, dt_ G, —0O
e () 4)

or oz r

The Couchy geometrical relations will also simplify, as displacement components v and strains Yo, Ye:
are also equal to zero due to symmetry. The rest of the strain components have the form

Ju u ow ou ow
€, =—; §=—; € =

T T TR TR ®

The constitutive equations for the concrete matrix, which is modelled as an elastoplastic isotropic body
between the transverse cracks, are expressed as

1
e, —M[Gr ~n(2)(o. +0,) J; (6)
V.= ()

where E(A), {(A) and W(A) are respectively the elastoplastic deformation moduli and the Poisson’s ratio for
concrete.

It should be emphasized that for expression (2) in the second parentheses, the differentiation with
respect to z is first performed and then it is evaluated at z = z1.

Then for the near-reinforcement zone between transverse cracks, equation (3), considering expression
(2), will have the form

2
ar—”+AuD2 1-2 ] 44, D[1-2 |+ = =0, 8)
or t L) r

The following notation can be introduced:

(%eﬁ +2ki€. &J
oz oz

oe.

= A ; E
LI (Pbaz

z=12]

=4y t,=hy—x, —a..

z=z]
The solution to differential equation (8) is adopted in the form of a product of two functions of 7:

T, =u(r)v(r). 9)
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The following is obtained after differentiation of both sides of equality (9) and their substitution into
equation (8):

2
ov v Ju ) r r
P VN -y p?l1-L| -4, Dl1-1 . 10
u(ar-i_rj-l_uar M [ tlj Aﬂ( tJ (10)

Function v is selected such that the expression in the parentheses of the left-hand side of equation (10)
is equal to zero. Then, the following is obtain after separation of variables in this equation:

ov  or

w__or (an

LY r

and after integration: v=7r".

By substituting the determined value of D(r) into equation (10) and performing algebraic
transformations and integration, the following is obtained:

2.2 2.3 2 4 2 3
u(r)=4, D +2Dr —D’; +4,, Db +Dr +C,. (12)
2 3 4 2 3

After substitution of v(r) and u (r) into equation (9):

G
T, =r A+ A, A, +7'. (13)
Here
A4 2D* A4,.D D? D
A== 4, =——+ 2 A =4 | - |+ 4, | -=| 14
3,1 4t12 4,1 3t1 3tl AS,I 1,1 2 2,1 2 ( )

Integration constant C is determined from the condition that 7,- = T.1 at 7 =a., Here, 7.1 is the shear

stress in section I-I, which is known from the analysis of a reinforced concrete bar element assuming strain
incompatibility of concrete and reinforcement’.
Then

2 2 2 2
C =4 “_*[Dza*_D Da j AZI( _)[Da* Da*J—a;‘As,l—ajA“—afAﬂ. (15)

" (a.-1) t 3¢ 3

In the near-reinforcement zone adjacent to the transverse crack (section II-II), equation (13) will have
a similar form. In this case

de
; OE, —
s PLy 9%

=4

z=zy

-4, (16)

ok, ot j
oz "oz

(—8 +k,2¢.

z=zy

Parameters Asn—A4sn and C: differ in the fact that in relationships (14) and (15) # needs to be
substituted instead of #1.

3 Veryuzhsky Yu.V., Kolchunov V.I. Methods of reinforced concrete mechanics: textbook. Kyiv: NAU Book Publ.;
2005. (In Russ.)
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Then, having stress components T:- calculated, the second differential equilibrium equation (4) can be
considered. It is easier to solve the problem in terms of stresses. From the equation for determining the
strains in section I-1 it follows that

1
w(x)

Substituting expressions (17) and (13) into equation (4) results in a differential equation, which after
algebraic transformations will take the following form:

d 1 2
%ﬂﬁBl+rsz+rBlo+;BH+%=Bn. (18)

(0.-¢.E(\))-o,. (17)

Gez

Here the values of parameters B,—B, are determined according to the work of Y.V. Veryuzhsky,

V.I. Kolchunov’.
The solution of differential equation (18) is also adopted in the form of a product of two functions,
which after a number of similar transformations is reduced to the following expression:

_r'B,_r’B, B, B, 1B, C,

c, = e S 19
' 4 5 4 2 37 (19
Integration constant Cz is determined from the condition that 6, = 0 at 7 = b.:
6 5 4 3 2
* * * B * *
szbBl+sz+b IO_bBIZ_i_bB“' (20)

6 5 4 3 2

Here, parameter b+ is determined from the condition that at » = b. local stresses 1,- in the zone

adjacent to the reinforcement practically decay, i.e. their values approach zero. Then it follows from
equation (13) that

C
blA, +blA, +b.As, +b—1 =0. 1)

Relationship (21) can be used to determine parameter b.. Taking into account that the rate of change
of this function is quite substantial, even small changes of b. lead to significant changes of stress .
Numerical studies show that at b. = 3...4a, the values of 1. can be considered as approaching zero.
Moreover, at b. > 4a, the outer radius of the near-reinforcement zone can be considered infinitely large

(with an error of less than 6%). In this case, the solution is no longer related to the shape of the outer
contour. Thus, formulas (13), (17), (19) characterize the stress distribution for the near-reinforcement zone
with any shape of the outer contour of the cross-section of a reinforced concrete element.

Knowing stress components o:, 6r, Go, Tz, the strain components are determined using formulas (6),
(7). Then, the displacement components are found from the Cauchy relationship (5):

u=[edr+f(z); (22)

w=le.dz+ £, (r); (23)
o _ou o

TG0y ez o 29

Here ¢, € are determined according to equation (6), and t- is determined according to equation (13).
Substituting the values of o., oo and o, from relationships (2), (17) and (19) into equation (6) and
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performing algebraic transformations taking into account (22) and (23), the values of displacements u, w are
obtained. After substituting the latter and the stresses from equation (19) into equation (24), considering the
integration of the equations, the following is obtained:

u=D+Cz+Cs; (25)
r r6 rS r4
w=D|1-—|([e. dz)|z—z,1+n, —+1n, —+1m, —+
[ tlj( 21 Z)|Z Z, 1T, 6 N s s 4
4
(r—a) r P 1+p(2)
+n,———+nN.—+n,—-2C,———=Inr-C,r+C,. 26
Ny 4 Ns 3 Ns B 1 E()\,) 4 6 ( )

Here, the values of n,—n,, C,—C,, D,, E,, H, are determined according to the work of Y.V. Veryuzhsky,
V.I. Kolchunov*.

In case of the near-reinforcement zone adjacent to the transverse crack (section II-II), equations
(13)—(26) will have similar form. In this respect, equation (16) is used, and values €-1u, A1,11, #, Tz 11, €11 are
substituted in these equations instead of €1, 414, t1, Tz 1, €41 respectively.

In all of the above formulas, deformation modulus E(A) and coefficient ((A) are determined from the
o»i—€ni and W diagrams. The strains are determined by the formula

\/5 \/ 2 2 2 3,
€, =—————=4/l€,—¢,) —(&,—¢€,) +(e,—€.) +=7... 27
bi 2|:1+H(}\,):| ( z r) ( 7 ) ( ) 2y ( )
Stress o is determined as a function of concrete strain €. Then
E(0)=20 (28)
Ep;
A more complex relationship is used for (L(A):
e at € < Earcc, the value of W(A) is equal to 0.2;
e at Ecre.c < €pi < Ecre, the value of W(A) is calculated according to formula
€, —€
n(r)=0,2+0,32—xc (29)
gcrc,v - 8crc,c
e at €cer < € < & the value of W(A) is equal to 0.5;
e at & < & < & the value of (L) is calculated according to formula
8bi — Sv
n(r)=0,5-(0,5—p, ) —2—>. (30)
Sbu - 8v

Here, concrete parameters €x, € are taken according to the tables, parameters €y, Us» are determined
according to diagrams Gsi— €.

Considering that the analytical solution for the near-reinforcement zone has been obtained, projecting
the o» — €»: diagram onto any axes, for example, onto the 6:— ¢€; axes, does not cause difficulties.

* Veryuzhsky Yu.V., Kolchunov V.I. Methods of reinforced concrete mechanics: textbook. Kyiv: NAU Book Publ;
2005. (In Russ.)
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Longitudinal cracks (Figure 3, a) cancel the adhesion resistance at Au < ®., where o, is determined from
the relationships of fracture mechanics. The longitudinal crack opening width is calculated by the formula

a,..,=Mu=u—u, (31)

cre,c

where u» and us are the radial displacements of concrete and reinforcement respectively at 7 =a.
In this case, it is possible to take into account the aspects associated with continuity violation at the

concrete — reinforcement interface through the boundary conditions.

IT | T IT
/\/\——-\/\/\'w/\

Transverse cracks

Longitudinal crack
Ay
Ns NS

Radial crat%

FLoF | 0Ske-2f | 05ae2F |+ |t be
IT | I IT b
a b

Figure 3. Analysis of longitudinal cracks:
a — in the vicinity of section I-I; b — fracture pattern as a result of radial cracks in the vicinity of sections II-1I

S o ur c e: made by VLI. Kolchunov

Longitudinal cracks along the contact surface of concrete and reinforcement are the most important in
the sense of ensuring adhesion of these materials. Displacement u» is determined by formula (25) at » =a.

Displacement us is determined by formula

u, = asmdr. (32)
Here
o, (z2)
€. = - . 33
rs “’s E ( )

More precise values of €:s and us can be obtained by using the aspects of the proposed solution for the
near-reinforcement zone with respect to the reinforcing bar. However, numerical analysis shows that the
influence of stress components G, and Ggs on the value of & is less than 3%. Therefore, it is logical to
neglect this influence when solving the problem under consideration in order to simplify the calculations.

Then from (5), the following is obtained after integration:

_ p’sGsi (Z)
T E (34)

The integration constant is determined by satisfying the condition that #, =0 at » =0. Then C=0.

The value of u_is calculated at » =a according to formula (34).
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Longitudinal cracks appear, generally, in the near-reinforcement zones between transverse cracks due
to the difference in radial displacements of concrete and reinforcement at the point of their contact (see
Fig. 3, a). The longitudinal crack profile is close to a triangle with its maximum opening between the
transverse cracks (section I-I) and zero opening at a distance of 2¢* from the transverse cracks. In this case,
it is assumed that there is no adhesion between concrete and reinforcement in the region of the main
longitudinal crack at Au = ®,. However, if the stiffness and strength of the structure is ensured by the bond

between concrete and reinforcement in other regions adjacent to transverse cracks (where Au < ®, ), then,

taking into account that the presence of longitudinal cracks at the reinforcement surface does not damage
the concrete cover, the operation of the structure can be continued.

The proposed analysis approach allows not only to detect transverse cracks, but also longitudinal and
radial cracks. Considering that the loading scheme from G¢ does not cause crack retardation at their apex,
the emergence of radial cracks effectively cancels adhesion resistance in this zone, i.e. results in its failure

at a_., 2,. The cover layer is destroyed, the reinforcement is bare, so further operation of the structure

erer
should be prohibited, even if its resistance due to other regions is not exhausted and it meets the criteria set
by the standards for strength and stiffness. Failure from radial cracks (Figure 3, b) is characteristic for the
near-reinforcement zones adjacent to the transverse crack. Here (depending on the design features), fracture
by concrete crushing at the near-reinforcement zone is also possible. In this case, the value of & is
calculated by formula (27), where the strain components are calculated at z =z and r=a.

Note that the proposed solution in terms of stresses has an advantage over a similar solution in terms of
displacements. The latter, even within the adopted assumptions, leads to a non-homogeneous second-order
differential equation with a large number of particular solutions, which clearly complicates the calculation.
An attempt to abandon the use of a multi-level calculation approach complicates the solution to the problem
of the volumetric stress-strain state in the zone under consideration so much that it becomes analytically
indeterminable. As a result, the solution is possible only by variational methods. Comparing the considered
approach with variational methods of solution, which allow to obtain an approximate solution of differential
equations with sufficient accuracy for engineering calculations, it can be noted that the proposed solution
is first of all simpler. Nevertheless, with respect to the considered problem for reinforced concrete bar
elements, this solution is on par in accuracy with the variational methods, when a sufficiently large number
of independent functions and terms of the corresponding series are specified in the latter. At the same time,
even with such a refined approach, the known methods do not allow to take into account the aspects of
continuity violation of the concrete matrix when cracks emerge in it. Hypotheses and methods of fracture
mechanics have not yet been properly applied here. The same can be said for the consideration of the strain
incompatibility of concrete and reinforcement.

Thus, the differentiated approach to the analysis of the near-reinforcement zone allows to introduce
more reasonable criteria for the operation of reinforced concrete structures taking into account not only
transverse, but also longitudinal and radial cracks. With that, considering the specific aspects of concrete
strength in the near-reinforcement zone (including the strain incompatibility of concrete and reinforcement)
brings the analysis substantially closer to the real assessment of the physical phenomena occurring here.
At the same time, the proposed methodology preserves the relative simplicity of the calculation and its
physical essence, and, consequently, its engineering observability.

4. Conclusion

1. The relevant problem of concrete strength in the near-reinforcement zone has been solved as a problem
of the volumetric stress-strain state with “closure” of the output integral parameters of this zone on the
framework of the whole reinforced concrete element. In spite of the complexity of such a problem, taking
into account the strain compatibility of concrete and reinforcement and the violation of concrete continuity,
the solution of the differential equations written in this case is obtained in a closed analytical form.

AHANUTVYECKME W YNCTEHHBIE METO[IbI PACYETA KOHCTPYKLIA 401



Kolchunov VI.1., Fedorova N.V., lliushchenko T.A. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(5):391-403

2. An important aspect of the proposed solution of the problem is the hypotheses of fracture mechanics
and the deformation effect of reinforced concrete established by VLI. Kolchunov, as well as the consideration
of both transverse and longitudinal cracks. At the same time, generalized longitudinal and shear strain hypo-
theses for cross-section warping, jumps from relative mutual displacements of reinforcement and concrete
&g, are developed.

3. Physical equations are written for the concrete matrix modeled as an elastoplastic isotropic body
between transverse cracks. The solution is obtained considering the physical aspect of concrete, being its
different resistance to tension and compression.

4. The developed differentiated approach to the strength analysis of the near-reinforcement region
allows, with respect to the reinforcing bar and concrete matrix, to introduce more reasonable criteria for
the operation of reinforced concrete structures, taking into account not only transverse, but also longitudinal

and radial cracks. Here, stresses ¢, do not cause crack retardation at their apex, and the emergence of

radial cracks effectively cancels the cohesion resistance in this zone and leads to its fracture at a_ ., 2 ®,. The

Ccre,r
cover layer is destroyed, the reinforcement is bare, so further operation of the structure should be
prohibited, even if its resistance due to other regions is not exhausted and it meets the criteria set by the
standards for strength, stiffness and crack resistance for the characteristic failure due to radial cracks.

5. Comparing the proposed method with the variational methods of solution, which allow to obtain
only an approximate solution of differential equations, when there is a sufficiently large number of
independent functions and terms of the corresponding series, the proposed solution using a multilevel
calculation approach does not complicate the volumetric stress-strain state in the considered zone. In such
a differentiated approach, hypotheses and methods of fracture mechanics allow to introduce more reasonable
criteria for the operation of reinforced concrete structures taking into account not only transverse, but also
longitudinal and radial cracks. With that, considering the noted aspects of concrete resistance in the near-
reinforcement zone brings the analysis significantly closer to the real assessment of the physical phenomena
occurring here. At the same time, the proposed methodology retains the relative simplicity of calculation
and engineering observability.
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Abstract. The study focuses on developing an algorithm for calculating statically indeterminate trusses using the force
method. The main challenge in algorithmizing the force method lies in obtaining the solution to the homogeneous equilibrium
equations, which is complicated by the ambiguity in selecting the primary system. The idea behind the presented algorithm is
based on using the transposed compatibility matrix of the structure as the general solution to the homogeneous equilibrium
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AJITOPUTM METOJA CHJI B PacyeTax CTAaTHYECKHU HeolpeaeauMbIX Gepm
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AuHoTtauusi. Pabotas mocBsiiieHa OCTPOCHHUIO aJIropUTMa pacu€ra CTaTUUECKH HEOINPENeIUMbIX ()epM METOJOM CHIL
OCHOBHO# TPYIHOCTBIO B aJITOPUTMH3ALNN METOJa CHJI SBJIACTCS MOCTPOCHHE OOIEro PelieHHs OTHOPOIHBIX YPaBHEHUH
paBHOBECHS, YTO OOBICHSIETCSI HEOJHO3HAYHOCTBIO BHIOOpa OCHOBHOW CHCTEMBI. Mjes m3naraeMoro ajiroputMa OCHOBaHa
Ha MCIIOJIb30BaHUN TPAHCIIOHUPOBAHHON MaTPHUIBI COBMECTHOCTH Ae(OPMALNN KOHCTPYKIIH B KQUECTBE OOIIET0 PEeIICHHS
OTHOPOIHBIX YpaBHEHUI paBHOBECHS Y3JI0B KOHCTPYKHWHU. [locTpoeHHAs cHCTeMa pa3pellaloniinX YpaBHEHHH ITO3BOIISET
OTKa3aThbCsa OT Bbl60pa JIMITHUX HCU3BCCTHBIX, CTOHGGH HEHU3BCCTHBIX (l)OpMI/lpyeTCH aBToMaTnyecku. M3noxen METO/ II0-
Jy4eHHs ypaBHEHHH COBMECTHOCTH Ae(OpMalfii S4eeK CTATUYECKH HEONpeNeIMMbIX (epM C MOMOIIBI0 PACCMOTPEHHS
M3MEHEeHHS TUIOMAIN KOHTYPOB sSYelkd. MaTpuila COBMECTHOCTH Ae(opMaIiii CHCTEMBI COCTABISETCA U3 CTPOK YpaBHE-
HUI COBMECTHOCTH JaedopMaluii He3aBHCUMBIX CTATHYCCKH HEONpEeNeTNMEIX stueek (pepmbl. [lonydeHsl ypaBHEHUS COB-
MECTHOCTH JAedopMaIiii TpeyroabHON U MPSAMOYTONBHON s9eek (hepM, M3I0KEH METOJ TIOCTPOCHUS YPaBHEHUI COBMECT-
HOCTH AedopMariii isi BHEITHE CTaTHIECKH HeonpenenuMbIx GepM. C UCTI0Np30BaHIEM H3II0KEHHOTO aJITOPUTMA IpHBe-
JIeHA MaTpHUIa MOJATIMBOCTH KOHCTPYKIMH (PEpMBI C MapalIeIbHBIME MOsICAMHU C KPECTOBOW peméTKoi. M310KeHHBIN
AJITOPUTM CHHMAeT HEOJHO3HAYHOCTh BBIOOpAa OCHOBHOW CHUCTEMBI, CTPYKTypa MATpHUIlbl MOJATIMBOCTH KOHCTPYKIMH
OHO3HAYHO OIpelessieTcss HyMepanueil CTaTHIeCKH HEeONpeAeTUMBIX KOHTYPOB CHUCTEMBI. J[JIs1 MOCTPOCHHUS MaTpHUIIBI
MOIATJINBOCTH KOHCTPYKITUH HET HEOOXOIUMOCTH HCIIOJIb30BAHUS YPABHCHUI PAaBHOBECHS Y3JIOB.

KiroueBbie ciioBa: ¢epma, odOliee pelieHre YpaBHEHHWH paBHOBECHS, YPaBHEHHsS COBMECTHOCTH Ae(OpMalliid, YCIOBHS
HEPa3pbIBHOCTH IUIOLIAIH, METO]] CHJI, MATPHLA ITOJATINBOCTH

3asBienne 0 KOHGUINKTE HHTEPECOB. ABTOPbI 3asBIISIFOT 00 OTCYTCTBUHM KOH(IMKTA HHTEPECOB.
Bxuaaa aBTopoB. HepasnenbHoe COaBTOPCTBO.

Jas uurupoBanus: Lalin V.V., Ibragimov T.R. Algorithm for calculating statically indeterminate trusses using the force
method // CtpoutenpHas MeXxaHUKa HH)KEHEPHBIX KOHCTPYKIMH 1 coopyskeHuit. 2024. T. 20. Ne 5. C. 404—417. http://doi.org/
10.22363/1815-5235-2024-20-5-404-417

1. Introduction

The duality of the displacement method and the force method in structural mechanics is well known,
and the application of the methods for “manual” analysis structures is approximately equally labor-intensive.
There are certain classes of problems where one or another method may be convenient, for example, in terms
of the number of unknowns, but the methods can be considered to be on the same footing.

However, the equality of the methods is lost when CAE packages are used to analyze structures. The
absolute majority of commercial software packages are based on the displacement method. The advantage
of the displacement method is the relative simplicity of its algorithmization, the matrix of governing equations
is unambiguously determined by the numbering of the structure nodes. At the same time, the stiffness
matrix has a band structure, is sparsely populated and, generally, is well-conditioned.

In contrast, the matrix of the governing equations of the force method can be formed in a non-unique
way. From the point of view of classical structural mechanics, this is explained by the non-uniqueness of the
choice of the primary system.
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In turn, the force method is important in optimization problems and exhibits efficiency in comparison
with the displacement method [1-3], nonlinear analysis of structures [4—6], analysis of prestressed
structures [7], and design of adaptive structures [8].

The known ways of algorithmization of the force method can be divided into three main groups:
algebraic, topological and mixed.

Algebraic methods are generally reduced to particular operations on the matrix of nodal equilibrium
equations. One of the first attempts to construct an algorithm for selecting redundant unknowns was the use
of the Gauss-Jordan method [9; 10]. Subsequently, LU decomposition methods [11-13], singular value
decomposition [14; 15] were proposed, as well as one of the methods for constructing the general solution
presented in [16]. The mixed algebraic-topological methods are discussed in papers [17-20].

The main disadvantage of the algebraic methods is the necessity of preliminary application of complex
operations on the matrix of equilibrium equations of the structure to form the matrix of governing equations
of the force method. This disadvantage prevents from constructing an efficient algorithm in terms of the
number of computational operations.

Topological methods are based on the use of the geometric properties of the structure, such as periodicity
and cyclicity. The methods proposed in [21-23] can be referred to topological methods. One of the varieties
of such methods is discussed in studies [24—26] devoted to the use of the fundamental basis of cycles of
a graph, which is equivalent for the considered structure. Algorithms that exploit the cyclic nature of the
structure have been proposed [27; 28]. The issue with the methods based on periodicity or cyclicity of the
structure is that they cannot be applied to problems with arbitrary geometry. The use of graph operations has
the same disadvantage as the algebraic methods.

The widely used integrated force method, first proposed in [29], can be highlighted. Currently, the
integrated force method has been generalized to plane and spatial problems of elasticity theory and nonlinear
problems [30-32]. The key idea of the method is to solve the joint system of equilibrium equations of the
structure and strain compatibility equations. However, the structure of the obtained matrix and the number
of unknowns do not indicate efficiency of the method in comparison with the displacement method.

Thus, no algorithm for the force method comparable in complexity to the displacement method has
been constructed so far.

This paper presents a method for the analysis of statically indeterminate trusses. The key idea is to use
the transposed strain compatibility matrix as the matrix of general solution of the homogeneous equilibrium
equations.

2. Method
2.1. Problem Statement of Force Method Algorithmization

The equations of structural mechanics of trusses can be written in the form of the following system of
equations:

A"N=P, (1a)
AU=g=¢"+¢°, (1b)
g = AN, (1c)

where A’ is the specified nodal equilibrium matrix; []T is the matrix transpose operation; N is the

column of axial forces in the truss members; P is the column of specified nodal loads; U is the column of
nodal displacements; € is the column of axial strains of the members; €° is the column of specified initial

e

strains of the members; e° is the column of elastic strains of the members; A=diag(l;/E4;) is the
flexibility coefficient matrix of the members of the system; /; is the length of the i-th member; E4; is the

axial stiffness of the i-th member.
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Equation (1a) represents the equilibrium equations of the system nodes, (1b) represents the geometric
equations relating displacements and deformations, and (1c) represents the constitutive equations relating
forces and deformations.

It is known that the general solution of a non-homogeneous system of equations is the sum of some
particular solution of this system and the general solution of the corresponding homogeneous system of
equations.

In statically indeterminate systems, the rank of matrix 4" is equal to the number of its rows and is
obviously less than the number of unknowns, and therefore, the system of the homogeneous equilibrium
equations has a nontrivial solution. The construction of the general solution is the main difficulty in the
algorithmization of the force method.

Suppose that the fundamental system of solutions of the homogeneous system is constructed. The columns
of the fundamental system are taken as the rows of some matrix B . By definition of the fundamental
system:

A"B" =0. )
Therefore, for an arbitrary column F the following is valid:
A"B"F=0. )

Thus, B'F is the general solution of the system of the homogenous equilibrium equations.
Considering an arbitrary particular solution N,, and (1a):

N=B"F+N,. “4)

By transposing (2), one obtains:

BA=0. (5)

Multiplying (1b) by B yields:

BAU = Be=B(e’ +¢°), (6)
and taking into account (5), the following is valid for any column U :

B(so+e‘?)=0. (7)

By substituting (3) into (1c), one obtains:

e°=AB"F+AN,,. (8)

Substituting (8) into (7) yields the governing system of equations of the force method:

BAB"F +Be” +BAN, =0. ©)

Similar to the method of displacements, BAB” is the flexibility matrix of the structure. The solution of

the problem is now reduced to the solution of system (9), the forces in the structural elements are
recalculated according to (4).
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Expression (7) has the physical meaning of the strain compatibility equations. From the algebraic point
of view, the transpose of compatibility matrix B produces the desired general solution of the homogeneous
equilibrium equations. This is the essence of the proposed method, as it will be shown later, the strain
compatibility equations can be constructed without using the nodal equilibrium matrix.

The physical meaning of the unknown column F in system (9) remains unknown. There is no need to
choose the primary system and “extra” unknowns, the vector of unknowns is formed “automatically”.

2.2. Construction of Strain Compatibility Equations

The idea behind the proposed method of constructing the strain compatibility equations is the
relationship between the strain of particular members constituting a loop and the change in area of this loop.
For illustration, a truss cell, which is statically indeterminate to the first degree, is shown in Figure 1, a.
Here, the members are numbered, arrows indicate their orientation, and letters i,k,m,s denote the nodes of
the structure. It should be noted that the numbering and orientation of the members do not affect the final
result.

The cell under consideration consists of three independent loops 1, 2, 3 denoted in Figure 1, . These
three loops together constitute the fourth one, shown in Figure 1, c.

a b c

Figure. 1. Truss diagram:
a — numbering of members and nodes; b — loops No. 1, 2, 3; ¢ — loop No. 4
Source:madeby V.V. Lalin, T.R. Ibragimov

The following relationship is valid for the areas of the considered loops:
S,=8,+85,+85;, (10)

where §; is the area of the j-th loop.
After deformation of the structure due to external loads, the areas of the loops will change, but for the
new values of the areas the same identity will be true due to the continuity of the structure:

S, =8, +8, +8;. (11)
By denoting the change in area of the j-th loop as AS; = S} — S, the following relationship is obtained:
AS, = AS, + AS, +AS,. (12)

Expression (12) has the meaning of the continuity condition of the loop area. If expressed through the
member strains, equation (12) will be the desired equation of strain compatibility of the considered truss cell.
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3. Results and Discussion

3.1. Strain Compatibility Equation of 6-member and 4-node Cell

Before obtaining the strain compatibility equations of the truss cell in Figure 1, an arbitrary member in
x,y plane and nodes i and k is considered. The member is oriented by unit vector " :[tx,ty]. Unit

T

vector n' = [nx,ny] , Which is normal to vector ¢, is introduced such that vectors ¢,n,z constitute a right-

hand vector system, similar to coordinate system x, y, z.

The nodal displacements of the member are written as U/ = [UI.X,U l.y], Ul = [U o U ky] Axial strains
of the member can now be expressed as:

e=t" (U, -U,). (13)

The following notation is introduced:

w=n" (U, -U,). (14)

Thus, ® represents the relative displacement along the normal to the axis of the member, that is, the
relative displacement of the nodes corresponding to the rotation of the member as a rigid body.

The following expression follows from equations (13), (14), which relates the member strains and the
displacements of its nodes:

U, -U, =¢t+on. (15)

A convenient tool for evaluating the change in area is the outer product operation [33]. The outer

T T :
product of two vectors a = [ax, ay] , b= [bx,by] lying in the x,y plane can be written as:

o (16)

y y

a/\bzdet[a,b]z

a

where det[... ] is the matrix determinant.
The main properties of the outer product [33]:

anb=-bna,

an(Ab)=A(aAb)=(ha)rb, LeR,

an(b+c)=anb+anc, (17)
anb=0al|lb, ab#0.

The outer product is the oriented area of the parallelogram
constructed with the multiplied vectors, that is, it is equal to the
area of the parallelogram with a positive or negative sign
depending on whether the axis triples x,y,z and a,b,z coincide
in orientation or not.

Now loop 4 is examined to determine its change in area.
Unit vectors for each member (Figure 2) are introduced.

Let r,n.,r, be the position vectors of the nodes of loop

Figure. 2. Loop No. 4 i,k,m having an arbitrary origin. By using outer product, the

S ource: made by V.V. Lalin, T.R. Ibragimov change in area may be written as:
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2AS, :54_S"‘ :(rk—r,)/\(r —n)—(rk +U, —r.—Ul-)/\(rm +U,, —rl-—Ul-). (18)

1 m 1 1

By expanding the brackets and grouping the terms, the following is obtained:
20S, =U; AU +U, AU, +U,, AU +(U,, ~U ) A1 + (U, =U;) A1, +(U; =U,, ) AT (19)

It should be noted that the second group of terms consists of the products of the difference between the
displacements of the nodes and the position vector of the opposite node. The strains of each of the three
members of the loops are expressed according to (15):

Uy -U; =gt + oymy;
U, —Up =&t +yny; (20)

Thus, expression (19) will include the products of the member strains (and their rotation as a rigid
body) and the position vectors of the opposite nodes. According to the properties of the outer product,
the rotation component can be eliminated by requiring the position vector and vector n normal to the
member to be parallel. For any triangular loop this is possible if the orthocenter of the triangle (point O in
Figure 2) is taken as the origin of the position vector. By rewriting (19), leaving the non-zero terms, one
obtains:

2AS, =U, AU, +U, AU, +U, AU, +&it; Ar¥" w1, Ar¥" + ety Ar™, 1)

where the upper index ikm denotes that the origin of the position vector is the orthocenter of triangle ikm .
Similarly, the changes in area of loops 1, 2, 3 are determined:

2AS, =U, AU, +U, AU, +U, AU, +e,t; Ar —g b, nrt™ +ests nr™; (22a)
2AS, =U, AU, +U, AU, +U, AU, +¢,4t, /\rssmk —€5ts /\r,‘;mk — €4l A rksmk ; (22b)
208, =U, AU, +U, AU, +U; AU, +&5t4 /\rssmi + &4ty /\r,f;mi + €4l A}’,-‘Ym". (22¢)

Substituting now (21)—(22) into (12), it can be seen that the quadratic displacement terms are
identically eliminated. The obtained expression will be the strain compatibility equation for a statically
indeterminate to the first degree truss cell:

§hH A rn’;]”” +E,0, A r,.ikm +&045 A r,fkm =

_ ski ski ski
=g AT, —E AT HESI AT+

23
+e,t, AT —ests AT gt AT+ 23)
ety AP ety AT et AT
Expression (23) is valid for any nondegenerate cell consisting of 6 members connected in a similar

way to the considered case. Thus, for the cell shown in Figure 3, the outer product for the terms of the

second loop will be obtained with a negative sign and expression (12) will be reduced to the following
form:

ASikm + ASkxm = ASiks + ASism . (24)
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m Y
N
3 6 2
N
4 5
i - Koy
k ! 7
a
Figure 3. Topologically similar statically indeterminate cell Figure 4. Equilateral triangle truss panel
Source: made by V.V. Lalin, T.R. Ibragimov Source: made by V.V. Lalin, T.R. Ibragimov

Strain compatibility matrix B can now be constructed from the rows of the strain compatibility equations

for each statically indeterminate elementary cell. Thus, structure flexibility matrix L =BAB’ is uniquely
determined by the numbering of statically indeterminate loops of the system. At the same time, it is not

necessary to use matrix A’ of nodal equilibrium equations to construct the structure flexibility matrix.

The algorithm of analysis using the force method comes down to the construction of strain compatibility
equations for independent statically indeterminate cells in order to form the strain compatibility matrix of
the system, construct of the structure flexibility matrix and solve the governing system.

Figure 4 demonstrates a structure in the form of an equilateral triangle with base a and node s in the
center of mass of triangle ikm . Construction of the strain compatibility equations for this system is presented

below.
Unit vectors ¢, for the members are expressed as:

tzl,t:l_l,t:—ll,
‘ M ’ 2{6} ’ iﬁ}
IR ER I | BN I

The position vectors originating from the orthocenter and pointing to the nodes of loop 4:

I/}ikm :—al 1 , r/jkm =al -1 , r’;km =a 0 )
2|\3/3 2(\3/3 373

As a result of calculating the outer products, the following is obtained:
E AT, —Siet AT =€ ii-:t AT —Si

1°1 m 1\/§522 i 2\/5333 k 3\/§'
Thus, the left-hand side of expression (12):

a
— (&, +¢&, +&).

V3

Similar procedure is applied to loops 1, 2, 3 to obtain:

1
loop ks : a(e1 +&5——=¢ |,
NE
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1
loop kms : a[85+86——82 ,
3
loop ism : a(e +€ ! € j
: 4 6_T 3
3

By substituting the obtained expressions into (23), expanding the brackets and grouping the terms, the
strain compatibility equation is derived:

a|:81+82+83—\/§(E4+85+86):|=0. (25)

Figure 5. Rectangular truss panel
Source: made by V.V. Lalin,
T.R. Ibragimov

3.2. Cross Brace Truss

As mentioned earlier, expression (23) is suitable for any cell
with 6 members, however, there is an important degenerate case for
which equation (23) is not acceptable.

Consider the design shown in Figure 5. The requirement of
taking the orthocenter of the triangle as the origin of the position
vector makes the terms accounting for the strains of members 5 and 6
equal to zero, since the orthocenter of a right triangle is at the apex of
aright angle.

The strain compatibility equation can be obtained from the
following equality for the areas:

AS, +AS,,,, =AS,, +AS,,, +AS, . +AS

wsm

(26)

iom*

In this case, the following equalities must be used:

1

vu,-U,=U0,-U, ZE(U'" -Uy);

U[ _Uo :Uo _US :%(Ui_US)'

27

For the orientation of the members shown in Figure 5, the following unit vectors are used:

SESHESH

t_O t_l—a t_la
A I Y L O O R A

where ¢ =+a* +b°.

For the loop constructed with vertices i,k,s the orthocenter is point & , therefore

raH

and to the nearest quadratic terms:

412

ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



Ianun B.B., M6pazumog T.P. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHuit. 2024. T. 20. Ne 5. C. 404417

2AS; =&t AV HER AT, =Eya+ED.
Similarly, for loop ism :
2AS,,,, =€4a+€5b.

For the loop with vertices i, k, o:

bz—az 0 a 1 a 1
r,= S h=—— == ;
2b 1 2lalb 21—alb

1 1 a-c
2AS,, =gt AT, +§£5t5 A +586t6 AF, :_213 (85 +£6)—£1

2 2
b*—a

2b

Similarly, the change in area of the loop with vertices m,o,s,

b —d*

2b

a-c
2ASmos =E(85 +86)_83

For the loop with vertices i, 0, m:

b —al1 blb/a b|-b/a
r,= , === s by == ;
2a 0 21 1 2 1

1 1 .
2 2 2a

a’—b?
2a

wom

Similarly, for loop kos:

2 2
2AS/{09 22(85 +86)_82 - b .
- 2a 2a

After substitution into condition (26), the following strain compatibility equation is obtained after
simplifications:

a(e, +&)+b(e, +e,)—Va® +b° (g5 +g¢)=0. (28)

In the particular case of a square cell (a =5), the equation becomes:
a[el+82+83+84—\/§(85+86)]=0. (29)

A similar expression is given in [34], where it was obtained by analyzing the matrix of nodal
equilibrium equations of the structure.

Using the obtained expression (29), the formation of the structure flexibility matrix of the example
truss presented in Figure 6 is discussed below. The truss consists of # square cells, the axial stiffness of each
member is EA4. The members are numbered according to the scheme shown in Figure 6. The total number

of members in the truss is 1+ 5n, the total number of nodes is 2(n + 1) .

The diagonal matrix of the member flexibility coefficients:
A =édiag[l,l,l,l,ﬁ,ﬁ,l,...,1,\/5,\/5].
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3 8 A+4

\ .y
s| 1 4 9 k /f+5\

2 7 k+3

Figure 6. Rectangular truss
Source: made by V.V. Lalin, T.R. Ibragimov

The strain compatibility matrix of the system, according to (29), will have the following form (only the
first three rows are shown):

1111 =2 =2 0
B=al0 001 0 0 1 1 1 =2 =2 0
01 0 0 1 1 1 =2 =20

By multiplying out BABT, the following tridiagonal flexibility matrix of the system is obtained:

_4(1+ﬁ) 1
&3 1 4(1+J§) 1
EA

1 4(1+2)

(30)

Thus, the obtained flexibility matrix has the size of nxn. The displacement method stiffness matrix, in
turn, will have the dimension of 4(n+1).

3.3. Externally Statically Indeterminate Trusses

In this section, the problem of composing the strain compatibility equations for externally statically
indeterminate trusses is considered. These are trusses, the support reactions of which cannot be determined
from the equilibrium equations.

Figure 7, a shows a statically indeterminate to the first degree cell with two independent loops 1 and 2,
and the third loop denoted in Figure 7, b.

An obvious equality is true for the areas of the loops:

AS; = AS, +AS,. @31

In the case of no additional support, the cell would be statically determinate and the quadratic
displacement terms in equation (31) would not reduce.

The presence of supports leads to some constraints on the displacements of the nodes, as a result of
which the quadratic terms are reduced and the equality can be expressed through the member strains.
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m
a b

Figure 7. Externally statically indeterminate truss:
a— loops No. 1, 2; b — loop No. 3
Source: made by V.V. Lalin, T.R. Ibragimov

The changes in area of the loops taking into account that U, -U, =U, -U,+U, -U, :
2AS, =U, AU, +U, AU, +U, AU, +

+(U, U, ) A" + (U, U Ar™ +(U, U, ) Ar™; (32a)
2AS, =U; AU, +U, AU, +U, AU, +

+(U, =U, ) A" +(U,, —U ) A" +(U; =U, ) AT, (32b)
2AS, =U, AU, +U, AU, +U, AU, +

+(U, =U A" + (U, —U ) A +(U,, U, ) ar™. (32¢)

For the given cell, the displacements of nodes s, k are parallel, hence by the properties of the outer
product:

U, AU, =0. 33)

In turn, the displacement of node i is zero and the remaining non-zero terms are:

2A8,=U, AU, +(Uk —Um)/\r[mik +(Um —U,-)/\rk""k +(US —Uk)/\r,:lmk; (34a)
2A8, =U,, AU, +(U, =U, YA (U, U ) ArE" + (U, U ) AT (34b)
2AS, =U, AU, +U AU, +(U, U ) A" +(U,, ~U ) A +(U,, =U, ) Ar™. (34c)

As seen from expressions (34), the quadratic terms are identically eliminated when substituted into
expression (31). The remaining ones, written in terms of member strains in accordance with (15), represent
the strain compatibility equation for the considered externally statically indeterminate truss.

By taking, for example, the lengths of members 1, 2, 3 equal to a, and correspondingly the lengths of
members 4, 5 equal to ~/2a , it is possible to obtain the following strain compatibility equation using (31):

a[el+ez+2£3—\/§(e4+e5)]:0. (35)
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4. Conclusion

1. The main problem in the algorithmization of the force method is finding the general solution to the
homogeneous equilibrium equations of the structure 4" N = 0. The method of obtaining the strain compatibility
equations completes the construction of the algorithm for solving the problems of statically indeterminate
trusses using the force method.

2. The proposed formulation of the force method allows to not have to select the “primary system” and
the unknowns of the force method. The proposed method automatically “selects” the vector of unknowns F.
The numbering of statically indeterminate loops unambiguously determines the structure of the flexibility
matrix of the system.

3. The advantage of the proposed method is that the equilibrium equations of the structure are not required.
There is no need to store in the computer memory and use the matrix of nodal equilibrium equations of the

structure A4'.
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Abstract. Bridge structures are often subjected to extreme conditions such as rough weather, earthquakes, impacts from
traffic accidents, and even blasts. Such extreme loads can cause damage to the anchorage zones as a result of high stress
concentration and can lead to cable loss. Such extreme loads can cause dam-age to the anchorage zones as a result of a high-
stress concentration and can lead to cable loss. One of the main targets of this study is to develop an analytical method that
increases our understanding of the behavior of long-span cable-supported bridges in the case of the failure of one or several
cables,through this method, a formula can be deduced to calculate dynamic amplification factor (DAF) more accurately,
which could be useful for academic research. In this study, a parallel-load bearing system is considered as a conceptual
model of long-span cable-supported bridges. The objective is to investigate the structural robustness of long-span cable-
supported bridges in a cable-loss scenario. The conceptual model consists of a beam suspended from cables (tension
elements). A simplified model is intentionally selected to make the analytical approach easier. If examining the simplified
model shows a certain phenomenon, a similar phenomenon in more sophisticated models can also be expected. The study
considers multiple cable failures and employs an analytical approach, developing an approximation function for stress
magnification factor in cable break scenarios, using least squares method. The proposed approximation function is accurate
and less than 5% error-free in all tested systems, except for minor B values, and increasing B reduces stress magnifica-tion
factor. The parameter 3 influences the calculation of the cable load. For systems with high B values, smaller design loads are
necessary, allowing long-span cable-stayed bridges to be segmented into zones with varying B values. This approach enables
the determination of minimum design loads for each zone, ultimately reducing cable design costs in cases of cable loss.

Keywords: bridge structures, progressive collapse, cable-stayed bridges, load conditions, analytical method, cable-loss
scenario
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Pa3pa60TKa AHAJIHUTHYIECCKOIo MeToaa AJd BAHTOBbLIX MOCTOB C YY€TOM
JIOKAJBbHbBIX HOBpG)KIlGHHﬁ, BbI3BAHHBIX Oﬁp]:.IBOM HEeCyHIuX TPoCoB
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AHHoOTanms. MOCTOBBIE COOPYKEHHS YacTO MOABEPraroTCs BO3ICHCTBHIO SKCTPEMABHBIX YCIOBHHM, TAaKHX KaK HEMOroJa,
3eMJICTPSICEHUS], I0POKHO-TPAHCIIOPTHBIC MPOUCIIECTBHSA, & TAKXKE B3PBIBBI. DKCTPEMAaJbHbIC HATPY3KH MOTYT MPHBE-
CTH K MOBPEXKICHHUIO 30H KPEIUICHHS B pe3yIbTaTe BEICOKON KOHIEHTPALMU HAIPSHKCHNUH M MOTYT NPHUBECTH K HOBPEXkKIIe-
HUIO CTaJbHBIX TPOocoB. OCHOBHAs L€JIb HCCICIOBaHUSI — Pa3pa00OTKa aHAIUTHYECKOTO METO/a, PACIIUPSIOIETrO MOHMMa-
HHUE TIOBEICHHUS MOCTOB C JAJMHHBIMH MPOJIETAMH Ha BAHTOBBIX OMOPAxX B ClIydae OTKa3a OJHOIO WJIM HECKOJBKHX BaHT.
C IOMOIIBIO 3TOTO METO/Ia MOKHO BBIBECTH (popMyITy st 0ojiee TOYHOro pacyera Kod(pPHUIUESHTa TUHAMHUUECKOTO YCHIIe-
Hud. CrucTeMa ¢ mapaulelIbHOW Harpy3KH paccMOTpeHa KaK KOHLENTyalbHas MOJETb JJIMHHONPOJIETHBIX MOCTOB HA BaHTO-
BBIX omnopax. Takxe HccleJoBaHa HAJCKHOCTh KOHCTPYKIHHA MOCTOB C JUIMHHBIMU MPOJICTAMH, OMUPAOIIUXCS Ha BAHTBI,
B clly4yae 1norepu BaHTOB. KoHlenTyanbHas MOJENIb COCTOMT M3 Oaliky, TO/IBEIICHHOW Ha Tpocax (HATSIKHBIX JJIEMEHTAX).
BriGpana Mozens, ynpomniaromas aHaIuTuaeckuii nogxon. Eciu u3ydeHne ynpoueHHoOH MOJIeNH OKa3bIBaeT BO3MOXKHOCTh
OKUJATh aHAJIOTUYHOTO SBJICHUS B 0OJEe CIIOKHBIX MOJENAX. PaccMOTpeHbI MHOXECTBEHHBIC OTKJIIOHEHHS Kabels.
Vcnonb30BaH aHAIMTHYECKUH TMOAXOJ B pa3pabOTKe (YHKIMHU armpoOKCUMbI s KOO(Q(UIIMEHTOB yBETHUCHUS HAIIPsIKe-
HHS IIpU OOpBIBE KaOews ¢ UCIOJIb30BaHMEM METO/a HauMEHbBLIETro KBajpara. [IpeioixeHHas anmpokcUMupyromas QyHk-
U SBISIETCS TOYHO M 6e30mMO09HOI MeHee 4eM Ha 5 % BO BCEX NMPOTECTHPOBAHHBIX CUCTEMAaX, 33 HCKIIOYCHUEM He3Ha-
YHUTEJIBbHBIX 3HaYCHHH [, a yBenmmueHue 3 yMeHbInaeT Ko3hGHIUEeHT yCuIeHus HanpspkeHus. [lapaMmeTpsl B BIHSAIOT Ha pac-
48T Harpy3kd Ha KaOenb. CHCTEMbI BBICOKMX 3HaYeHUH [3 TpeOYIOT MEHBLINX MPOEKTHBIX HArpy30K, KOTOPbIE IMO3BOJISIOT
CErMEHTHPOBATh BaHTOBBIH MOCT ¢ OOJBLIMM MPOJIETOM HA 30HBI Pa3NIMYHBIX 3HaueHWil . Takoi MoAXox AaeT BOZMOXK-
HOCTb ONPEJCIUTh MUHUMAIBHYIO MPOCKTHYIO HArPY3Ky Ha KaXKAYH0 30HY, YTO B PE3YJIBTATE CHIIKACT 3aTPaThl HA MOHTAXK
KabeJs npu rnorepe Kabenei.

KiroueBble c10Ba: MOCTOBBIE KOHCTPYKIHH, IIPOTpECCUpYIOIIee 0O0pYIIEHHE, BAHTOBBIE MOCTHI, YCJIOBUSI HATPYy3KH, aHa-
JIUTUYECKUH METO/I, ClieHapuii 0OpbIBa Kabess

3agBaenne 0 KOHGINKTE HHTEPECOB. ABTOPBI 3asBIISIOT 00 OTCYTCTBUU KOH(IMKTA HHTEPECOB.
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BaHUs, cOOp, aHaNM3 1 00paboTKa HaHHBIX. Epmowun H.A. — KOHIENINSA U HAYYHOE PYKOBOJICTBO
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1. Introduction

Long spans characterize cable-stayed bridges. They are widely used due to their aesthetic typology and
economic efficiency. As a result of constant improvements in design and construction technology over the
past decades, the number of cable-stayed bridges and the length of their spans have increased rapidly. For
example, the Russian Bridge is the longest cable-stayed bridge with a main span of 1.104 meters. At the
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same time, it should be noted that cable-stayed bridges are not highly resistant to destructive factors. This is
because the cable-stayed bridge framework has more load-bearing structural elements. Failure of each
of them due to the impact of dangerous natural processes (landslides, flooding, avalanches, seismicity,
abrasion, cryogenic processes, etc.), as well as the lack of proper maintenance, can cause failure of the
bridge. As a result of extreme external loads, progressive collapse may occur, caused by the loss of operability
of one or more load-bearing structural elements. The progressive collapse in this context is described as an
initial local failure that propagates from element to element until the entire structure or a disproportionately
large part collapses [1]. The issue of progressive failure of cable-supported bridges has been studied in
some works recently [2—12], the facts and circumstances leading to structural failure have been examined
(see Table 1).

Table 1

A detailed analysis references

Sources

Studied

The results

Applied three earthquake accelerations to the structure and simulated
the failure of two critical cables simultaneously

The study indicates that the conditions experienced during the
Tabas and Loma Prieta earthquakes could result in progressive
collapse, whereas the structure was able to endure the removal of
two cables during the Bam earthquake. To prevent such destruction,
six base isolations were incorporated beneath the structure. Analyses
demonstrate that this strategy can reduce the axial force amplitude
below its ultimate strength, thus preventing progressive collapse

Studied the modeling and analysis of a typical cable-stayed bridge
through two important analytical procedures, i.e., nonlinear static
and nonlinear dynamic. Furthermore, the response of the structural
model is discussed for multiple types of cable loss cases

The study identifies two distinct progressive collapse patterns for
nonlinear static and dynamic procedures, particularly in the context
of dynamic analysis incorporating a dynamic unloading function.
Findings reveal that the likelihood of failure progression in the
cable-stayed model diminishes when the failed cables are situated
closer to the pylon

Describe a methodology for performing probabilistic progressive
collapse analyses and calibrating incremental analysis criteria for
highway bridges accounting for the uncertainties in the applied
loads and the load-carrying capacities of the members as well as
the system

In the future, such criteria can be used to propose progressive
collapse analysis guidelines for bridges that are compatible with the
principles of Load and Resistance Factor Design (LRFD) methods

Discussed the cause of the failure of the Hongqi Bridge and better
understood it based on numerical results

The model was used to simulate the bridge collapse caused by
demolition, and the domino-type progressive collapse of the bridge
was captured. Possible mitigation methods for such progressive
collapses of multi-span bridges were proposed

Studied the development of a practical method for the optimization
of cable distance in cable-supported bridges using the robustness
index

The results showed that the optimum cable distance fundamentally
depends on the assumed number of failed cables. As the cable
distance decreases, the construction cost decreases. This cost reduction
continues until the cable distance becomes shorter than 5 or 10 m
corresponding to each case

Proposed an empirical equation that allows for the computation of
the dynamic amplification factor (DAF) from the maximum norm
stress in the static linear elastic analysis of the damaged model
with a member removal

A total of 30 illustrative cases for two typical steel truss bridges are
investigated to obtain the data points for the empirical equation.
The proposed empirical equation is the enveloped line offset from
the best-fit line for the data points in illustrative cases

The failure due to the loss of a cable

Can be prevented by designing the bridge for the loss of cable loads
and presenting the corresponding nonlinear dynamic analyses.
This procedure should be complemented by protecting the cables
from vehicle collisions and malicious action

Presented a study of the structural answer of cable-stayed bridges
when the sudden loss of one of their stays takes place. The analysis
has been accomplished through two different methods: utilizing a
dynamic analysis and carrying out a procedure, included in the P.T.I.
(2000) and S.E.T.R.A. (2001) recommendations

The different results of bending moments in deck and pylons and
tension force in stays obtained by these two methods are compared
and analyzed

[10; 11]

Studied the dynamic response of cable-stayed bridges to the sudden
loss of a stay. Its objectives are to quantify the relative importance
of the accidental ultimate limit state of failure of a stay in the
design of the bridge and to determine the safety level provided
by the simplified procedure of using static analysis with a D.A.F.
of 2.0

A static analysis with a D.A.F. equal to 2.0 can be considered as
a safe method for evaluating the stress on the stays not only because
of the sign of the error but also because of its small magnitude

[12]

Review the facts and circumstances leading up to the failure so that
readers will better appreciate the problems that arose from the
complex interactions between design, specifications, construction,
and quality control

Good engineering design and execution often goes unnoticed;
mistakes can result in dire consequences, and the Hyatt skyway
collapse is an excellent example of the consequences of a “simple
mistake”
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Accordingly, the Post-Tensioning Institute (in united states) PTI (2007) guideline recommends to
thoroughly investigate the implications of different cable loss scenarios by equivalent static analyses in
conjunction with DAF. The typical DAF value for building and bridge structures adopted by existing
standards and guidelines is DAF = 2.0, however, for cable-stayed bridges with high degrees of redundancy,
applying a constant DAF = 2.0 in conjunction with equivalent static analysis has been questioned. The
analysis of the sudden loss of cables in cable-stayed and suspension bridges is very important and has
caught the attention of researchers in recent years [13]. Research related with the response of long-span
cable-supported bridges to cable failure is infrequent, this study as aim to build up an analogue way by
which we can have a good perception about the phenomenon behaviour and derive an expression for DAF
more precisely

2. Materials and Methods

2.1. Cable Failure in Mathematical Models of Cable-supported Bridges

Figure 1 shows the conceptual model, which consists
of a continuous beam suspended from tension elements |’
(cables). I ||||
The parallel load system is a conceptual model nlll”"l | |||| ||II|
for cable-supported, long-span bridges. The aim is to
investigate the structural durability of long-span cable-
supported bridges in a cable loss scenario. The con-
ceptual model consists of a beam suspended from
cables (tension elements). Parallel load-bearing systems
are structural systems with load-bearing members that
are similar in type and function. These systems are
characterized by their ability to configure alternative
load paths. Cable-supported bridges, including sus-
pension and cable-stayed bridges, are good examples
of such a structural system. In suspension and cable-
stayed bridges, the hangers and anchor cables are

j Rigid Sum“ n
EEn —

K| k{ k] k| &k{ K E K |k K |k K K

parallel elements that carry loads, respectively [15]. i Girder
It should be noted that in some cases torsion can ey |

be neglected. For example, in single-cable flat systems d

with box girders or double-cable flat systems with  Figure 1. The system of eight cables and its design features

edge girders, the effect of torsion is negligible. In this Source: made by M. Haberland et al. [14]

study, torsion is neglected. It is worth emphasizing that

although the main idea comes from a suspension bridge, the simplified model can be used for any parallel
load-bearing system, including cable-stayed bridges. It is assumed that all cables have the same axial
stiffness, and the stiffness of the girders is the same in all cross sections. The axial stiffness of the cables
must be determined considering the entire structural system of a real bridge. The target is to find a general
equation for the stress increase ratio of a critical element due to cable failure. Thus, the number of cables
may vary. In the first step, it is assumed that only one cable fails, and then an equation is derived for the
stress increase ratio of the critical cable. In the second stage, the number of failed cables increases. Finally,
an equation is obtained for a system including 2n cables in case of failure of m cables. In the simplified
model, the distance between two adjacent cables is L, the axial stiffness of the cable is K, and the flexural

stiffness of the beam is K, =12EI / I’ . The failing cable is in the center and the whole system is symmetrical.

The load carried by the failing cable is F, and the absorbed load in the critical cable due to cable rupture
is F}, and the corresponding absorbed loads in other cables on either side of the center are F, to F,
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(corresponding to K, toK, ). The calculated forces in the cables, and therefore the calculated bending

moment in the girder, are the increased force in the cable and the increased bending moment due to cable
rupture [16; 17].

2.2. Analytical Approach for Determining Coefficient
of Stress Increase in Critical Cable due to Cable Loss

Considering the system’s symmetry, Figure 1 shows a straight symmetric system that can be solved
using boundary conditions and the overlay principle. To further explain the mathematical method, an eight-
cable system will be used as an example. The elastic properties of the beam are explained as follows:

d*v

M(X)ZEIF,

(D
where EI is the girder flexural stiffness; N m? I is the girder moment of inertia, m*, v is the vertical
displacement, m, and x is the distance of the section from the left end of the beam, m. M(x) is the bending
moment depending on x, arising due to damage to the central cable, N m, which can be determined as
follows:

0<x<L;, M(x)=F,x; ()
L<x<2L; (x)=Fx+F,_ (x—L); (3)
2L<x<3L; M(x)=Fx+F, (x—=L)+F, ,(x-2L); 4)
(n=1)L<x<nL;  M(x)=Fx+F,_(x=L)+F, ,(x=2L)+-+F(x—(n-1)L). (5)

The solution to the Eight-Cable Problem:

2
0<x<L; M(x):F4x:E1d—;. (6)
dx
Integrating Equation 6:
x? dv
JM(x)dx=fF4xdx:F4?+Cl=El—x. (7
Integrating Equation 7:
3
ffM(x)dxszF4xdx=F4%+ Cix+C,=Elv, ®)

where C, and C, are constants of integration and are determined by the boundary conditions of the system.
The boundary conditions are the vertical displacements at the locations of the corresponding cablesv; .
Boundary Condition 1: v,y =—y,.
Boundary Condition 2: v, _, =—y;.

X:

3
Ely, - Ely, - E

¢ = Vi ; ©)

C,=—Ely, . (10)

Repeating this method for the other parts leads to a system of linear equations. The solution to the
resulting system of linear equations gives the value of the axial force in each cable.
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ﬂ+5+a+a=§

6F,’ + F,I’ + 6Ely, —12Ely, + 6Ely, =0 (11)
12F, +6F, ' + F,’ + 6Ely, —12EIy, + 6Ely, = 0

29F,} +20F,’ +11F,’ +3F,[’ + 6Ely, —6Ely, =0

where F is the external force at the cable fault location and F' is the axial force in each cable. Only half of
the system is considered since it is symmetrical. The final set of equations for the eight-cable system is then
developed.

By defining parameter B as the system stiffness coefficient (B = 5713) and substituting the correspond-

. E . .
ing value y, =;‘ the above system of equations can be rewritten as follows:

ﬂ+g+@+a=§
Fy(6+6B)+F (1-12B)+ F, (6B)=0 (12)

F,(12)+ F (6+6B) + F, (1-12B) + F; (6B) =
F,(29)+ F (20)+ F, (11+6B)+ £ (3-6B) =0

In order to find a mathematical pattern in the final system of equations, the analytical method was
applied to evaluate several tiny systems. If such a mathematical model is found, then the final set of
equations for any given large system can be obtained by a simple procedure. In the following analytical
example, many systems with different numbers of cables can be used. The goal is to determine the final set
of equations for each system.

Eight-cable system:

F
BB+t Bt F=—

Fy(6+6B)+F,(1-12B)+ F;(6B)=0
Fy(12)+ F, (6+6) + F, (1-12B) + £ (6B) =0 (13)
Fi(18)+ F,(12)+ F(6+6B)+ F, (1-12B) + £ (6B) =

(38)

F;(38)+F,(29)+ Fy(20)+ F, (11+6B)+ F (3—6B)=0

16-cable system:

E+5+Q+ﬂ+@+&+ﬂ+&:§

Fy (6+6PB)+F; (1-12B)+ F; (6B) =0

Fy(12)+ F, (6-+ 6B) + F, (1-12B) + F; (6B) =

Fy(18)+ F, (12)-+ F, (6+6B)+ F5 (1-12B) + F, (68) =0 (14)
Fy (24)+ F, (18) + Fy (12) + Fy (6 6B) + £, (1-12) + F; (68) =0

Fy(30)+F, (24)+ F, (18)+ F5 (12)+ F, (6 + 6B) + F; (1-12B) + F, (6B) =0

Fy(36)+ F, (30)+ Fy (24)+ F5 (18) + F, (12) + F; (6 + 6B) + F, (1-12B) + F, (6B) =0

Fy(65)+F, (56)+ F, (47)+ F5 (38)+ F, (29)+ F; (20)+ F, (11+ 6B) + F{ (3—-6B) =0
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By comparing the systems of equations obtained for different structural systems, the mathematical
pattern is demonstrated. The equilibrium equation serves as the basis for the final system of equations, the
final equation represents the boundary condition at the location of the cable downtime, and the remaining
equations can be easily derived from the boundary conditions of other intact cables. The following system
of linear equations is created as a general representation of a structural system with an arbitrary number of
cables after the mathematical rule is established in the final system of equations:

F
R e L

F,(6+6B)+E,_ (1-12B)+ F,_, (68)=0
F,(12)+F,  (6+6B)+F,_,(1-12B)+ F,5(6B)=0

(18)+F,_ (12)+F,_, (6+6B)+F, ;(1-12B)+ F,_, (6B) =0 (15)
F,(24)+F,_ (18)+ F,_, (12)+ F,_; (6 + 6B) + F,_, (1-12B) + F,_s (6B) =0

F,(6n=12))+F,_ (6(n—1)—12)+--+ F(6+6B)+ F, (1-12B)+ F; (6B)=0

F,(9n-7)+F, (9(n 1)=7)+-+F,(11+6B)+ F (3-6p) =

It is worth emphasizing that since the system is symmetrical, all the calculations above only consider
half of the system.

Figure 2 shows the critical cable stress magnification factor, also called the relative force magnification,
for different systems.

0.8 -+
0.7 = e == 20-cable system

i e e= = ]16-cable system

uf,_ esme o 10-cable system

§ 05 eeeeee 8-cable system

::a e e« 6-cable system

v 0.4 -

=4

(5]

-

o 0.3

2

=

&‘ 0.2 ’0.—oc—oo_-o—on—.-—
01 “Qlll'o.ilio..ooo...oo.o..-..looo..
0 T ¥ ) )

0 50 100 150 200
B

Figure 2. Stress magnification factor in the main cables for different systems
S ource: made by R.A. Ahmed, N.A. Yermoshin

The stress magnification factor in the main cable decreases as  increases, as shown in Figure 2. Next,
we take the resulting system of linear equations and determine the general solution. On the main cable F/,
the goal is to calculate the stress magnification factor as a function of p.

The system analysis method is used to gradually solve this system of equations. The basic method is
the same as in the previous step. The idea is to identify a mathematical pattern by solving a system of linear
equations for several small systems. If this pattern is found, it can be applied to any system. The stress
magnification factors in the critical cable, which depend on [, were calculated for many systems, and the
results are shown below.
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Eight-cable system:

F _ 173+3540B+6264p° + 216’ (16)
F 232+5976B+18288B +1728p°

10-cable system:

F _ 323+14100B+168021B° +649836p° +399168 3" + 5832
F 433+21237B+294408B% +1407996B° +1472256B* +58320B°

(17)

It is important to note that the stress magnification factor for any cable can be determined taking into
account the methodology used. However, in this case, only the stress magnification factor in the main cable
is significant.

The analytical and numerical results for the 10-cable system are compared using the SAP2000 software
package, confirming the accuracy of the analytical solution. The differences between the two solutions are
minimal due to the geometric simplicity of the model and the use of linear static analysis (Figure 3).
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Figure 3. Comparison of analytical and numerical solutions for a 10-cable system:
a—Pp=183;b—p=183
Source: made by R.A. Ahmed, N.A. Yermoshin

The previous equations (16 and 17) show the general form:

F_d+bB+cB+dB +- (18)
F " +bB+cB+dB +-

The objective is to find a mathematical method to determine the critical coefficient of increase in cable
stress for each specific system.

The relevant parameters (a, b, ¢, and d) are known. It was possible to reduce the total number of
unknown coefficients to four using this method. The value @ indicates the coefficient for the minimum
stress increase in a system with 2z cables, which occurs at f = c and is equal to 1/2n, while the coefficient
for the maximum stress increase is indicated by the parameter b, which occurs at B = 0. From equations 16
and 17, it can be concluded that for any system with 2n > 6, the maximum stress increase is determined at a

ratio % close to 0.75.
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Therefore, the general form of the approximation function will be:

3 1

+4 21 (19)
1+£Bj
C

The line that best fits the collected data is determined using linear regression. LSM, or theleast squares
method, was used in the study. A value is considered an estimate of the unknown parameters (parameters ¢
and d) if it minimizes the sum of squares between the exact and approximate values, in this case, function 7,
according to the LSM technique. Equations 26 and 27, which derive T equal to zero in terms of parameters
c and d, achieve this. The following equations show the calculation process applied to a data set with x-
match points (y; u f;):

H_1
F 2n

b—a

ﬂ:“W; (20)
A=v- =y~ a+1+b;;d : 1)
2 (o) (b—a)’ 2(b-a)(yi—a).

T
a (A?):_@_a)z(z@f o ®)o2(® Ln(gj}__z<b_a><yi_a>(gjd " .
BN CEE ) CHI

a(aAcf) _ (b—a)’(2d BZ”’;—”—‘ + Zj Bjc‘”’“) _2(b-a)(y —aid f)dc‘d_l ; (24)

[1+(E) +2[Ej ] £1+(Ej ]

reya, 2s)
g_gzo; (26)
g_f:o, 27)

where y; and f; are the actual and calculated values of stress magnification factor F for different values of f.

1
The previous equations were solved iteratively. For equation 26, multiple values of the parameter ¢ and
their associated parameter values are determined.
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The values of parameter ¢ are determined by equation 27 using the values of parameter d. A single set
of parameters ¢ and d can only fit both equations according to the systems under consideration. The
calculations of parameters ¢ and d for 10- and 20-cable systems are shown in Figure 4. The function
approximation parameters for the different systems are shown in Table 2 after splitting into a single table.
¢ and d for several systems are shown in Figure 5. When c is one, it means that ¢ is somewhat elevated. This

will be verified in the next section.
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Figure 4. Values of ¢ and d for systems with 10 and 20 cables calculated:

a — the calculation of coefficient d for Cable 20; b — the calculation of coefficient ¢ for Cable 20,
¢ — the calculation of coefficient d for Cable 10; d — the calculation of coefficient ¢ for Cable 10
Source: made by R.A. Ahmed, N.A. Yermoshin

Table 2

AHANUTVYECKME W YNCTEHHBIE METO[IbI PACYETA KOHCTPYKLIA

Calculated parameters of the approximation function — one failed cable
Cable number a b c d
4-cable system 0.250 0.69 0.666 1.000
6-cable system 0.167 0.75 0.700 0.710
8-cable system 0.125 0.75 0.840 0.620
10-cable system 0.100 0.75 0.920 0.580
12-cable system 0.083 0.75 0.948 0.540
14-cable system 0.071 0.75 0.962 0.510
16-cable system 0.063 0.75 0.972 0.490
18-cable system 0.056 0.75 0.980 0.475
20-cable system 0.050 0.75 0.985 0.460

427



Ahmed AR., Qais Q.A.A., Yermoshin N.A. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(5):418-432

0.8 \

0.9

/

7z

»x

"
-
’—s‘(—

——x-_*—-—x

\ e
,'
’

4
o

0.6

Parameter d
/
Parameter ¢

o
~N
S
N

-~
i~
s*-*
= -y

0.4

) 0.6 T Y T
4 6 8 10 12 14 16 18 20 6 8 10 12 14 16

Numeber of cables (2n)

18 20
Numeber of cables (2n)

a b

Figure 5. Parameters ¢ and d for several systems are shown:
a — the coefficient d for a number of cables 2n; b — the coefficient ¢ for a number of cables 2n
S ource: made by R.A. Ahmed, N.A. Yermoshin

The LSM method is used to obtain the equation for parameterd . For large systems, we only consider

systems with more than 12 cables to simplify the equation and improve its accuracy. The following
equation can be used to represent parameter d .

0.65

d =0.35+—11
2n )\’
1+()

2m=12. (28)

5

For large values of n, parameter d is 0.35 according to the above equation. There is no need to repeat
the mathematical calculations used in equations (20)—(27). Figure 6 shows how the values obtained by the
LSM method confirm the correctness of equation 28. It is obvious that the proposed equation has a
maximum error of less than 1% and can accurately describe the value of parameter d.
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Figure 6. Comparison of the calculation of parameter d by two methods
S ource: made by R.A. Ahmed, N.A. Yermoshin

Given the results mentioned earlier, the approximation function could be rewritten for the general
system as follows:
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3_ 1
A_L1,4 dngy(iztion). (29)
F 2n (B)
1+| B
¢
And for larger values ofn :
3
K 4
ISR S 30
F o 1+B ¢0)

where parameter d is to be calculated using equation 28.

Figure 7 shows the exact stress increase factor curves for each system, as well as the curves obtained
from the approximation function. It is evident that the curves of the approximation function accurately
describe the exact values of the stress increase factor. The approximation error is less than 5% even for
small values of f.

It is important to note that the maximum stress increase factor is greater than 0.50 with a value of 0.75.
The ratio of the variance in the model that is explained by the approximation function to the total variance is

called the R-squared parameter ( R?), which is sometimes called the coefficient of determination (Figure 7).
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Figure 7. Exact and approximate stress increase factors in various systems — single failed cable:
a — the stress increase ratios for cable 4; b — the stress increase ratios for cable 6;
¢ — the stress increase ratios for cable 18; d — the stress increase ratios for cable 20
S ource: made by R.A. Ahmed, N.A. Yermoshin
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The accuracy of the fitting function is assessed using the R-squared, a measure of statistical
significance. It indicates how well the regression method will fit the actual data points. For a perfect fit, the
R-squared is equal to one, while for a poor fit, it approaches zero. The R-squared for a data set with a
matched point x (y; and f;) is calculated as follows:

_ 1L
yE=2V (31)
X =1
S =Xy =7, (32)
i=1
SSres :Z(yi_f;‘)z s (33)
i=1
SS
R* =1 34
< (34)

where y;and f; are exact and approximate values, respectively. Table 3 provides a summary of R-squared

calculations for various systems.
Equation (34) is an approximation function for the critical cable stress increase factor after a single
cable failure.

Table 3
R-squared calculations for various systems

Cable number R-squared (R?) 2;1 Vi y SSot S8,
4-cable system 0.999 7.96 0419 | 0546 | 3.47E-
6-cable system 0.994 7.30 0.386 0.76 0.0059
8-cable system 0.989 6.95 0.39 0.817 0.015
10-cable system 0.990 6.83 0.361 0.861 0.013
12-cable system 0.995 6.30 0.35 0.799 0.009
14-cable system 0.996 6.72 0.355 0.908 0.0051
16-cable system 0.998 6.69 0.38 0.921 0.0049
18-cable system 0.998 6.65 0.352 0.929 0.0048
20-cable system 0.998 6.64 0.351 0.936 0.007

3. Results

In cable-stayed bridges, the likelihood of occurrence of progressive collapse triggered by cable loss
scenarios must be thoroughly investigated. The Post-Tensioning Institute (in united states) PTI (2007)
recommends considering the probable cable loss scenarios during the design phase. Static analysis and
application of a DAF of 2 is recommended to determine the effect of loss of cable.

There are two main approaches to preventing progressive collapse. First, ensure a high level of safety
against local failure by using structural or non-structural strategies. Second, prevent failure from spreading
by designing a robust structure that allows local failure. In the case of the failure of one of the parallel load-
bearing elements (cables), the load carried by the failed member must be redistributed to the remaining
structure. In this situation, the member adjacent to the failed member receives most of the redistributed load
and becomes the critical member. If this member cannot tolerate the redistributed load, the collapse will
progress to the subsequent members and, possibly, the entire structure.
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When constructing bridges, the possibility of failure of all cables within a 10m radius should be taken
into account. For example, if the distance between two adjacent cables is 5 < L < 10 m, the failure of both
lines should be taken into account. Therefore, the minimum design load of a cable includes its original load
plus the load redistributed from adjacent failed cables in a cable loss scenario and can be calculated
as follows:

(35)

2
Cable Design Load = F +2 F(O.lOSm +0.645m J .

1+ BO.SS

It can be seen that the design load of the cable depends on B. This means that for systems with larger
B values, smaller design loads are required. Equation 35 shows that the design loads for two systems with
f values of 50 and 500, assuming two cables fail are 1.69F and 1.35F respectively. This shows a difference
of 25%. Long-span cable-stayed bridges can be divided into zones based on B values (small, medium, and
large) for calculating the design loads. Thus, using the proposed method reduces the cable design costs in
the event of cable loss.

4. Conclusion

In modern bridges, the distance between two adjacent cables is much shorter than in old bridges.
Therefore, in the event of car accidents or explosions on new bridges, more than one cable is likely to rupture.
Accordingly, it was proposed to consider the rupture of all cables within 10 meters when designing bridges.

1. Several studies have been conducted to identify DAF in bridges. These studies show that a DAF
equal to two is not safe in all cases. While recent research proves that the proposed DAF is safe for cable
design, it is not safe for the design of pylons, as well as girders with negative moments.

2. A parallel load-bearing system, which is a long-span cable-stayed bridge, is considered and the “stress
magnification factor” of the critical cable in a cable loss scenario is investigated. The design parameters of
the system, such as the beam bending stiffness and the unique axial stiffness of each cable, are taken into
account.

3. Failure of multiple cables is also considered. An analytical approach based on the differential
equations of the system is applied and an approximation function is developed to calculate the stress
magnification factor of the main cable in the event of a cable break. The least squares method is used to
minimize the error of the approximation function.

The proposed approximation function is found to be accurate when compared with accurate values of
the stress magnification factor. The proposed approximation function has an error of less than 5% in all the
systems tested, except for minor values of B (system stiffness factor). Increasing the value of  reduces the
stress magnification factor in the main cable. The parameter  influences the calculation of the cable load.

This means that for systems with large B values, smaller design loads are required. Therefore, in the
case of long-span cable-stayed bridges, the bridge can be divided into different zones corresponding to
different  values. The minimum design load for each zone can then be determined.

As a result, the use of the proposed method can reduce the cable design costs in the event of cable loss.
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Abstract. Shallow shells of double curvature are often used as elements of building structures and are subjected to various
external effects, including dynamic periodic loads. The paper proposes to extend the previously proposed approach to
modeling the process of deformation of thin shells to a class of problems with periodic effects. A mathematical model is
used based on the Timoshenko — Reissner hypotheses, taking into account transverse shears, geometric nonlinearity and
rotational inertia. The calculation algorithm is based on the method of L.V. Kantorovich and the Rosenbrock method for
solving rigid ODE systems. The calculations are performed in Maple. Dynamic responses are obtained for an isotropic
shallow shell of double curvature at different frequency values, and vertical displacement fields are shown at peak values of
the oscillation amplitude.
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1. Beenenue

ToHKOCTEHHBIE O0OJIOUKH, SBISSICH AJIEMEHTAMH PA3IMYHBIX KOHCTPYKIUH, MOTYT OBITh IOJIBEPKEHBI
BO3JICHCTBUIO HArPy30K, 3aBUCALINX OT BPEMEHH, YTO IPUBOAUT K HEOOXOAUMOCTH MCCIEIOBAaHUS UX YCTOM-
YUBOCTHU B 3ajaye nuHaMuKu [1-7] u konebanuit [1; 6; 8—15].

DYHKIIMOHAJ TTOJIHON PHEpruu AedopManuud 000I0YKH MPH JUHAMHYECKOM Harpy>KeHWW BKIIFOYAET
B ce0s KHHETHUYECKYIO U MOTEHIIMAIbHYIO SHEPTUH 000JI0YKH, a TaKke padoTy BHEIIHUX cuil. Maremarude-
CKHe MOoJIeNH 1e(hOpMUPOBaHUS KOHCTPYKIIMI Ha OCHOBE (PYyHKIIMOHAJA YHEPTUU Je(OpMaIlii UCIIOIb30Ba-
ek B padorax [6; 11; 14—19]. HaxoxnenueM nepBoit Bapraluy 3Toro (GyHKIHMOHAIA U IPUPABHUBAaHUEM
ee K HyIIIO0 BBIBOJSTCS YPaBHEHUS IBIOKEHUsS 000709kH (cructema nuddepeHnraibHbIX YPaBHEHHH B acT-
HBIX IPOU3BOJIHBIX IIPH 3a/IaHHBIX KPAeBbIX M HAYAJIBHBIX YCIOBUSX). DTH YPaBHEHHUS MPEJCTABISIOT COO0M
YpaBHEHHUS paBHOBECHsI 000JIO0YKH (3a7a4a CTaTHKH), JONOJHEHHbIE HHEPIUOHHBIMU WwieHaMmu [20]. Takum
00pa3oM, TOYHOCTh MaTeMaTH4ecKoil Mozenu 1eopMHpPOBaHUS OOOJOUYKH HPU JTUHAMUYECKOM Harpyxe-
HUU 3aBUCUT OT TOYHOCTHU TE€X K€ COOTHOIIEHU, KOTOPBIE UCIIONB3YIOTCS B 3aJjadyax cTaTUKU. OCHOBY 3THX
COOTHOUICHHUI COCTABIISAIOT MPUMEHSIEMbIE TUIIOTE3bI TEOPUU 00O0IOUEK.

Ecnu yunTthIBaroTCsl MONEpevHbIe CABUTH, TO TOI/A B BBHIPAKEHUN KUHETUYECKOW SHEpruu Jedopma-
UK 000JIOUKU OyJeT YUUTBHIBaThCS MHEPLHUS BpallleHHs. BinsHue ydyera momnepeyHpIX CBUTOB Ha MPOLECC
JnehopMUpOBaHUs IIACTHH U 000JI0YEK paccMaTpuBaioch B pabotax [21; 22] u ap.

Cpenu paboT, B KOTOPBIX UCCIEIYIOTCS MOJIOrHe 000JI0UYKHU JIBOSKOM KPUBM3HBI, CIIEyeT OTMETUTh
[6; 11; 15; 23-27].

JluHamMuueckoe HarpyeHue MOXeT ObITh pa3HbIX BUJAOB, HAIlpUMeEp, yaapHas Harpyska [5; 28-30],
nuHenHo Bo3pacTatomas [31; 32] unu nepuoanueckoe Bozaericteue [7; 19; 32; 33]. [Iponeccel, BO3HUKAIO-
1€ B OPTOTPOIHOI 000I09eYHOI KOHCTPYKIIUH IIPU TAKUX HAarpy3Kax, M3y4eHbI IIOKa eIlle HeA0CTaTOYHO.
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University of Architecture and Civil Engineering, Saint Petersburg, Russia; eLIBRARY SPIN-code: 9057-9882, ORCID: 0000-0001-9490-7364; e-mail:
sw.semenov@gmail.com
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CoBpeMEHHOE COCTOSIHHE BOIIPOCOB JMHAMHUKU TOHKOCTEHHBIX 000JI0YEK MOXXHO HAWTH B OOIIMPHBIX
0030pHBIX cTaThsx [8; 13; 17; 18; 34-38].

MonenupoBaHue npoliecca MoTepy YCTOMUUBOCTH MIPU ACHCTBUU JUHAMUYECKON HArpy3KH SIBISIETCS
CJIOKHOM 3ajiadeid, MOCKOJIbKY B TaKOM CIy4ae CHCTeMa OOBIKHOBEHHBIX AH(depeHnnanbHbIX ypaBHEHUI
CTaHOBUTCS KECTKOW M ee pelieHne TpeOyeT MPUMEHEHHUS CIEHUaTbHBIX YHCICHHBIX METOJO0B U CyIle-
CTBEHHO OOJIBIINX BHIYMCIUTENLHBIX MOITHOCTEH.

Azarboni, Ansari u Nazarinezhad [26] 9uCI€HHO HCCIEMYIOT HEIMHEHHOE Ae(POPMHUPOBAHKIE TIOJIOTHX
000J104€K IBOSIKOM KPUBU3HBI MPU JMHAMUYECKOM HarpykeHuH. /i pemeHust ypaBHEHUH JABHKCHUS TTPH-
MeHsieTcs: Metof] ['anepkuHa, MCHONb3yeTcsi TPUTOHOMETpUYecKas anmpokcuMmanusi. Halinensl 3HaueHUs
KPUTHYECKHUX HArpy30K, (ha30BbIi MOPTPET U APYTHE XapaKTEPUCTUKH CUCTEMBI.

Lavrenci¢ u Brank [3] u3y4arot mporecc noTepu YCTOWIHMBOCTA OOOJIOYKH C TTIOMOIIBIO HESIBHBIX YHC-
JEHHBIX cxeM. PacueTHble mpUMephl BKIIIOYAIOT B c€0sl B TOM YHMCIIE KJIACCHUECKHE 3a7jadi: HalpuMep, mo-
Tepsl yCTOMYMBOCTH LMJIMHIPHUYECKON 000I0UKM TIOA JeHCTBHEM OCEBOW HAarpy3ku. Pesynbrarhl, momydeH-
HBIE JJIS 33/1a91 IUHAMUKH, CPABHUBAIOTCA C PE3yJabTaTaMH JJIS 33/1a491 CTaTUKHU (MCHOIb3YyeTCs METOJ IPo-
JIOJDKEHUS PELIEHUS).

Yaie Bcero AJist pelieHus] TaKux cucreM npumensiercss meto Pynre — Kyrra [2; 10; 12; 26; 32; 39]
4 mopsiiKa TOYHOCTH, OTHAKO IIPH MCIIOJIb30BaHUM SIBHOU cxeMbl MeTona Pynre — Kytra npuxonutcst 6pars
OYEeHb MEJIKUH IIar Mo BPEeMEHHOH KOOpAMHATe. JTO BBI3BAHO TEM, YTO YPAaBHEHHS ABIDKCHHS JJIST 000II0-
YEYHBIX KOHCTPYKIMNA OTHOCATCA K TaK Ha3bIBAEMbIM KECTKHUM CHUCTeMaM ypaBHeHM. /[y permenus skect-
KHX CHCTEM ypaBHEHHI CyIIECTBYIOT CIIEIIHAIbHBIC METOIbI, Harpumep, Metonsl [ upa, Pozenopoka, BDF.

Lens nanHOrO MCCIENOBaHUS — PAa3BUTHE METOIOB U MOJEJEH pacyeTa TOHKOCTEHHBIX OPTOTPOIHBIX
0005I04€K Ha HOBBIC BUJBI TMHAMUYECKUX BO3ACUCTBUH, BaXKHbIE IJs oOecredeHust 6e30macHoi padoThbl
KOHCTPYKIHH, B YaCTHOCTH NEPUOINIECKOTO BO3IECHCTBUS.

2. MeTonnl

Bbynem paccMarpuBaTh TOHKOCTEHHBIE 000JI0OUEUHBIE KOHCTPYKIIMH NPOU3BOIBHOIO BUA TOJIIUHON A,
HaxoJAIuecs MoJ AeHCTBUEM BHEIIHEH MeXaHMYeCKOW Harpys3ku, KoTopas OyleT 3aBUCETh OT BPEMEHH,

10 ecth P, =P, (x,),t), P, =P, (x,y,t),qg=q(x, .t).
CpeIMHHYI0 TIOBEPXHOCTh 00O0IOYKU MIPHMEM 3a KOOPAMHATHYIO HOBEpXHOCTh. OCH X, y HAPABUM MO
JIMHMSAM ITIABHBIX KPUBHU3H, OCh Z — I10 HOPMAJIM K CPEJIUHHON TIOBEPXHOCTU B CTOPOHY BOTHYTOCTH.

OyHKIIMOHAN TTOJTHOHN SHEPTHH Je(OpMallii TOHKOCTEHHON O0OOJOYKM MpPU JMHAMHUYECKOM HarpykKe-
HUU UMEET CIEAYIOIUN BUI:

4
I=[(E,—E,)adt, (1)

)
rie £; — xuHetnyeckas sHeprus nedopManuu cucteMsl; E, = E, — A — pasHOCTb OTCHUMAIBHON SHep-

ruu aeopmManmy CUCTEMBI  pabOThl BHEITHUX CHJI, COOTBETCTBYIOIIAs (DYHKIIHOHAITY; ¢ — BPEMSl.

s maremarnyeckorr Mozaenu aedopmupoBanus obomouek Tumomenko — PeiiccHepa yunThiBaeTcs
HaJM4yre TOTEPEYHBIX CABUTOB, YTO TMO3BOJSIET TAaKXKe ydecTh MHepiuio BpamieHus [40]. B Takom crmydae
JUTSI 00OJIOUKH MTOCTOSTHHOW TOJNIIMHBI KHHETHYECKas SHepTus Oyzet 3anvcana B Buje [40; 41]

ab 2 2 2 3 2 2
E =2 []qn (a—UJ +(8—V) +(8—Wj M (aiJ + oy ABdxdy. )
290 ot ot ot 12{\ ot ot

a

OyHKUMOHAII CTATHYECKOH 3a1a4u E, =FE, — A PaBeH PasHOCTH IOTCHUHMAIBHON dHEpruu Jedopma-

oYU CUCTEMBI U pa6OTBI BHCIIHUX CUJI, JJIA 000JIOUKH TTOCTOSHHOI TOJIIIUHBI paBCH
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ab
E; =%jj(Nx€x +Ny£y +%(N)W +Nyx)ny + M. X, +MyX2 +(Mxy +MyX)X12 *

1110

+0, (¥, —6,)+0, (¥, -6,)-2(RU+PV + qW)jAdedy. 3)

B cootBerctBum ¢ metomom JI.B. KantopoBuda B (1) moACTaBisIOTCS pazioKeHUS B PAIbI TSI HEH3-
BECTHBIX (yHKIMH nepemenieHuid. [Tocae 3Toro craHOBUTCS BO3MOXKHBIM BBIYHCIICHHE WHTETPAJIOB T10 TIepe-

MEHHBIM X M y ¥ 33/[a4a CBOJUTCSA K OIHOMEPHOMY (yHKIMOHATY oTHOCHTeNbHO dynkimi Uy (1) =¥ (7).

Janee nnst mocTpoeHus CUCTEMBI YpaBHEHUN MCTIONB3YEeTCS N3BECTHOE ypaBHeHHe Ditnepa — Jlarpamxka [42]:
d OE, oE

STk 4T -0, j=1,2,..,5N, 4)
dt oX (1) 0X,(¢)

rae X(t)z(U..(t),V (t),‘I’x,.j(t),‘Pyij(t))T, i,j=1,.,x/N, a Touxoii 0603HaYeHa TPOU3BOMHAS IO

i i

(¢).W,

y
BpeMEHH. B HauanbHBII MOMEHT BPEMEHHU BCE KOMIIOHEHTBI BEKTOPAa X M UX IEPBbIE IPOM3BOIHBIE IO Bpe-
MEHU MPUHUMAIOTCSI pAaBHBIMU HYJIIO (HauaJbHbIE YCIOBHS).

Jlanee peiieHue paccMaTpHBaeMOW 3aJadd CBOJUTCSA K PEIICHHIO HadyaJdbHOM 3a/laul JUIsl CHCTEMBI
O/1Y. Cnemyer OTMETUTH, YTO B TIOJYYECHHON TaKUM OOPa30M MOJEIH MPOM3BOIHBIC MO BPEMEHHON KOOP-
JIHATE OT UCKOMBIX (DYHKIMH MMEIOT BTOpPOW mopsiioK. [lyTeM 3aMeHbl MepeMEeHHBIX Takash CHCTEMa CBO-
JUTCS] K HOPMAJIbHOMY BHLY.

[Tonmyuyennas takum o6pazom cuctema OJlY MoOxeT OBITh pelleHa CleUalIbHBIMU CPEICTBAMH, MIPE-
HA3HAYEHHBIMU JUJIS )KECTKMX CHCTEM YpaBHEHUM, BCTPOEHHBIMH B IIPOIPAMMHBIE KOMILUIEKCHI, HAaIpUMeEp,
B Maple, MatLab u np.

B nmanno# pabote mpomecc hopmupoBanus cucrembl OJ[Y ObLT 3amporpaMMHUpPOBaH aBTOPOM B Cpelie
aHaMMTHYeCKUX Bbrancienuit Maple. [Tonydyennas cucrema OJ1Y pemanace 4uciaeHHO MeToaoM PozeHOpo-
Ka [43; 44], xoTopbli 3PPEKTUBEH NMPHU PELICHUN KECTKUX CUCTEM.

3. Pe3yabTarsl U 006CyxK/AeHNE

JUist teMOHCTpauuyu NPUMEHUMOCTH IPEITI0KEHHON MaTeMaTHYeCKONM MOJEIN U alrOpuTMa IpoBe-
JIeM pacyeThl YCTOMYMBOCTH OOOJOYEUHBIX KOHCTPYKUMH M3 M30TpomHoro marepuana (cranu C345
(E=2,1-10° MIla, u = 0,3, p = 7800 kr/m?)).

Puc. 1. TTonoras 000104Ka IBOSKON KPUBU3HEI
MU cTouHuK: BemoigHeHo A.A. CeMeHOBBIM

Figure 1. Doubly-curved shallow shell
Source:made by A.A. Semenov

g uccnenoBanus mporecca 1e(GopMUpPOBaHUS PACCMOTPHUM CIEAYIONINA BapuaHT 000JI0YeYHON KOH-
CTPYKIHUU: Tojiorasi 000JI0YKa JBOSKOW KpUBW3HBI (puc. 1), Tommuua i = 0,09 M, IPOTSDKEHHOCTH BIOJb
KPUBOJIMHEHHBIX Oceil KoopAMHAT a = b = 18 M, paanychl MIaBHBIX KpUBHU3H R1 = R2 =45,27 m, 3akpernuie-
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HHE€ KOHTypa IapHUPHO-HENOABKHOE. [[1s1 manpHelmux BeruucieHuit B metozae JI.B. KantopoBuua npu-
MeM N =9.

UccnenoBats Oynem peakiuio KOHCTPYKLIHMH Ha TEPUOJAMYECKOE BBIHYXKICHHOE BO3JIECHCTBHE
q=q,sinwyt+gq,,qo=10 Mlla, u3smMeHsis Ipu 3TOM MapaMmeTp 4acToTsl Mo oT 32,5 no 260 pazn/c ¢ marom

32,5 pan/c (g,, — cocTaBisoLIas Harpy3ku oT coOCTBEHHOro Beca). KonnuecTBo Touek pemieHus (3Haue-

HUI BpeMEHH, IPU KOTOPBIX IMOJYYCHBI pacyeTHbIC JAHHbBIC) JJIS KaXKJIO0TO BapuHaHTa 3a7a4yd COCTaBIIACT
2000. IIar mo Bpemenu 0,0002 c.

Ha pwuc. 2 moka3aHbl TUHAMHYECKUE OTKIUKH CHCTEMBI, IMOJYYCHHBIC MPU YKAa3aHHBIX MapaMeTpax.
KpacHbIMH KpHUBBIMHU MOKa3aHbI IEPEMEIICHHUS B LIEHTPAIbHOM TOUKe (TO €CTh IpH X = a/2, y = b/2), CUHH-
MU KPUBBIMU — B TOUKE YETBEPTH (X = a/4, y = b/4).

AHanu3upyst NOJTy4YeHHbIE JTaHHbBIC, MOKHO 3aMETUTh, YTO C YBEIMUCHHEM 3HAYCHHUS YaCTOTHI KoJieha-
TEJIbHBIA MPOIIECC HAa PacCMAaTPUBAEMOM y4YacTKE CTAHOBUTCS C MEHbBINEH aMILIMTYIOM, MPH 3TOM BHJIHO,
YTO OHA HAYMHAET HApacTaTh.

a 3_W,Mn

Puc. 2. /lunamMuueckuil OTKIUK KOHCTPYKIUY IIPH:
a— o= 32,5 pan/c; 6 — mo = 65 pan/c, 6 — o = 97,5 pan/c; 2 — o = 130 pan/c;
0— o= 162,5 pan/c; e — o = 195 pan/c; e — o =227,5 pan/c; 3 — o =260 pan/c
U cTounuck:BemonHeHo A.A. CeMEHOBBIM

Figure 2. Dynamic response of the shell at:
a— oo =32.5rad/s; 6 — wo = 65 rad/s; 6 — wo = 97.5 rad/s; 2 — wo = 130 rad/s;
0— o= 162.5rad/s; e — o= 195 rad/s; e — o= 227.5 rad/s; 3 — oo = 260 rad/s
Source: made by A.A. Semenov
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Janee paccMoTpuM ToApoOHee BapHaHT 3a1a4dyl MPU 3HAYEHUH YacTOThI 65 paj/c. BeisiBuM Ha rpaduke
(puc. 3, @) MUKOBBIC 3HAYCHHS AMIUIUTYIbI, COOTBETCTBYIOIINEC MaKCUMyMmMaM B IIEHTPAJbHOH TOYKE:
1)t=0,095¢, We=3,945m; 2)t=0,111 ¢, We=-2,014 M, 1 IOCTPOHM COOTBETCTBYIOIIIUE MM IIOJISI TIPO-
ru6oB (puc. 3, 0, 8).

0% 030
R
e

i Q'm'
/’Wllfllf X
sl
i fllﬂ,ﬂnﬂ,”%%"’l"‘ X

il

g 6

10
12
15 16 14 X, M

Puc. 3. Pe3ynpTarsl A5l KOHCTPYKIKH MPHU o = 65 paj/c:
@ — IVHAMWYECKUH OTKIIUK C YKa3aHUEM ITUKOBBIX 3HAYEHUH aMIUIUTYABL;
6 — mose mporu6oB B MoMeHT BpeMmenu ¢ = 0,095 ¢; 6 — moine nporn6oB B MoMeHT Bpemenu ¢ = 0,111 ¢
U ctoduHuK:BemonHeHO A.A. CeMEHOBBIM

Figure 3. Numerical results for the shell at oo = 65 rad/s:
a — dynamic response with indication of peak amplitude values;
6 — deflections at the time = 0.095 s; 6 — deflections at the time r=0.111 s
Source: made by A.A. Semenov

[Tomy4yennsie n300pakeHNsI MO3BOJIAIOT OLIEHUTH XapaKTep paclpeiesieHus MporuOoB 1Mo 00IacTu KOH-
CTPYKLIUU.

4. JakiIouenue

B pesynbrare BBIIIOIHEHHOTO HCCIIEI0BAHMS CIEYyEeT OTMETUTD CIEAyIoLIee:

1) pacueTsl MoKa3aiu, YTO BCE pAaCCMOTPEHHbIE BUABI HATPYKEHUs IPUBOIAT K KOueOarelbHOMY Hpo-
L[ECCY, KOTOPBI HOCUT CYLIECTBEHHO HEJIMHEHHBIN XapakTep;

2) moKa3aHo, YTO B Pa3HBIX TOYKAX KOHCTPYKIMHU KOJIEOAHHSI MOTYT COBEPILATHCS B MPOTUBO(A3E, YTO
MOBBILIAET PUCK JTOCTHXKEHUS NPEAEIBHO JOIYCTUMBIX 3HAYEHUH HAPSKEHUH;

3) BBISIBJICHO, YTO C yBEIMUYEHHEM 3HAUCHHs YacTOTHI KOJeOaTeNbHBIA MPOIlecC Ha pacCMaTpUBAaeMOM
y4acTKe IPOXOAUT C MEHbILIEH aMILTUTYIOM, TPH 3TOM BUAHO, YTO OHA HAUMHAET HapacTaTh;

4) noy4eHHbIE Pe3yNbTaThl MO3BOJISIOT PACIIMPUTH IPUMEHUMOCTh Pa3pabOTaHHBIX MOZEeH U anro-
PUTMOB pacyeTa Ha Ooiee IUPOKUI KJIace 3aa4 U OATOTOBUTH OCHOBY JJIs JAJIbHEHIINX UCCIIeIOBAHUIA.
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AHHoTaunus. VccienoBaHa BO3MOXKHOCTb PaCIETHBIMU METOZIAMH CIIE€ Ha JTalle MPOSKTUPOBAHNS KOHCTPYKTHBHBIX JIEMEH-
TOB Pa3JINYHBIX COOPYKEHHUI U3 JKeJIe300€TOHA YUUTHIBATh YYECTh JUTUTEILHOCTD SKCIUTyaTalluy, HeIMHEHHOCTh U PEOJIOTHIO
JeopMHUPOBaHKS UCIIONB3yEMBIX MaTEpPHaJIOB, a TAK)KEe IPUHUMATh BO BHUMAHHE BO3MOXKHBIE KOPPO3HOHHBIE ITOBPEXKICHUS,
YTO MO3BOJIUT ONPEENATh Pa3Mephl MONEPEYHBIX CEUCHNI M Ha3Ha4YaTh TpedyeMble KiIacchl OeToHa 1 apMaTypsl. Paccmarpu-
BaeMBIH MPOIECC JUTUTEIBHOTO JIe)OPMHUPOBAHHS Kene300eTOHA ITPU U3MEHSIOIIEMCS PeXKUME JeHCTBUS BHEIIHEW HAarpy3Ku
OCHOBaH Ha METOJI€ MHTETPAJIbHBIX OLIEHOK CONMPOTHBIECHHS 1e(OPMHUPOBAHUIO, B OCHOBY KOTOPOTO IOJIOXEHO HCIIOIb30Ba-
HHE MHTETPAIILHOTO MOMyls nedopmariid. Pazpaborana metoanka pacdera jkelie3006TOHHONW paMbl Ha TPYHTOBOM OCHOBa-
HHUHY B arpPECCUBHOM CPEJIE B YCIIOBUSIX PEOJIOTHIECKOTO Ae(hOPMUPOBAHHS, OTPAXKAIOIIAs PEaIbHYI0 pabOTy KOHCTPYKTHBHBIX
3JIEMEHTOB IIPU COBMECTHOM BO37EHCTBUY (haKTOPOB CHIOBOTO M HECHIIOBOTO XapaKTepa Ha OCHOBE COBPEMEHHOH (eHoMe-
HOJIOTHYECKOH TeopHH J1e(OpMHUPOBaHUs yIpyro nossydero tena. I[Ipencrasiena pacyeTHast OLEHKa JUIMTEIBHON SKCIITyaTa-
LIMX KeJIe300€TOHHOM paMbl Ha TPYHTOBOM OCHOBaHMH C Y4E€TOM KOPPO3HMOHHBIX MOBpexaeHUN. [IpuBeneH npumMep pacuera
Kene300eTOHHOM paMbl 371aHHsI Ha TPYHTOBOM OCHOBAHHWH IPU Pa3IMYHBIX CPOKAX KCIUTyaTAlMH U HAJIUMYUU KOPPO3HOHHBIX
noBpexaenuid. [lokazaHo, 4To cpeOBBIC MOBPEXKICHHS JKeIe300€TOHHBIX KOHCTPYKIMH MOTYT ITOBJIHMATH Ha IIPOYHOCTH Ma-
TepHaja, N3MEHUTH PAacdeTHHIC CXEMBI, NIepepacpeeNIUTh YCWINS B CEIEHHIX KOHCTPYKIMH, a TaKkKe MPUBECTH K APYTHM
MOCJIEICTBUSM, KOTOPbIE CHI)KAIOT IIPOEKTHBIE CPOKH SKCILTyaTalluy 3IaHHUH.

KiroueBbie cjioBa: pacueTHas cXeMma, CTPOUTENbHBbIE KOHCTPYKIMH, KOPPO3HMOHHBIE MOBPEXKIEHHS, SKCIUTyaTallMOHHbBIE
Harpys3KH, HanpspKeHus, 1eopManni, peoJorniaecKrue CBOHCTBA, HEMMHEHHOCTD, SKCIITyaTalus
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Abstract. The possibility of using computational methods to take into account the service life, nonlinearity and rheology of
deformation of the materials used and potential corrosion damage of various reinforced concrete structural elements already
at the design stage, which will allow to determine cross-sectional dimensions and assign the required grades of concrete and
reinforcement, is studied. The considered process of long-term deformation of reinforced concrete under varying external
load conditions is based on the integral estimation method of deformation resistance, which relies on the use of integral
deformation modulus. A method for calculating a reinforced concrete frame on a soil base in aggressive environment under
the conditions of rheological deformation has been developed, which reflects the real operation of structural elements under
the combined influence of force and non-force factors based on the modern phenomenological theory of deformation of an
elastic creeping body. Long-term operation of a reinforced concrete frame on a soil base, taking into account corrosion
damage, is evaluated. An example calculation of a reinforced concrete frame of a building on a soil base is given for various
operation periods and the presence of corrosion damage. It is shown that damage due to exposure of reinforced concrete
structures can affect the strength of the material, change the calculation models, redistribute stresses in the cross-sections of
the structure and also lead to other consequences that reduce the design life of buildings.

Key words: design scheme, building structures, corrosion damage, service loads, stresses, deformations, rheological
properties, nonlinearity, operation
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1. Beenenue

B Hecymux xene300eTOHHBIX KOHCTPYKIHUAX 3aHUN M COOPYKEHHH, padOTAIOUINX B MHTEHCUBHOM
HKCIUTYyaTallMOHHOM PEeXHME U MPHU HEOJAronpUsATHBIX BO3ACUCTBUSAX OKPYKAIOUIEH Cpelbl, MPOSBISIOTCS
MIPOIIECCHI JAETPaalliH, CBI3aHHBIE C Pa3BUTHEM KOPPO3MOHHBIX MPOIIECCOB B CTPYKTYPE UCIIOIB3yEMBIX Ma-
TEpUAJIOB, YTO 3HAYUTEIHHO COKPAIIAET OXKHJIAeMbIe CPOKU X CITYXKObI. 3HaUUTEbHAS YaCTh IKCILTyaTHUPY-
eMBIX 3[JaHHH, COOPYKEHHI 1 00BEKTOB MH(PACTPYKTYpPHI BO3BeACHA OoJiee MOyBeKa HazaJ U HaXOIUT-
Cs B U3HOIIEHHOM COCTOSIHUH. BOMpOCh! HaJIe)KHOCTU U JIOJITOBEYHOCTH TAKUX 3[JaHUIA M COOPYKEHUH HMe-
10T aKTyaJIbHOE 3HAYEHHE B COBPEMEHHOM CTPOUTENLHON OTPACIU M HaXOIAT OTpaKeHHEe BO MHOTUX paboTax
COBpEeMEHHBIX Y4eHBIX. B [1] 000011eHbI ¥ CHCTEMAaTH3HPOBAHBI COCTOSIHUE, TEOPUH U COBPEMEHHBIE METO-
JIbl OLIEHKU CHJIOBOTO COIIPOTHBIICHUS jkese300eToHa. PaccMOTpeHbl SKCIepMEHTaIbHBIE OCHOBBI IIOCTPOE-
HUS 3QPEKTUBHBIX pacyeTHBIX Mojenell neopMupoBaHUs U pa3pylICHUs KeJIe300€TOHHBIX KOHCTPYKIUM.
Bosabmoe BHMMaHuE YACJICHO MNPAKTUYCCKUM MNPHUITIOKCHHUAM pa3pa60TaHHI>IX MOI[CJICfI K HCCIICAOBAaHUAM
pa3IMYHBIX THIIOB KOHCTPYKIMI. ABTOpHI [2; 3] pazpaboTanu MeToIpl pacdeTa KOHCTPYKTUBHBIX AJIEMEHTOB
C 3aJJaHHBIM HOPMAJIbHBIM paclpeesICHHEM U HaJIS)KHOCTBIO M HECYIIEH ClTOCOOHOCTHIO.

JlocTaTouHo OOJBIIOE KOJIMYECTBO IKCILTyaTHUPYEMBIX 3aHUM M COOPYXEHHI MMEIOT paMHYIO KOH-
CTPYKIIMIO, BBITTOTHEHHYIO M3 COOPHOTO MM MOHOJIMUTHOTO K€1e300€TOHa, MHOKECTBO HayYHBIX PadoT Imo-
CBAIIICHBI TaKUM KOHCTPYKIMsIM. B [4—6] mpencraBieHbl pe3yibTaThl UCCIEAOBAHUM JIOITOBEYHOCTH JKeJie-
300€TOHHBIX KOHCTPYKIHiA, BEPOSITHOCTHOW ONTHMHU3ALINH HECYIEH CIOCOOHOCTH M HA/ICKHOCTH CTaTHYECKU
HEOIPENIETICHHBIX CIOKHBIX KOHCTPYKIIMMA, OMpPENeIeHO BpeMs JUHAMHYECKOTO BO3ACUCTBUS Ha 3JEMEHTHI
&KeJIe300€TOHHOHN paMBbl MIPH MOTEPE YCTOWIMBOCTU KOJIOHHBI.

Mikhail V. Berlinov, Doctor of Technical Sciences, Professor of the Department of Reinforced Concrete and Masonry Structures, Moscow State University
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B ycnoBusX AMUTENBHONW SKCIUTyaTalluu >KENe300€TOHHBIX KOHCTPYKIHMHA HEOOXOIHMMO OIICHHTh MX
HaNpsHKEHHO-1e()OPMUPOBAHHOE COCTOSIHHE B PE3yJbTaTe MOBPEXKACHUS KOPPO3UeEH, ONpeeTnuTh HadeK-
HOCTb, JIOJITOBEYHOCTh M OCTATOYHBIM Pecypc MpH AKCIUTyaTallMd, YUYUThIBAasl YMEHbUIEHUE TUIOIIAIN TIoTIe-
peyHoro cedeHust OeToHa M apMatypsl. B [7] mpeacraBieHsl onpenensionye ypaBHeHUs Ui MareMaTuyie-
CKOHM TEOpHH IpoIeccoB Koppo3uu 6eroHa. CaMblii HEOMATONIPUATHBIA PE3yNIbTaT Pa3BUTHS MpoIecca Kop-
PO3HH Ke1e300€TOHHBIX KOHCTPYKIIMI — 3TO CHIDKEHUE UX HECYIIEH CoCOOHOCTH M TIPUTOIHOCTH K HOP-
MaJbHOM 3KCIUTyaTallud, YTO MPUBOIUT K HECOOMIOACHHIO TpeOOBaHMM Mo 0€30MacHOCTH U MpeaeTbHBIM
COCTOSTHUSIM TIPH IEUCTBYIOLIUX Harpy3Kkax B TEUEHUE BCETO MEPHO/Ia IKCIUTyaTalluy.

Bonpocs! sKcrTyaTalinoOHHOM JTOTOBEYHOCTH JKEJI€300€TOHHBIX KOHCTPYKIMH C Yy4eTOM KOPpPO3HOH-
HBIX BO3JICHCTBHIA HCCeoBaHbl U MyOauKoBaHbl aBTopamu [8—13]. HenunelinocTs, peonorus nedopmupo-
BaHMSI U KOPPO3UOHHBIC TIOBPEKACHUS Kele300€TOHHBIX 3JIEMEHTOB MOTYT MOBJIHATH Ha MPOYHOCTh MaTe-
pHuasia, U3MEHUTh CXEMBI PACUETOB, NIEPEPACIPEACTUTh YCUIIUS B CEUEHUSAX KOHCTPYKLIUHU U HapyLIUTh COB-
MECTHYI0 paboTy OeToHa ¢ apMaTypoif, a Takke NMPHUBECTU K JAPYTHUM HOCIEICTBHUSM, KOTOPBIE CHIDKAIOT
MPOEKTHBIE CPOKU (YHKIIMOHUPOBAHHS COOPYKEHUI M JpYyrHe KCILTyaTallHOHHBIE XapaKTepUCTUKU. Tak,
HanpumMmep, B [14] npencraBieH NpakTUYECKUI pacyeT CUIIOBOIO CONMPOTUBIICHUS CHKATBIX JKEI€300€TOHHBIX
CTEPIKHEH, MOBPEXKACHHBIX KOPPO3UEH.

B [15; 16] npeacrasnensl uccienoBaHus OETOHA MPU COBMECTHOM JEHCTBHM arpecCUBHOM cpenbl U
JUINTEIPHOM HarpykeHuu. B [17] mpuBeneHs! pe3yapTaTsl KOHTPOJS CKOPOCTH KOPPO3HH B JIaOOpaTopun
u Ha mecte. B [18] uccienoBansl XuMuyeckue NpUUMHbI Jerpajauuu 6etoHa. bonee netanbHo uccnenosa-
HBI XUMUYECKHE, MUKPOOHOJIOTHYECKHE ¥ HATypHBbIE METO/IbI UCTIHITAHUI Ha OMOTEHHYIO CEPHOKHCIOTHYIO
Koppo3uro 6etoHa [19]. MccnenoBano u npeacTaBiIeHo BIUSHUE KOPPO3UU HA MOBEACHUE HKEIe300€TOHHBIX
6anox B [20].

B [21; 22] mpencTaBieH aHAIN3 YCTOHYUBOCTH JKEI€300€TOHHON KOJIOHHBI IIPH TOPU3OHTAIBHBIX YIap-
HBIX BO3JEHCTBUAX Oe3 yueTa (pakTOpOB HECHIIOBOTO XapaKTepa, PACCMOTPEHBI MEPCIIEKTHBBI PA3BUTHUS HKe-
71€300€TOHHBIX KOHCTPYKUIMH M3 BBHICOKOIIPOYHBIX OETOHOB, BHICOKAs TJIOTHOCTh KOTOPBIX MMEET CBOMCTBO
3aMeIISTh Pa3BUTHE KOPPO3UU OETOHA.

[Ipu 3kcruTyaTanuu CTPOUTENBHBIX KOHCTPYKUUN 30aHUN M COOPY>KEHHM U APYTHX 3JIEMEHTOB T'OPOJ-
CKOM MH(]PaACTPYKTYpHl Ha TPYHTOBOM OCHOBAHUH, BBHIIIOJHEHHBIX M3 OCTOHA M kKele300eTOHa, BO3HUKAET
OO0MBIIIOE KOJMYECTBO PA3IMYHBIX IKCIUTYaTallMOHHBIX 1E€(EKTOB M MOBPEKICHUH, 00yCIOBICHHBIX KaK JUTH-
TEJbHBIM JCWCTBHEM BHEIIHUX HArpy30K, TaK U arpeCCUBHBIM (HECUIIOBBIM) BO3JICHCTBUEM BHEIIHEH CPE/IbI.

B peanbHBIX SKCITyaTallMOHHBIX YCIOBUAX (PYHIAMEHT I0J CTOHKY pambl OMMPAETCs HAa TPYHTOBOE
OCHOBaHHUE, KOTOPOE MMEET HEKOTOPYIO KOHEUHYIO BEJMYMHY MOJATIMBOCTU M HE 001azaeT aOCOMIOTHOM
KECTKOCTBIO, UTO HE BCEI/IA YUUTHIBAETCA CYIIECTBYIOIMMHI METOJaMH pacyeTa.

DKCHepUMeHTaIbHbIE JaHHbIE O Ne(OPMHUPOBAHNH OETOHA U TPYHTOB OCHOBAHMS CBHJIETEIBCTBYIOT O
HAJIMYUU PEOJIOTUYECKUX CBOMCTB M HETMHEHMHON 3aBUCUMOCTU MEX]y HANPsHKEHUSAMH U Ae(QOopManusiMu,
a TaK)XXe HE BCE METO/Ibl YUUTBIBAIOT CPEJOBBIE BO3ACHCTBUS IIPU JJINTEIBHOM SKCILTyaTalluH.

B GonpmmHCTBE paboT MccienoBareniel He yUUThIBAETCS COBMECTHOE BO3/IeHCTBUE (DAaKTOPOB CHUIIOBO-
TO ¥ HECWJIOBOTO MPOUCXOXkAeHUsA. CUIIOBbIE BO3AEUCTBUS — 3TO BHEUIHHE HArpy3KH, HHEPLIMOHHBIE CHIIBI;
HECWJIOBBIE BO3/ICHCTBUS — M3MEHEHHUE BIAXKHOCTH, TEMIIEPATyphl, Cpeabl U T.1. COOTBETCTBEHHO MPOLIECCHI
JIerpalallid MaTepuasoB, pa3BUTHE AedopMallii U SBJISIOTCS CIEICTBUEM 3THX Bo3nedcTBuil. Haunbonee
OJTM3KO K PEIICHUIO 3TOW 3a7a4u mojomien aprop [23; 24], mpeIoKUB UCTIONB30BaTh B MPAKTUICCKUX pac-
YeTax METOJl MHTETPAIbHBIX OIEHOK, OCHOBAaHHBIN HAa MPUMEHEHUH HHTETPAIBHOTO MOy 1ehopManuii.

C yderoMm BBINIECKAa3aHHOTO B JaHHOM HayyHOM CTaThe paccMaTpHBAETCs MOCTPOEHHUE Ooliee coBep-
HIEHHOT'O U SKOHOMHYHOTO METO/Ia PacyeTa paMHbIX KOHCTPYKIIHM.

2. MeTonnl

Jlst uccnenoBaHus IIUTENBHOTO 1e(OPMUPOBAHUS KeNIe300€TOHA B PaMHBIX KOHCTPYKIMSAX 3aHUN
U COOPYKEHUI MPHUMEHSETCS METOJl MHTETPAIbHBIX OLIEHOK CONPOTHBICHHS AS(POPMUPOBAHUIO TIPU H3MeE-
HSIOIIEMCS peXXMMe JCWCTBUS BHEITHEW HAarpy3Ku. B 0CHOBY MeTO/1a MHTETpaIbHBIX OLIEHOK ITOJIOKEHO HC-
MOJIb30BaHME UHTETPATbHOTO MOyt nedopmanuii [23].
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beton, apmarypa u xeae300€TOH, KaK U APYTHe CTPOMTENIbHBIE MaTepualsl, 1e(OPMUPYIOTCS HEpaB-
HOBECHO M HEJIMHEHHO. DTO 3HAYUT, YTO UX AedOopMalUu pa3BUBAIOTCS Jake MOCHIe CTaOUIM3AIK BO3IeH-
CTBMH, BBI3BIBAIOIINX Ae(OpMUpPOBaHUE, a CBSI3b MEKAY BeIMYMHAMU AedopMmanuii U BO3AEHCTBUNA, HEPO-
HNOpLUOHANIbHA, HeNMHEHHAa. COOTHOLIEHNUS, OIMCHIBAIOIIUE CBSI3b MEXy BO3AECHCTBUAMM, JehopMausIMu
U BPEMEHEM — YPaBHEHMS MEXaHMYECKOIO COCTOSHMS MaTepHasoB, KOTOpPbIE NMPEACTAaBIAIOT COO0M Helu-
HElHbIe MHTErpajbHble ypaBHEHMs. HelnHelHble 1 HEPABHOBECHBIE CBSA3HM MEXy HAIPSKCHUAMH U Jie-
bopmanusamMu MaTepraga YYUTBIBAIOTCS IS KaX0ro 00CIeyeMOro y4acTKa 110 BBICOTE CEUCHUS €AMHBIM
UHTETpaJIbHBIM MOIYyJIEM AehOopMaliui, 3aBUCSIIUM OT YPOBHS U UCTOPHM CHJIOBOTO 3arpy>KeHHUs, a TaKxKe
XapaKTepa U MHTEHCUBHOCTH BO3ICHCTBHS CPEIIbI.

HenuueitHOCTh M HEPAaBHOBECHOCTH Je()OpMUPOBaHUS OyJeM YUYHMTHIBATH C ITOMOILBIO METOAA MHTE-
rpajbHbIX OLIEHOK, Oa3UpyIOLIErocs Ha (EHOMEHOIOrHYeCKOl TeoprH AehOPMHUPOBAHUS YIIPYTO-IIOJI3yUYeTro
Tena. JlaHHBIM MeTo[ NpeayCcMaTpUBaeT 3aBUCUMOCTD JKECTKOCTHBIX XapaKTEPUCTHK kKeJIe300€TOHHOTO Ce-
YEeHUsI OT YPOBHS HAIIPSKEHHOT'O COCTOSTHUS.

3. Pe3yabTarsl U 06CyxKAeHNE

B kadecTBe miuTIoCTpanuy NpeACTaBISHHOTO METO/Ia PACCMOTPUM pacyeT MOHOJIMTHOM kele300€TOH-
HOM pamsl (puc. 1). B mpeanonoxenun 06 ympyroit pabore MaTrepraioB pacyeTHYIO CXeMy BbIOEpeM TaKuM
00pa3oM, 4TOOBI MOTYYUTh BO3MOXKHOCTh YYE€CTh MOAATIMBOCTh TPYHTOBOTO OcHOBaHUs (puc. 2). s oc-
HOBHOH CHCTEMBI, MTOKa3aHHOW Ha puc. 3 (MPOHYMEPOBAHBI yYaCTKH MEPEMEHHOW JKECTKOCTH), 3aIlTUIIEM
paspemaroniie ypaBHeHUss KOMOMHHPOBAHHOTO METO/Ia pacuyeTa CTaTUYECKH HEOMPEIEIUMBIX CUCTEM:

{8}{x} +{ap}=0, Q)

rae: & — TepeMelICHUe B HalPaBJICHUH YCTPAHSHHBIX CBA3CH WIIM MEepeMEIIeHUe OT SAMHUIHBIX TIepeMe-
LIEHUH HAJIO)KEHHBIX CBSI3€H; X — MCKOMbIE HEU3BECTHBIE; Ap — I'Py30BBIE UJICHBI.

EnuHuunble TIEpeMEIeHus M0 HaMpaBI€HUI0 UCKOMBIX HEU3BECTHBIX B OCHOBHOHN CHCTEME B yCTpa-
HEHHBIX CBS3SIX MEXAY paMON M OCHOBAaHUEM CKIIAJIBIBAIOTCS M3 ABYX COCTAaBIISIOIIMX: MEPEMELIEHUs OT
0CaJIKi OCHOBaHHs U U3ruba Gajky onpeeNsoTes 0 METOAMKE, U3I0KEeHHOMH aBTopoM :

1-u? I MM

8y =+ [ Tk, @)
E¢(v,t)nC 0 D

rae: U, — ko3¢p¢unuent Ilyaccona rpyHra ocHoBaHMs; Fj, — (QYHKIMS OCagKu OCHOBaHus; MM, —

MOMEHTBI OT CAUHUYHBIX CHII; E°(v,f) — NEPEMEHHBIN (KacaTeabHbIN) MOyIb AeopMaluii, 3aBUCIIHI

OT HANpsHKEHHOTO COCTOSHHS TPyHTa U OETOHA, MapaMeTPOB HEJIMHEHHOCTH, MOI3YYEeCTH U CTApEHHS MaTe-
puaa 6aJkiu 1 OCHOBaHUSI:

1 d g o(t)

‘ d
m:d_c Eo(t)+j o(t)=—c(t,7)d1]|, (3)

o ot

3neck: E, (¢) — MTHOBEHHBIH MOZLYIb yIpyrux aedopmanuii MaTepranoB rpyHTa u ¢yHaameHra; c(4,t) —

Mepa Moy3yYecTH; S — (QYHKIUS HETMHEHHOCTH 1e(OPMUPOBAHHS:

S=1+n % : (4)

! Bepnunos M.B. OcnoBanus u Gpyanamentsr: yuebuuk. CII6.: Jlans, 2019. 318 c.
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TJe # U m — TapaMeTpbl HEJIMHEHHOCTH /1e(hOpMHUPOBAHUS, ONpeeNsieMble U3 KCIIEPUMEHTAIBHBIX JaH-
HBIX; R(f) — MpPOYHOCTH OETOHA M TPYHTa B PaccMaTpHBaEeMblii BpEMEHHOM HHTEpBAJL.
D(t) — uHTerpambHas )KeCTKOCTh KeJIe300€TOHHOTO CEUSHHUS:

K, (z,t)bX? 2 , : ,
%+ bx(qo—gj +Ea0)S(t)Aa(q0—a)2+ 2

E cos(t)A

D(t) = E¢(v,1) % (hy— 4o)° (5)

a

3aeck: E°(v,t)— WHTETpaJbHBIH MOAYNb AedopMamuii, yYUTHIBAIOIINN HETHMHEHHOCTh Ne(GOpMHPOBAHHUS
MarepuaioB OETOHA U TPYHTOBOIO OCHOBAHUS; A, U ¢, — COOTBETCTBEHHO PAaCCTOSHUE OT LEHTPA TAKECTU
PaCTAHYTON apMaTypbl U LIEHTPA TSHKECTH MPUBEJEHHOTO HONEPEYHOro CedeH s 10 30HbI CKatust; o, E'a —
MOJIy/IH YIIPYTOCTH PacTsAHyTOH M ckaToil apmarypbl; As, A'a — TUIOIAMM pacTAHYTOM M CKaTol apMary-
PBI; X — BBICOTA CXKaTOil 30HBI OETOHHOTO ceueHus; K, (z,t) — KodQUIMEHT, yUUTHIBAIOINH CTENECHb
KOPPO3HOHHBIX MOBPEXAEHUI OeTOHA, U3MEHSIOLIUICS ¢ TeYeHUEeM BpeMeHH HaOJII0IeHUsI B COOTBETCTBUHI
C XapaKTepoM 30H HOBpPEXACHHUs dneMeHTa (pHc. 4; 5); o, (¢) — aHAIOru4HbI Ko3QGUIMEHT U1 yueTa

KOPPO3UOHHBIX MOBPEXICHUH apMaTypsl; Wy, — KOI(QQUIUEHT, yUYUTHIBAIOIIUI BIUSHUE CLEIJICHUS apMa-

TYpPBI ¥ PacTIHYTOTO OETOHA Ha YYaCTKax MEXIY TPEIIUHAMH.
Jis ydgactkoB Oanmku, paboraromux 0e3 TpemrH, KEeCTKOCTh 1o [ocymapcTBeHHOMY CBOAY IPaBHUI
Poccuiickoit ®eneparu CIT 63. 13330.2018% He0OXOAUMO MIPUHUMATH B CIEAYIONIEM BHJIE:

D(t)=E(v,0)l (0)

r1€ lred — MOMEHT MHEPLUHU MPHUBEACHHOIO MONEPEYHOT0 CEUYEHUsS OTHOCUTENBHO €ro LIEHTpa TAKECTH,
OTpeIeNIsieMbI C YYETOM OTCYTCTBUS TPELIHH.

Crnenyer y4uThIBaTh, 4TO JUIS ONPEAEICHUS NEPEMELICHUI B HAIPABICHUH YCTPAHEHHBIX CBA3EH B 30-
HaX pambl, HE CBSI3aHHBIX ¢ OCHOBaHHEM B opmyie (2), OyIeT mpucyTCTBOBATh TOJIBKO BTOPOE CllaraeMoe,
a mepBoe — paBHO HyI0. [lepemerieHus: OT eMUHUYHBIX NEPEMEIICHUN HAJIOKEHHBIX CBSI3€H JIErKO Ompe-
JeINSAI0TCST TeoMeTpruueckd. HemmHeHOCTh U HEpaBHOBECHOCTH J1e()OPMHUPOBAHHS TPYHTOBOIO OCHOBAHUS
MOXET OBITh YUYTE€HA aHAJIOTHYHBIM 00pa30oM, JUIS Yero BO BTOPOM ciiaraeMoMm (Gopmyasl (2) HEOOXOauMO

noNoXuTh E, = E°(v,t), HO TApaMeTPhl HEMHEHHOCTH Je(OPMHUPOBAHUS CACAYeT IPUHUMATH ISl TPYHTA.

b q=30 «kH/m / kN/m
T T T T T T T T T T T
FEEEEEEEEE NN NN NN NN
— ™ —
] | 1S
] - 3
\ — 1 =18 — )
i ] L 2032 Jq — ~
— 2032 ]
- 600 -
] — TT]
— —] 1
r'_r — 1'I.| r'_r — 1'I.| 5 M/m 0,3 0,3
12M/m
Puc. 1. KoHcTpyKTHBHAs CX€Ma paMbl Puc. 2. PacueTHas cxema pambl
M c1ouHu K BemonHeHo M.B. bepanHoBbM W ¢ 10 uHuK: BeimonHeHo M.B. bepianHoBeiM
Figure 1. Structural design of the frame Figure 2. Calculation model of the frame
S o urce: made by M.V. Berlinov S ource: made by M.V. Berlinov

2 CII 63.13330.2018. beronnsle u *kene306eToHHbIE KOHCTpYKIuH. OcHOBHEIE Hmonoxenus. M.: Ctangaptuadopm,
2019. 118 c.
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8
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Puc. 3. OcHoBHas

cucTeMa: IIpOHYMEPOBaHbl YUYaCTKA HepeMCHHOfI KCCTKOCTH

W cTouHHuK: BemonHeHo M.B. bepanHoBbIM

Figure 3. Primary system: sections of variable rigidity are numbered

Source:made by M.V. Berlinov

arpeccvBHan cpena/ K
aggressive environment ZA .
HEERERREE 2 2 h roBpeATeAl
c — - c Y A N _ \damege
N i |8 . | function
% |1 Cowrdesioediaer % | R ) : v,
gl MepexqHLIA Croii/ RS ol
3 transition layer 8 |
O | 1 o -
= c HENoBpEXOEHHBI Criovt / | s | 1al M
§ undameged layer g E ;>
° L | © < /] v
| LAS | Al WOAS FS‘
L L S >
B b o Rb
a 4]

Puc. 4. Cxema HAIIPSXKEHHOT'O COCTOAHUA:

@ — HOPMAJIHOTO TIONIEPEYHOr0 CEUCHHs1; 6 — IIOBPEXKAECHHOTO KOPPO3HUEH XkeJle3006TOHHOT0 3JIeMEHTa
M cTouHuKk: BemonHeno M.B. bepauHoBeiM

Figure 4. Diagram of the stress state:

a — normal cross-section; 6 — reinforced concrete element damaged by corrosion
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Source:made by M.V. Berlinov
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A sr
BetoH ¢
N repBoHaYasTbHBIMA N
4 csorcTeamm / L
Concrete with original *
properties
i i
A sr I I
3 5 4
< A MoBpeXKaeHHbIN < : A :
2 6etoH / Damaged | = |
@/\@ concrete I @/\@I
N S 1_]
N ° 2
.| [ | : |
b
a 6

Puc. 5. [ToBpexxaenue xene300eTOHHOTO HJIEMEHTa!
a — 10 BceMy nepuMeTpy ceueHus; 6 — I, 2, 3, 4 — KOppO3MOHHO-IIOBPEKACHHBIE 30HBbI,
5 — HEeNoBpEXJICHHAsl 30Ha
W cTouHuk: Bemonneno M.B. bepiaunoBeiM

Figure 5. Damage of the reinforced concrete element:
a — along the entire perimeter of the section; 6 — 1, 2, 3, 4 — corrosion—damaged zones;
5 — undamaged zone
S ource: made by M.V. Berlinov

BBenem o0o3HaueHus:
D=E*(v,t)A+B,
e

K X3 g , ,  Eo(t
A B gy XV = o, (g + B g

a

(7

®)

Torma coBmecTHOe paccMoTpenue Beipakennit (1), (2), (3),(5) u (8) mpuBOIUT K HETUHEHHON CUCTEME

MHTErpalbHO-IU(pPepeHInaNbHBIX YPAaBHEHHN:

MM, dS{ o(7) +j[ G(’E)ac(l,’t)d’t:|

do | Ey(t) s
d

G(Z) t 0
A+Bch{E0 0 +j o(1)=—c(t,1)dt

fo

+(1_“5)i5{ r(t) +j‘c(r)ic(t,to)dr_j“mdv [x}+

T dp | E (1) O x—v
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Pemenne cucreMbl ypaBHEHUI B 3aMKHYTOM BHJI€ BCTPEYAET HEIPEONOIMMbIE MaTEMaTHUECKHUE TPYA-
HOCTH. OHAKO MOJIyYEHUE PELIEHUS] OCYIECTBUMO C IMOMOUIbIO MPUMEHEHHSI METOJA MOCIEe10BaTEIbHbIX
NpUOIKEHHIA, 3aKITIOYAIONIET0Cs] B TIOCIEI0BAaTEIbHOM YTOYHEHUH HAIPsHKEHHO-Ie(OPMUPOBAHHOTO CO-
CTOSIHMS, HAYMHAS C YIPYroro pemieHus. s onpenereHHoro MOMEHTa BpeMEeHH HaOMIoeHusI Ha KaXKIOM
9Tarne BBIYUCICHUN MPOIECCH KOPPO3HH U MOJM3YUYECTH CUUTAIOTCS YCIOBHO (DUKCUPOBAHHBIMH, YTO MO3BO-
JSI€T UCIOIb30BaTh U3BECTHBIN ammapar JMHEHHOW CTPOUTENbHOM MeXaHUKU. Takod MOAX0[ CyIIEeCTBEHHO

ynpoiaet ypaBHeHue (9), KoTopoe mproOpeTaeT CiaeIyonnid BU I

MM, 1+(1+m)n[6j L+c(t,t0)
/ R EO
J dv+

0 m
(6] 1
+B1+(1+ — —+c(t,t,
( m)n(Rj :| E, C( 0)

o] 2ol
j Ei+c(z,t0)
J-z 0 dv=0. (10)

0 m
c 1
A+B 1+(1+m)n(Rj E—0+c(t,t0)

W3MeHeHne BHEIIHEN Harpy3Kd, XapaKTepHOE IS 31aHUs BO BPEMs HKCIUTyaTallud, IPUMEM II0 3aKO-
HY, IOKa3aHHOMY Ha puc. 6.

nepuod sKcrmyamayuu

PA  repuod / operation period
cmpoumernscmea
/ construction,
period / \

tO t1 ti—1 ti ti+1 4

Puc. 6. I'paux u3MeHeHNs BHEIIHEH Harpy3Ku
W ctou4Huk: BeinoaHero M.B. bepiauHossiM

Figure 6. Graph of external load changes
S our ce: made by M.V. Berlinov

ol 0<e<ty; ¢, <t<¢
P(t) =<P;ty<t<t_, ) (11)

—outP; t <t <t

3aMeTI/IM, 49TOo Fpa(l)I/IK, HpPIBeZICHHLIﬁ Ha puc. 6, ABJIICTCA HECKOJIBKO MACATU3NPOBAHHBIM, OJHAKO PC-
aJIbHOE M3MEHEHME BHEIIHEH Harpy3Ku MOXCT OBITH YTOYHCHO C IIOMOIIBIO BEPOATHOCTHBIX METOAO0B, IIPH-
MCHSCMBIX B COBpCMeHHOfI CTpOHTeHBHOﬁ MCXaHHUKCE.

B kauectBe HJUTIOCTPAMU U3JI0KCHHOI'O MCTOJa pacdyeTa INpUBEACH IIPUMEP pacucTa JKeJIe300€ TOHHOM
paMbl 3JaHUA NPOU3BOACTBCHHOIO HA3HAYCHUA. BHIOpI)I I/ISFI/I6aIOIIII/IX MOMCHTOB IIpU PA3JIMYHBIX CPOKaAX
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AKCILTyaTalluy ToKa3aHbl Ha puc. 7. Pama n3rotosiena u3 6etona kimacca B30, apmarypa ximacca A400. I'pyHT
OCHOBaHHUS — CYIIMHOK, IMEIOUIHIA cieayronme (pru3nko-MexaHndeckue xapakrepuctuku: Eo(f) = 20 MIla,
1 1 .

R =0,25 MlIa, n=1,29; m=2,48; v = 0,3; c(¢,t0) = 0,00278 e ¥ T 0,025 _— [[Mupuna cToiiku Ganku
b =40 cm, BricoTa i = 60 cm; mupuHa purens Oanku b = 40 cm, BeicoTa i = 80 cm.

[Tapamerpsl n3menenus: BHemHed Harpy3ku o = 0,0007, ¢ = 60 nue#t, P = 30 xH/M; xoaddunments
KOPPO3HOHHBIX MOBPEXICHUH OETOHA U apMaTyphl B Ha4Yajie SKCIUTyaTal[HOHHOTO TIEpHO/ia UMEIOT HYJIEBbIE
3HaueHus. PaccmarpuBaics nporece cynb(aTHON KOppOo3uu, TOMIIMHA 3aIIUTHOTO closi 6eToHa a@ = 30 MM.

Pacyer ¢ HEKOTOPBIMH YNPOILIEHUSAMU IIPOBEAEH TOJIBKO i nepuonoB 10 u 50 neT skcrryaTanuu coopy-
xenwust (puc. 7).

ynpyras noctaHoBka 6e3 yyeta
NoAaTNMBOCTY OCHOBaHNA /
elastic formulation without taking

into account the malleability of the base 3 1 O
31 0 ynpyras noctaHoBKa C y4eTom d
276 6 noAaTnMBOCTU OCHOBaHUS / 276,6
3 |, elastic formulation taking into 245
account the malleability of the base
. } 255 /- HenuHeiiHas 1 peonoruyeckas noctaHoBka

HenuHelHaa 1 peoriornyeckas NocTaHoBKa 5 ' C y4EeTOM NOAAaTIMBOCTY OCHOBAHMS MpK

C y4eTOM noAaTnMBOCTU OCHOBaHUSA Npu 262 cpoke akcnnyarauum 50 net /

cpoke akcnnyatauuu 10 net /

nonlinear and rheologica formulation taking

nonlinear and rheologica formulation taking into iaccount environmental damage and

into iaccount environmental damage and

the malleability of the base with a service 57 H}: 5’}65,"5322‘2 ofithe bass with aisenvice
life of 10 years
211 223 238 242 242 238 223 211

Puc. 7. Omopst MomeHTOB, KHM
~ ympyras IIOCTaHOBKa 3a/a4y¥ 6e3 ydeTa IoJaTIMBOCTH OCHOBAHNS;
~--- T ympyras HOCTaHOBKA € Y4€TOM HOAATIUBOCTU OCHOBAHMUS;
~ HeJMHEWHas U PeoJIOrnyecKas IOCTaHOBKA € YYE€TOM CPEIOBBIX MOBPEkKICHUI
U NOJATIMBOCTY OCHOBAHUS IPU CPOKe 3KcIuTyaTauuu 10 aer;
- -'--'--'--'---7TO e, Ipu Cpoke IKcIuryatauuu 50 ner
W cTo4Huk: BeinonaseHo M.B. bepaunoBeiM

Figure 7. Moment diagrams, kNm
——— " elastic setting without taking into account the flexibility of the base;
— elastic setting taking into account the flexibility of the base;
-'—— - ~nonlinear and rheological setting taking into account exposure damage
and the flexibility of the base as a result of 10-year service;
...~ the same, as a result of 50-year service
S ource: made by M.V. Berlinov

VYopyras nocTaHoBKa C yY€TOM IOAATIMBOCTH OCHOBAaHUS IPHUBOAUT K YMEHBIICHUIO MAaKCHUMaJIbHON
OPAMHATHI IOPEl MOMEHTOB U YBEJIMYEHUIO0 MUHUMAJILHOM, JUIsl pUTeIsl paMbl COOTBETCTBEHHO Ha 11 u 6 %,
st croviku — 11 u 12 %.

B ycnoBusix HENMMHEHON U HEPABHOBECHOW ITOCTAHOBKH 3a/1a4X C YYETOM PeXUMa JEHCTBUS BHEIIHEN
Harpy3KH, OJATIIMBOCTH OCHOBAHMS U KOPPO3UOHHBIX MOBPEKACHUN MPU CPOKe 3KCIuTyaranuu 10 net
YMEHBILIEHUE MAaKCUMAJIBHOM OpPAMHATHI SIIOPBl MOMEHTOB I pUreis paMbl coctaBuiio 14 % , a yBenude-
HHe MUHUMaIbHON — 10 %, mig croliku coorBeTcTBeHHO — 14 1 13 % .

[Tpu HenMHENHON U HEPAaBHOBECHOM MOCTAHOBKH 3a/1a4 C YYETOM PEKUMa JICHCTBUS BHEIHEN HAarpy3-
KM, MOIaTIINBOCTH OCHOBAHUS U KOPPO3UOHHBIX MOBPEKICHUN IPHU CpoKe 3KCIuryaTanuu 50 jeT ymeHb-
IIEHWE MAaKCUMaJIbHON OpAMHATBHI SIIOPbl MOMEHTOB Il PUTENsl PAMbl COCTABHIIO COOTBETCTBEHHO 21 %,
a yBenu4eHue MUHUManbHo — 14 %, nns croiiku — 21 u 15 % .
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4. JakiIouenue

VY4er HEeIMHEWHOCTH, PEOJOTHH Ne(POPMUPOBAHUS U KOPPO3UOHHBIX MOBPEKICHUN MPU PEKUMHOM
M3MEHEHUH BHEIIHEW Harpy3KH B IMpOLecce JKCIUTyaTallMd MPUBOIUT K TpaHC(HOpPMAIUH JII0p H3rubaro-
IIMX MOMEHTOB B CTOPOHY BBIPAaBHUBAHUS YCHIIUN, UTO OOBSACHSAETCS XapaKTepHbIM JIsi TPYHTOB OCHOBaHHUs
U KeJIe300€TOHHBIX KOHCTPYKIIMIA SIBICHUEM IepepacipeiesieHusl yCUIUi ¢ 6osee Harpy>kKeHHbIX Y4acTKOB
Y KOMIIOHEHTOB CEYEHUI Ha MEHEE Harpy KeHHBIE.

Hcnonp3oBaHne METOa MHTErPAIbHBIX OLEHOK MO3BOJSET IIPU COBMECTHOM PAaCCMOTPEHHMH YypaBHE-
auit (1-5) u (7-10) momyunTh HHXEHEPHO-0003pHMOE PEIIeHHE, TPEBPATHTh HEJTMHEWHYIO 3a7aqy CMEIIaH-
HOTO MeTozia B JUHEHHY0. CyIIHOCTh TAaKOIo IpHeMa 3aKIIIoUaeTcs B TOM, UYTO BECh MPOILECC 3arpyKEeHUs
JTUCKPETU3UPYETCS BO BPEMEHH Ha OIpe/IeICHHbIE (IOCTAaTOYHO Majibie) MHTEepPBaJbl, onpeaessemMbie Tpely-
€MOI TOYHOCTBIO pacyeTa, AJi1 KOTOPBIX MPOLIECCHl KOPPO3UU U MOJI3YUECTH SABISIOTCS (PUKCUPOBAHHBIMHU.

B kaxoM BpeMeHHOM MHTEpBaje peleHne HeMMHEWHON 3aa4uu JJ1sl OCTOSSHHOM Harpy3KH MPOBOJIUTCS
C MOMOIIBIO JINHEHHOTO armapara CTPOMTEIbHOW MEXaHHUKM Ha OCHOBE METOJA IOCJIEJOBATENbHbBIX IpHU-
ommxennii. KoHcTpykius pa3ouBaeTcst Ha ONpeAeTIeHHOE KOJMYECTBO YUaCTKOB, TAKXKE OIpeAessieMoe Tpe-
OyeMoli TOUHOCTBIO pacueTa, ¥ B IEPBOM MPHOIMHKEHIH 33/jada PEelIaeTcsi B yIpyro-JIMHEHHOM MOCTaHOBKe.

Bo BropoM npubmnmkeHUuu 1Mo MOTYYSHHBIM 3HaYEHUSIM U3THOAIOIIMX MOMEHTOB JIUIS K&KIOTO ydacTKa
pambl YTOYHSIIOTCS JKECTKOCTH KeJIe300€TOHHOTO CEYEHHUs 10 METOAMKE, U3JI0KEeHHOW B [ocynapcTBeHHOM
cBoge mpasun Poccuiickoit ®denepanuu CIT 63.13330.2018%, a mo smiope oTmopa IpyHTa U SIIOpe Kaca-
TENBHBIX HANPSHKEHUH Ha3HA4aloTCs 3HadeHus: GyHKumi S, v u E® 1t 6eToHa paMbl M TPYHTOBOTO OCHOBa-
HUS, T.€. YTOUHSIOTCS 3HAUEHHs eIUHUYHBIX TepemMenieHnii no ¢popmyse (9) 1 BHOBb MPOU3BOTUTCS pelIe-
HUE 331a4H.

3aTeM MPOBOAST TPEThE MPUOIMKEHUE U T.A. A0 TEX MOP, MTOKA pa3HUIIA MEXY IBYMs COCETHUMH 3Ha-
YeHHUSAMH O HE JOCTUTHET 3apaHee 33/1aHHON CTEeTIeHH TOYHOCTHU. B cilyyae BOZHMKHOBEHHS PaCXOAAIIETOCS
UTEPALMOHHOTO TIPOIecca MPUMEHSAETCS U3BECTHBI MaTeMAaTHYECKUI METO/ pEeAYKIIMOHHBIX KOd(hDHUITEeH-
TOB, YIy4IIAOIMIUN cXoquMocTh. [loTroM mepexomdar K cieayroneMy (UKCHPOBAaHHOMY HHTEpBaly BPEMEHH,
JUTSL KOTOPOTO BHEIIHAS Harpy3Ka U3MEHUTCS HA HEKOTOPYIO BEJTMUMHY, U BBIIICYTTIOMSHYThIN BBIYUCIUTEIb-
HBIA IIPOLECC MOBTOPSIIOT CHOBA M T.J. A0 TEX IOp, MOKAa BECh pacCMaTpUBAEMblii BPEMEHHOW MHTEpBaJ HE
Oy/IeT ucuepIiaH.

[IpencrapieHHBIN METOM yUeTa peajlbHBIX CBOWCTB TPYHTOB OCHOBAaHHMH W JKEI€300€TOHHBIX KOHCTPYK-
Ui QyHIAMEHTOB C YU4ETOM peXHMa JEHCTBHSI BHEITHUX HATrPy30K U KOPPO3HOHHBIX IMTOBPEXKIEHHUH 103BO-
JSIET HE TOJIBKO YTOUHUTH HAPSIKEHHO-1€(OPMHUPOBAHHOE COCTOSIHHE, HO U BBISICHUTH XapakTep ero u3Me-
HEHUS B MPOLIECCE HArPY>KEHUSI U Pa3rpyKEHHsI, YTO MOMOXKET U3BbICKATh JIOTIOJIHUTEIbHBIE PE3EPBBI IPOU-
HOCTH U 00€CHEUUTh IKOHOMHUIO MaTepHaJIOB NPHU JJIUTENbHBIX CPOKAX SKCIUTyaTallud 3JaHUM U COOpyxe-
HUH pa3IMYHOIO Ha3HAYECHHUS.

CrenyeT 3aMeTUTbh, YTO PACCMOTPEHHAs! B MPUMeEpe Cylb(haTHAs KOPPO3Us HE OTPAHUYMBACT HCIOJb-
30BaHUE MPEAIAraéMoil METOJUKHU PacyeTa, Tak Kak MpearaéMplil pacyeTHBIN anmapar no3BOJISET UCIIOJb-
30BaTh U APYrHe BUIBI KOppo3uu. Pasuuia Oyaer 3akiouaTbes JHIIb B TOM, YTO MPH Ha3HaYeHUH Kod(du-
IIMEHTOB KOPPO3HOHHBIX TMOBPEXKIEHUI OeTOHAa W apMaTypbl HEOOXomMMO OyneT HMCHOIb30BaTh APYTHe
(GyHKIMOHAIbHbBIE 3aBUCUMOCTH, OTPAXKAIOLINE TOT WM HHOW TUI KOPPO3UH.
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Annortauust. [IpennpuHsaTa NONBITKA M3YYHUTh XapakTep M3MEHEHHs XapaKTePUCTUK HaIpsHKEHHO-I1e(OPMHPOBAHHOTO
cocrosiaus (H/IC) KOHCTpYKIMHU CTallMOHAPHOW MOPCKOM IIaThOpMBI O JIeHCTBIEM ceicMuYecKuX Harpy3ok. Coopyxe-
HHE YCTaHOBJICHO Ha OTIOPHOM OCHOBAaHUH (DEPMEHHOTO THIIA M YAEPKHUBACTCS B PaOOUEM TOJIOKECHUH ITPH IOMOIIIN CTalb-
HBIX TpyO9aThIX cBail, 3a0WTHIX B TPYHT Yepe3 OMOpHBIE KOJOHHHI ((PyHAAMEHT TIyOOKOro 3ajoxeHus). MHCTpyMeHTOM
UCCIIEJIOBaHMUS SBIISUIACh KOMOMHHUPOBaHHAs MPOCTPaHCTBEHHAs 3D KOHEUHO-3JIeMEHTHAsE MOJIEIb «COOPY)KEHHE — CBai-
HBII (yHITaMEHT — IPYHTOBOE OCHOBaHMe». Llenp nccneroBaHms 3aKiI0daiach B OTpa0OTKE METOANKN aHAIN3a AUHAMUKA
KOHCTPYKIIMH CTaIliOHAPHOW MOPCKOH IIaT(GOpMbI KaK TPEXMEPHOH MEXaHWYECKONH MOJEIH, KOTOpas XapaKTepH3yeTcCs
OOJIBIINM YHCIIOM cTeneHel cBo0Obl. DPQPEKTUBHOCTh YHCIEHHOTO aHAJIN3a CHCTEMbI TOBBIIIAETCS MYyTEM IOCTPOCHUS
npeodpazoBanHoii pacuerHoi cxemsl (ITPC). [IpeoOpa3oBanue 3akimodaeTcsi B mepexo/ie K KOHTYPHBIM U pacyeTHBIM (aK-
THUBHBIM) CyIEpy3J1aM, PACIOIOKEHHBIM B/IOJIb OCH CUMMETPHH (hYHAAMEHTHOH cBan. KOHTYpHBIE Y3716l HCHIONB3YIOTCS JUIS
CTBIKOBKH MOJCTPYKTYPBI CyIIEPYy3JI0B MOA3EMHON YaCTH COOPYKEHHUSI K MOACTPYKType Haa3eMHON ee yacTu. PacueTHble
Y3JIBI TTO3BOJIIOT y4YeCTh KojeOaHusi cBaifHOro QyHnameHTa B rpyHTe. IlpeanoxkeHa anreOpamueckas BBIYUCIHTEIIbHAS
Iporueaypa, Mo3BoJIIomas copMUpPOBATh MAaTPHIBI 000OMIEHHBIX KO3()(HUIIMEHTOB KECTKOCTH B MacChl. MOTaJIbHBIN aHa-
JIU3 C MCIIOJIb30BAHMEM IIPE0OpPa30BaHHONW PACUETHON CXEMBI JAa€T BO3MOXKHOCTH CYIIECTBEHHOIO CHMKECHMS MOPAIKa
n o01ero BpeMeHH pacuera cucreMbl. O0ecriednBaeTcsi BO3SMOKHOCTD aHaM3a TUHAMUYECKUX PEaKlUil CUCTEMBI IPSIMBIM
METOJIOM C UCHOJIb30BAaHUEM aKCEIEePOrpaMMbl PEAIBHOTO 3€MIIETPSICEHUSL.

KroueBble ci10Ba: cBasi, cBaliHbBIA (pyHIaMEHT, CHCTEMHBIN aHAIN3, CTPYKTYPH3AINs, CYNEPIEMEHTHI, ANHAMHUKA KOHCTPYK-
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Abstract. In this study, an attempt is made to study the nature of changes in the characteristics of the stress-strain state
(SSS) of a fixed offshore platform structure under the influence of seismic loads. The structure is installed on a truss-type
support base and is fixed in operating position by steel tubular piles driven into the soil base through support columns (deep
foundation). A combined 3D finite element model “Superstructure — Pile Foundation — Soil Base” was used as the research
tool. The purpose of the study was to develop a methodology for analyzing the dynamics of a fixed offshore platform as
a 3D mechanical model, the finite element model of which is characterized by a large number of degrees of freedom.
The efficiency of the numerical analysis of the system is increased by constructing a transformed calculation model (TCM).
The transformation involves the transition to contour and calculation super nodes located along the axis of symmetry of the
foundation pile. Contour nodes are used to connect the Substructure of super nodes to the Superstructure. The calculation
nodes allow to take into account the vibrations of the pile foundation in the soil base. An algebraic computational procedure
is proposed that allows the formation of matrices of generalized stiffness and mass coefficients. Modal analysis using
a transformed calculation model (TCM) provides a significant reduction in the order and total computational time of the
mechanical system. The possibility of analyzing dynamic reactions by a direct method based on the accelerogram of a real
earthquake is provided.

Keywords: pile, pile foundation, system analysis, superelements, dynamics of structures, vibrations, earthquake, seismics,
finite element method, Superstructure — Pile Foundation — Soil Base
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1. BBenenue

Cospemennbie porpammubie Komiuiekcbl CAD (Computer — Aided — Design)/CAE (Computer —
Aided — Engineering) kjacca MO3BOJSIOT MH)KEHEpPAM aHAJIM3UPOBATh HAMPSKEHHO-Ae(POPMHPOBAHHOE
cocrosiaue (HJIC) m nuHaMuKy TOBEICHUST KOHCTPYKIMH pa3HOOOpa3HBIX 0OBEKTOB MOPCKOW TEXHHWKH, pac-
CMaTpuBas X KaK TPEXMEpHbIE MEXaHHYeCKue Mojenu. [IpumepamMu MOTYT CITyXKHTh CTallMOHAPHBIE MOP-
ckue miardopmel (manee — CMII), npenqHazHadyeHHBIE 1T OCBOCHHS PEeCypCOB MOPCKOTO Tienbda. [1omo06-
HBIC COOPY)KCHHSI OTIMPAIOTCS Ha CTalbHbIC TPyOUaThie cBau (MU QyHAAMEHTBHI ITyOOKOTO 3aJI0XKECHHUS),
3a0MBaeMbIe B TPYHT uepe3 OIMOopHbIe KOJIOHHBL. CBau, THaMeTpP KOTOPHIX HAaXOAUTCS, KaK MPAaBUIIO, B HHTEP-
Baje ot 0,6 1o 1,5 M, BOCIPUHUMAIOT HArpy3KH OT BEPXHErO CTPOEHUS U 00ECIEeUNBAIOT YCTOHYNBOCTh
COOPY)KEHUS B IITOPMOBBIX U JICTOBBIX YCIOBUAX. TONIIMHA CTCHKH TPyOUaThIX CBail HAXOMUTCS B MpeJie-
nax 0,012-0,025 m [1].
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TpamunuoHHO NP pacyeTax 0OBEKTOB YKa3aHHOTO THIIA aHAJTU3Y MOABEPTAIOTCS UX OTIEIbHBIC YaCTH.
[Tpu >TOM Hen30eXKHO BO3HUKAET MpoliieMa, CBSI3aHHAs C BHIOOPOM IpaHUYHBIX ycloBUil. CucTeMHOE pac-
CMOTpPEHHE KOHCTPYKIIMU pelIaeT yKa3aHHyIo mpoliemy. BakHoe ero mpenMyIiecTBo 3aKII049aeTcsi B KOM-
IUIEKCHOM PACYE€THOM HCCIIEIOBAHUU O0BEKTa B LIEJIOCTHOCTH U NoNHOTE. CUCTEMHOE pacCMOTpeHHe obec-
NEeYNBAET IICHHbIC U1 MH)KEHEPHON NPAKTHKH OLEHKH B3aMMOBIIMSHHS yacTell 00beKTa, YTO 0COOEHHO
Ba)XHO B YCJOBHAX CYLIECTBEHHOI'O Pa3IMYUs UX CBOWCTB M BHELIHMX BO3JCHCTBHH. YCHeXy CHCTEMHOIO
paccMoTpeHus: crocoOcTBytoT nporpammMubie cpenctBa CAD/CAE, peanu3syromme METOIbl CTPYKTypHU3a-
UK (IOAKOHCTPYKIMIA). brarogaps nx npuMeHeHHIO yIaeTcs MOIyYnuTh BHICOKOMH(OPMATHBHbIE PACYETHO-
rpapuuecKkue KapTHHBI, XapaKTEPU3YIOIUE COCTOSHUE U IIOBEAECHUE CIOXKHBIX O0BEKTOB C YYETOM MHOIO-
YUCIICHHBIX (DAKTOPOB (KOHCTPYKTUBHBIX, TEXHOJIOTUYECKUX, (DAKTOPOB BHELIHEH Cpebl U Ap.).

PacueTHble nccrenoBanus KOHCTPYUPYEMBIX OOBEKTOB MOPCKOW TEXHMKH MHOTOBapHaHTHBL. OHHU Bce
€Ille OCTAIOTCSl BECbMa 3aTPaTHBIMU KaK 10 BPEMEHM, TaK U 10 (PUHAHCOBBIM cpeacTsaM. 1o 3Toit npuunHe
JUIS KOHCTPYKTOpa Ba)KHbI TAKHE KOMIIBIOTEPHBIE IPOTPAMMBI, KOTOPBIE, C OJHOI CTOPOHBI, OBBIIIAXOT
3¢ $EKTUBHOCTb MHOTOBAPUAHTHOIO MHKEHEPHOTIO aHalIn3a 00bEKTa, CHUXKAIOT €ro TPYyJOEMKOCTb, a C ApY-
roif — obecreunBaroT MOJIHbIE, IIEJIOCTHBIE U AJCKBATHBIE OIIEHKU XapaKTEPUCTHK €ro COCTOSHMSA U IOBe-
nenus. Pemenne ykazaHHBIX TPOOIEM MOXET OCYIIECTBIATHCS Pa3IMYHBIMU My TsIMU. [1epBbIii My Th CBSA3aH
¢ cosepuieHcTBoBaHUEeM MeTofoB CAE, Bxitouast 6a30Bblif MeToa koHe4HbIX eMeHToB (MKD), a Tamoke
METO/IBI pacyeTa TPEXMEPHBIX MEXaHHUECKUX MOZIETIeH Mo YacTsM (METOIbI CTPYKTypH3aun). Bropoii myTh
3aKITI0YaeTCs B MOBBIIEHUH YPPEKTUBHOCTH peaIn3yeMbIX MaTeMaTH4YeCKUX BEIYUCIUTEIBHBIX MPOLIEAYP.
Tperuit myTh — 3TO MyTh pallMOHAIN3AIUH HCIIOIb3YEMBIX Mojiesel (pacueTHbIX cxeM). [lo MHeHHIO aBTO-
POB, HAWITy4IlIiEe PE3yJIbTaThl MOXKHO MOJIYYHThH ITyTeM OOBEIMHEHUS PEe3yJbTaTOB, MOMYUYEHHBIX 10 TPEM
YKa3aHHBIM HalPaBICHUSIM.

B [2] aBTrOpamu mpexacraBiena meroauka pacdyeta xapakrepuctuk HJIC xoHCTpyKiuu cranroHapHON
MOPCKO# TIaTopMBbI 10 YacTsIM Ha JIEHCTBHE MOCTOSHHBIX M AKCILTyaTallHOHHBIX HAarpy3ok. Bmecre ¢ Tem
KOHCTPYKIIMS, PacCUUTaHHas B CTATHUECKOM IMOCTAHOBKE, JOJKHA OBITh MOJABEPrHyTa JOMOJIHUTEIHHON
NPOBEpKE B CIlyyae BO3MOKHOTO YBEIMYEHHs HANPsHKEHUH W JeOopMariii, BEI3BAHHBIX JUHAMHYECKUM
XapaKkTepoM Bo3elcTBuUil BHelHel cpeabl. OfHa n3 Hanbosee BaXKHbIX HArpy30K Ha COOPYKEHUE BO3HHUKA-
eT BCIIEJICTBHE CeHCMMYECKUX KojeOaHuii rpyHTa. [loCcKoNbKy yKa3aHHas Harpy3Kka MOXKET HAHECTH Cephe3-
HBIH yIIep0 MOPCKOMY COOPYKEHHUIO, HEOOXOIMMO THIATENILHO M3YYHUTh €€ BIUSHHE Ha JUHAMHYECKUH OT-
KJIMK KOHCTPYKLUH, YTOOBI CIIPOEKTUPOBATh HaIEKHBIE COOPYKEHUS JUIsl CeHCMUYECKUX pailoHOB [1].

Lenp uccnemoBanmsi — OTpaOOTKAa METONMKH aHaM3a TuHAaMUKH KoHCTpykimmu CMIT kak TpexMepHoi
MEXaHUYECKOI MOIeNH, KOTOpasl XapaKTepu3yeTcst OOIbIINM YHUCIIOM CTeleHel cBoOoabl. [{na noctuxeHus
LIEJIM [TOCTABJIEHBI CIEIYIOIINE 3aa49u:

1) co3nanue NpoCTPaHCTBEHHBIX KOHEYHO-3JIEMEHTHBIX MOJIENIEH C pa3HBIMU I'PAaHUYHBIMU YCIOBUSMHU:
mozenb Ne 1 «coopykeHne — cBailiHbIIl (yHZaMEHT — TPYHTOBOE OCHOBaHHE», Mojieib Ne 2 «coopyxe-
HUE — JKECTKas 3a7EJIKay;

2) npuMeHeHue MeToJa CTPYKTypH3aluu (WM aHaiau3a 1o 4actsm) moaenu Ne 1 ¢ yuerom npeoOpaso-
BaHUS TIOJ3EMHOM YaCTH «CBaHBIA (YHIAMEHT — TPyHTOBOE OCHOBAHHE» ISl JALHEHIIETO TTOMYUYSHHS
HOBOI Mofenu Ne 3 B BHJIE «COOpYX)eHue — npeoOpazoBanHas noxzemHas yactb (ITPC)»;

3) BBIMOJIHEHNE CPAaBHUTEILHOTO aHAJIM3a YUCICHHBIX pe3yiabTaroB Moaenen Ne 1-3 ¢ ydeTroM ux Bpe-
MEHH NPOJOHKUTEIBHOIO CTATUYECKOTO U JUHAMHUYECKOTO pacyeTa.

2. MoaeJib, MaTepuajbl 1 METOAbI

2.1. lpocmpancmeennas KOHeUHO-31eMEHMHAA MOOEb
CMAyUOHAPHOI MOPCKOIL namgpopmul

IIpocTpaHCcTBEHHAss KOHEYHO-JIEeMEHTHass Monenb KoHcTpykuuu CMII «coopyxeHue — CBalHBIN
¢dyHnameHT — rpyHTOBOEe OcHOBaHue» (Superstructure — Pile Foundation — Soil Base) oObeaunsier
HAACTPOMKY (103. 1), onopHble TpyOsb!I (1M03. 2), HIEMEHThl PaCKOCHOM cHCTeMBbI (1103. 3), TpyOUaThlil cBaii-
HBII QyHIaMEHT TITyOOKOTO 3aJI0KEHHS C TIPUIIETAIONUM TpyHTOM (1103. 4) (puc. 1).
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Puc. 1. [IpoctpancTBenHast 3D KOHEUHO-3JIEMEHTHASI MOJIENTb KOHCTPYKIUH CTAllHOHAPHOH IIaTGOPMBI
KaK CUCTEMbI «COOpYKEHHE — CBalHbIi (PyHIaMEHT — IPYHTOBOE OCHOBAHHUEM:!
a — TIOJTHAsI MOJIeJTb; 6 — Y3 COeIMHEHNUS TPyOUaThIX HJIEMEHTOB PACKOCHOH CHCTEMBI;
6 — KOHCTPYKTHBHBIH y3€JI HaACTPOIKH: | — HaACTpoOiiKa; 2 — OMOpHEIE TPYOBI; 3 — 2JIEMEHTHI PACKOCHON CUCTEMBI;
4 — IpyHTOBOE OCHOBAaHHE CO CBaWHBIM TPyOUaThIM (yHIaMEHTOM (Ha PUCYHKE HE [TOKa3aH)
U c T ouHuk: BemonHeHo B.W. CyteipunsiM, 3.P. KyxaxmeroBoit

Figure 1. Spatial 3D finite element model of a fixed platform structure
as the “superstructure — pile foundation — soil base” system:
a — complete model; 6 — tubular elements joint in the bracing system, ¢ — structural node of the superstructure:
1 — superstructure; 2 — support pipes; 3 — elements of the bracing systems;
4 — soil base with a tubular pile foundation (not shown in the figure)
S ource: made by V.I. Sutyrin, E.R. Kuzhakhmetova

Pacuetnas monens copmMupoBaHa ¢ UCIOIb30BAHUEM 000JIOUEUHBIX KOHEUHBIX 3JIEMEHTOB TuNa Plate
(METaJUTOKOHCTPYKIIMK HAJA3EeMHON YaCTH COOPY/KEHHSI, BKITIOYAsi CBar), a TAK)Ke 0OBEMHBIX KOHEUHBIX HJIEMEH-
ToB ThNa Solid (rpyHTOBBIE MaccuBbl). OOIIIEe YUCIIO KOHEYHBIX 3JIEMEHTOB pacdeTHOW moxenu: 5 272 382;
MOPSIIOK pa3peliarIie cucteMbl ypapHeHui: 16 125 672, dyngamenTtHas cBas uMmeeT JymHy 20 M 1 1ua-
meTp 1 M. JInamMeTp TpyHTOBBIX MacCHBOB MOJIEJIH TIOA00paH C TAKMM PacdeToM, YTOOBI KECTKOE 3alemiIe-
HHUE €ro BHEIIHUX IPAHUYHBIX y3JI0B HE OKA3bIBAJIO CyIIECTBEHHOTO BiusHU Ha KapTuHy HJIC xoHCTpYK-
un. [locTossHHBIE HArPY3KH OT HAACTPOWKH, BPEMEHHBIE BETPOBBIC HATPY3KH JUISl HAJABOIHOW YaCTH KOH-
CTPYKIIMH, a TaKKe celicMUYeCKUe BO3EHCTBUS AJIs €€ MOI3EMHOM YyacTu MPUHATHI U3 padotsl [1]. BonHo-
BbIE€ Harpy3KH, BO3ACHCTBUS TEUCHUH U JIbJa, HATPY3KH, BO3HUKAIOIINE B MIPOIECCE TPAHCIIOPTUPOBKH H TIO-
CTaHOBKU KOHCTPYKILIMHU HA JTHO, B JAHHOM pacyeTe He YUUTHIBAIUCH.

[IpocTpaHcTBeHHAs: KOHEUHO-3JIEMEHTHAs! MOJIEINb IIAaTPOPMBI «COOPY>KEHHE — CBAHbIN (pyHIaMEHT —
TPYHTOBOE OCHOBAaHHE» pacCUMTaHa C UCIOIb30BAHUEM METO/I0B MOJIAIBHOTO aHAIN3a U CTPYKTYpPH3ALHH.

2.2. Mamepuanwi

Bce MeTaimueckue 371€MEHThl CTAllMOHAPHON MOPCKOW IIaT(OPMBI BBIIIOJIHEHBI U3 KOHCTPYKIIUOH-
HO# cTanu ¢ MoxyieM ynpyrocti Es= 210 000 H/mm?, kosddunuentom Ilyaccona vs = 0,3, IIOTHOCTBIO
ps = 7850 kr/™m°, Mozynem casura Gs= 0,79-10° H/mMm? 1 ko3 duimenTom TuHeiHOro pacumpenus as= 0,12-10
(cm. Ta6a1. B.1 CIT 16.13330.2017").

'CIT 16.13330.2017 «CranbHble KOHCTpYKIMU. AKTyanusuposannas penaxius CHull 11-23-81%» (¢ Tlonpaskamu, ¢ U3me-
HerusMu Ne 1-5). M.: Crannaptuadopm, 2017.
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I'pyHTOBOE OCHOBaHHME CUMTACTCS OJHOPOAHBIM. XapaKTEPUCTUKU TPyHTA B MEPBOM NPHUOIMKCHUH
COOTBETCTBYIOT NeckaM ¢ koddduuuentom mopuctoctu e = 0,65, HOpMATUBHBIM 3HAUYEHUEM YIEIHHOTO
cueruienust ¢n =4 xlla, yrom BHyTpeHHero TpeHus ¢ =30 rpan. u momxynem nedopmanuu E =18 Mlla
(cm. Tabm. A.1 CIT 22.13330.2016%).

2.3. Memoowl pacuema

I/ICXOI[HOC YpaBHCHHUE, ONMCBIBAIOIICC JUHAMUKY IMOBEACHUSA CUCTCMBbIL S, MOXHO NPCACTAaBUTH B CJIC-
AYIOIIEM BU/E:

Y[ ] -,

rz[e[R(S )J ,[M (S )}n [D(S)} — marpuIpl K03(QPHUIMEHTOB KECTKOCTH, MAacChl M JeMIT(UPOBaHUS pac-

CMaTpUBAaEMON CUCTEMBI S; {q(s)(t)} I/I{P(S)(t)} — BEKTOPbI pPeakIuii (y3710BbIX MEPEMELICHHIT) U BHEII-

HUX Harpy30K CUCTEMBI .S, 3aBUCSIINE OT BPEMEHH 1.

Onpenenenne k03(pPUIMEHTOB AeMII(PUPOBAHUS SBISETCS CIOXKHOM 3amadeil. DakTopbl AUCCUNIALUU
SHEPrUH B cCUCTEME pa3HooOpa3Hbl. MOXKHO BBIIENNUTH, B YACTHOCTH, THCTEPE3UCHOE IeMII(UPOBAHUE CH-
CTeMbl TpyHTOM. B mporiecce xoneOaHmii cUCTEMBI BO3HUKAET JAeMI(HUPOBAHUE, CBA3aHHOE C PaclpocTpa-
HEHHEM OT Hee NMOBEPXHOCTHBIX J1Ie(hOpMAIIMOHHBIX BOJH TPYHTOBOTO MaccuBa. XapakTep BIUSHUS yKa3aH-
HBIX ()aKTOPOB OCTAETCS HEMOHSITHIM J0 KOHIIA, YTO YCJIOXKHSIET MOUCK aJeKBAaTHBIX PAaCUETHBIX MOJEIEH.
[To sTOM TpWYMHE IOMUHHUPYIOMICH B PAaCYCTHOW MPAKTHKE SBISETCS WIS TPYNIUPOBaHUS (PAKTOPOB,
OTIPEIEIISIONINX JAUCCUITALIUIO KOJIeOaTeIbHOW YHEPTUU CHCTEMBI. [Ipy 3TOM cuUTaeTcsl, 4TO SKBUBAJICHTHOE
JnemMnupoBaHUE SIBISETCS BA3KUM JeMI(UpPOBaHUEM. YKAa3aHHOE TMIIOTETUYECKOE MPEANOI0KEHUE CTalI0
CTaHJAPTOM B COBPEMEHHOHN MpPaKTHUKEe MHKEHEPHOTO aHAJIN3a JUHAMUKH 34aHUN U coopyxeHui. CoriacHO
psny 3apyOeXHBIX HOPMATHBHBIX JIOKYMEHTOB, OHO NPHBOIUT K CYIIECTBEHHOMY YNPOUICHUIO PEHICHUS
muddepeHInaIbHbIX ypaBHEHUH KoneOanuit [3; 4] u B psle cilydaeB JaeT MpUeMIIeMble pe3yabTathl [5; 6].
B ciyyae nponopunoHaibHOTO BI3KOCTHOTO JeMII(UpOBaHUs, Kak HanOoJee MpocToil ero (opMbl, MaTpuIia

[D] onuceiBaetcs cnenyromeii (hopMyIoii:

[D]=o[M]+P[R], )

rme o u B — HeﬁCTBHTGHBHBIC KOHCTAHTBI, OIIPCACIIICMBIC OKCIICPUMCHTAJIbHBIMU METOAaMH [7—9] C HC-

T0JIb30BAHMEM CIIEIMATU3UPOBAHHBIX SKCIIEPUMEHTAIBHBIX YCTaHOBOK® [9—12].

VYpaBHeHHE JBWXEHHUS CHUCTEMBI, MOJydeHHOE MyTeM IpeobOpasoBanus (1) u3 BpeMeHHOH obnmactu B
o0nacTh mepeMeHHbIX Jlamaca p mpu HyJEBBIX Ha4albHBIX YCIOBHUSIX, MOXKHO HMPEACTABUTH CIIEIYIOIIUM
o0pa3zom:

(0 [M]+ p[D]+ [RI{X (D)} = {F (0} G)

r;[e{F (p)} — BEKTOp BHEIIHEH HArpy3Ku; { X (p)} — BEKTOp OTKIIMKA (peaKlun).

dopmupoanue MaTpuil skectkocTH [ R], macesr [M] u nemnduposanus [D] mossonser permars 3amaqy

0 OTPEIeNIEHUI0 COOCTBEHHBIX 3HAYCHUI B COOTBETCTBHH C ypaBHEHUEM clieaytomiero Buaa [13; 14]:

2 CIT 22.13330.2016. OcroBanus 31aHuii U coopyxenuii. AxryanusupoBannas peaaxiuus CHull 2.02.01-83* (¢ Usmenenu-
smu Ne 1-5). M.: Craunmapruadopm, 2017.

} Anexcandpoe A.B., Angpymos H.A., Acmanun B.B. u dp. Mammnoctpoenue. Duuukionenus / pea. coset: K.B. ®ponos (mpex.).
M.: MammHoctpoenue; JluHaMiuKa U TPOYHOCTh MamuH. Teopus MexaHu3moB u MamuH. T. 1-3. B 2 xuurax. Ku. 2 / mox o6u.
pen. K.C. KonecuukoBa. M.: Mamunoctpoenue, 1995. 624 c.
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o] [m]| |-[#m] [o]

Plim] (01]7] [0] [R]

CoOcTBEeHHBIE 3HAYCHUS HAXOSATCS ITyTEM PACKPBITHS OTIPEACTUTENS CICAYIONIETO BUIA:

{ry={0}. 4)

[0 [Mm]] |-[m] [o]}_

(M1 [o])7| o] [R])”

Pemennem siBisieTcst psA COOCTBEHHBIX 3HAYEHUH A, B BUJE KOMIUIEKCHO-CONPSDKEHHBIX Map BHAA
A, tio, (r =1—N, tne N — 4ucino creneseil cBOOObI), coepKalmx Ko3(QQUIMEHTHI 3aTyXaHHs U co0-

0. (5)

CTBEHHbIE YacTOThI ;. Kak7ioMy cOOCTBEHHOMY 3HaYE€HHIO Ar COOTBETCTBYET BEKTOp (opMbl. COOCTBEHHBIE
BEKTOPHI Y/ HAXOJATCS IyTEM PEIICHUS CIIeTYIOIEro ypaBHEeHNU:

(A7 [M]+ 2, [D]+[R])fw}, ={0}. (6)

B ciaydae ¢ nemndupoBaHuemM, MOISIUPYIOIIUM PACCESIHUE YHEPTUU B KOHCTPYKLHUAX, OOLIMHA KO3(-
GUIMEHT CTPYKTypHOTO JeMrdupoBaHus D U KO3QPUINEHT 3JIEMEHTHOTO CTPYKTYPHOTO JIeMI(pUPOBaHUS
Dk, onpezniensieMblii B CBOWCTBaX Marepuaa, GOpMHUPYIOT KOMIUIEKCHYIO MaTPHILy K€CTKOCTH CJIEIYIOLIETro
Buaa [15; 16]:

[RE]:(1+iD)[R]+i§Dé[RéJ, )
=l

rac [RE] — Marpula KECTKOCTU KOHCYHOI'0 3JIEMCHTA. Takum o6pa30M, B aHaJIM3€ 4aCTOTHOI'O OTKJ/IMKa

CTPYKTYPHBIH OTKJIMK BBIYHCIISIETCSA HA JUCKPETHBIX YaCTOTaX BO30YXKIEHHS IyTeM PEIICHUS CUCTEMBI CBSI-
3aHHBIX MAaTPUYHBIX YPAaBHEHUH C UCTIOJIIb30BAaHUEM KOMIUIEKCHON aireOphbl. YpaBHEHUS JABIKCHUS HA KaX-
JIOW BXOIHOM 4acTOTE PEIIAIOTCS CIIOCOOOM, aHAJIOTUYHBIM PEUICHUIO 337a4i CTaTUKU C WCIOIb30BaHHEM
CJIOKHOU apu(pMETUKH.

[IpucoeanHeHHbIE MacChl BOJBl CMOYEHHON MOBEPXHOCTH OTIOPHBIX KOJIOHH COOPY>KEHHs BBOISTCS B
pacuet koMauaou Fluid Region nporpammuoro komiuiekca FEMAP with NX NASTRAN. IIpu nomomu
yKa3aHHOM KOMaH/Ibl TPOU3BOJUTCS CETMEHTALUSI O0BEMOB HEC)KUMAEMOM KHUIKOCTH. OHU MPUKPEIUISIOTCS
K y3J7aM MOJBOAHOM YaCTH M HMCHOJIB3YIOTCS JJIsl TIOCTPOSHHUS MaTPHUIIbl MPUCOCIMHEHHBIX MacC METOJ0M
MFLUID [16]. Yka3aHHbIi METO/I OCHOBaH Ha pelieHnu ypaBHeHui Jlamnnaca merogom [ensMmronsia. 3ana-
Ya pemraeTcsl MyTeM pacrpeseneHuss Habopa MCTOYHUKOB 10 BHEIIHEH TpaHuie odbema >xuakocTH. Ecmum
MPEANONI0KHUTh, YTO UCTOYHUK HAXOAUTCS B TOYKE 7j, TO BEKTOP CKOPOCTH Vi B JTFOOOH APYToi TOYKE #i MOXK-
HO OIIPEJENIUTh CIEAYIOUUM 00pa3oM:

. ¢
V=Y [ —dd;, (®)
J Aj|”i_”j|

7€ 6 — BEJIMYMHA 00BEMHOTO Pacxo/a KUAKOCTH, IPUXOSIIET0Cs Ha IUIOMAb A); e;j— €IUHUYHBIA BEK-
TOpP B HaNpaBJIEHUH OT TOUKH j K TOUKe i. IHTerprpoBanue mpuBOIUT K (hOpMUPOBAHUIO MATPHULIB [X ]:

vy =[xIx{c}. ©)

JIsl S5KUKOCTH € IUIOTHOCTBIO P JABJIECHUE pi B JIIOOOH iI-TOUKE ONpenesseTcs ClIeIyomuM HabopoM
YPaBHEHUI:

Gep
pi= | —dd;. (10
J Aj|”i_”j|
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WuTerpupoBanue 1o IOaIu Mpeodpa3yeT JaBIeHHs B CHIIBL:
{F}=[A]x{s}. (11)

B cBoto ouepens, koMnoHeHTH BekTopa cuil (11) ompenensercss cienyonM MaTpUYHO-BEKTOPHBIM
PaBEHCTBOM:

U} =[M]x 3}, (12)

rae [M] — marpuiia MpUCOCIMHEHHBIX MacC KHIKOCTH, KOMITOHEHTBI KOTOPOH OMPEICIIAIOTCS CIIEAYIOIINM
obpazom:

[M]=[A]x[x]". (13)

DKCIIepUMEHTAITFHOE TTOATBEPIKACHIE BO3MOXHOCTH ipuMeHeHust MFLUID nipuBeneHo B pabote [17].
CrnenyeT OTMETUTh, YTO PacCMaTPUBAEMYI0 MEXaHUYECKYIO0 CUCTEMY COOPYKEHHS S MOKHO OTHECTH
K KJ1accy OonpImx cucteM. Paspemaroniye ypaBHEHHS XapaKTepU3YIOTCsl OOJIBIIIMM MOPSIKOM MaTpPHIL )KeCT-

xoctu [R], macewl [M]u nemnduposanus [D). ITo >Toit npuuune penieHne ypaBHEHHH OKa3bIBAETCS BECh-

Ma TPYIO€MKHUM, 0COOEHHO B 3a/layaX BapHaHTHOTO PacuyeTHOro KOHCTpyHpoBaHus. [10BBICUTH 3 QeKTrB-
HOCTB PacueToB MOXKHO ITyTeM (JOPMUPOBAHUS COOPYKEHUS METOAAMHU CTPYKTYPH3AIINH.

2.4. Memoo cmpykmypuzauuu

[NepBbIe myOnuKanyy Mo METOIaM pacyeTa KOHCTPYKIUH 10 YacTsM (MEeToAaM NOIKOHCTPYKIHM, cyTep-
sneMeHToB [18; 19]) mosBunucek B 60-¢ IT. MPONLIOro BeKa, NPUOIU3UTEIBHO CITYCTSI JBa JECATUIIETHS T10-
CJIe BBIXOJIa TIEPBHIX Hay4HBIX pador mo MKD [20-23]. [IpuMeHeHne METOIOB MpeayCcMaTpuBacT KOHICH-
canuto (0000IICHHE) KECTKOCTEH M HAarpy30K Ha OOIIUX rpaHHIax (B COCAMHCHHIX ) YaCTCH KOHCTPYKITUU
C TIOCJIEAYIOUIMM MOCTPOEHUEM TaK Ha3biBaeMoil neneBoil nmoacTpykTypsl (LIIT). Pacuer cucremsl ypaBHe-
Huii paBHoBecus L{I1 mo3BomsieT onpenenuTs TpaHUYHBIE Y3JI0BbIe niepemenienusi, a o HuM U HJIC Bcex
BBIJICJICHHBIX YacTel (MOAKOHCTPYKIHMi). TakuM 0O6pa3oM, B METO/IE MOJKOHCTPYKIHHA pean3yeTcss CUCTEM-
HBII TMPUHIIMI MEPEX0Ja B PacueTe «OT YaCTHOTO K OOILIeMy», a 3aTeM «OT O0IIEero K 4acTHOMY». Hamuio
BBIUMCIIUTENbHAS DKCIIAHCHUS, HAMpaBJICHHAs Ha TOCIEI0BAaTEIbHYI0 00pabOTKy BCEX YacTel CHUCTEMBI JI0-
CTYIHBIMH KOMIIBIOTEPHBIMH CPEACTBAMH C OTHOCUTENFHO HEOOJIBIION POU3BOAUTENEHOCTHIO.

B HexoTopoM cMbICie albTEPHATUBHBIM SIBISICTCS TTOIXOJ, 3aKIIIOYAIOLIHIACS B aJreOpanveckoM Mpu-
BEJICHUH JKECTKOCTEH M HArpy30kK mo0aabHON CHCTEMBI K TPAHUYHBIM y3JIaM €€ JIOKAIBbHOTo (parmMeHTa (pe-
QYLMPOBAHUN pa3periaronield cucreMsl ypaBHeHui). [Ipu sToM nokanmzanus (mepexon K rpaHuniam) ¢par-
MEHTa (4acTH) CUCTEMBI «U3BHE» oOecrneunBaeT 3((HEKTUBHOE MOCIEAYIOIIEE €0 PacueTHOE KOHCTPYHUPO-
BaHHUE C YYETOM MHBAPUAHTHBIX (OJHOKPATHO PAaCCUMTAHHBIX) TPAHUYHBIX yciaoBuid. COOTBETCTBYIOIIAs pac-
YeTHast MOJICTPYKTYpa MPEACTABISAET TaK Ha3bIBAEMBIN «BHEIIHUH cynepanemenT (External Super element).
Jlokanu3amusi 0OpaTHOrO HampaBlieHHs (T.€. «M3HYTPW») TO3BOJISIET YYECTh T'DAaHHYHBIC YCIOBUS (JKECT-
KOCTHBIE CBOMCTBAa M Harpy3ku) ¢parMeHTa B MHOTOBAPHMAHTHBIX pacyeTax COXpaHEHHOW BHEIIHEW 4acTu,
9T0 0COOCHHO 3(P(PEKTHBHO NIPU OpraHU3AINH KOJUICKTUBHON paOOThI HAJ IPOCSKTOM.

PacueT nuHAMHKHM KOHCTPYKLIMHU MPEAyCMaTPUBACT COXPAHEHHE B pacueTe OTJENIbHBIX PACUETHBHIX (aK-
THUBHBIX) Y3JI0B UCXOAHON PacU€THON CXEMBbI, B KOTOPBIX KOHACHCUPYIOTCS HE TOJIBKO )KECTKOCTH, HO M Mac-
CBI TI00abHOM cucteMbl [24; 25]. Tlpu 3TOM Ba)KHO, YTOOBI COOCTBEHHBIE YaCTOTHI U (hOpMBI cHhopMUpO-
BAaHHOHM IMOJCHCTEMBl PACUETHBIX Y3JIOB M HMCXOAHOM MOJENH MO0 BO3MOXKHOCTH COBIaJAaiH. B momoOHOM
pacyeTHOM TpUEeMe 3aKIIIoueHa IIeJecoo0pa3Hasi CMEHA MapaJurMbl UCCIICAOBAHUN OONBIIMX MEXaHW4e-
ckux Mozerneit no gactam. [lo cymecTBy, eneBas yCTaHOBKa Mpoliecca CTPYKTYpH3alMY, HallpaBJIeHHAs Ha
HapalluBaHHe YacTAMHU OOLIETO MOpsKa PelraeMoil 3a/1auu, CBOWCTBEHHAs! KJIIACCHYECKOMY METONy MOJ-
KOHCTPYKIIMH, 3aMEHSETCA 3/1€Ch Ha MPOTUBOIIOIOKHYIO, COCTOSIIYIO B JIOKAJIM3ALMKA PACU€THOTO aHAJIN3a,
T.€. K IEPEX0ly K MOACTPYKTYpaM IO MPUHITUIY «OT OOIIEro K YaCTHOMY» M 3aT€M, BO3MOXKHO, «OT 4acT-
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HOTO K o0meMy». MeToabl MOAKOHCTPYKLUI U CYNEp37IeMEHTOB B Pa3INUYHBIX (POPMax HAIUIM IIHPOKOE
NpUMEHEHHe B pacyeTax 0O0beKTOB MOpcKoi TexHmkn’ [26-32]. I[To MHEHHMIO aBTOPOB CTaThM, B pacuerax
JTUHAMUKH TUTaTGOPMBI MIPENMTOYTUTEIHHBIM SBIISIETCS 00bETUHEHHE TOJIOKUTENBHBIX CBONCTB MOACHCTEM
BHemmHero cyrnepanemenTa (CD) u pacdyetHbix y3imoB (PY). [To-Buaumomy, BriepBbie Hiesi OI00HOTO 00b-
eIMHEHHS U pacueTa KOHCTPYKLMH, HaXOISIICHCS MO IEHCTBUEM CTaTMYeCKHUX Harpy3ok, Oblia mpes-
crapiena A.M. CanoxHUKOBBIM® B (JOpMe METOla KOHTYPHBIX U pacueTHHIX Touek. B HacTosmlel crarhe
yKa3aHHas Uiesl paclpOCTPaHAETCs Ha ClIydail aHann3a JMHAMHUKH OOJbIIONH MEXaHUYECKOW CHCTEMBI.

2.5. Ilpeoopaszosannasn pacuemnasn cxema/ Transformed calculation schemes

I'moGanpHas MexaHmueckas cuctema S cTanuoHapHoi Mopckoii argopmsl (CMIT) cocTout u3 HaazeM-
HOW W mom3emMHON dacter (puc. 2a). O6o3HaunM ux cumBosamMu Q u @. CTpyKTypupyeM HCXOIHYIO pac-
YETHYIO CXeMYy CHCTEMBI S 3a cdeT mpeoOpa3oBaHUs pacueTHOW cXeMbl moa3eMHoi yactu @. C 3Tol 1enbio
BbIOEpeM ee pacueTHbIe y3Jibl (0003HAUUM HX Y) € TaKMM PacdyeToM, 4TOOBbl yuUThIBaeMble (HOpMBI COO-
CTBEHHBIX Konebanuii ucxomanoit u [IPC cuctemsl S mo Bo3MokHOCTH coBnaaanu. [Ipu pemrennn paccmar-
pUBaeMOM 3a/laud B KaY€CTBE pACUEMHbIX (AKMUBHBIX) V3106 BBIOUPAIOTCS y31bl, PACHOI0KEHHbIE BIOJb
0CH CUMMETpHHU TpyOuarToii cBau (CM. puc. 20 u 28).

Puc. 2a. ®parmeHT ncxoMHON pacyeTHOW MoJeNu (CM. puc. 1) KOHCTPYKTHBHOTO y3J1a COTPSIKe-
HUsl OIOPHOHU KOJIOHHBI IIaTGOPMBL ¢ ee noA3eMHOIl yacTeio @: / — omnopHas Tpy6a; 2 — 31e-
MEHTBI PACKOCHOW CUCTEMBbI; 3 — TPYHTOBBIA MaccuB (pacueTHas 0onacte &) ¢ TpyOuaToil cBae
(cBas He nokasaHa). UcTouHuk: BemonHeHo B.M. Cyteipunbiv, 3.P. KyxaxmeroBoil

Figure 2a. Fragment of the initial calculation model (see Figure 1) of the structural joint of the
platform support column with its substructure (®): / — support pipe; 2 — elements of the bracing

system; 3 — soil body (calculation domain &) with tubular pile (pile not shown). Source: made
by V.I. Sutyrin, E.R. Kuzhakhmetova

2a

Puc. 26. ®parmeHT HCXOMHOW pacueTHOW Monenw (CM. puc. 1) TOro e KOHCTPYKTHBHOTO y3Ia
panuanbHBIME Rigid-3neMeHTaMu, 00pasylomuMu psin Master-y3ia0B, PacloJIOKEHHBIX BIOJb
OCH CUMMETpHH TpyO4aToil cBau: / — OIMOpHAas KOJOHHA; 2 — 3JIEMEHTHI PACKOCHOI CHUCTEMBI;
, N /i 3 — rpyHTOBOE OCHOBaHue &; 4 — TpyOdartas pyHAaMEHTHas cBasi; 5 — BeepHas CHCTEMa JKeCT-
= KHX 3J1eMeHTOB THna Rigid. U cTouynu K : BeinonaHeHo B.W. Cyteipunbsiv, O.P. KyxxaxmeroBoii

4 Figure 26. Fragment of the initial calculation model (see Figure 1) of the same structural joint
/? with radial Rigid elements forming a series of Master nodes located along the axis of symmetry
— of the tubular pile: I — support column; 2 — bracing system elements; 3 — soil base (§); 4 —
tubular foundation pile; 5 — fan-shaped system of rigid elements of the Rigid type. Source:

made by V.I. Sutyrin, E.R. Kuzhakhmetova

26

Puc. 2B. I[IPC dparmenTa KOHCTPYKIUY MOPCKOH MIaThOPMBI ¢ aKTUBHBIMHU y3J1aMU HOA3EMHOI
yactu @: | — KOHTYpHBIN (CTBIKOBOYHBIH) y3el (yHIaMEHTHOH CBau v; 2 — pacueTHbIC (aKTHB-
HBI€) Y3IIbl Y CBaW, COBIAJAIOIIUE ¢ Master-y3naMu dJIEMEHTOB THNa Rigid NCXOIHOW MOJIENH.
Nctounuk: Bemonneno B.U. CyteipunsiM, 3.P. KyxxaxmeroBoii

Figure 2B. TCM of a fragment of the offshore platform structure with active nodes of the sub-
structure (®@): / — contour node of the foundation pile (v); 2 — calculated (active) nodes (y) of
v the pile, coinciding with the Master nodes of the Rigid type elements of the original model.
_ ’u‘i,x Source: made by V.I. Sutyrin, E.R. Kuzhakhmetova
26 : z

4 ocmnoe B.A., JJmumpuee C.A., Exmvuues B.K., Poouonoe A.A. MeTo]| Cylepa/IeMEHTOB B PacyeTax MHKEHEPHBIX COOpY-
skeruit. JI.: Cymoctpoenue, 1979. 287 c.

5 Cwm.: Canooicnuxoe A.M. METON KOHTYPHBIX M PACUETHBIX TOYEK IIPU PACUETAX COEMMHEHMH / CTPOUTENbHAS MEXAHUKA
u pacuet coopyxenuid. 1980. Ne 5. C. 59-61; Canooicnuxoe A.H1. llpuMeHeHne METOA0B KOHTYPHBIX U PACUETHBIX TOYEK /IS aHa-
JIM3a HaNpsHKEHHO-Ie(OPMUPOBAHHOTO COCTOSHUS IUIMHAPUIECKUX pe3epByapos // MzBectust By30B. CTPOUTENBCTBO U apXUTEK-
Typa. 1988. Ne 11. C. 29-34.
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BosmoxxkHOCTh hopMupoBaHrs 0000IIEHHBIX KO3(DPHUIIMEHTOB KECTKOCTH M MAcCChl PACYETHBIX M KOH-
TYPHBIX Y3JI0B TpyO4yaroll (pyHIaMEHTHOW cBau oOecriedeHa YCTaHOBKOH paaualibHBIX (BEEPHBIX) CHCTEM
KOHEYHBIX AJIeMeHTOB Thna Rigid (cM. puc. 2, 6) [33]. Beimenum Takke y3en, MperIHa3HaueHHbIA I CThI-
KOBKH TIOJ3€MHOW YacTH COOPYKEHHS C €ro HaJI3eMHOH dJacThio. HasoBeM y3mbl ¢ momoOHOM (hyHKIHO-
HAJIBHOCTBIO KOHMYpHbiMU (WA SPAHUYHBIMU, CIBIKOBOUHbIMU) CYTIEpY3JIaMH V. Y31bl (Y3JI0BBIE TIepeMe-
HICHHS) MOJIeNA Haa3eMHoi Q u mom3emMHol @ gactel coopykeHus: 0003HAYUM CUMBOIaMHu O u & (TS TTOJI-
CHCTEM IpyHTa U (QyHIaMEHTa COOTBETCTBEHHO). C y4eToM IMpPUHATHIX 0003HAYEHUI CTPYKTYphI MaTpUI
xectroctr [R®] n macce [M®] m06anbHO# cHcTeMBI S MOKHO MPEJICTABUTE B CIIEAYIOMEM BHJIE:

[ o(Q) Q)
(Q) Q ()] ()
[R(S)]— Rvﬁ (R\(iv)"'R\(/v)) R\(/y) 0
1o Rgb) Rgb) R%D) ’ (14)
(@)  (®)
0 0 Rey” Ree |
‘Mg§3> MY 0 0 |
) MY M +m) M0
[M*7] 0 M%q)) M%D) M%D) ) (14a)
(@) (D)
|0 0 Mg, Mg |

OcTaHOBHMCSI Ha alNTOPUTME KOHACHCAIIMHM HArpy30K, JKECTKOCTEH M Macc B CyIepy3/aX CHUCTEMBI.
ITPC coopy>xeHus okaszaHa Ha puc. 2, 6. [Ipu BbIBO/Ie MaTpUYHO-BEKTOPHBIX PABEHCTB Oy/leM CUMTaTh CBAau
OZIMHAKOBBIMM, YTO TIO3BOJISIET OIYCTHTh MHIEKC HOMEPA CBaH.

B omepanusix ¢ KOHEUHO-3JIEMEHTHON MOJIENBIO BBIJCIIUM B COCTAaBE BEKTOpA Y3JIOBBIX MEpEeMEIIEeHHH
noa3eMHoi yactu @ moABEKTOPBI COXPAHAEMBIX g M MCKIIOYAEMBIX /1 CTETIeHe CBOOOIBI (Y3JIOBBIX Iepe-
memennit): {¢®Y=1{gqs, g»}7. B KauecTBe COXpaHIEMBIX g TIEPEMEICHNI PACCMOTPHUM MepeMEIEH s OHO-
To KOHTYpHOTO (v, 103. 1) U psiga pacdeTHHIX (Y, 1M03. 2) Y3JI0B MOJACIH TIOA3EMHON 9acTu coopykeHus P.
B ykazaHHOM cllydae ee MaTpuibl koddduuuentos xectkoctu [R®] u maccs [M®)] nonsemuoii wactu
MpHOOpETaIOT OJIOYHBIN BH/I:

(P) (P)
Rgg” Rgy )

R® | = : (15)
[ J R,g? R
(@ (@)
_M(q’)} M My : (15a)
S
(CI)) _ VvV (CI)) _ AAY% .
rae _Rgg J— . Rq({f{D) I/I|:Mgg J— 0 M%D) ; (16)
(@) y®
@) ] _ R | @) _| V& |.[ p(®@) _[ (@)J. (D) _[ (@)}.
[Rg” } R(g:) ’[Mg" } M(g)) ’[R”” J_ R&é ’[M”” }_ M&E.. ’ (17)
Y Y
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@ (D)
[R,gm ) } , [Rgg J — OJOK-MaTpULBl KOAPPHUIIMEHTOB KECTKOCTH UCKIIIOYAEMBIX 72 U COXPAHSAEMBIX g
. o (@) () g
cTemenei cBOGOIBI MOACHCTEMBI Tof3eMHON YacTH @;| Ry, |=| Ryg OJIOK-MaTpHLIbl B3aMMHOTO

BiMsAHUS. [Ipy HeHarpyKeHHBIX UCKIIIOYaeMbIX /1 IIepeMeleHuaX obnactu P rnomyyaem:

R el + RSP <{ k™) = 101 (18)
()= (R | <R et 19)
O6o3Hauas [L]= —[R,(Z;D) }_1 [R,(g)] IOy 9UM {q(q))} =[EL]" {ng)} , (20)

rae £ — enuHUYHAs MaTpULia NopsaaKa g.
Jnst mpuBeAeHUsT K KOHTYPHBIM M PAaCUETHBIM Y3JIaM JKeCTKOCTeH 1 Macc obiactd @ MOXKHO BOCIIONb-
30BaThCs U3BECTHBIMU MaTPUUHBIMU paBeHCTBaMH [24; 25]:

(k21 £] <[x* <[ £]. e
)= £] £ @)

KomMmoneHTbI MaTpuIl mpuBeAeHHBIX K03 uIMeHToB, BXoAsAmuX B (21) u (22), 3aBUCAT OT KOMIOHEHT
MCXOIHBIX MATPHI] KECTKOCTH M MAacCChl MOACUCTEMBI TOA3eMHON YacTu ®. Yka3aHHbIE MaTPUIBI UMEIOT
OO0JBIION TIOPSAZIOK, B OCHOBHOM B CBSI3U C YYETOM I'PYHTOBOTO MAacCHBa, YTO YCJIOXKHSET MPOrpPaMMHYIO
peanuzanuio BblunuciaeHuid. OmnpenenuM anreOpanuecKkuii aHaJor MaTpUYHOro paBeHcTBa (22). [ns storo

MaTpHIly Macc [M (@)}’ BXOJAIIYI0 B (22), mpeacTaBuM B 4YeThipexOimodHoM Buzae (15). TlepBorawanbHO

MPEANoNIOKUM, YTO MaTpHIla Macc [M ((I))i|HOI[3€MHOI7I YacTH MMEET JMAroHaJIbHYI0 CTpPYKTypy. Torma

MepeMHOKast OJIOK-MATPHIIBI COTTACHO (22) MOTyYrM
[ <[ w0 o R | | w2 o R A0 (3)

1/2 1/2
Honcrasnsas B (23) [M,,,] =[M ,(ZZD)} ><|:M ,(;lp)} U BBINOJIHSASL MaTPUUYHBIE MPeoOpa3oBaHus, MOMy-

Ja€M paBCHCTBO AJIA OIIPCACIICHUA O606H_ICHHBIX MacCcC B CJICAYIOLIEM BHUIC!:

G |=| ) [+l6)x(aT e
e [0]=-u {m®] " o5

Crnenmyer OTMETHTH, 4TO anroput™m ¢GopmupoBanus [G]| B (24) aHANOTHYEH ajITOPUTMY TMPHUBEICHUS

1/2
Harpy3ok B 0104HOM Metone ['aycca mpu 3aMeHe BEeKTOpa MCKIIIOYaeMbIX HArpy30K MaTpHIel [ M;S;D)} .
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B obmem ciydae, Koraa UCHONB3yeTCs JICHTOYHAS CUMMETPHUYHAsi MaTpUIA Macc, MOIydaeM CIIeIyrOIuit
pe3ynbrar:

S N N N G R

RO R [l =[] 0] o] +[6Ix[6T 2o
rae
[o]=[2] x| Mg | @7)

[TpomexxyTounast Gmok-marpuna [Q] Taxxke popmupyercss 6mouHbIM MeTonoMm [aycca. [Tpuuem mpum
IOCTPOYHOM HCKJIFOUEHUU CTENEeHe cBoOOIbl B penynupyemMoil cucreme marpuna [G] cTaHoBUTCSA KO3(-
(GUIMEHTOM U BO3BE/IEHHs MaTpUILbl B poOHYIO cTeneHb (cM. 25) He Tpebyercs. Takum oOpa3om, KOH/IEH-
carys ’KeCTKOCTEH, Macc M Harpy30K IMOJCHCTEMBI B KOHTYPHBIX M PACUETHBIX y3JIaX MOXKET BBITIOIHATHCS
YHUDUIIMPOBAHHBIM POTPAMMHBIM MOJIYJIEM, KOTOPbIii MHOTOKPATHO MCIOJB3YET MPOMEKYTOUHBIE PE3YiIb-
TaThbl, O6'I)CI[I/IH$ICT 1 pacrapalijieJiIuBa€T BbIYHMCIIUTCIIbHBIC IIPOIECCEI.

B memsx pemynmpoBaHHS MOACHCTEMBI TPYHTa M IEpexofa K KOHTYPHBIM V U PACUETHBIM Y y3JaMm
TpyO4aToii cBam palpoHalbHA OCECUMMETpPHYHAs BUXpeBas (cmmpanieoOpaszHas) (ppoHTanbHas BBIYHUCIH-
TenbHas Tpoueaypa, HazsanHas B.U. CyreipuaeiM® ¢hponmansroii konoencayueri. baarogaps GpoHTaIbHO-
My MeToay pacueTta popmupoBanne Matpuil (G| u [Q] mist Bcelt MOICUCTEMBI TTOI3EMHON YacTH HE TIPOU3-
BOJUTCA. YKa3aHHBIE MaTPUIBI (POPMUPYIOTCS IJISi MaJbIX MO pa3Mepy CMEXKHBIX (IO OTHOIIEHHUIO K 00pa-
OaTbIBaEMOMY Y311y) ()parMEHTOB pacyeTHOW MoAEIH cBau U rpyHTa. IIpn 3TOM B OCHOBHOI mamsATH KOM-
IbIOTEpa yAEPKUBAIOTCS JIUIIb OTHOCUTENIBHO HeOombIne paboure MacCUBbl KOA(P(PHUIINEHTOB KECTKOCTH,
Macchl ¥ Harpy3KH CKOJIB3SIIEro (PpoHTA, pa3Mepbl KOTOPBIX HE 3aBUCST OT Pa3MEpPOB MCXOAHOM MOACUCTE-
Mbl. [lo 3TOH mpuUYMHE BBIYMCIUTENBHBIA MPOLECC OPraHU3yeTCs B OCHOBHOM NaMSATH KOMIIbIOTEPA, YTO
CYIIECTBEHHO COKpAIaeT IOJTHOE PacieTHOE BPEeMs.

CTpyKTypupyeM MaTpHIIbI, TOJy4YeHHBIC B PE3YJIbTaTe BHITIOIHEHUS onepanuid (24) u (26):

¥ * ¥ *
o [B0 RY] (M) g
g9 ] - » [M ] . (2 8)

[R gg ™
(*) ™)
My Moy

*

Ry Ry

Torna ypaBHeHue konebanuii cuctemsl (1) mpruoOpeTaeT caenyonmii BUI;:

MO x{aw}+] DO a0} +| R [<{a@} =[P 0}, (29)
e
W @ @ o
[R(*)}= R (RW +RY) RY) ,[M(*)]: M (MG M) My |. (30)
0 R R() 0 M) M)

¢ Cm.: Cymoipun B.M. DKOHOMUYHBIE METObI PEIICHHS KOHEYHO-3JIEMEHTHBIX CHUCTEM, MOJAEIUPYIOIMX CIOKHbIE KOH-
ctpykuuu // 3Bectus By3oB. Mamunoctpoenue. 2000. Ne 5-6. C. 47-51; Cymuipun B.J. Bo3MoXHOCTH NOBbIIEHUS 3()(HEKTUB-
HOCTH METOJ]a KOHEYHBIX 3JIEMEHTOB IPH MPOCKTHUPOBAHHH KOPMYCHBIX KoHCTpyKuui // Cymoctpoenue. 2003. Ne 6. C. 9-13;
Cymuipun B.1. Konnenuus noacucreMsl HixeHepHoro ananusa CAIIP cynosoro kopmyca // Cynocrpoenue. 2005. Ne 3. C. 50-54.
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Pacuernas cxema Ham3eMHOU (MeTaTMUECKOi) dacTu coopyxkenus  coxpaHena B (30) B nCXoqHOM
BUJIE, TOCKOJIBKY MOPSIOK €€ MaTpuIl KO3 PHUIIMEHTOB KeCTKOCTH M MAaCChl OKa3bIBAETCSI HAMHOTO MEHbIIIE
MOPSAJIKA aHAJIOTUYHBIX MaTPULl TOA3EMHOM yacT O.

Ha puc. 3 nmoka3zana pacueTHast cxema HojicucTeMbl (yHIaMEHTa, B KOTOpOl TpyOuarast cBasi, H3Ha4allb-
HO TIpeficTaBleHHass obonodednbivu KO tuna Plate, 3aMeHeHa Ha CTEPIKHEBYIO CBAl0 Bar NpU COXpaHEHUH
BepHOU Rigid-noncucremsl. IlpuBenenne kecTKoCTell M Macc I'pPyHTa K €€ KOHTYPHBIM V U PacueTHBIM
Y y371aM U HocJeayolee BhlYepKUBaHHE TUArOHAIbHBIX KOA()(UIIEHTOB NO3BOJSAIOT c(hOPMUPOBATH CTEPIK-
HeByto [1PC nonzemuoit yactu @ B Buje Oajaku Ha JUCKPETHOM yHpyroM ocHoBaHuM (puc. 4). Pacuetnbie
y3nbl cBait [IPC onmparorcs Ha npyXUHBI ¢ AeMIpepamu (IeMEHTHI THIIa Spring), MOACTUPYIONIUE CIIOU-
CTYIO CTPYKTYpy IpyHTa. MOXXHO NPUBECTU NIPUMEPHI PACUETHBIX CXEM MOPCKUX COOPYKEHHM, B3aUMOJeH-
CTBYIOIIUX C TPYHTOM, B KOTOPBIX IIPUMEHEHBI AHAJOTUYHBIE YNpyrue npyxkuHel [34]. MHorouncieHHusie
MCCIIEIOBAHUS TIOKA3aJIH, YTO )KECTKOCTh U JAUCCHUITALUS SHEPTUH, BOSHUKAIOIINE BCIEACTBUE 1eMII(HPOBaA-
HUS B nojcucreMe «(yHIaMeHT (B TOM 4MCJ€ CBaHOIO TUIA) — TPYyHT», MOTYT OBbITb CMOJEIMPOBAHbI
Hpy>KUHAMHU C BS3KMMU JieMI(pepamMy ¢ 4aCTOTHO-3aBUCHUMbIMU cBoicTBaMu [34-36]. B paccmarpuBaemom
pacueTe 3aBHCHMOCTh KOA(pGUIIMEHTa AeMIIPUPOBAHKS TPYHTA OT YaCTOThI KojeOaHU# Oblila OmpeneieHus
sKcniepuMeHTanbHO [7—12]. CTepxHeBast MOJENb CBaM C 3JIEMEHTaMM THUIA Spring MO3BOJISET BOBIEYb KOH-
CTPYKIIMIO B ceficMudeckue KojaeOaHHs «uepe3 IPyHT», 4TO COOTBETCTBYET XapaKTepy pealbHOro Ipolecca.
Bo3HuKaomue BCIEACTBHE CYLIECTBEHHOI'O COKpAIEHUS MOPSIKA CUCTEMbI pa3pellaroluX ypaBHEHUI
pe3epBbI BHIYUCIUTEIBHOW MOITHOCTH KOMITBIOTEPA MOTYT UCIIOIB30BaThCsl IPU BBITMIOJIHEHUN pacdyeTa BUO-
paluu MEXaHUYECKOH CHCTEMBI IIPSMBIM METOZOM Ha OCHOBE aKCEJIEPOrPaMMBbl PEATIbHOTO 3€MJIETPSICEHHUS.

Puc. 3. Monens b. CBas B Buzie cTepkHs (MOJETb «EpIIUK»): I — TPyHTOBOE OCHOBA-

1 . . ..
2 HUE B BUJEC O0OBbEMHBIX 3JIeMeHTOB THNA Solid; 2 — BeepHblil neMeHT Thna Rigid; 3 —
‘ = cBas B Buze crepxkHs tuna Bar. Uctounuk: Bemonaeno B.U. Cytsipunsv, D.P. Ky-
‘ \ \ = 3 HKAXMETOBOMN

E=1 Figure 3. Model B. Pile in the form of a Bar: / — soil base (Solid type finite elements);
=1 2 — fan-shaped Rigid finite element; 3 — pile foundation (Bar type). Source: made by
VI Sutyrin, E.R. Kuzhakhmetova

AT\ Mo 3 1 Puc. 4. I[TPC noazemHo# yactu: / — crepxHeBast cBas (Bar); 2 — pacueTHblii (aKTHBHBIN )

* y3en (y) [IPC; 3 — npyxunsl Tuna Spring ¢ aemrdepamMu, MOJICITHPYIONIUE BIUSIHUC

ANy 5 q rpyHTOBOro Maccusa. lctounuk: Bemonneno B.M. CyteipunsiM, O.P. KyxaxmeroBoit
ANt 3 T\ 2 Figure 4. Transformed calculation model (TCM) of the Substructure: / — pile foundation
AT M (Bar type); 2 — calculated (active) TCM node (y); 3 — Spring type springs with dampers,

: simulating the effect of soil base. Source: made by V.I. Sutyrin, E.R. Kuzhakhmetova

3. Pe3yabTarhl HCCJIeI0BAHUS

CoOcTBeHHbIe YacTOThI U (popMBbI KoieOaHMii cUCTeMbI ObLITH OnpeaeeHbl MmetoaoM Jlanmoa (Lanczos)
(13 coctaBa mporpaMMHOTo Komruiekca Femap with NX Nastran) [37]. B tabn. 1 u Ha puc. 5 nmpuBeaeHbI
U COIIOCTAaBJICHBI HU3IIINE COOCTBEHHBIE YaCTOTHI Kosebanuil Tpex mozaeneii: monemu Ne 1 «Coopyxenne —
CBaifHbIN (yHIaMEHT — IpyHTOBOE OCHOBaHUE»; Monenu Ne 2 «CoopykeHre — >KeCTKas 3afIeJIkay, T.e. MO-
JIeM HaJ3eMHOU YacTu {2 COOPYXKEeHHS, UMEIOIEH KeCTKYIO 3a/IeJIKy KOJIOHH Ha oOpese (yHaameHTa;
mozenu Ne 3 «Coopyxenne — [IPCy» co ctepskneBoii caeit Tuna Bar. B TIPC xoHCTpyKIIMu paccmarpuBa-
€MOr0 COOpYKeHHUs ObLII0 Ha3HaYeHO 1o 40 aKTHBHBIX Y3JIOB JJIsl Kax10M U3 6 cBaii, Onaronapst uemy nopsi-
JIOK MCXOJIHBIX MaTpHIl paspemaromeii cucteMsl ypaBHeHuil (1) coxparuics ¢ 16 125 672 no 1 384 940.
Mo’XHO 3aMeTHTb, 9TO COOCTBEHHBIE YacTOTHI Mozenel Ne | u 3 coBmazgaroT (pa3HuUIlAa B 3HAUEHHSIX HE Mpe-
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BhImaer 5 %). OqHako pacueTHOE BpeMsl MOJAIBFHOTO aHaIM3a COOCTBEHHBIX Konebanuit mogenu Ne 3 mpu
omnpeneneHnu 20 MOJI KOHCTPYKIIMU OKa3aJ0Ch HAa OPSIOK MEHBIIIE.
BBon xecTkol 3a7€JIKM HAaJ3eMHOW YacTH CUCTEMBbI CHU3Y NMPUBOAUT K CYLIECTBEHHOMY CMEUIEHUIO

CHEKTpa COOCTBEHHBIX YAaCTOT B CTOPOHY YBEIMYEHHS, YTO MOATBEPKAAET PE3yIbTaThl, HOTy4YEeHHBIEC paHee
[38—41].

Tabauya 1/ Table 1
Pe3onancubie yacToThl Moaeeii / Resonant frequencies of the models

= Yacrora fi, I'u / Frequency fi, Hz
g .
£ £ Ne1«C
o] E Mouen:, 2 1 «Coopymenie — Mopeas Ne 2 «Coopyskenune —
= 2 cBaiiHbIi PyHIAMEHT — Mopeab Ne 3 «Coopy:xeane — ITPC» /
s = JKeCTKAs 3a/1e1Kay / «
s 2 TPYHTOBOE OCHOBaHHe» / Model No. 2 ‘Superstructure — Model No. 3 “Superstructure —
= § Model No. 1 “Superstructure — .Fixe d _[; nd” Substructure TCM”
z Pile foundation — Soil base”
=
1 f1=3,063645 f1=15,843286 f1=3,035926
2 f2=3,360847 f2=6,206478 f2=3,318349
3 f=5,212157 f5=28,705053 5=15,139634
4 f1=28,01024 f1=19,494862 f1=7,670131
5 f5=28,70253 f5=9,565144 f5=8,45277
6 Jfo=8,996588 f6=9,765415 Jfo=18,751327
7 f1=9,085089 f1=9,769719 f1=138,83082
8 f8=9,70023 fs=12,45241 f8=9,59553
9 fo=9,726382 fo=12,45247 fo=9,652959
10 fi0=9,84841 fio=12,53997 fi0=9,721746
- 14
= 1245 _ _ | 1245 |_ _ 12,54
< 12 P -~
=
=
= 10 9,49 9,57 9,77 . 19777 9,73 9,85
&2 - = 19,00 9,09 == ?’72‘ T ad an
gz 871 o = 870 o I
s€ g = 801 = == 4
-
2 2 L’ A
L Y o
Z s -
: g ¢ s Mot |s2
=l LY
g 50 336 /.
: > -‘_' a1
s 2
=
S
=
0
1 2 3 4 5 6 7 8 9 10

®opmbl cOOCTBEHHBIX KoJieOanuii / Mode

—@— Mopuyib Ne 1 «CoopyxeHne — cBaiinblii GpyHzamMmeHT — rpyHTOBOE ocHoBaHue» / Model No. 1 “Superstructure — Pile foundation — Soil base”
= B= - Monayiabs Ne 2 «CoopyxeHne — sxectkas 3anenka» / Model No. 2. “Superstructure — Fixed-end”
e=fe o Moayib Ne 3 «CoopyxeHue — npeodpasoBannas noazeMHas dactb (ITPC)» / Model No. 3. “Superstructure — TCS”

Puc. 5. CriekTp HU3IIUX YaCTOT COOCTBEHHBIX KOeOaHui Mo ienei
Hcrtounuk: BemonneHo B.U. Cyteipunbsim, O.P. Kyxaxmeropoii

Figure 5. Spectrum of low frequencies of natural vibrations of models
Source: made by V.I. Sutyrin, E.R. Kuzhakhmetova
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BeiBog 00 0mIMOOYHOCTH MOAEIUPOBAHUS KOHCTPYKIMU COOPYKEHHsSI C allpyuoOpH 3alaHHbIMU IPaHUY-
HBIMH YCJIOBUSIMU IOATBEpPKIaeTCsl Tabi. 2, Iie NPUBOAATCS XapaKTepHble (GOpMBI COOCTBEHHBIX KojeOa-
HUH, [TOJIy4YE€HHBIE ¢ IIPUMEHEHUEM pacueTHbIX Mozeneit Ne 1-3.

Tabnuya 2 / Table 2

PesynbTatsl MmogansHoro anajgmusa moaesiei / The results of the modal analysis of models

Mopean Ne 1/ Model No. 1

Mopean Ne 2 / Model No. 2

Mogaean Ne 3 / Model No. 3

Ilonepeunbie konedanusi / Transverse vibrations

Mode 1 —f1=3,063645 '/ Hz

0,0022
0,00206

0,00138
0,00124
0,0011

0,000825
0,000688
0,00055
0,000413
0,000275
0,000138
0,

Mode 1 —f1=5,843286 I'1 / Hz

0,00254
0,00238

2O’ ‘
; 0,00159

0,00143

0,0012
0,000952
0,000794
0,000635
0,000476
0,000317

0,000159
0,

Mode 1 —f1 =3,035926 '/ Hz

0,00219
0,00205

0,00137
0,00123

0.00109

0,00082
0,000684
0,000547

0,00041
0,000273
0,000137

=

Mode 2 — 2=3,360847 '/ Hz

0,00229
0,00215

0,00143
0,00129

0,000858
0,000715
0,000572
0,000429
0,000286
0,000143

kr 0,
X

Mode 2 — £2=6,06478 I'1 / Hz

0,0029
0,00272

0,00181
0,00163

00145

0,00109
0,000905
0,000724
0,000543
0,000362
0,000181

0,

Mode 2 —2=3,318349T'u/ Hz

0,00227
0,00213

0,00142
0,00128

b 0.000852
® 0.00071
| 0,000568
® 0000426
H 0.000284
B .000142

o
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Oxonuanue maoén. 2 / Ending of the Table 2

Mode 2 — 12=3,360847 ' / Hz

0,00294
0,00276

0.0025

0,00184
0,00165

0,00147

0,0011
0,000918
0,000735
0,000551
0,000367
0,000184

°

Mode 2 — 2=6,06478 I'; / Hz

0,00408
oy |
0.0035 .
o
,
oM
|
0,00153
0,00127 .
k’ 0,00102 .
o7 M
z 0,000765
0,00051 .
0,000255 .
|

0,

Mode 2 — 2 =3,318349 I'; / Hz

0,00292
0,00274

0,00201
0,00183
0,00164

0.00146

0,0011
8 0000914
| 0,000731
% 0000548
& 0000365
& 0000183

°

BeprukaabHblie kojebanus / Vertical vibrations

Mode 4 - f4=8,01024 'y / Hz

0,00132
0,00124
0.00116
TN
P\
ab
=
=7 -
N 0.000908
/A‘ o
o
ﬁ 0,000743
0,000661
0,000495
0,000413
0,00033
0,000248
0,000165
0,0000826
0,

Mode 4 - f4=8,01024 I'; / Hz

0,0158
0,0148
).0138

0,0108
0,0098
0,0088

0,0078

0,00591
0,00493
0,00394
0,00296
0,00197

0,000986

0,

Mode 4 — f4=8,01024 I'; / Hz

0,0013
0,00122
),00114

0.000894
0,000813
0,000731

0,00065

0,000488
0,000406
0,000325
0,000244
0,000163
P 0,0000813

o

M cTounuk: BemonHerno B.U. CytsipunsiM, O.P. KyskaxmeroBoit
S o urce: made by V.I. Sutyrin, E.R. Kuzhakhmetova

BBox sxecTkoii 3aaenku, MOJEIUpYIOLeH BiausHUE nmoa3eMHol (D) yacTh COOpy>KEHHs Ha €ro Ha/i3eM-
HYI0 4acTh (£2), CYIIECTBEHHO HMCKa)XaeT PEakIHIo MOCIeIHEeH Ha NecTBUE CTAaTUYECKHX HArpy30K, 4TO
HOATBEP)KIAaeTCs pe3ybTaTaMy U3 Taom. 3.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIA

467



Sutyrin V.., Kuzhakhmetova E.R. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(5):453-478

Tabnuya 3 / Table 3

PesyabTatel ananusza HIAC moaeseii npu aeiicTBUM CTATHYECKUX HATPY30K /

The results of the static analysis of models

Mopean Ne 1/ Model No. 1

Mopean Ne 2 / Model No. 2

Mopeas Ne 3 / Model No. 3

MakcumaabHble nepemMemenus A;, m / Total Translation A;, m:

A= 0,00642 A2=0,004039 A3=0,00644
- 0,00642
- } [ | 000404 | 0,00644 m
T 0.00379 0,00603
»,“-"“ o e . | N |
Nas S A
DS v
)\‘\\< ? =7 0,00401 == L‘ i 7‘
A% ' S \f o . : 1‘ | | 0,00402 o
) P > | Pal i | |
[ | / | B
2 Ay 0,00151
ZZE: k'x 000126 | 0,00241
;)0(-)16 z 0,00101 | 0,00201
O,OO,a 0,000757 | 0,00161
o.oo-oso; 0,000505 = 0,00121
0,000401 0,000252 l B 0.000804
‘ 0, - 0, ®0,000402
V 0,

Mo3anka 5KBUBAJEHTHBIX HANPSAKEHNi B BEPXHUX BOJIOKHAX ILIACTHHBI 6;, H/M? /
Plate Bottom VonMises Stress ¢i, N/m?2:

10000000, . 10000000, . 10000000,
9375000, . X 9375000, . 9375000, l
). | | 5750000, g
;" )
&
b\‘\( 6250000. r ‘ 0. |
A‘, 2 0, . = 0000, .
N\ o n
3750000, .
3’5(3000_ . 3125000, . 3750000,
3125000, 2500000, . § 3125000, .
2500000, 1875000, 2500000,
1875000, 1250000, i 1875000,
1250000, 625000, F o oios
3 B 1250000,
625000, I 0,001 . = 625000,
0,001 0,001

Mo3auKa JKBHBAJEHTHBIX HANIPSAKEHUH B HHKHUX BOJIOKHAX ILIACTHHBI 6;, H/M? /
Plate Bot VonMises Stress ¢i, N/m?:

T 10000000, 10000000, . 10000000,
<, e » 9375000, l 9375000, n Il SR S 0375000 I
Bty et et
N NG
DO 0 )‘ 2 \/
2% 7 Y , A% e T
v, N4 P\ : =l 7\
SR oy NS m
NS 7 o B 'l NN }j <Xl B
N 5 eI -8 N 4 b1
. 3750000, :\‘ v .
3750000, 3125000, . 3750000,
3125000, = 2500000, 3125000,
2500000, 1875000, 2500000,
1875000, 1250000, o
. 1875000,
1250000, 625000, [ | ; g
OZiOOO.I 0,001 . " i:= I;‘Tzz
0,001 i = o
X § 0,001

W c 1 ouHuk: BemonaHeno B.U. Cytsipunsiv, 3.P. KyxaxmeroBoit
S o urce: made by V.I. Sutyrin, E.R. Kuzhakhmetova
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Ha puc. 6-8 npuBonsarcs rpaduxu 3aBucumocTei 3 HEeKTUBHON CyMMapHO# Macchl 0T (POPMBI (MOJIBI)
coOcTBeHHBIX Konebanuil. Cremyer OTMeTUTh, UTO peakiuy 1o HanpasiaeHusM T1, T2 u T3, nomyyenHsle npu
ananuze mozenedt Ne 1 «CoopykeHne — cBaliHbIH QyHIaMEHT — rpyHTOBOe ocHOBaHue» U Ne 3 «Coopy-
xeHune — [1PCy», npakruuecku coBnanu. Hanbonee «onacHoii» siBiseTcst Moia 4 — mnepeMelieHue 1o Bep-
Tukamu (mo ocu V), cMm. puc. 7 u 9. B 10 ke Bpems kak s mozenu Ne 2 «CoopyskeHue — KecTkasl 3ajell-

Ka» omacHbIMU BISIOTCS Mogbl 1 (T3, Z) u 2 (T1, X) npu ropr30HTAIBHBIX OTKIIOHEHUSX 110 OCsIM Z 1 X.

0,65
0.6
0,55

0,45
0.4
035
03
0,25
0.2
0,15
0.1
0,05

D¢ dexruBnas cymmapHas Macca /
Effective Mass Fraction

-0,05

0,5

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

®dopMbl cOOCTBEHHBIX Kosiebanuit / Mode

—-D¢dexrunas macca T1 Y3zen 0 (1) / Mass FRAC T1 Node 0 (1)
—»-DddexrnBras Macca T2 V3en 0 (3) / Mass FRAC T2 Node 0 (3)
D¢ dexrusnas macca T3 Vzen 0 (5) / Mass FRAC T3 Node 0 (5)

Puc. 6. Mozens Ne 1 «CoopysxeHne — cBaiiHblil pyHIaMEHT — I'PyHTOBOE OCHOBAHUEY.

I'paduk 3aBrucumMocTH 3GHEKTUBHON CyMMapHOH Macchl OT (GOPMBI
coOcTBeHHbIX Kosiebanuii B Hanpasienusx T1 (X), T2 (V), T3 (2)
W ¢ T 0o 9 n uk: BemonueHo B.U. Cytsipuneiv, D.P. KyxaxmeToBoit

Figure 6. Model No. 1 “Superstructure — Pile foundation — Soil base.” Relationship between
the effective total mass and the shape of natural vibrations in directions T1 (X), T2 (Y), T3 (2)

>

>

0,2

D¢ PexruBnas cymmapnas macca /
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S o urce: made by V.I. Sutyrin, E.R. Kuzhakhmetova
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Puc. 7. Mogens Ne 2 «CoopyskeHue — }KeCTKast 3a1eTTKa.

I'paduk 3aBucumoctH 3¢pdexTrBHON cyMMapHOH Macchl OT (POPMBI COOCTBEHHBIX

konebanuii B HanpasieHusx T1 (X), T2 (Y), T3 (Z2)
W ¢ T 0 9 1 u k: BemonneHo B.W. Cytsipunsiv, 2.P. KyxaxmeToBoit

Figure 7. Model No. 2 “Superstructure — Fixed-end”. Relationship between the effective
total mass and the shape of natural vibrations in directions T1 (X), T2 (Y), T3 (Z)

S o urce: made by V.I. Sutyrin, E.R. Kuzhakhmetova
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®dopmbl cOOCTBEHHBIX Kojiebanuii / Mode
—~ Dddexrusnas macca T1 Y3en 0 (1) / Mass FRAC T1 Node 0 (1)
- D¢dexrunas macca T2 Vzen 0 (3) / Mass FRAC T2 Node 0 (3)
—- DddexruBras macca T3 Y3en 0 (5) / Mass FRAC T3 Node 0 (5)

Puc. 8. Mogens Ne 3 «Coopyxenue — ITPCy.
I'paduk 3aBrcumocTH 3GPEKTHBHON CyMMapHOU Macchl OT JOPMBI COOCTBEHHBIX
konebanuii B Hanpasnenusx: T1 (X), T2 (¥), T3 (2)
W ¢ T 0 9 uk: Bemonneno B.M. Cytsipunsiv, 2.P. KyxaxmeToBoit

Figure 8. Model No. 2 “Superstructure — TCM.” Relationship between the effective total
mass and the shape of natural vibrations in directions T1 (X), T2 (Y), T3 (2)
S o urce: made by V.I. Sutyrin, E.R. Kuzhakhmetova

Takum 0Opa3om, BBOJIS JKECTKYIO 337I€TIKy HA/I36MHOI 4acTh COOpYKeHHs cHU3y (Mozens Ne 2), MbI 11o-
JTydaeM MHYIO KoJe0aTeIbHyI0 CUCTEMY, CYIIIECTBEHHO OTIMYHYIO OT HCXOAHOU Monenu Ne 1 coopykeHHs.

B 1ab61n. 4 conocraBieHsl MoaigbHble (OPMBI COOCTBEHHBIX KoJIeOaHMH Mojesel cTalbHOM TpyOua-
TOH (yHIaMEHTHO cBau, ChOpMHUPOBAaHHBIX 000I0YKamMu TuTia Plate (Monenb A) u cTepHsAMU TUTa Bar
(Mmoxens b). Husmue gactotbl u (opMbl KoeOaHUH MPAKTHYECKH COBIANAIOT, YTO CBHJIETEILCTBYET 00
UJICHTUYHOCTH pacIpe/ieNieHus )KEeCTKOCTE U Macc B COMOCTABIsIEMBIX MOJEISIX cBail. Bmecte ¢ Tem a¢-
(EeKTUBHOCTH PacYETOB CUCTEMBI CO CTEP>KHEBOW MOJIEIBIO CBAaM OKa3bIBAETCSI CYIIIECTBEHHO BBIIIE.

Tabnuya 4 / Table 4

PesyabTaThl MOJAJILHOIO aHAJINM3A cBaiiHOrO (yHaamMenTa /
The results of the modal analysis of the pile foundation
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Homep moabi/ | Mopgens A. Ceas B Buje miactunbl, I'n/ | Mopeas b. Cpasi B Busie crepakHs, I'n /
Mode number Model A. Pile in the form of a Plate, Hz Model B. Pile in the form of a Bar, Hz

1 f1=28,274225 fi=8,274271

2 S =12,45766 f=12,45815

3 f3=12,45766 f5=12,45815

4 fa=12,69873 f4=12,69734

5 f5=12,69873 f3=12,69734

6 Jfo=14,35520 Jo=14,28288

7 f1=15,97820 J1=15,97547

8 f3=15,97820 fs=15,97547

9 fo=16,69998 fo=16,70219

10 fi0=16,8188 fi0=16,81856
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Pacuer coopyxeHus Ha CEICMUYECKOE BO3ICUCTBUE  Factor
BBITIONTHEH NPsIMBIM MeTonioM («Direct Transient Dynamicy)
C HUCIIONIb30BaHUEM (parMeHTa akceleporpaMMbl peajib-
HOTO 3eMJICTPSICEHUSI, TIPEICTaBICHHON (DYHKIIMEH YCKO-
penuii rpyHTta ot Bpemenu [1] (puc. 9). B pacuere npu-
MeneHa [TPC noazeMHON yacTu cO CTEPKHEBOUM cBaei
(cM. puc. 4; 5), yaepxuBaeMoil Ipy>xnHamMu U femnde- ... |
pamu THMa Spring ¢ 4aCTOTHO-3aBUCHUMBIMH KOYPOUIH- o0
€HTaMU JIeMII()UPOBAHUS, OTIPEICIICHHBIMHA aBTOPAMH 9KC-  _corro7 |
nepuMeHTaNIbHbIM IyTeM [8—12]. Kunemarnueckomy Bo3- JP—
Oy>KIEHHIO B pacueTe MOJBEPTraliCh OMIOPHBIC Y3IIbl SPring-  1osams ; . ; ; ; .
3JIEMEHTOB. 0 1.020833 2.041667 30625 4083333 5.104167 51%:13

Harpyxenue moenu BBIOJIHEHO MPU MaKCUMaJlb- p

uc. 9. AkceneporpamMma 3eMIeTpsCEeHus
HOM aMILTHTYJHOM 3HAYE€HHH YCKOPEHHs, paBHOM 3 M/c?. WcTounnk: T.H. Dawson [1]
[Tomxon ¢poHTa BOJHBI 3eMJIETPSICEHUS K COOPYKEHUIO Figure 9. Earthquake accelerogram
nmox yrioM 45° k ropusoHTy B miockoctu X0Y. Pesynb- Source: T.H. Dawson [1]
TaTaMy Pacy€TOB SIBISIOTCS Y3JIOBBIE MIEPEMEILEHUS], CKO-
POCTH U YCKOPEHUS, a TAK)KE HANPSDKEHUS B 3JIEMEHTAX KOHCTPYKLMH B 3aBUCUMOCTU OT BpeMeHH. PacueTsl
BBINOJIHEHBI ¢ IPUMEHEHUEM ITporpaMMHOro komruiekca FEMAP with NX NASTRAN.

Ha puc. 10 npuBeniena 3aBUCHMOCTb OT BpeMEHH OTHOIIEeHUs! HanpsbkeHnii Museca (Top Von Mises Stress)
B YIJIOBOI TOYKE COENMHEHHS TUIaT(OPMBI C OTIOPHOM KOJIOHHOW K aHAJIOTUYHOMY HAIPsDKEHHIO TIPH CTaTH-
YEeCKOM HarpyKeHUHM KOHCTPYKLHUHU COOPYKEeHHUs BecoBOil Harpy3ku paBHoi 2200 kH (¢ cymmapHoii paBHO-
nercTBytomiei mo ocu Y), u BeTpoBoii — 440 xkH (¢ cymMMapHO# paBHOIEHCTBYIOMIEH 110 X).
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Bpemsa t, c / Time t, sec

Puc. 10. I'paduk 3aBucumMoct k03(hdULUEHTa AUHAMUYHOCTY 110 HANpsHKeHUsIM Museca
OT BPEMEHHU B YIJIOBOIl TOUKE COCIMHEHMS MIaTGOPMBI C OIOPHONH KOJOHHON KOHCTPYKIUY IUIAT(OPMBI
U ¢ 1 o4 Huk: BeimonneHo B.U. Cyteipunbiv, 2.P. KyxaxmeToBoit

Figure 10. Change in the dynamic coefficient of the Mises stress over time at the angular point
of connection of the platform with the support column of the platform structure
S o urce: made by V.I. Sutyrin, E.R. Kuzhakhmetova

B xadectBe mpumepa B Tabi. 5 conocrapiensl kaptuabl HC MrCTOBOM KOHCTPYKITMH HAI3EMHOM 9acTh
coopyxeHus Ha BpeMeHHbIX oTMeTkax 0,01; 0,1 u 1,0 c. B Tabin. 6 wnmocTpupyercs monaroBoe M3MeHEeHUE
HJIC crepxHeBol (pyHIaMEHTHON cBau. AHATU3UPYIOTCS HaWOOJIBIIME HOPMaJIbHBIE CyMMAapHbIe Hamps-
’KEHHS OT HOPMAJIBHOH CHITBI 1 m3rubatomiero Mmomenta (Max Comb Stress).
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Tabnuya 5 / Table 5

Junamuyeckuii pacuet. Ilomarosoe n3menenue HJC Ha MOMeHT BpeMeHHU
(Mmogean Ne 3 «Coopyxenue — ITPCy) /
Dynamic analysis. Step-by-step change of the stress-strain state at a given time
(model No. 3 Model No. 3 “Superstructure — TCM”)

Bpemsi 1 =0,01 ¢/ Time #1 =0.01 s Bpemsi 2=0,1 c/ Time 2=10.1s Bpemsitz=1,0c/ Time#:=1.0s

MakcumajabHbie nepememennss A;, m / Total Translation A;, m:

A1 =0,0009985 m / m A>=0,008814 M/ m A3=0,0238 M/ m
0.000998 0,00881 u 0,0238 [ |
0,000936 . 0,00826 0,0223 -
| [ |
0,00551 0,0149
— o | - |
0,000374 0,00331 0,00892
0,000312 . 0,00275 = 0,00744 =
0,00025 = 0,0022 - 0,00595 .
0,000187 . 0,00165 . 0,00446
0,000125 . 0,0011 0,00297 .
0,0000624 - 0,000551 . 0,00149 .
0 o o
DKBHBAJEHTHBIE HANPSIKEHHS] B BEPXHUX BOJOKHAX IJIACTHHBI i, H/m? /
Plate Bottom VonMises Stress ¢;, N/m?:
4
10000000, m 10000000, 10?9‘?00‘1
9375000, - 9375000, = 9375000,
| "y | N |
[ | || ||
3750000, 3750000, 3750000,
3125000, = 3125000, = 3125000, .
2500000, [ 2500000, ] 2500000, [ |
1875000, . 1875000, . 1875000, .
1250000, . 1250000, . 1250000. .
625000, . 625000, . 625000, .
0,001 0,001 oco, I
DKBHUBAJIEHTHbIE HANPSIKEHUS] B HHKHUX BOJIOKHAX ILIACTHHBI 6;, H/M?/
Plate Bottom VonMises Stress ¢;, N/m?:
4
10000000, . 10000000, 10000000, .
9375000, . 9375000, . 9375000, .

q | "
[ | Ll [ |
3750000, 3750000, 3750000,
3125000, | 3125000, = 3125000, .
2500000, l 2500000, | 2500000, .
1875000, . 1875000, | 1875000, |
1250000, | 1250000, | 1250000, |
625000. 625000, .- .
g | [ | 625000,
0,001 0,001 0,001 u

W c 1o 4Huk: BemonaHeno B.U. Cytsipunsiv, O.P. KyxaxmeroBoit
S our ce: made by V.I. Sutyrin, E.R. Kuzhakhmetova
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Tabnuya 6 / Table 6

Junamudecknii pacuer. Ilomarosoe nsmenenne HJIC crepxkHeBBIX
(yH1aMeHTHBIX cBaii HA MOMeHT BpeMeHH (Mogeab Ne 3 «Coopyxenune — ITPCy) /
Dynamic analysis. Step-by-step change in the stress-strain state
of foundation piles at a given time (Model No. 3 “Superstructure — TCM”)

Bpemsi 1 = 0,01 ¢/ Time 1 =0.01 s Bpemsi 2=0,1 ¢/ Time 2=10.1s Bpemsitz=1,0 c/ Time 5=1.0 s

MaxkcumaabHble nepememennsi A;, m / Total Translation A;, m:

A1=0,000467m / m A2=10,00193m / m A3=0,0181m/m
= 7 0,00193 O0IEL

" = o

B £l
0,000727 il

Z]H()’(:Z(O‘;:x L 0,000607 [ | :)’ i]’]'_; ]

0,0000126 l 0,000487 l = '00” -
0,00000972 0,000366 0>0 "
aY 0,00000688 aY 0,000246 l 017
i e X 0,0169
kx 0,00000403 k' 0,000126 | holes
z 0,00000119 z 0,00000544 0,0168
0,0167

MakcuMaJbHbIEe HOPMAJIbHBIE HANPAXKeHus 6, H/m> / Maximum Combined Stress ¢i, N/m?:

-2845,

-103403

-1008425
-1108983,
-1200541,
-1310099,
o aY
AY -1410657, \
:z

=

-1511215,

z -1611773,

MuHuMaJbLHbIe HOPpMAJbHbIE HANpPsiKeHus ¢i, H/Mm? / Minimum Combined Stress ¢;, N/m?2;

-102865, -56004,
-1083981, l -887659, l

-2849,

-118683,
.
]
[ |
.l_ ‘_‘I
ey |
e o |
p 4 -1856200,

-9204208,
-10035862,
-10867517,

<

k’ -14819604,
z

-15800720,

W ¢ 1o 4Huk: Beimonneno B.M. Cytsipunsiv, O.P. KyxxaxmeroBoii
S o ur ce: made by V.I. Sutyrin, E.R. Kuzhakhmetova
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4. Oocy:xxnenue

1. CoBpemennble CAE-KOMIUIEKCHI TO3BOJISIOT MOJAEIUPOBATh JUHAMUKY ITOBEICHUS CTAalMOHAPHON
MOPCKOU TIATPOPMBI KaK TPEXMEPHOH MEXaHWYECKOW MOAENH, COCTOSIICH M3 HaJ3eMHOTO COOPY>KEHUS,
cBaifHOro (yHAaMeHTa U IPyHTOBOr0 OCHOBaHMA. CHCTEMHOE pacCMOTpEHHE O0ECIIEUUBACT YeN0CMHOCHb
U NOIHOMY PacYeTHOTO UCCIIeIOBaHUs. BMecTe ¢ TeM B CHITy 0COOCHHOCTEH pacueTHBIX MOJEIeH, peainsy-
€MBIX QJITOPUTMOB, a TaK)K€ KOMIBIOTEPHOTO CUE€Ta rapaHTHUPOBATh HEOOXOAMMYIO TOYHOCThH MOIY4aeMOro
pe3yJibTara He IpeICTaBIIseTCs] BO3MOXHBIM.

2. Ilpyn 4nCIIEHHOM pEIIeHUH 3a]a4 AUHAMUKU TPEXMEPHBIX MEXaHMUECKHX MOJIETIeH CUTyalus OCIOXK-
HSIETCSl TEM, YTO Pe3yibTaThl (pEeaklUy MOAEIN Ha HAarpy3Kd M BO3JEHCTBHS, MOJAIbHbBIE MapaMeTphl co0-
CTBEHHBIX KOJIEOAHUH U JIp.) OKa3bIBAIOTCA JOCTATOYHO YYBCTBUTEIBHBIMU K ITapaMeTpaM pacueTHON Moje-
T (TJIOTHOCTH KOHEYHO-3JIEMEHTHON CEeTKU I'PYHTOBOTO MacCHBa, TPAHUYHBIM YCIOBHUSIM HaJI36MHOM 4acTH
u ap.). HempaBuibHOEe MX Ha3HAu€HUE MOKET MPHUBECTH K OMIMOOYHBIM MPOEKTHBIM pereHusM. s Bo3-
Bpara K peaJbHOCTH HEOOXOIUMBI SKCIIEPUMEHTAIBHBIC MCCICAOBAHHS C TMOCIEAYIONIed KOPPEKTUPOBKOM
pacyeTHON MOAEIH.

3. IIpoexTHBIE pacyeThl TPeXMEpPHBIX MexaHudeckux mozneneit MKD Bce erie octaioTcst 3aTpaTHBIMU Kak
M0 BPEMEHHM, TaK U MO (PUHAHCOBBIM cpeacTBaMm. [1o 3Toil mpuunHe aKTyalbHBI CHEIMATU3UPOBAHHBIE pac-
YeTHbIE METOJMKH, MOBBIIAIOINE 3PPEKTUBHOCTh MHOIOBapUAHTHOTO MH)KEHEPHOTO HCCIIE0BaHUS 00bEK-
Ta, CHIDKAIOIIUE €r0 TPYAOEMKOCTb, COICHCTBYIOIINE PE3YJIbTaTHBHOM KOJIJICKTUBHON paboTe HaJ MPOSKTOM.

4. B pacyeTHOM HUCCII€JOBaHUU TUHAMHYECKHX peakUui (OTKJIMKOB) THIIOBOM KOHCTPYKLHMHU CTallHO-
HApHON MOpPCKOH TUIaTGOpMBI Ha CEHCMHUYECKOE BO3ICHCTBHE COMOCTABICHBI TpexMmepHbie 3D KoHEYHO-
AIIEMEHTHBIE MOJIETIH C Pa3HBIMU TPAHUYHBIMU YCIOBHAMU: NOTHAsE Mozenb Ne 1 «coopykeHue — CBaifHBIN
(byHIaMEHT — TPyHTOBOE OCHOBAaHHUE», MOJIeNb Ne 2 «coOpyKeHHe — JKeCcTKas 3ajieika (Ha ypOoBHE MOBEpX-
HOCTH TpyHTa)», Mozienb Ne 3 «coopykeHue — npeoOpa3oBaHHAs MMO3EMHAas YacTby.

5. Mogenb Ne 1, o6benunuBIIas GyHAAMEHT U MACCUB IPYHTOBOTO OCHOBAHUS, MAaKCUMAJIbHO TPUOITH-
’KEHa 10 CBOWCTBaM K peaslbHOMY 00bekTy. Ee pacuer Bu3yanm3upyeT KapTHHY HalpsHKeHHO-Ie(pOpMUpPOBaH-
HOTO COCTOSIHUSI OOBEKTa B IIEIOCTHOCTHU U MOJIHOTE. BMecTe ¢ TeM mpuMeHeHue MOJEeNN B PAKTHKE pe-
AJIbHOTO IPOEKTHPOBAHMSI OKa3bIBACTCs MPOOIEMaTHYHbBIM BCIIECTBUE OOBIINX BPEMEHHBIX 3aTpPaT.

6. BBOJ skeCcTKOI 3a/1€7IKM OMOPHBIX KOJIOHH CHU3Y (B Mozenu Ne 2) XOTsl M COKpaIaeT pacieTHOE Bpe-
Ms pacdeTa, HO MPUBOAUT (110 CPaBHEHMIO ¢ MOJEIBIO Ne 1) K CyIeCTBEHHOMY 3aBBILICHUIO 3HAYEHUH Xapak-
tepuctuk H/IC, a Takke COOCTBEHHBIX YacTOT KoJieOanmii koHCcTpykimH [15]. [To cymecTBy, BBOms anpruopu
YCIIOBHS KECTKOHM 3a/I€IKH OTIOPHBIX KOJIOHH IJIaT(OPMBI CHU3Y, MBI MTOJy4aeM MHYIO KOJeOaTeIbHYIO CH-
CTEMY, YTO MOKET MPUBECTHU K OLTMOOUYHBIM MTPOESKTHBIM BBHIBOJIAM.

7. PanimoHaTbHBIM pacdyeTHBIM TipueMoM sBisieTcst (popmupoBanue [TPC kKOHCTpYKITHH, B KOTOPOH COXpa-
HSIETCS JIUIIb OTPAHUYCHHOE YMCIIO AKTUBHBIX (PAacueTHBIX) CYNEPY3JIOB, PACIIONOKEHHBIX BAOIb MPOI0JIb-
HOW OCH CHMMETPHUH (PyHIaMEHTHBIX TpyO (Momens No 3).

8. AHaiM3 KOHCTPYKLMH 10 YacTsIM Ha OCHOBE MPENIOKEHHON MpOoueAaypbl (pOHTAIBHON KOHIEHCA-
IIUM KECTKOCTEH U Macc MOA3EMHON 4acTH MIaTdopMbl oOecriedrBaeT HeOOXOIUMYI0 MOOUIM3AIINIO BBIYHC-
JIMTENIFHON MOIITHOCTH KOMIIBIOTEpa ISl CCIIEJOBAHUS XapaKTEPUCTUK TUHAMHUYECKUX OTKIIMKOB KOHCTPYK-
L[UU MPSMBIM METOJIOM C YYETOM pealbHbIX CEHCMUUECKUX YCKOPEHUHN U TPYHTOBBIX yCIOBHIA.

9. IIPC sBnsieTcst cBOCOOpa3HBIM HACTPAUBAEMBIM MOJATBHBIM (DHUIIBTPOM KOHCTPYKIIMH PACCUUTHIBA-
emoro oOwekra. Hactpoiika cBs3aHa ¢ BHIOOPOM MECTOIMOJIOKEHHSI M OOILIEro YMciia aKTHBHBIX y370B. X
HEOOXOIMMO Ha3HauaTh TaKUM 00pa3oM, 4TOOBI HE MPOIYCTUTh 3HAYUMBbIE COOCTBEHHBIE MO BaskHO Tak-
e, 9TOOBI pacdeTHbIC YacTOTHI U (hopMbI coOcTBeHHBIX Konebanuit [TPC coBmagamu ¢ HeoOXOAUMONH TOUHO-
CTBIO C YacToTaMu U (opMaMH KosieOaHuil pealbHOro o0bekTa. YKa3aHHbIE IIEJIM MOTYT JIOCTUTaThCs MpeiBa-
PUTENBHBIMU PACYETHO-IKCIIEPUMEHTATLHBIMU UCCIIEOBAHUSIMHU.

5. 3akJoueHue

1. CpopmupoBana [TPC KOHCTPYKIIMH CTallMOHAPHOW MOPCKON IUIaT(OPMBbI, pacueTHasi MOAEIb KOTO-
poii 00beTMHIIIa HA3EMHYIO €€ YacTh C TPyOuaThiM (yHIAMEHTOM U OCHOBAaHUEM (TPYHTOM).
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2. B chpopmupoBannoit [IPC momzemMHas 4acTh COOPYKESHHS PEICTABISIETCS CTEPIKHEM, HAXOISIIIAMCS
B JMCKPETHOM yHpyroi cpeae, co3aaBaeMoil FpyHTOM.

3. Macchl ¥ KE€CTKOCTH MOJENH TMOA3EMHON Y4acTH COOPY>KEHMs MPENJIOKEeHO MPUBOAUTH K y3JaMm
CTEpIKHS TIPY TIOMOIIIA HOBOM YHU(DHUITUPOBAHHON anreOpandecKoi Mpoueayphl.

4. Ins penqyuupoBanusi OJIoka KOA(PQPHUIMEHTOB CUCTEMbI YPaBHEHHUI, COOTBETCTBYIOIIEH MOA3EMHOM
YacTU COOPYKEHUS, MPEATIOKEHO IPUMEHUTH (PPOHTAIIbHBIM METO UCKIIIOUEHHUS HEU3BECTHBIX.

5. B pacuetrnom uccnenoBanuu nonydensl kaptunbl HJIC, xapakrepusyioiue IUHAMHUKY MOBEICHHS
KOHCTPYKIIMM MOPCKOW CTAI[MOHAPHOH IUIaTGOPMBI MO IEHCTBHEM pealbHBIX CEHCMUYECKUX HArpy30K.
BrinonneH aHanu3 3pPeKTUBHOCTH MOJAIBHBIX MAacC COOPYKEHHUS.
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AnnoTtanusi. OOBEKTOM UCCIICIOBAHUSI CTAH PE30HAHCHEBIC YaCTOTHI COOCTBEHHBIX KoJieOaHuii 3nanuii macTuTyToB YpO PAH
B . EkaTtepunOypre u ux pacrpeieicHue B TOUKax HaOmoaeHus. 11 aHain3a Pe30HAHCHBIX XapaKTePUCTUK MPHUMEHACTCS
Mmeron criektpaibHbix otHowmeHuid (HVSR, nnu meton Hakamypsl), KOTOpPBIH TO3BOJISIET BBISBUTH CKPBIThIE Ae()EKThI KOH-
cTpykuun. [leproandecknii MOHUTOPUHT TEXHUYECKOTO COCTOSIHUSI CTPOUTEIIFHBIX OOBEKTOB MO3BOJISICT BEIYMCIHUTD U OIle-
HUTb UBMCHCHUEC TUHAMUYCCKUX XapaAKTEPUCTUK O6"I)€KTa C TCUCHUCM BPEMCHMU. OI[I/IHaKOB])le 3HAUYCHUA aMIUIUTY I OKCTpE-
MYMOB KPHBOH CHEKTPAJIbHBIX OTHOLICHUH U PAaBHOMEPHOE paclpe/ieIeHHE 3HaUeHUH B 00bEME 3/1aHUSI CBUAETEIIBCTBY-
10T O HOPMAJIbHOM pab0TOCTIOCOOHOM COCTOSTHHM KOHCTpYKIUH. [IprcyTCTBHE B HEKOTOPBIX TOUKaX aHOMAJIBHO BBICOKHX
3HAUYEHHH MOXKET OBITh OOYCIIOBJIEHO HAJMYUEM CKPBITHIX JE(PEKTOB M IMOJJICKUT JOMOJIHUTEIBHOMY HM3ydYeHHUIo. JleMoH-
CTpUpyeTcs croco0 pacyeTa M pacnpesieneHus kodpuipenTa ys3BuMocT Ky, B o0beMe uccneyeMbIx 3aanuii. Ilo pesynbra-
TaM MepUOINIECKOTO MOHUTOPHHTA (TPOBOAUTCA exeromHo ¢ 2017 r.) ZeMOHCTpUpYyeTCs YCTOWIHBOE COCTOSHUE 3JaHMUs
Wucturyra reopusukun YpO PAH u nmpuBoguTcs cpaBHEHHE pe30HAHCHBIX YacTOT, MTOMYYCHHBIX B 3aHAU C THUIIOBBIM IIPO-
extoM (MuctuTyT Teonornu u reoxumun YpO PAH). B mpencraBiennoi pabore omrcaH METOJ| OLEHKH CEHCMUYECKON
YCTOWYHMBOCTH 3[aHUs C NPUMEHEHHEM PacyeTa YCKOPEHHs B FOPHU3OHTAIBHOM IUIOCKOCTH (&sqj) B TOUKE HAOIIONEHHS.
PaccuuThIBacTCS YCKOPEHHE IIPH MAKCHMAIBHO BO3MOYKHOM CECMHUYECKOM COOBITHM B PETHOHE MCCIenoBanus (44 cm/c?).
Beruucisiercsi BO3MOXHOE MakCHMaJIbHOE YCKOPEHHUE C YYETOM XapaKTepPUCTHK IPYHTA, JUIl TOYKH HAOMIOAEHHUs ¢ HauOOJIb-
M K, @gq;= 30,6 cM/C?, 4TO COOTBETCTBYET HHTEHCHBHOCTH 3eMICTPACEHHS 5,6 Gasa.

KaioueBble ciioBa: ceiicMuyeckasi yCTOWYMBOCTh, PE30HAHC, CIIEKTP, MOHUTOPHUHT, 3[JaHUE, YA3BUMOCTh, YCKOPEHHUE, COO-
CTBEHHbIC KoJieOaHus1, MeTo 1 Hakamypbl
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Abstract. The research object is the natural resonance frequencies of the buildings of the Ural Branch of the Russian
Academy of Sciences (UB RAS) located in Ekaterinburg and their distribution at observation points. The method of spectral
ratios (HVSR or the Nakamura method), which allows hidden construction defects to be identified, is applied to analyze the
resonance characteristics. Periodic monitoring of technical condition allows to calculate and evaluate changes in dynamic
characteristics over time. Equal values of the amplitude extrema of the spectral ratio curve and uniform distribution of the
values throughout the building indicate a normal operational state of the structure. The presence of abnormally high values
at some points may be due to hidden defects and requires additional study. A method for calculating vulnerability
coefficient K, is demonstrated. According to the results of annual monitoring (since 2017), the stable state of the Institute of
Geophysics building of UB RAS is demonstrated, and a comparison with resonant frequencies obtained from the standard
project (Institute of Geology & Geochemistry of UB RAS) is presented. This article presents a method for assessing seismic
stability by calculating horizontal acceleration (@,q;) at observation points. Acceleration is calculated at the maximum
possible seismic event in the studied region (44 cm/s?). The possible maximum acceleration is calculated, taking into
account the characteristics of the soil, for the observation point with the highest K,,, a5, ;= 30.6 cm/s?, which corresponds to
an earthquake intensity of 5.6.
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Nakamura’s method
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1. BBenenue

Perynsproe o6cnenoBanue 31aHil U COOPY>KEHUH SBISIETCS 00s13aTeIbHOM MPOoLEnypoid, KOTOpast TOMXK-
Ha MIPOBOJAMUTHCS IOBCEMECTHO, 0COOCHHO B PErMOHAX C MOBBIIIEHHONW celicMUYecKol aKTUBHOCTHIO. Jlaxke
TaMm, T BBICOKAs CEHCMUYHOCTD HE SIBJSIETCS] OOBIYHBIM SIBJICHUEM, NPOBEICHUE O0CIIEIOBAHHS CTPOUTEIb-
HBIX 00BEKTOB MMEET OONbIIOe 3HAYCHUE. DTH MEPOIPUATHUS MO3BOJSIOT 3HAYUTEIHLHO CHU3UTH PUCK BO3-
HUKHOBEHUS aBapUMHBIX CUTYallUil U CIEIUTh 32 COCTOSIHHEM OOBEKTOB Ha HEOOXOAMMOM ypoBHe. OnuH U3
CHOCOOOB KOHTPOJISI COCTOSIHUSI CTPOUTENBHOTO 00BhEKTa — aHAIN3 TUHAMUYECKUX XapPaKTEPHCTHK C I0-
MOIIBIO PETUCTPAIMN MUKpPOCEHCMUUECKUX KoeOanuii [ 1-4].

CepaioBcKkasi 00J1aCTh CUMTAETCS PETMOHOM €O €1a00 BhIpakeHHOU ceiicMuyHOCThIO [5]. Cronmuna
CaepamoBckoil obnactu r. EkarepuHOypr siBIsieTCS COBPEMEHHBIM METAIOINCOM, B KOTOPOM aKTHBHO Be-
JIYTCSI CTPOMUTENBHBIE PA0OTHI KUIIBIX MHOTOKBAPTHPHBIX JIOMOB M IPOMBIIUICHHBIX 00BEKTOB, KaXIbIH U3
KOTOPBIX MMEET CBOM OCOOEHHOCTH AajbHEWIIeH skciuryaTauuu. Kpome Toro, B ropojax cCyIliecTByeT
OoJIbIIO€ KOJIMYECTBO 3/1aHHM, CPOK BBEJCHUS B SKCIUTyaTaLMI0 KOTOPBIX JaTUPYETCs MPOILIBIM CTOJIETHU-
eM. Takue cTpouTenbHbIE OOBEKTHI HYXKAAIOTCS B PETYJISAPHOM OOCIIEJOBAHUU, BHE 3aBUCUMOCTH OT YCIIO-
BU ceficMHUYHOCTU peruoHa. [IpuunHamMu aBapuil CTpOUTENBHBIX KOHCTPYKUUH YacTO CTAHOBSATCS JedeK-
Thl, 00Opa3yroluecs B pe3ysibTare AeHCTBHS PA3IUYHBIX (DAKTOPOB OKpY’KaloIIeH Cpejibl, MHOTHE U3 KOTO-
PBIX PACCMOTPEHBI HA pealIbHBIX IpuMepax [6]. 111 cBOEBPEMEHHOTO BBISBJICHUS U IIPEAOTBPALLEHUS TIPU-
YUH pa3pyLIeHUs] MOHUTOPUHT THHAMUYECKHX XapaKTEPUCTUK 0OBEKTOB — 3TO HEOOXOUMOCTb.

[Toaxompl kK opraHu3auy mporecca HabIIOSHHs 32 COCTOSHUEM 3/IaHUN, COOPYKEHH 1 MaTepraioB
KOHCTPYKLHUI MMEIOT 0COOyI0 aKTyaJbHOCTh B PadOTaxX OTEYECTBEHHBIX M 3apyOeKHBIX aBTOpOB [7-9].
Kpome Toro, yHuBepcanbHOCTb METOJUK MO3BOJISIET OLICHUBATh TEXHMYECKOE COCTOSHUE MOCTOB M IIyTe-
mpoBoj1oB [10].

B crarbe onuckiBatorcs pesynbrarel MoauTopuHra 3nanus UT'® YpO PAH 3a nepuoa 2017-2024 1.,

KpPOME TOTO MPUBOJUTCS OTBIT 00CIEJOBaHUS CTPOUTEIHHOTO 00bEKTa MOA0OHOTO npoekTa — 3aanust UI'T
VYpO PAH B 2023 1.

HNudopmanus 06 00beKTaAX HCCIeT0BAHUS

2

Puc. 1. O0wexTHI uccenoBanus. Bun cBepxy:
1 — 3nanne MHCTUTYTA T€OJIOTHH U TeOXUMHUH; 2 — 3xanue VHCTHTyTa reohu3nKu
U ¢ 1 o4 H u k: https://yandex.ru/maps/-/CDRrzGyk (nara o6pamienus: 24.07.2024)

Figure 1. The research objects. A view from above:
1 — the Institute of Geology and Geochemistry building; 2 — the Institute of Geophysics building
S o ur ¢ e: https://yandex.ru/maps/-/CDRrzGyk (accessed: 24.07.2024)
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WNuctutyT reodmsukn nmern FO.I1. Bynmamesnda npeacraBiseT co00i 4ETHIPEXITAKHOE KUPITHIHOE,
BBeJIEHHOE B dKcIutyaTanuio B 1981 r. CrpourenscTBo 31aHud MIHCTUTYTa reojloTMd U T€OXUMHUU UMEHHU
A H. 3aBapunkoro Hadanoch B 1981 r., ogHako B 9KcIUTyaTalnio oHO ObUIO BBeneHO B nekadpe 2015 r. Kpo-
M€ YETBIPEX OCHOBHBIX 3Ta)KeW B KOHCTPYKIMH MPHUCYTCTBYET €IE OANH — TEXHUYECKHUH. 3aHus pacro-
JararoTcs B KBapTaye, OrpaHHYeHHOM yiauinamMu AMyHzaceHa, A. Boncosckoro, Muxeesa. Ha puc. 1 npen-
CTaBJICHO U300paskeHue 0ObEKTOB UCCIIEIOBAHUS, CeTaHHOE IPU OMOIIH cepBuca «Snaexc KapToi».

2. Metox

OO6cnenoBanue 34aHUs MyTEM PErucTpalui MUKpoceiicMuyeckoro myma MI'® npoBoauTces exeronHo
¢ 2017 r. Peructpaiius oCymecTBIse€TCS B THEBHOE BpeMs, JIIUTEILHOCTh 3aMuch cocTaBisieT 15-20 MuH.
B 2017, 2018 rr. B utone 2022 r. UCMOIb30BAJICS aNllapaTHO-MIPOrpaMMHBIi koMiuieke «Peructp-SDy» [11].
B 2021, B centsi6bpe 2022 u3mepeHus mpoBeaeHsl ¢ nomolbio perucrparopa Reftek DAS 130-1/6 B xom-
IUIEKTE ¢ KOpoTKomnepuoaabiM Besocumerpom LE-3Dlite Mk III (puc. 2). B utone 2024 r. npoBeneHsI 10-
MOJIHUTEJIbHBIE TOUEUHbIE U3MEPEHHUS, HEOOXOAUMOCTh KOTOPBIX OMKCaHa Jajee.

Puc. 2. Komrutekt 000pyoBaHHS B TOUKE PETHCTPALIUH:
1 — Benocumerp LE-3Dlite Mk III; 2 — perucrparop ceiicmuueckux curnanoB REFTEK DAS 130-1/6
u akkyMyJsaTop TITAN; 3 — mynsT ynpaBiieHUs perHCTpaTOpOM
U cTtounuk: dporo M.H. Bockpecenckoro, A.A. Kypnanooii

Figure 2. A set of equipment at the observation site:
1 — LE-3Dlite Mk III velocimete;
2 — REFTEK DAS 130-1/6 seismic signal recorder, TITAN battery; 3 — control panel of the recorder
S o ur c e: photo by M.N. Voskresenskiy, A.A. Kurdanova

MukpocelcMbI TPEICTABISAIOT CO00M OTHOCHTENBHO cllabble KoJieOaHusi TPyHTa, BEI3BAHHBIE CyMMap-
HBIM BO3/ICHCTBHEM MHOXXECTBA MCTOYHUKOB YIPYTUX KOJE€OaHWH, XapaKTEPUCTHKU KOTOPBIX SBIISIOTCS
ciydaiiHpIMU BenuunHamu [12]. OOcnenoBaHme 31aHUI U COOPYKEHUI TTOCPEACTBOM PETUCTPAIITH MUKPO-
ceificMUYecKnX KoyieOaHui mpenoiaraeT OpraHu3aliio CUCTEMBl TOYEK HAOMIOAECHUS B 00beMe 3JaHHS.
B 3manun UI'® cucrema HaOmroneHuit ObUla peann3oBaHa CIEAYIOIAM o0Opa3oM (puc. 3): mecTHAIIaTh
TOUYEK HAOJIOJCHUS PaBHOMEPHO PACIOIOKEHBI Ha KaXIOM dTaxke 3laHus, GopMupys (yCIOBHO) YETHIpE
BEPTUKAIBHBIX U YETHIPE TOPU3OHTAIBHBIX Npodmiisi. Ha puc. 3 mpeacraBieHo cxeMaTHYHOE N300paKeHUe
3aHHUSI OTHOCUTEIIFHO aBTOMOOMIIBHBIX JIOPOT.
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4 srax / floor

3 srax / floor

2 srax / floor

1 sras / floor

105 m

yi. A. BoHcosckoro / A. Vonsovsky St.

Yc10BHbIE 0003HAYEHUS

A - TOYKa PErucTpalui MUKpoceiicM / microtremor registration point;
A
- maxta judra / elevator shaft;

i - IECTHUYHBII TiponieT / stairwell.

Puc. 3. Cxema pacrosioxxeHust TOUeK HaOIroIeHns B 00beMe 31aHus IHCTUTYTa Te0hU3HKH
W c1ouHuKk: BeimonHeHo A.A. Kypnanosoit

Figure 3. The layout of observation points within of the Institute of Geophysics Building
S ource: made by A.A. Kurdanova

O6cnenoBanue 3nanust UI'T nposeneno B urone 2023 1. 3nanue UI'T nns uccnenoBanus Ob110 BHIOpa-
HO MCXOJISl U3 HECKOJIBKUX MapaMeTPOB: CXOXKasi TeOMETpHs 00beKTa (TUTIOBOM MPOEKT), OIM3KOe pacroo-
JKeHUE, OMHAKOBOE Ha3HaueHue (opucHoe 31anue). bnarogaps aHamoruyHON reoMeTpHH 31aHHUI PacIIoNo-
JKEHHE CHUCTEMBbl TOYEK HAOIIOIEHUSI OCTAIOCh HEM3MEHHBIM, 32 UCKITIOUYEHHUEM PACCTOSHUS MEXy TOUKaMU
B IUIOCKOCTH OJHOTO 3Ta)ka, KOTOPOE B HACTOSIIEM HCCIEIOBAaHHUH MOYKHO CUECTh HE3HAYUTENbHBIM. Peru-
CTpanus MUKPOCEHCMHUECKHUX KOIeOaHUH B KaXKI0UW TOYKE HAOIIOMCHNUH TIPOBOIMIIACEH TIOCIIEIOBATEIILHO BO
BPEMEHH, UTUTEILHOCTh PErUCTPAllMN COCTaBmIa 24 4, OHAKO AJIs TEKYIIETO UCCie0oBaHus ObUIH BBIOpa-
HBI JHEBHBIC 3aIIUCU JIUTEILHOCTHIO 1520 muH [13].

Crenyer OTMETUTD, YTO TPH PErHCTPALUN MUKPOCEHCM B 000X OOBEKTaxX MCCIEJOBAHMUS OPUEHTAINS
perucTparopa B TOPU30HTAIBHOMN MJIOCKOCTH OCYLIECTBIISIIACH HE 0 CTOPOHAM CBETA, & B COOTBETCTBUU
¢ peOpamu KEeCTKOCTH KOHCTpYKIMU. HampaBneHue ropu3oHTanbHON coctaBisrome X (NS) sBisioch
MapaJyIeIbHBIM KOPOTKOM CTOPOHE 3[aHUs, a HallpaBJICHUE ¥ — JIIMHHOM.

3. PesyabTaThl M 00Ccy:KI€eHUE

O06paboTka ceiicMOrpaMM OCYIIECTBIISUIACH 10 METOAMKE, ONMMCAHHOW B MEXTOCYIapCTBEHHOM CTaH-
napre TOCT 34081-2017°, u 3akmiouanach B pacueTe CHEKTPadbHON IIOTHOCTH MOMIHOCTU CKOPOCTH
CMEILEHHUI U BBIICJICHUN PE30HAHCHBIX YaCTOTHBIX MUKOB. Pe3ynbraTsl 00paboTKH JeMOHCTPHPYIOT MOCTO-
SIHCTBO PE30HAHCHBIX XapaKTEPUCTUK C TCUCHUEM BPEMEHH, HECMOTPS Ha MPUMEHEHHE Pa3IMYHOrO 000py-
JoBaHHS 1 TiporpammHoro odecniedenus (I110).

B tabnune npencTaBiaeHbl 3HaUEHUS] PE30HAHCHBIX YacTOT, MPUCYTCTBYIOLIMX BO BCEX TOUKAX HA KaXK-
JIOM 3Take 00BEKTOB McclenoBanus. braromapst HaOMIOIaeMOMY TOCTOSHCTBY PE30HAHCHBIX NMUKOB (4a-
CTOT COOCTBEHHBIX KOJICOAHMI) MOKHO YTBEPKIaTh, YTO COCTOSHUE 3/IaHUS SIBISIETCS CTa0MIbHBIM. COOT-
BETCTBHUC M3MCPCHHBIX BCJIWMYUH HOpMaTHBHO—TeXHH‘IeCKOﬁ JAOKYMCHTAIIUN CBUACTCILCTBYECT O HOpMaAJlb-
HOM, paboueM COCTOSIHH OOBEKTOB.

3TOCT 34081-2017. 3nanus u coopyxkenus. OnpeneneHne napaMeTpoB OCHOBHOTO TOHA COOCTBEHHBIX KOJNECOaHMI.
M.: Crangaptundopm, 2017. 15 c¢. URL: https://internet-law.ru/gosts/gost/65412/ (nata odpamenus: 31.07.2024).
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3HaueHHs] Pe30HAHCHBIX YACTOT B FTOPU30HTAJIbHOI MJIOCKOCTH PerucTpaluu MUKpocelicMu4eckoro ¢ona /
Values of resonant frequencies in the horizontal plane of microtremor recording

Ocb perucTpanuu / Hucruryr reopusuxu, I'n / HucrutyT reosioruu u reoxomuu, I'n /
Registration axis Institute of Geophysics, Hz Institute of Geology and Geochemistry, Hz
X 2,8 2,8
Y 2,5 2,9

CpaBHUBas 3HAYCHHS YaCTOT COOCTBEHHBIX KOJIEOAHMI TBYX THUIIOBBIX 3/IaHUH CO CX0KEH TeoMeTpreH,
3aKOHOMEPHO OKHJIaTh OJIMHAKOBBIX PE3yJIbTaTOB B 000ux o0bekTax. OqHako B ciaydae ¢ UT'® u UI'T cymie-
CTBYET PA3JIMUME B 3HAUCHMSX 110 Y-COCTABIAIOLIEH, TO €CTh MO JJIMHHOW CTOpPOHE 3AaHMid. Takoe paznuune
MOJKET 00YCIIaBIMBATHCS PA3IMIMEM B TIOJIOKEHUU CTPOUTENBHBIX KOHCTPYKIIUH, COSAMHSIONINXCS C OCHOB-
HBIM 00BEKTOM HCCIIEIOBAaHUS, & TAK)KE HATMYMEM TEXHUYECKOTO dTaka B OJHOM U3 00BEKTOB (cM. puc. 1).

JanbHeimas 00paboTka ceCMUYECKUX MaTe€pHajoB MPOBOJIMIACH C MCIIOJIb30BAHUEM METOJIa TOPH-
30HTAJIBHBIX U BEPTUKAIBHBIX CIeKTpainbHbIX oTHOmEHUH (HVSR) [14], koTOpHIii HalIen mupokoe mpumMe-
HEHWE B 00JIACTH M3YUYCHHUS COCTOSHHS TPYHTOB M KOHCTpyKmmid [15—19]. it 00BEKTOB McCaea0BaHMs
B KaXKI0H TOYKE HAOIIOJCHUs BBIYUCICH KOO(QQHUUUCHT ys3BUMOCTH K . DTOT mapamerp XapakTepu3yer

HanboJIee YyBCTBUTEIbHBIE YUACTKU UCCIIETyEMbIX 0OBbEKTOB K BO3JICHCTBHUIO YIPYTUX KoJieOaHuid. Borumc-
asiercst o dopmyne (1), rne a — MakcuManpHOE 3HAUYeHHE KOA(PHUIIMEHTa YCUICHUS! B COOTBETCTBUU CO
cnekTpanbHoi KpuBoit HVSR, F'— cooTBeTcTBYIOIas 3TOMY 3HadeHHIo yactoTa [20]:

K =2, (D

Ha puc. 4 npeycraBiieHo n300pakeHHEe pacipeaesieHus KodhUIMeHTa yI3BUMOCTH K , B 3IaHAK UIT.
IoBrimenune K , B KpaitHel mpaBoii 001acT 00BICHSIETCS OCOOCHHOCTSAMH HCIIOIL30BAHUS TOMEICHHMA

B 3TOH 30HE U paboTol crennanbHOro o6opyaoBanusd. B ocramsHOM 00beMe 3aHus 3HaUeHHE KO3 duim-
CHTa YS3BUMOCTH K, TIOCTOSHHO.

K,y e/
conditional unit

260

4 stax / floor

3 arax / floor

2 atax / floor

1 sra / floor

I T 1 60
(3% 36m T3 wm 110 M

yi. A. Boncosckoro / A. Vonsovsky St.

Puc. 4. Pacnipenenenue koadduimenta yszsumoctu B oobeme 3nanust UI'T YpO PAH. Urons 2023 1.
W ctouHuk: BemonHeHo A.A. KypaaHnoBoit

Figure 4. The distribution of the vulnerability coefficient within of the IGG UB RAS building, July 2023
S ource: made by A.A. Kurdanova

Ha puc. 5-7 npencrasinenst pactpenenchust K | B 3panuu UI'O B 2017, 2021 u B 2022 rr. [1osblmenne
K, B kpaiiHeil neBoil 4acTH 00yClaBIMBaeTCsI KOHCTPYKTHBHBIMU OCOOCHHOCTSIMU 00BEKTa (JIECTHUYHBIH

MPOJIET), eIlle OHO BKJIIOYEHHE Ha ypoBHE 70 M OIUCHIBACT MOJIOKEHUE IAXThI JTUTA.
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Puc. 5. Pacnipenenenue koadduienra yszsumoctu B oobeme 3nanust UI'®. exadbprs 2017
W ctouHuk: BemonHeHo A.A. KypaaHoBoit
Figure 5. The distribution of the vulnerability coefficient within of the IG UB RAS building. December 2017
S ource: made by A.A. Kurdanova
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Puc. 6. Pacnipenenenue koadduimenra yszsumoctu B oobeme 3nanust UI'®. Anpens 2021 r.
N cTtouHuk:BemonaeHo A.A. KypnaHoBoii
Figure 6. The distribution of the vulnerability coefficient within of the IG UB RAS building. April 2021
Source:made by A.A. Kurdanova
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Puc. 7. Pacnpenenenue koadduimenra yszsumoctu B oobeme 3nanust UT'O.

Bugx c yn. A. Borcosckoro. Centsiops 2022 .

W ctouHuk: BemonHeHo A.A. KypaaHnoBoit

Figure 7. The distribution of the vulnerability coefficient within of the IG UB RAS building.

View from A. Vonsovsky Street. September 2022
S ource: made by A.A. Kurdanova
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Eme oquH KIII04EBO 31€MEHT OIIEHKH COCTOSIHUS 3/1aHUS — 3TO pacdeT CeHCMHUYECKOW yCTOWYHBO-
CTH CTPOHUTENILHOTO 00BEKTa. AHAIOTMYHBIA OMBIT COOTEYECTBEHHUKOB omucaH B padorax I'.M. AHocoBa
[20]. CornacHo uccinegoBanusM Hakamypsl [15], mo dopmyine (2) paccuUTbHIBa€TCS MaKCHUMAaJIbHO AOITY-
CTHMOE YCKOpPEHHE B CM/C® [JIf TOYKH ¢ HAambOJBIIAM 3HadeHHeM Kod(hdHIMeHTa yI3BUMOCTH. B mocie-
IYIOIIIEM JaHHOE 3HauYeHHUE MepeBOAUTCS B Oasuibl o mkaine MSK-64:

, AXTEXFXh,
o, =10 Ly, @)
‘ As '_Asgj—l

&/

e 0, — YCKOPEHHE B TOPH3OHTAIBHON IIOCKOCTH; /i,— BBICOTA j-I0 9Taxa; [ — npeobianaomas ya-
CTOTa B TOYKE U3MEPEHUIl; A — KO3(DOULMCHT YCHICHUS j-TO 9Taxa; Y, — Ae(hOpPMALOHHOE OTKIO-

HEHHE j-TO JTaxa.
Kos¢pduiment ycnnenns j-ro sraxa A, — 5T0 KOMOMHHPOBaHHbII KodpuLmenHT yeunenns [23],

KOTOPBI OIpeenseTcss U3 COOTHOIICHHUS] TOPU30HTAIBHOM COCTABISIONICH CIIEKTPa j-TO dTaka U BEPTH-
KaJbHOM COCTaBIIAIONICH CIIEKTpa IMEePBOTr0 (HUKHET0) dTaxa.

Tax xak B npouecce MmonuTopunra 3ganust UI'd uzmepenns MUKpoceHCMUUECKOro poHa MpOU3BOAU-
JUCHh TOCIEIOBATEIbHO BO BPEMEHH B KaXKJIOM TOUKe HAOIIOJACHUH, TO pacuyeT KOMOMHUPOBAHHOTO KO3(-
q)HHPICHTa YCWJICHUA 110 JAaHHBIM HNPOMNUIBIX JICT HE IMPEACTABIISICTCS BO3MOXKHBIM. I[OHOJIHI/ITCJILHLIC CHH-
XpOHHBIE BO BPEMEHH M3MEPEHHUs MHUKpOceHCcMHUeckoro (oHa B 3/laHUM, pOBeACHHBIE B mioie 2024 1.,
no3BoJMiIH paccuutars A, (Ge3pasmepHas BeanduHa). Vi3mepeHns 3aKi04ainch B OAHOBPEMCHHOM Pert-

CTpalui B TOYKE C aHOMAaJbHBIM 3HaUCHHEM K , ¥ Ha [IEPBOM 3Ta)Xe 3aHus MOJ aToi Toukou. [Tomyunam
3HaYeHNEe KOMOMHHMPOBAaHHOrO Kod(dunuenTa 4 o 3aTem, aHAIOTHYHBIM 00pa30oM, ObUTH MPOBEJCHBI HE-

00xoauMBbIe U3MEPEHUs sl pacyera A To ectb U3 001IeH CXEMBbI TOUYEK HAOIIOIEHUI OBLITN BHIOPAHBI

sgi—-1°
TOJIBKO TPU TOYKH, HAXOMSAIIMECS HA yCIOBHOM BEPTUKAIBHOM Ipo¢uie, HeOOXOAUMBIE ISl BBIYHCICHUS
KOMOWHHPOBAHHBIX KO3((UIMEHTOB ycuieHus. V3MepeHus NpOBOAWINCH C TOMOIIBIO PETUCTPATOPOB
Reftek DAS 130-1/6 B xommekTe ¢ kopotkonepuoausM Benocumerpom LE-3Dlite Mk III. Takum oOpa-
30M, ObuIH 10Ny 4eHbl 3HaYeHus 4, = 37,7 n 4, = 34.8.

Jedopmartiyisi KOHCTPYKLIUN TECHO CBsI3aHa C JMHAMUYECKUMH XapaKTepUCTHUKaMH 36MHOM MOBEPXHO-
CTH M CaMOW KOHCTPYKUIUHU. UTOOBI OLEHUTh BO3MOXKHBIA YIHIEPO OT MPOTHO3UPYEMOTO CEHCMHUYECKOTO
BO3ICUCTBHSI, HEOOXOAMMO 3HATh TEKYI[Ee COCTOSHUE MPOYHOCTH I'PyHTA. 3HAaYCHUE MTEPEMEHHOH Y4 B TE-
KyIIIEM HCCIIEIOBAaHUU MPEICTaBIsIeT co00i NeOopMalMOHHOE OTKIIOHEHHUE j-TO 3Taka W SBISIETCS yIpo-
IICHHBIM 3HaYCHHEM CABUroBOH nedopmaruu rpyHTa vy [22]. [To maHHBIM TaOIHUIBI 3aBUCUMOCTH JIUHAMH-
YEeCKUX CBOWCTB TPYHTa OT BENMUYMHBI Jedopmanuu [23], cOCTaBIEHHON MO pe3yibTaTraM JabopaTOpHBIX
ucnbITanuii [24], eciu noporosas geopmanys rpyHTa UMeeT 3Hadenue y = 10°° (6e3pasMepHas BeIUUUHA),
TO COCTOSIHME TPYHTa MOXKET CUMTATHCSI HOPMAIBHBIM, TO €CTh 00J1a/1al0IUM HOPMAIbHOH TIACTUYHOCTHIO
M CTIOCOOHBIM J1€()OPMHUPOBATHCS TIOJT BHEIIHUM JIaBJICHHEM O€3 pa3pbiBa CIUIONIHOCTU Macchl. B ciydasx,
xoraa y = 107!, mpoucxonaT onon3Hesble ABICHHS WK 00pYIIeHHs (YHIAMEHTOB CTPOMTEIBHBIX 00BEKTOB
Ha MOBEPXHOCTH 3eMJTH.

Takum 06pa3oM, OACTABIISISI TEOPETUYECKOE 3HAUEHHUE Y, COOTBETCTBYIOIIEE «KHOPMAIBHOMY» COCTOSI-
HUIO IPYHTa, B popmyity (2), nomy4aem, 4ro B 3xannn UI'®, B Touke ¢ MakcuMaibHeIM K | Ha npeobiaza-

foueit yacrore 2,5 1'1f, 3HaYCHHUE YCKOPCHHS B TOPU3OHTAIBHOM [NIOCKOCTH COCTABISCT O, = 2,8 cm/c?,

Tak kak y — BeTMYMHA, XapaKTepU3yrolas npeaeibHyto Aegopmaluo rpyHra [23], ee peaqbHOe 3Ha-
YEHHE MOXKHO OIPENIeNINUTh, 3Hasi TPYHTOBBIE YCIOBHUSA U YCKOPEHHE MAaKCHUMAaJIbHOTO CEHCMHYECKOTO BO3-
JIEHCTBHS B TOUKE HAOIIOICHUH TI0 (hopMyIie
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1,2xaxz
:T

s

; 3)

TJie @ — MHUKOBOE YCKOPEHHE Ha MOBEPXHOCTH 3€MJIH, Z — MOIIHOCTh PHIXJIBIX OTJIOKEHUH, Vs — CKOPOCTh
MIOTIEPEYHOMN BOJIHEI.

B mae 2024 r. na teppuropun UT'® YpO PAH npoBeneHbl nHXEeHEpHO-CEiCMUYecKre padOThI MO Me-
Tony npenomiieHHbiXx BosiH (MIIB). B pesynbprate pa®oT BBINOIHEH OAMH MPO(UIL U YTOYHEHBI CKOPOCT-
HBIE XapaKTEPUCTUKU TPYHTOBOM TOJIIHN UcciexyeMoi miomaaku. Ha puc. 8 mpuBeseH cKkopocTHOH paspe3
1o TonepevyHbIM BonHaM V. Pacuer BeimonHeHn B nmporpamme ZondST2D (aBrop A. Kamunuckwuit). Ha cko-
POCTHOM pa3pe3e BUAHO, YTO PBIXJIbIC TIOPOABI B OCHOBHOM 3aJierarot o riryounst 10 m (Vs < 700 m/c).

Vs
1
Ia
5 ° s 1 15 2 2% » % ) 4 <0 <

Jnuna ceiicMuueckoro mo.asi, m / Length of the seismic section, m
Cornacuo xapre OCP-2015-B*, B Touke McciaeoBaHus 0KHIAETCs ceiicMIYeckoe cOOBITHE ¢ MAKCH-
MaJbHON MHTEHCUBHOCTBIO He Oosee 6 6aoB o mkane MSK-64 3a 1000 net, 9T0 COOTBETCTBYET yCKOpe-
amo 44 cm/c?. Tlopcrapnsas B Gpopmyny (3) 3HaUeHHE MAKCHMAIbHOTO BO3ACHCTBHSA M CKOPOCTH MOMeped-
HBIX BOJIH, TIOJTy4aeM 3HaueHue NpejiebHol aedopMaruy rpyHTta Ha Tepputopun UT'® y=10,8x10. [Tox-

&

&

Tayouna, m / Depth, m
Ckopoctb, kM/c / Speed, km/s

Puc. 8. CkopocTHoO# pa3zpes, HOCTPOCHHBIH 110 MOIEPEYHBIM BOJIHAM Vs
W c T o4Huk: Beimonaeno M.H. Bockpecenckum

Figure 8. Transverse wave velocity section Vs
S our ce: made by M.N. Voskresenskiy

CTaBUB HM3MEPEHHBIC M PACCUMTAHHBIC 3HaueHUs B (Gopmyny (2), morydaeM BO3MOKHOE MaKCHMaJbHOE
YCKOpEeHHE ISl TOUKH HaOmroneHus ¢ Haubonpmmm K yo 0= 30,6 cm/c?, 4to COOTBETCTBYET HHTEHCUBHO-

CTH 3emileTpsicenus 5,6 Gaia.

4. 3akaouenue

1. CelicMuuecKui MCTOL O6CJ'ICI[OB3HI/ISI TEXHUYCCKOI0O COCTOSHHUA BﬂaHHﬁ u COOpY)KeHI/Iﬁ SABIIACTCA
IMPOCTBIM B MCIIOJITHCHHUU, HEAOPOTHUM U JOCTYIIHBIM. Ero JOCTYITHOCTD MMO3BOJISACT IPOBOAUTH MCPOIIPUATHUSA
110 U3YUYCHUIO TUHAMHNYCCKUX XapaKTCPUCTUK 00BbEKTa Kak B BHUIC NEPUOANYECCKOIO MOHUTOPUHI'a TEXHUYC-

4 CHulI I1-7-81*. CtpourensctBo B ceiicMudeckux paiionax. URL: https:// https://internet-law.ru/stroyka/doc/1894/ (nata
obpamienus: 31.07.2024).
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CKOTO COCTOSIHMS, TaK U B BUJI€ Pa30BbIX U3MepeHHi (00CIe10BaHnil) U JaTbHEHIIero CpaBHEHHSI pe3ynbTa-
TOB C TUIIOBBIMH OOBEKTaMHU. Pe3ynbTarsl mepruoauieckoro MOHUTOPUHTa TEXHUYECKOTO COCTOSIHUS 3aHuUs
NI'® u obcnenoBanus 3nanust UI'T 1eMOHCTpUPYIOT MOCTOSHCTBO PE30HAHCHBIX YAaCTOT HAa CHEKTPAJIbHBIX
KPHUBBIX, UTO CBUJIETEIHCTBYET O pab0deM COCTOSHUU 00BEKTOB (CM. TalI.).

2. Ucnonb3oBanne meroga HVSR mpu oOpaboTke ceiicMUUECKHX 3aruceil MO3BOJSIET OIMpPEIesaTh
HauOoJiee YyBCTBUTEIbHBIE K BO3JCHCTBUIO YIIPYTUX KOJIeOAHUM YYaCTKH KOHCTPYKIIMU ITyTEM pacyeTa Ko-
s¢duumenra ysspumoctn K .

3. Pacuer celicMuueckoil yCTOMUMBOCTH ¢ NPUMEHEHHEM KOMOMHHPOBAHHOTO KOd(duIleHTa ycuie-
HUS 1a€T BO3MOXHOCTbh OLIEHUTh IOBEACHUE CTPOUTEIILHOTO OObEKTa IPU BO3MOKHOW CelicMHUYECKOM ak-
TUBHOCTH. 3Hasi XapaKTEPUCTUKU IPYHTOBOU TOJIIIM OCHOBAHMS 31aHUS, PACUET CECMUYECKON yCTONYHUBO-
CTH, MOJKHO IPOBECTH C UCIIOJIb30BAaHHEM pEasIbHOTO 3HAUCHUS NpenesibHoi nedopmanuu rpyHray . s

s3nanus MI'® 3HaueHne yCKOpEHUS, pACCUMTAHHOTO U (PAKTHUECKHX TPYHTOBBIX YCIOBHU TPH MAaKCH-
MaJIbHO BO3MOKHOM CEHCMUYECKOM COOBITHH, COOTBETCTBYET 5,6 Oaa.

3HaueHUs] KOMOMHUPOBAHHBIX KO3(P(PULIHUEHTOB YSI3BUMOCTH U pE3yibTaThl OLEHKU celicMuyecKon
YCTOWYMBOCTHU BBIYMCIIEHBI IO IKCIEPUMEHTAIBHO 3apETMCTPUPOBAHHBIM JIaHHBIM Ha 3Taxkax MHcTuTyTa
reopm3uku. CHenyromuM STaloM HCCIEAOBAaHHUS MPEANONAraeTcsi COMOCTaBICHHE SKCIIEPHUMEHTAIBHBIX
JIAHHBIX C BEIMYMHAMHU, [IOJTYUYEHHBIMH C IIOMOILBI0 MAaTEMaTUYECKON MOJEIIH 3/1aHHUS.
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Hecymasi cnoco0HOCTH paMbI-IOANYMA
JJISl CBETONMPO3PAYHOI0 NOKPBITUS ATPHYMA
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Annotanusi. OObEKT MCCIIEI0BaHUS — NPOYHOCTh M HECYILAsi CIOCOOHOCTH 3JIEMEHTA CBETONPO3PAYHOI0 MOKPHITHSI aTPH-
yMa ¢ KapKacoM MOJuyMa U3 CTEKJIOKOMIIO3UTA C 3all0JIHEHHEM MeHOCTeKIOM. IIpoBeieHbl MexaHu4eCcKHe UCTIBITaHus T0J-
HOpa3MepHOro 00pasla ¢ MCHONB30BaHUEM CIICIHAIN3NPOBAHHON OCHACTKH JJISI M3YYEHHs COBMECTHOI pabOTHI ONOPHON
CTaJbHOM KOHCTPYKLIMH, 3JIEMEHTA IMOKPBITHS U KPEIUIEHUH si1eMeHTa. MeTo MCIBITaHUM 110 ONPEAEIEHUIO HECYILEH CIIo-
COOHOCTH OCHOBaH Ha METOJMKE CTATHYECKOTO MCIIBITAHMSI MHOTOCJIOWHOIO KOMIIO3MUTHOTO Marepuaia Ha cxarue. Mcrmbi-
TaHHE OCYIIECTBIISUIOCH B JJAOOPATOPHBIX YCIIOBHAX Ha cepTH(GUIIMPOBAaHHOM 000py0oBaHUH. B X01e ncnbiranuii pukcupo-
BaJIMCh Harpys3Ka, oBeieHNe U poru6d odpasua. McenplTaHne NpoBOAHIIOCh 0 paspylueHus oodpasua. OnpeneneHa Hecymas
CHOCOOHOCTh KapKaca MojJuyMa M3 cTekjoruiactuka. [lomydeH rpaduk 3aBHCUMOCTH TpOruba 3JeMEHTa MOKPHITUS OT
Harpysku. McnelTaHus MOATBEPAMIA BO3MOXKHOCTh IIPUMEHEHUS KapKaca MOAMYMa U3 CTEKIOKOMIIO3UTa C 3alOJIHEHUEM
MIEHOCTEKJIOM JIUIsI CBETOIIPO3PAaYHOTO MOKPHITHS aTpuyMa. Hecymiast criocoOHOCTh KapKaca IMoJiuyMa U3 CTEKIOKOMITO3HUTa
C 3aII0JIHEHUEM MEHOCTCKJIOM 3HAYUTENBHO MPEBBIIACT PACUETHBIE HArPY3KH IpHU 3KcIuTyatanuu. IlomydeHs! xapakTepu-
CTUKU PAa3pyLICHUs MECT KPEIUICHUS KOHCTPYKLHHU. YCHIEHUE OTBEPCTUM KPEIUICHUM KOHCTPYKLIMHM MOXKET paccMarTpu-
BaThCs KaK OJHO M3 MEPCHEKTUBHBIX HANPABICHUH AATbHEHIINX HCCIIEIOBAaHMH. PacCMOTpPEHBI MEPCIEKTUBBI HCCIIEA0BaA-
HHUH 3JIEMEHTA CBETOIIPO3PAYHOTO MTOKPHITUS aTPHyMa U3 CTCKJIIOKOMITO3UTA C 3aII0IHCHUEM MEHOCTEKIIOM.

KoaioueBble ciioBa: CTpOUTENbHbIE KOHCTPYKLIUH, CTEKJIOIUIACTUKOBBIN KOMITO3UT, IIPOYHOCTH, TPAHC(OPMHUPYEMBIH aTpH-
YM, CTEKIIOKOMIIO3UTHBIE KOHCTPYKIHH, cTekioracTuk (GFRP)
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Load-Bearing Capacity of Podium Frame for Translucent Atrium Roof
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Abstract. The object of the study is the strength and load-bearing capacity of an element of a translucent atrium roof with a
podium frame made of glass composite filled with foam glass. Mechanical tests were carried out on a full-scale sample
using specialized equipment to study the joint operation of the load-bearing steel structure, roof element and element
fastening. The test method for determining load-bearing capacity is based on the method of static compression testing of
a multilayer composite material. The test was carried out in laboratory conditions using certified equipment. The following
parameters were tracked during the tests: load, deformation behavior, and deflection of the sample. The test was carried out
until the sample was destroyed. Results. The load-bearing capacity of the podium frame made of fiberglass has been
determined. A graph of the relationship between deformation (deflection) of the element and the load was obtained. The tests
confirmed the possibility of using a podium frame made of glass composite filled with foam glass for a translucent atrium
roof. The load-bearing capacity significantly exceeds the design loads during operation. The characteristics of failure of the
fastening locations in the structure were obtained. Strengthening the fastening holes of the structure can be considered as
one of the promising areas for further research. The directions for future studies of the element of the translucent atrium roof
made of glass composite filled with foam glass are considered.

Keywords: building structures, fiberglass composite, strength, transformable atrium, glass composite structures, glass fiber
reinforced plastic (GFRP)
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BBenenune

B apxurekType 00pazoBaTeNbHBIX YUPEKACHUI MPOCIEKUBACTCS TEHICHINS IPUMEHEHUs TpaHchop-
MHUPYEMBIX aTPUYMOB, TO €CThb OTKPBITBIX MPOCTPAHCTB MEX/1y OJOKaMHU y4eOHBIX 3/1aHUM ¢ KpYIJIOroIud-
HBIM HcHOJIb30BaHUEM. [ 3¢h(heKTUBHOrO NCIONB30BaHUS TAKUX NIPOCTPAHCTB UX MOKPBIBAIOT CBETONPO-
3pauyHbIMHU KOHCTPYKLMSAMHU Pa3InYHON KOH(DUTYpAIIMH U KOHCTPYKTUBHBIX PELICHHH.

TepMuH «ATpUyM» MPOUCXOJUT OT JPEBHETPEUECKOTO «ATPHID» M O3HA4YaeT OTKPBITHIA BHYTPEHHUMN
JIBOP B JKMJIOM 3[JaHUH, B KOTOPBIHA BBIXOASAT BHYTPEHHUE IOMEIIeHHs joMa [1].

B nccnenoBanusx Bce yaie ynomMmmHaeTcs «ATpUyM» KaKk KOMMYHHKAIIMOHHOE U PEKPEAIMOHHOE ITPO-
CTPAHCTBO HA IOJIHYIO BBICOTY 3/1aHUS C IOKPBITHEM CBETOIIPO3pAaYyHON KOHCTpyKLUEH. B cBsA3H ¢ n3MeHe-
HUEM TIOHUMaHHs aTpuyMa B apXUTEKType MPOU3O0ILIO U U3MEHEHUE €r0 KOHCTPYKTHUBHBIX pemeHuil. Ot-
KpBITbIE aTPUyMbl YCTYNHUIU MECTO TPaHCHOPMHUPYEMBIM MO HA3HAYEHUIO MPOCTPAHCTBAM, NEPEKPHITHIM
CBETONPO3PauHBIMU KOHCTPYKLUAMU. B Takux arpuymax npoBojsT coOpaHus, yCTpauBaroT OOIIEHIKOIbHBIE
MEPONPUATHS, KOHLIEPTHI, PACTIONIAratoT 30HbI U1l CAMOCTOSTENIbHBIX 3aHATUH, YTCHHUS U OTIbIXA.

Tak KaK K IPOEKTHPOBAHUIO 00PA30BATENBHBIX YUPESIKICHUN MTPEIBSBIISIOTCS MOBBIIICHHBIE TPeOOBa-
HUS 0€30MacHOCTH, pa3padoTKa KOHCTPYKTHBHBIX PEIICHHH IS CBETOIPO3PAYHBIX IMOKPBITHH aTPUyMOB,
COOTBETCTBYIOIIMUX TPEOOBAHUSAM NPOYHOCTH U JIOJITOBEYHOCTH, SIBJISIETCS BaKHOW HayuyHOW IpoOsIeMOH.
OnHUM U3 IPUMEPOB LIKOJIBHBIX 3[JaHUH, CIIPOEKTHPOBAHHBIX C TPaHC(HOPMHUPYEMBIM CBETONPO3pPAYHBIM
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aTpuyMoMm, siBisieTcst TumHa3us umern E.M. [IpumakoBa, pacnionokenHast B MOCKOBCKO# oOmacTy (iepeBHs
Paznopsi, Poccutickas denepars).

B uccnegoBanun paccmaTpuBaeTcsl KOHCTPYKTUBHOE PEIIEHUE CBETOIPO3PAYHOTO MOKPBITUS aTpruyMa
mkosisl MMeHn E.M. [IpumakoBa 1 pe3ynbTarsl €ro UCIIBITAHUS Ha TPOYHOCTD.

B cBsi3u co cnoxkHOM KOH(DUTYpalel aTpuyMa, 3HAYUTEIBHOH IO b0 TOKPBITHS U MAJIBIMU YKJIO-
HaM{ OpsIMO€ ONUPAHHME ATIOMUHHEBBIX paM CBETONPO3PAYHBIX 3JIEMEHTOB HAa METAJUIOKOHCTPYKLHH IO-
KPBITHS HE YJOBJIETBOPSUIO YCIOBHSIM KCIUTyaTalliH MEPEKPHIBAEMOT0 aTpuyMa, OTOMY BO3HHKJIA HEOO-
XOIUMOCTh Pa3pabOTKH HOBOTO KOHCTPYKTHBHOIO PEILIECHUS 3JIEMEHTAa CBETONPO3pAayHOro MOKpbITUs. Jlis
pelIeHus: JaHHOU 3a/1aun OblT pa3paboTaH KOHCTPYKTHUBHBIN JIEMEHT — paMa-TMoAnyM U3 CTEKJIOKOMIIO3U-
Ta. BHyTpeHHee npoCcTpaHCTBO paMbl 3ar0IHIIOCh SHEPro3(h(hEeKTUBHBIM TIEHOCTEKIIOM.

Ha puc. 1 npeacrasieno ¢oto METaIUIOKOHCTPYKIUN TOKPBITHS aTpHyMa B IEPUOJ] CTPOUTEIIHCTBA.

Puc. 1. Koncrpykmnuu arpuyma
N cTouHuk: doro A.P. Macéunene, C.B. KirtoeBa
Figure 1. Atrium structures
S o ur ce: photo by A.R. Masenene, S.V. Klyuev

OnHuM U3 KpUTEpUEB Ul Pa3pabOTKH KOHCTPYKTUBHOIO PELICHUS 3JIEMEHTA MOKPBITUS SKCILTyaTupy-
€MOro KpyIJIOTrOJUYHO aTpuyMa SBJSUIOCH CHIKEHHE TEIJIONPOBOAHOCTH IOKPBITHUS, YTO BaXKHO U YMEHb-
IICHUS BBINIA/ICHUS KOHJICHCATa, TI09TOMY B KaueCcTBE MaTepHhalia ObLI BHIOPAH CTEKIIOKOMITO3HT, 00J1a/1at0-
IIII/Iﬁ 3HAUHUTEIIFHO MEHBIICH TCIUIOIIPOBOAHOCTBIO IO CPABHCHUIO C TpaJUIIMOHHBIMU MaTrcpuajliaMu, TaKu-
MU KaK cTanb, amomunuii, [IBX'. PazpaGoTanHast KOHCTPYKIHUS M3 CTEKIOKOMIIO3UTA 3aIlOHANACH TIEHO-
CTEKJIOM JIJISl YBEIIMYEHUS MPOYHOCTH M HECYIIEH CIIOCOOHOCTH AIIEMEHTA, YTO MO3BOJIHIIO TaKKe CHU3UTh
€ro TEIJIONPOBOIHOCTD.

ABTOpPOM paccMOTpEHa KOHCTPYKLHS CBETONPO3PAYHOIO 3JIEMEHTA IOKPBITUS aTpuyMa, IMPHUBEICHBI
pE3yJBTaThl €r0 UCIBITAHUA HAa TPOYHOCTD.

0530]) uccneoosanuil nNpPOYHOCMU CMEK/IOKOMNO3UMHbIX Mamepuailos

B [3] 6b110 IpMeHEeHO ABYyXMapamMeTprueckoe pachpeaeneHue BeliOyia ans crangapTU3alyy IHUPOKO
paccpeoTOYEeHHBIX 3HAYEHUM MPOYHOCTH HA M3JIOM B YCIOBHUSX KBAa3UCTATUYECKOTO HCTIBITAHUS HA PACTSIKeE-
HUE KOMIIO3MTa, apMUPOBAaHHOTO E-cTexnom.

' CM.: Muxaiinun FO.A. KOHCTPYKIMOHHBIE MOJMMEPHBIE KOMIO3UIMOHHBIE MaTepHalbl. HayuHble OCHOBBI U TEXHOJIOTHH.
2008. 820 c. EDN: RBBLIB
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B [4] BbIIONHEH aHAIN3 METOAOM KOHEUHBIX AJIEMEHTOB M MOJEIMPOBAHNE B KAUECTBE METOJA aHAJIN3a
OTKa30B, YTOOBI MOHATH CIOKHOE MOBEJCHHE KOMIIO3UTHOTO MaTrepHaia ¢ TMOJIMMEPHOW MaTpuIlel pH paz-
pYyLICHUU.

B [5] npennpuHsATa TOMBITKA U3TOTOBUTH KOMIO3UTHI E-CTEKII0/3MOKCHAHAS cMOia C TpeMs pasiind-
HBIMU OPHEHTALUSAMU JJaMUHAaTa. 3roToBIIeHHBIE 00PA3Ibl OBUTH HCIIBITAHBI HA MPOYHOCTH, PACTSKEHUE
U U3rud. DKCIepUMEHTAIbHBIE PE3YyNIbTaThl OBUIM NMPOBEPEHBI C MOMOIIBIO MPOTPAMMHOTO 00€CTIeUeHHS
ANSYS.

B [6] sxciepuMeHTaIbHO MCCIIEI0BAHO BIIMSHUE apXUTEKTypbl BOJIOKHA Ha MEXAHWYECKHE CBOMCTBA
MOJIMMEPHOTO KOMITO3UTA, AaPMUPOBAHHOTO CTEKIOBOJIOKHOM E. BimsiHre 00beMHOI 10TM BOJIOKHA HA MPOY-
HOCTH KOMITO3UTa OBLIO MpeICcKa3aHo ¢ UCTOIH30BAHUEM MOJIETICH MOJTMHOMHAIBHON perpeccu BTOPOro
MOPSIKA.

B [7] cpaBHMBarOTCS pe3ynbTaThl Pa3IMUHBIX MEXaHUUECKUX UCIBITAHUN CTEKIOBOJIOKOHHOTO KOMITO3H-
Ta ¢ 0OBIYHON cTanmbio. OIEHUBATNCH IPOYHOCTh HA PACTHKEHUE, IPOYHOCTh HA M3rW0, ynapHasi BI3KOCTb,
YCTAJIOCTHAsI IPOYHOCTh C HCIIOJIB30BaHHUEM COOTBETCTBYIOIIEH IKCIIEPUMEHTAIBHON TeXHUKHU. Takxke pe-
3yJIBTaThl SKCIIEPUMEHTA CPAaBHUBAIOTCA C pe3yabTaTaMH, MorydeHHbIMH ¢ ipuMeHeHneM ANSY S R15.

B [8] 00pa3itbl n3 CTEKIOBOJIOKHA / STIOKCUIHOW MATPHUIIBI, BBHITIOJIHEHHBIC C pa3HOW OpHEHTaIuel
BOJIOKOH M TOJIIIMHOM, MOJBEPratoTCsl UCIBITAHUSM C LIEJIBIO ONPENEICHHS X ITPOYHOCTH Ha PaCTSKEHUE,
IIPOYHOCTH, YAAPHOM BSI3KOCTH U MOAYJs ynpyroctu FOHra.

HccnenoBanne [9] cocpenoToueHO HAa M3YyYCHHH MEXaHMYECKHUX CBOMCTB THOPHIHBIX MOJUMEPHBIX
KOMITO3UTOB. Pe3ynbraTsl NCIIBITAHUI MOKA3bIBAIOT, YTO MAaKCUMaJlbHAsl IPOYHOCTh HA PACTSKEHUE M CXKa-
tue, Habmonaemas y 40 % Bosnokna u3 E-crexna ¢ 60 % 3mOKCHAHOM MaTpPHUIll, COCTABISIET COOTBETCTBEH-
HO 254,964 MIla u 37,52 MIla. MakcumaiibHasi MpOYHOCTh Ha M3rH0, HaOItoaeMast y KOMIIO3UTOB, apMHU-
poBanHbIX E-cTexinom, coctamisier 250,43 MIla.

B [10] cneman 0030p mcciienoBaHu KOMITO3UTHBIX MaTepUaioOB M3 CTEKIOBOJIOKHA M ATIOKCHIHOW CMO-
ael. OTMe4eHO 0O0JbIIoe KOJMYECTBO HUCCIEIOBAHUN, CBSI3aHHBIX C IPOM3BOACTBOM TAaKUX MaTEpHANIOB.
OpHaKo OrpaHUYEHO YUCIIO UCCIIEAOBAaHMUM [T aHAJIN3a TIOBEACHUS IIPU PACTATUBAIOILEH, CIBUTOBOM M M3TH-
Oaroreii Harpys3Ke.

B [11] uccnemyetcst BIusiHEE TEOMETPUN MaTepuaia ¢ TOYKH 3PEHUS TOJIIIUHBI HA MEXaHUYECKUE CBOM-
CTBa M30(TaNIEBBIX MOMUI(PHUPOB, APMUPOBAHHBIX CTEKIOBOJOKHOM. VccrmenoBanuch MpoYHOCTh Ha PacTs-
’KEeHHUe, MPOYHOCTh Ha M3TU0 U TBEpAOCTh Mo bapkory. DkcriepuMeHTaIbHbIE HCIIBITAaHUS MOKA3hIBAIOT, YTO
IPOYHOCTh HA Pa3pblB U TBEPJAOCTh YBEIMUYHBAETCS, a MPOYHOCTh HA M3TUO CHIKAETCS C YBEIMYCHHEM
TOJIIUHBI JIJAMUHATOB. YMEHbIIEHHE MEeX(a3HOTO CUEIUICHHS C YBETMYCHHEM TOJIIMHBI JJAMUHATA BHU3ya-
JU3UPYETCS] PU MUKPOCTPYKTYPHBIX HCCIEIOBAHUAX HM300pKEHUH C MOMOIIBIO CKAaHUPYIOUIEH 3JIeK-
TPOHHOM MuKpockonuu (SEM).

B [12] uccnenyetcst BO3MOKHOCTh BOCCTAHOBJICHHSI M TIOBTOPHOTO HMCIIONB30BAHUSI CTEKJIOBOJIOKHA U3
IIPOU3BOICTBEHHBIX OTXOJ0B U KOMIIO3UTOB C UCTEKIIMM CPOKOM IKCILTyaTal1H.

Hens nccnenoBanus [13] — aHanu3 mpOYHOCTHBIX CBOMCTB M MAJIOIMKIOBBIX JUHAMHUYECKHAX UCIIBI-
TaHUH KOMITO3ULIMOHHBIX MaTepUaioB, MOAU(DUIMPOBAHHBIX CTEKIISIHHBIMU M 0a3aJbTOBBIMU BOJOKHAMHU.
B kauectBe IMPOYHOCTHBIX HUCIBITAaHUN MMPOBOAUINCH CTATUYCCKHUEC UCHBITAHUA HAa PACTAXKCHHUE, YIAPHBIC
WCIIBITaHUS U ONPEIEIICHHE NIEeTENb MEXaHMUECKOrO THCcTepe3nca. Pe3ynbraTsl moka3aau, YTO KOMIIO3HTHI
¢ 06a3aIbTOBBIM BOJIOKHOM MMEIOT 00Jiee BHICOKYIO IIPOYHOCTH HA PAa3phIB U MOYTH B JIBA Pa3a MOBBIIICHHBIN
moxynb FOHra.

B [14] paccmarpuBaeTcs ucclieJoBaHUE MOJIMMEPHO-CTEKIISIHHOTO KOMITO3UTa MPU PACTSKEHUU C IIe-
JIBIO OIIpENIENICHUS] U3MEHEHUH €ro MPOYHOCTHBIX XapaKTepUCTUK. PacCMOTpEHBI MEXaHUUYECKUE CBOMCTBA
¥ 0COOCHHOCTH 30H MOBPEXKICHHS, BAYKHBIC JIJIs1 SKCIUTyaTalluy M OIIEHKH TEXHUYECKOTO COCTOSHUS JIeTaeit
n3 3Toro Marepuana. OCHOBHOE BHUMaHHE yaensiock Moayito FOHra, npeneiy ynpyrocty, npeieny TeKy-
YECTH U MPEJENy IPOYHOCTH MIPH PACTKEHHH.

B [15] paccmarpuBatoTcsi CHHTE3, a TAK)KE€ MEXaHUYECKUE CBOWCTBA (IPOYHOCTh HA PaCcTSKEHHE, CBOM-
CTBa IIpU n3rube u yCTaJIOCTI)) CTCKIIOOIIOKCUAHBIX, a TAKKC CTCKJIOBI/IHI/IJIE)(i)I/IpHI)IX KOMIIO3UTOB. PCBy.IIbTaTLI
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aHaJIM3a yCTaJIOCTH KOMIIO3UTOB YKa3bIBAaIOT Ha Oosiee OBICTPHIM pOCT TpemUH U Ae(heKTOB pHu OoJiee BBICO-
KHX YaCTOTaX, YTO MPUBOIAUT K OBICTPOMY CHMKEHUIO YPOBHS HANpsDKEHUN B MCTBbITyeMoM oOpasiie. Cra-
TUCTUYECKUH aHAIN3 TPOBOAMIICS JUIS YCTAHOBJICHUS B3AaUMHOW KOPPEJSAIINH MEXIy MEXaHHYECKHUMHU U (pu-
3MYECKUMHU CBOMCTBAMHU.

B [16] onuceiBaeTcs, Kak AETAIBHOE HUCCIEIOBAHUE U U3MEPEHUE «3EPKAIBHBIX 30H» Ha IIOBEPXHOCTAX
M3JI0Ma BOJIOKOH MOYKHO NPUMEHSATH JJI OLEHKH MX NPOYHOCTU B MOMEHT paspylieHHs komnosuta. [Ipu
MCCJIEZIOBAHUAX IPOUHOCTH BOJIOKOH CTEKJIOLEMEHTHBIX KOMIIO3UTOB U ApMUPOBAHHBIX IJIACTUKOB HCIIOJIb-
30BaJICSl METOJ] CKAHUPYIOLLEH 3JEKTPOHHOW MUKPOCKOIIHH.

B [17] Obutn mpoBeeHbl UCHIBITAaHUS KOMIIO3UTOB Ha OCHOBE AMOKCUIHON U MOJU3(QUPHON CMOJIBI
C UCIIOJIb30BaHHEM KapOuJia KpeMHHUS B Pa3IMUHbBIX MPOMOPUHUAX U CTEKIOMIACTUKA HAa pacTsSKEeHHE, yaap
u m3ru0. bl nccnenoBanbl X MEXaHUYECKHUE CBOWMCTBA, TaKHE KakK IMpeleN TeKydecTH, nedopMaius Te-
KydecTH, Moxynib KOHra, MOIynb yNpyrocTu mpu u3rude u 3Heprus ynapa. Pe3ynbrarsl MOKas3bIBaIOT, YTO
KOMIIO3UTBI C SMIOKCHIHOW CMOJION JeMOHCTPHPYIOT Oojiee BRICOKHE MPOYHOCTh M MoAyab FOHra mo cpas-
HEHHIO C KOMITO3UTaMH C MOTUI(PUPHOIT CMOJIOH.

B [18] n3zyuanoch BiAMsIHHE OPUEHTALIMH BOJOKOH HA MEXAHWYECKUE CBOMCTBA MOJUMEPA, ApMUPOBaH-
Horo yriepoaoM/E-ctekiiom. O6pa3iupbl mpeactaBisian codoil E-cTexno/yrmeponHoe BOJOKHO ¢ MOIUIpUp-
HOW CMOJION, IPUTOTOBJIEHHOE METOIOM pY4HOH ykiaaku. OOpa3ibl NOABEPTraIucCh PacTsKEHUIO U U3THOY,
a TaK)Ke yIapHON Harpyske.

B [19] monmmmep, apMupoBaHHBINA OHOHANpaBiIeHHBIM cTekiIoBosiokHOM (GFRP), ucnbiteiBaercs ¢ wc-
TIOJIB30BAaHUEM YJIAPHOW CHUCTEMBI Tafatomero rpysa Instron. I[IpuBondrcs kBa3ucTaTHuecKue CBOMCTBA CTEK-
JIOTUTACTHKA M CTEKJIOBOJIOKHA. OOCYK/Tal0TCs PeakiMy HapPsHKeHUs-1e(hopMaliy MPH Pa3IUIHBIX CKOPO-
cTiaX aedopMali U MOBBIIIEHHBIX Temneparypax. Ctaructuueckas Moaens BeliOymia ucnonsyercs JUist
KOJIMYE€CTBEHHOM OLIEHKHU CTENEHU M3MEHYHMBOCTU MPOYHOCTH HA Pa3pbiB U IMOJyYEHHUs mapameTpoB Beii-
OyJuia 1t MH)KEHEPHBIX TTPHUIIOKCHHA.

B uccnenosanuu [20] usyuaercsa Bozuericteue Y®-u3iyueHus: Ha CTEKJIOIIIACTUK B KaMepe YCKOPEH-
HOTrO cTapeHus. KOMIO3UTHI Mo MEXaHWYeCKNEe UCTIBITAHNS Ha PACTSHKEHNE U M3TH0, 2 XUMHUYECKHE
U (pU3NYECKHe N3MEHEHUsI B KOMIIO3UTE OBUIN OLIEHEHBI C IIOMOIIBI0 HH(PPAKPACHOH CIIEKTPOCKOMHUH C TIpe-
obpazoBanneM Dypbe, TEPMOTrpaBUMETPUIECKOTO aHAIHM3a U ONTHYECKONH MUKPOCKOIINH.

B [21] npou3BOIbHO OpUEHTUPOBAHHBIE MOIUI(PHUPHBIE KOMIIO3UTHBIE JIAMUHATHI, ApMUPOBAaHHbIE Ma-
TOM M3 KOPOTKHMX BOJIOKOH, IOTPY>KEHHBIE B €CTECTBEHHYIO MOPCKYIO BOJY Ha paziUYHbIe IEPUOBI BpeMe-
HU, OBUTH MCTIBITAHBl HA CTATUYECKYIO U HUKINYECKYIO YCTAJIOCTHYIO HArPY3Ky B YCIOBHUSIX TPEXTOUEYHOTO
nusrn6a. Kpussie Benepa, moiayueHHble B pe3ysibTare MOBTOPSIOMINUXCS YCTATOCTHBIX UCIBITAHUH, OBIITH
MOCTPOEHBI AJIS PAa3IMYHBIX IEPUOZOB BPEMEHH NMOrpykeHus. CpaBHEHHE Pa3IMUHbIX MATEMAaTHYECKUX MOJE-
Jiel KpUBBIX BBIHOCIMBOCTH IOKAa3bIBAET, UTO ypaBHEHUE Benepa naet xopolee npeacTaBieHue O cpenHen
YacTH KPUBOIL.

B skcniepumenTanbHoi padote [22] ObLIM MPOBEIEHBl MEXaHUUYECKUE UCTIBITAaHUS Ha PACTSHKEHHUE, HA W3-
rub, Ha yJap, Ha TBEPAOCTb TpeX BUIOB KOMIIO3UTOB. [l apMupoBaHHs 00pa3lioB UCIOIb30BAIUCH CTEK-
JSTHHBIE BOJIOKHA, TAKHE KaK CTEKJIIOBOJIOKHO, THOpuIHOE BOTOKHO WRM 1 BonmokHO CSM ¢ ncnonb30BaHM-
€M TepPMOPEaKTUBHOTO MaTepHajia HeHachIeHHOTo o3 dupa. TkaHbrii poBUHTOBEIN Mat (E-CTEKI0BOIOKHO)
o0naiaeT XOpOIMMH MEXaHNYECKUMH CBOWCTBAMH IO CPABHEHUIO C JPYTMMH ITOJTUMEPHBIMU M THOPUIHBIMU
KOMITO3UTaMH, apMUPOBAHHBIMH PYOJIEHBIM MaTOM.

[IpuBenenHble UCCENOBaHUs MOKA3bIBAIOT MEPCIIEKTUBHOCTh M aKTyaJIbHOCTh MCCIIEIOBaHMA B 001a-
CTH Pa3pabOTKH HOBBIX KOHCTPYKTHUBHBIX PEIIEHUI C HUCIOJIB30BAaHUEM CTEKIOKOMIIO3UTHBIX MaTepHalioB
JUTSI YIYUIICHUS XapaKTEPUCTUK KOHCTPYKIIUKA U SKOHOMHUH METaJla.

Lenb nanHO# paboOTHl — aHaIU3 MPOYHOCTH U HECYyIIeH ClIOCOOHOCTH AIIEMEHTa CBETOMPO3PAuyHOro TMO-
KpBITHS aTpUyMa ¢ paMON-TIOAMYMOM M3 3aIIOJIHEHHOTO NMEHOCTEKJIOM CTEKJIOKOMIIO3UTA Ha MPUMEpPE Jie-
MEHTa MOKpPBbITHS aTpuyMa B mkosne umeHnu E.M. IlpumakoBa B MockoBckoit o0nactu (OAMHIIOBCKUN TO-
pozcKol OKpyrT, nepeBHs Pasnopel, YTpennss ynuua, a. 1, Poccuiickas ®eneparus).
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JU1s nocTHKEeHMsI eI UCCIe0BaHMs OBbLIIM IOCTABJICHbI CJEAYIOUINE 3a/1auu:

1) paccMOTpeTh XapaKTEPUCTUKH U CLIOCOOBI UCTIBITAHUI CTEKJIOKOMIIO3UTHBIX MaTepHalloB;

2) mpoaHaJIM3UPOBAThH HAyYHBIE UCCIECAOBAHMUS B 00JIACTH MTPOYHOCTH CTEKIIOKOMITO3UTHBIX MaTepPHUAJIOB;
3) uccnenoBaTh KOHCTPYKIIMIO AJIEMEHTA MOKPBITHS aTpuyMa Ha IpeAesIbHYI0 Harpy3Ky;

4) cnenarb BBIBOJBI 11O MTOJyUYEHHBIM PE3YJIBTaTaAM.

2. MeTtoapbl

KoMmno3uiimoHHbIMI MaTepragaMy NPUHATO CYUTATh TaKUE MaTepHalibl, KOTOPbIE COCTOAT U3 IBYX WU
0osiee KOMITOHEHTOB, HEPACTBOPUMBIX JIPYT B APYyre, IMPU STOM CBOICTBA MTOTOBOTO MaTepuasia HE HJICH-
TUYHBI CYMME CBOWCTB, €10 COCTABJISIOIIUX.

B coctaB crekiokoMmo3uta BXOJUT JBa OCHOBHBIX THIIA KOMIIOHEHTOB: CBs3yrollee (IoJuMepHas
CMOJIa-MaTpHIIa) U apMHUPYIOIIEe BEHIECTBO (CTEKIOBOJIOKHO, CTEKJIOTKaHb, POBHHT). CBS3YyIOIIEE MOKPHI-
BACT U MPOIMUTHIBAECT apMHUPYIOLIHI KOMIIOHEHT, (UKCUPYET €ro U npuaaet ¢Gopmy. ApMUPYIOIIUI KOMIIO-
HEHT YyCWJIMBaeT cBoiicTBa marpuibl. Hanbosnee pacnpocTpaHeHbl Cleayrollie BUIbl CBSA3YIOIIUX: MOJH-
3¢upkl, SNOKCUIBI U (PeHobl. CBI3YIOIUE MOKHO pPa3ieIuTh HAa TEPMOILIACTHI (CIOCOOHBIE pa3MsArdaThCs
U 3aTBEp/IeBaTh B 3aBUCHMOCTH OT TEMIIEPATYPbl) U PEaKTOILUIACTHI, TEPMOPEAKTUBHBIE CMOJBI (CBA3YIOIINE
3aTBepJIeBaAIOT B mpoluecce ¢popmMoBaHus uzaenus). Haubomnblnee pacnpocTpaHeHue MOTYYHIN TepMOpeaK-
TUBHEIE CBA3YIOIIHE’.

Y CTeKJIONONMMEpPOB BLICOKAsh MEXaHHUEeCKas IIPOYHOCTh, OHU BBIIEP/KUBAIOT He MeHee 2269 kr/cm® 6e3
ymep6a i GU3NKO-MEXaHUYECKHX MOKa3aTeNeH.

Kputeprem Bb160pa MaTpuIlbl SBISETCS CTOMMOCTD, a TAK)KE TPEOOBaHHS K HECYIIEH CITIOCOOHOCTH dJ1e-
MEHTa KOHCTPYKIUH.

[Tpu u3roroBieHnn obOpasma Ajs 3alMOTHEHUS KOHCTPYKTHBHOM TOJIOCTH OBLIO HMCIIOJIB30BAHO TEHO-
crexio mapku «Foamglass T3+», 4TO MO3BOJINUIIO MOBBICUTH MPOYHOCTh KOHCTPYKIIMH U €€ TEIJIOU30JIALIHU-
OHHEIE CBOMCTRaA [23-25].

«Foamglass T3+» npousBonctBa Owens Corning FOAMGLAS®, Teccenaepno (benbrusi) obnamaer
CIIEYIOIMMU XapaKTepUucTUKamu [26]:

— WI0THOCTH — 100 Kr/™M>;

— TerutonpoBogaHocTh Ab — 0,039 Bt/m-°C;

— npejiest POYHOCTH HA CKaTHe — 53 T/M%;

— npefeN IPOYHOCTH NpH u3rube — 31.6 T/m?;

— BojononIonieHne — He 6onee 0,5 Kr/m>;

— kiacc roprouectd o EN 13501-01: EBpoxiiacc Al (Heroprouunii marepual, He BbIISISIOMUI TOKCHY-
HBIX Ta30B);

— TOJIIUHA MIIUTHl — 50 MM.

Jlnst 3armonHeHnss KOHCTPYKIMU TUTUTA U3 TIEHOCTEKIIa pacliinBajiachk Ha OJOKH 1O (opMe 3aroHse-
MO ITOJIOCTH.

Memoouxa npogedenusn ucnvlmanus

HcnplTanne moaHOpa3MepHOTo oOpasia 3JIeMeHTa KOHCTPYKIIUU U3 KOMITO3UTHBIX MarepuasioB MPOBO-
JMJIOCh Ha YHUBEPCAIBHOW HCIBITATeIbHON MAIlMHE C CEPBOTUAPABINYECKON HCIBITATEIBHON CHCTEMON
Magnum mapxku Biss UT-05-2000 nmpousBozcTa kommaann “Biss” (Bangalore Integrated System Solutions
(P) Ltd.), Bangalore, Uuaus, 2014 r., peructpanuonnsiii Homep CU: 56317-14.

@®oTO HCIBITATEIBHON MAIIMHBI TPEACTABICHO Ha pHC. 2. MakcuMaibHas UCHBITaTeNbHAs HArpy3ka
MaiuHbl cocrasisier 2000 kH.

2 Bonoanemosa JL.U., Bondanemos B.I". TlonuMepHbIe KOMIIO3UIMOHHBIE MATEPHANIBLL: yuebHOe mocobue. TOMCKHI monuTex-
HUYeckuit yauBepeuteT, 2013. Y. 1. 118 c.
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Jlnst u3MepeHust TMHEWHBIX TPOTrHO0B OBEPXHOCTH 00pa3iia MPUMEHSIINCH TPOrndoMepsl AUCTOBA —
OBunnnaukoBa [TAO-6 npomsBoactBa AO «M3mepony, 1. Cankt-IletepOypr, P®. Cxema ycTaHOBKH IMpo-
ruboMepoB U300pakeHa Ha puc. 3.

3 S 2
/ /
13

w

Puc. 3. Cxema pacnonoxxenus nporubomepon [TAO-6:
1 — nonoxxenue garunka Ne 1; 2 — monoxkenue gatuuka Ne 2;
3 — nonoxenue naTurka Ne 3; 4 — mojoxkenue garanka Ne 4;
5 — nonoxenne gatarka Ne 5; 6 — nosoxkenue gatunka Ne 6
U ctounux: poro A.P. Macénene, C.B. KiroeBa

Puc. 2. YHuBepcanpHas HCTIBITATENIbHAS Figure 3. Layout of deflectometers PAO-6:
mamuHa UT-05-2000 1 — position of sensor No. 1; 2 — position of sensor No. 2;
N cTounnxk: poro A.P. Macénene, C.B. Kmoesa 3 — position of sensor No. 3; 4 — position of sensor No. 4;
Figure 2. Universal testing machine UT-05-2000 5 — position of sensor No. 5; 6 — position of sensor No. 6
S ource: photo by A.R. Masenene, S.V. Klyuev S ource: made by A.R. Masenene, S.V. Klyuev

[epen ucnpiTanuemM oOpa3el] BBIICPIKUBAJICS B MOMEIICHUH, B KOTOPOM 3aT€M IPOBOIMIOCH HCITBITA-
HHE, B TeueHue 72 4.

OOpa3zer UCTIBITHIBAIICS B CIEUUANBHO Pa3pabOTaHHOW CIEUATU3UPOBAHHON OCHACTKE, OOLIMI BUJ
o0pas3iia, 3aKpeIICHHOT0 Ha OCHACTKE, MIPECTaBIICH Ha PUC. 4.

OcHacTtka npencraBisier co0oi COOpHYIO paMy U3 CTaJIBHOTO MPOQIIIS KBaJIPaTHOTO CEYCHUS C TIPH-
CHOCOONEHUSIMH JUIS KPETUICHUs CHU3Y U IITaTHBIMU KPETUICHUSIMH U 00pasiia, KOTOpble o0ecreunBain
€ro HIApHUPHOE OMUpPAHUE.

Jlyis IpOBeICHHsI UCTIBITAHUS HA IJIATGOPMY HMCIBITATSIIPHON MAlIMHBI CHavaja yCTaHaBIMBAJIACH
OCHACTKa, KOTOpasi Kpenuiach K Iuaropme KperieHHsIMU ¢ OONTOBBIM coennHeHueM. {uameTrp OonTOB
JUIS KperieHns — 12 MM. 3aTeM K OCHACTKE MOHTHUPOBAJICS 00pa3el] U KPEeIUiICs IITaTHBIMHA KPETUICHUSIMHU.

[Tpu npoBeIcHUN UCTIBITAHUS PA3IMYATUCH CIICAYIONINE PEICTbHBIC COCTOSHUS KOHCTPYKIIUH:

— 151 I3TUOAEMBIX KOHCTPYKIMH MPUHSATO, YTO MPEAeIbHOE COCTOSHUE HACTYIHIIO, €CITH:

® porud JoCcTUT BenmuduHbI L/20 mimm
® CKOpOCTh HapacTtanus nedopmanuii focruria L2/(9000¢4) cm/muH,
rae L — mpornert, cM; h — pacueTHas BbICOTA CEYCHHS KOHCTPYKIIUHU, CM.

Jnst ucnbIThIBaeMbIX 00pa3uoB L = 284 cm, h = 25 cm; npenenbHbiid mporud — 14,20 cm; npeaenbHas
CKOpOCTh HapacTaHus Aehopmanuii — 0,36 cM/MUH.

Obpasey ucnvimanuti — SIEMEHT KOHCTPYKIIUH CBETOMPO3PAYHOTO TIOKPBITHS aTPUyMa, COCTOSIIIIHIA:

1) U3 IIMTHI U3 YOPOYHEHHOMH (haHephl TONIIHHON 90 MM;

2) paMBI-I0JIMyMa M3 CTEKJIOKOMIIO3UTA € 3aloJHEHHEM MeHocTeksioM «Foamglass T3+».

OO6mue rabaputHsie pazmepsl oOpasma 1548x1548 MM, BeicoTa KOHCTPYKIUU — 250 MM. @oTo 00pa3-
I1a IPEJCTABICHO Ha PUC. 5, yepTex obpas3na — Ha puc. 6.
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Puc. 4. Pacnionoxxenue o6pasia ¢ OCHaCTKOM Puc. 5. O6pazer i UCOIBITAHUS
Ha ONOPHOM IUINTE UCIBITATEILHOI MaIlIMHbI (9J1EMEHT KOHCTPYKIMH CBETONPO3PAYHOIrO HOKPHITHS)
NcTounux: doro A.P. Macéunene, C.B. KirtoeBa U ctounuxk: poro A.P. Macéuene, C.B. KiitoeBa
Figure 4. Position of the sample with equipment Figure 5. Sample
on the base plate of the testing machine (element of translucent roof structure)
S o ur ce: photo by A.R. Masenene, S.V. Klyuev S ource: photo by A.R. Masenene, S.V. Klyuev

TpeyTOMBHEIH CTEKTONAKeT B cOOpe C pamoi mogHyMa /
Triangular window unit with podium frame

Pana noamyMa B3 CTEKTOKOMIIO3HTA /
Frame-podium made of fiberglass composite
3axagHas getams / Embedded part

] U ]
3axnagHad geram / Embedded part/

Puc. 6. Yeprex o0pasiia 37eMeHTa KOHCTPYKIIUK CBETONPO3PAYHOTO MOKPBITHS
W ¢ T ouHuK: BemoaHeHo A.P. Macéuene, C.B. KnroeBa
Figure 6. Drawing of sample element of translucent roof structure
S ource: made by A.R. Masenene, S.V. Klyuev
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[Tnura w3 ynpouHeHHOW (haHEpHI KECTKO KPEMMIach CBEPXY
o0pasia, OBTOpss ero (hopMy, U MCHONB30BATACh U PaBHOMEp-
HOTO paclpeseieHus] Harpy3Ku OT MCIBITaTEIbHON MAallWHBI Ha
MCTIBITYEeMBI 00pa3err.

[Topsanox npoBeneHus UCTIBITAHUS:

1) oOmepsl oOpasia;

2) MOHTaX M KpeIUleHHe OCHACTKH;

3) MoHTax oOpaslia ¢ KPeryIeHHEeM K OCHACTKE;

4) narpyxeHue obpasua;

5) peructpanus JaHHBIX UCTIBITAHUMH;

6) CHATHE Harpy3Ku;

7) neMoHTax U oOcienoBaHue 00pasla;

8) omucaHue pe3ysbTaToB.

HcnelTanne nmpoBoaunoch B ABa d3Tama. Ha kaxaoMm stame
MPOBOJUIIACH PETHCTpPAIUs 3aBUCUMOCTH MEXIy Harpy3koi P
U mepeMerieHueM TpaBepcsl A [ ¢ GopMHpPOBaHHEM JTHArpPaMMBI
3aprucuMocT. Dukcanus nu 06paboTka pe3yabTaToB 3aMepOB MPO-
BOJIMJIMCH B PEAJIbHOM BPEMEHH, UTO MO3BOJIUIIO MOCTPOUTH 3aBU-
CUMOCTb MEXIY Harpy3koil 1 mporuoom.

®oro o0pasla, 3aKperuIeHHOTo Ha IUIaT(opMe HCIbITaTeNb-
HOM MalllMHBI, IPENCTABIEHO Ha PUC. 7.

[IporuGomepsl KpenwiIuch sl PUKCAIIMU 3HAYECHUN Tepe-
MEIIeHUH KOHCTPYKLUHU B y3JlaX IITAaTHBIX KperjeHu obpasua

Puc. 7. YcranoBka obpasia
B ucnbiTareabHOM Mamuue, C.B. Kioesa
HNcTouHuK: dporo A.P. Macénene
Figure 7. Installing the sample
in the testing machine
Source: photo by A.R. Masenene,
S.V. Klyuev

K ocHacTke. [y CHATHSI TIOKa3aHUH 110 BEPTHKAJIBHOH TUIOCKOCTH UCIIONB30BAITUCH Tiporudomepst Ne 1, 3, 5;
M0 TOPU3OHTAIBHOMN TUIOCKOCTH TporudoMepsl Ne 2, 4, 6. DOTO y3/I0B KPEIUICHHS ¢ YCTaHOBIECHHBIMH TIPO-

rubomepamu MpeJICTaBIeHO Ha puc. 8.

Puc. 8. Pazmenienie nporuboMepoB pyU UCIIBITAHUU:
a—y3en l; b—y3en2;c—y3en3
N cTouHuk: doro A.P. Macéunene, C.B. KirtoeBa

Figure 8. Placement of deflexometers during testing:

a—node 1; b —node 2; c — node 3

S o ur ce: photo by A.R. Masenene, S.V. Klyuev
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B npornecce ucnbITaHni perucTpupOBAINCH HANPSHKEHUE, TOBEACHUE U IPOrud o0pasma.

ITepBBIit 3Tan UCHBITAHUS MPOBOAMICA UISI KOHTPOJIS BBIIOJIHEHMS YCIOBHUsS paOOThI IPU pacueTHOU
Harpyske ¢ yueToMm koaduuuenra 3amnaca. MakcumanabHoe ycunue 24 kH, ckopocts 0,5 Mmm/mMuH. Yeunue
IPUKJIAbIBAJIOCh CTYNEHSIMHU C yBEJIMUEHUEM Harpy3ku Ha 3 kH 3a mar u BbIAEp:KKON 2 MUH MEXIY Ia-
ramMu.
3HaueHUs TMHEHHBIX MepeMeleHui i ucnblTanusg Ne | perucTpupoBaich Ha CTYNEHSAX BBIICPKKH,
yKa3aHHbIX B Ta01. 1. CKopocTh Harpy»KeHusl B X0Jie UCIIbITaHus cocTasisia 0,5 MM/MHH 10 3aJaHHOTO 3Ha-
yenus (P1 =24 xH).
Ha puc. 9 mokaszana kpuBasi 3aBUCIMOCTH, MTOTy4€HHAs IPU UCIIBITaHUU Ne 1.

Harpyska. xH / load. kKN

6 8

4

10

ITepememenue, mm / deflection, mm

12

Puc. 9. I'paduk 3aBUCUMOCTH POTUOa KOHCTPYKIMK OT HarpykeHus (ucrbsitanue No 1)

W ¢ To4HuK: BeimoaneHo A.P. Macéuene, C.B. KiroeBa

Figure 9. Graph of structure deflection versus load (test No. 1)
Source:made by A.R. Masenene, S.V. Klyuev

HN3mepennble noka3atenu (pe3yabTaThl HcnbITaHus Ne 1) /

Measured characteristics (test results No. 1)

Tabruya 1/ Table 1

3HaveHus1 NPUPaAIIEHHIT epeMeleHnii Ha KaKI0M Tane Harpy:keHus /
Ne y31a / Node No. Values of displacement increments at each loading stage
drtan Ha.rpymemm / 1 ) 3
Loading stage
N/ semsor x| ! ’ ; : i g
0 0 0 0 0 0 0 0
1 3 0,13 0,67 0,01 0,45 0,07 0,53
2 6 —0,48 -0,5 —-0,03 0,45 -0,44 -2,16
3 9 0,44 0,38 -0,09 0,6 0,73 -2,75
4 12 -0,28 0,04 -0,76 0,9 -0,88 -3,31
5 15 0,85 0,48 -1,58 1,17 1,11 —4,06
6 18 -0,43 0,6 -0,58 1,02 -1,39 4,64
7 21 -0,04 1,04 -0,58 0,92 -1,84 -5,25
8 24 -0,38 2,34 -2,46 1,22 -3,49 -7,24
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Bropoii aTan ucnbITaHus BKIIOYAJ B c€0s ONpeaeseHne PpeAeIbHON Harpy3Ku Ha KOHCTPYKIIHUIO.

VYeunue npUKIIa bpIBaIoch 10 pa3pylIeHst KOHCTPYKIMU CTYTIEHSIMU C yBEIMYeHUEeM Harpy3ku Ha 3,5 kH
3a 1Iar ¥ BBLAEPKKOW 2 MUH MEX]Ty IIaraMHu.

3HaueHUs JINHEHHBIX NepeMeleHUH Ul ucnbITaHus Ne 2 perucTpupoBaIuCh Ha CTYHCHSX BBIICPHKKY,
yKa3aHHbIX B Ta0M. 2. CKOPOCTb HArpy»KE€HHs B XO/I€ UCHBITaHUsI cOCTaBisIa 2,0 MM/MUH JI0 3a[JaHHOTO 3Ha-
yenus (P2 =35 kH).

Omnpenenenue Hecyleil cHOCOOHOCTH M MPOruda, COOTBETCTBYIOIIUX IpeeNy yIpyroil paboThl KOH-
CTPYKLUH, IPOU3BOAMIOCH IIPU HArPyKEHUU 00pa3lia 10 pa3pyLeHUs cO CKOPOCThIO 2,0 MM/MHUH.

Ha puc. 10 noka3ana kpuBasi 3aBUCUMOCTH IIOJIy4Y€HHas IpU UcnbITaHUu Ne 2.

50~

Harpyzka, xH / load. KN

Tlepememenue, mv / deflection, mm

Puc. 10. I'paduk 3aBHCUMOCTH TPOTHOA KOHCTPYKIMK OT HAarpykeHus (ucnbitanue Ne 2)
N crtouHuk: BemonHeHo A.P. Macénene, C.B. Kiroera
Figure 10. Graph of structure deflection versus load (test Ne 2)
Source:made by A.R. Masenene, S.V. Klyuev

Tabnuya 2 / Table 2
HN3mepennble noka3atenu (pe3ybTaThbl HCIBITAHUSA Ne 2) /
Measured characteristics (test results No. 2)

3HaveHuUs NpUpalleHUii NepeMellleHHii Ha Ka:KA0M dTarne HArpy:KkeHus /
Ne y3a / Node No. Values of displacement increments at each loading stage
JTan HarpyxeHus /
Loading stage 1 2 3
e N R D R
0 0 0 0 0 0 0 0
1 3,5 —-0,02 0,10 0,50 -0,97 1,43
2 7 -0,33 0,27 0,99 -1,93 3,13
3 10,5 -0,70 0,69 1,17 -2,38 4,07
4 14 -1,10 1,14 1,32 -291 5,00
5 17,5 -1,50 1,58 1,34 -3,36 5,68
6 21 -2,06 2,09 1,28 -3,78 6,35
7 24,5 -2,83 2,63 1,10 —4,18 7,05
8 28 -3,79 3,27 0,83 —4,64 7,82
9 31,5 -4,93 4,10 0,33 -5,27 8,98
10 35 —6,48 5,26 —0,40 -5,96 10,42
OKCMEPVMEHTANBHBIE UCCNENOBAHMA 501



Masenene A.R., Klyuev S.V. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(5):491-503

3. Pe3ysbTarhl U 00CyXKICHUE

Pesynbrarel ucnbiTanus o0pasna npencTaBiaeHsl B Tad. 1 u 2.

[o pesynpraram ucneitanus Ne 1: npu JOCTHXKEHUH 3aJaHHOTO 3HaueHUs Harpy3ku (Pl =24 xH) B xone
NpOBENICHUS NCIIBITaHNS, Aeopmany 00pasia MOXKHO OXapaKTepU30BaTh Kak yrnpyrue. Bumumsix npusna-
KOB IJTAaCTHYECKON Jieopmarii 0OHapyKEHO HE OBLIO.

Io pesynsraram ucnbiTagus Ne 2: Hecylas coco6HOCTH coctaBuna 3397,71 kr/m%, mporu6, cooTBeT-
CTBYIOLIMH yIIpyroii paboTe KOHCTPYKIMH, cocTaBui 12,87 mm.

OTtpuiaTenbHble 3HAYSHHs PUpAIleHUs epeMenieHnid B Taba. 1—2 yKka3pIBalOT Ha MepeMelleHIe Tou-
KU 3aKpEIUICHUs B/I0JIb BEPTUKAJIBHONW OCH U B HANpPaBJICHUH, IPOTUBOIOJIOKHOM HAIIPABIECHUIO MPUIIOXKE-
HUS Harpys3KH.

Harauk Ne 3 B xozme ucnbsitanust Ne 2 ObIT BBIBEJICH U3 CTPOSL.

[IpenensHbIil mporn6 nmo pacuery cocrapiser 14,20 cM, YTO 3HAUUTENHHO MPEBBIIMIAET MPOTUO KOH-
CTPYKLUH, IOJIy4E€HHBIN IIpU ucnbiTanuu 1,29 cm.

4. 3akJloueHue

B crarpe npoananu3upoBaHbl HaydHbIE HUCCIIEIOBAHHS B 00IACTH U3YYEHUS TPOUYHOCTH CTEKIOKOMIIO-
3UTOB ¥ KOHCTPYKIMI U3 HUX.

IIpoBeneHs! IKCIIEpUMEHTANIBHBIE HCCIIEIOBAHMS IIPOYHOCTU AIEMEHTA CBETONPO3PAYHOIO MOKPBITHS,
COJIEpKAILIET0 paMy-IIOJINYyM U3 CTEKJIOKOMIIO3UTA.

ITomyueHsl cnenyromue pe3yibTarhl:

1) ompenenen mpexen Hecylield COCOOHOCTH CTEKIOKOMITO3UTHOW paMBI-MIOJMyMa, KOTOPBIA COCTa-
B 3397.71 xr/m>;

2) KpuBas 3aBUCUMOCTH IPOruda 3JIeMeHTa OT Harpy>KeHus;

3) ompenesneHbl MEPCIEKTUBHBIE HANPABICHUS HMCCIEIOBAHMNA PAaMBI-MIOANYMA U3 CTEKIOKOMIIO3UTA
JUIsL CBETOIIPO3PAYHOTO ITOKPBITUS aTpUyMa.

[lomy4deHHBIe pe3ysnbTaThl MO3BOIMIIN CIENATh CIECAYIOIUE BBIBOBIL:

— aHaJIM3 HAay4HbIX UCCIIEOBAHMI MOKa3all, 4TO MpodieMa MaJlo U3y4€Ha U SBISETCS aKTyaJbHOM;

— SKCIIEpPUMEHTAJIbHbIE HCCIIEI0OBAaHUs HECyIlel CIIOCOOHOCTH MOATBEPAUIN BO3MOXKHOCTh HUCIONb30-
BaHUS PaMBbI-IIOINyMa U3 CTEKIOKOMITO3UTA JIJIs1 CBETOIPO3PAYHOrO IOKPBITHS aTpUyMa.

Heob6xonumsl nanbpHelIMe UCcCaeJ0BaHuUs JOJITOBEYHOCTH KOHCTPYKIIMU 3JIEMEHTA paMbl-IoUyMa JUIs
000CHOBaHHUS PUMEHEHHSI HIEMEHTOB KOHCTPYKINH U3 CTEKJIOKOMIIO3UTOB B CBETOIPO3PAYHBIX ITOKPHITH-
AX aTPUYMOB.
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B paccmarpuBaemMoii MOHOrpaduu IpeACTaBIeHa pacdeTHas MOIENb | _
ne(OPMHPOBAHHUS KeNIE3006TOHHOIO IUIOCKOHAMPSKEHHOTO COCTaBHOTO | w
3JIEMEHTA C TPEUMHAMU NIPH PEKUMHOM Harpyxkenun. ChopmynupoBansl |
KPMTEPHMH TPEIMHOCTONKOCTH M MPOYHOCTH MEKCPEMOBOM 30HBI KOHTAK- twiren oo putorn ot
Ta 2JIEMEHTOB KEJI€300€TOHHBIX COCTaBHBIX KOHCTPYKLMH MpU KpaTKo-

BPEMEHHOM M JUINTEIILHOM MX HAarpy>K€HUU U OJHOBPEMEHHOM IpOsIBIIC-

H.B. ®enoposa, B.W. Konuyros, M.C. MyGanona

HHUH CUJIOBBIX M CPEIOBBIX BO3ECUCTBUN. [[pUBENECHBI AITOPUTMBI pacueTa AEGOPMUPOBAHME
o COCTABHBIX NTNOCKOHANPAMEHHBIX
U PE3YNIbTaThl SKCIEPUMEHTAIIBHBIX U YUCIEHHBIX UCCIIE0BAaHUI Kee30- MKENE3OBETOHHbIX KOHCTPYKLAW

OETOHHBIX 0aJOK-CTEHOK COCTABHOT'O CEUEHMsI MPU BapbUPOBAHUU KECT-
KOCTH, KOHCTPYKTHUBHBIX PEIICHUN MEXKCPENOBOW 30HBI KOHTAKTa MEXKIY
AIIEMEHTaMHM, KI1accoM OETOHa, BUJIOM M YPOBHEM HAIps’KEHHOT'O COCTOSI-
Husl. JlaHbl peKOMEHIalUu 10 PacyeTy KOPPO3HOHHO MOBPEXKIAEMBIX HKe- T i
71€300€TOHHBIX KOHCTPYKIMI CIUIOIIHOTO M COCTaBHOTO CEYCHHS C HC-
MOJTb30BaHUEM TIPEIOKEHHOTO BapraHTa AedopManmoHHoN Mozenu [1].
JUis CIIOKHOHANPSHKEHHBIX OETOHHBIX M KEJe300€TOHHBIX KOHCTPYK-
LUH, IKCILUTyaTUPYEMBIX B arPECCUBHOM CpeJle, aKTyaabHBIMU SBIISIOTCS 3a1a4M O JTUHAMHUKE U3MEHEHUS BO
BPEMEHHU UX MPOYHOCTHBIX U JAe(POpPMATUBHBIX CBOWCTB. Pe3ynabraThl 3THX HCCIEJOBAaHUM /10 HACTOAIIETO
BPEMEHH IIPOIOJIKAIOT OCTABaThCs MPEIMETOM TUCKYCCUI B OTHOUIEHMH PA3IMYMi caMUX MOAXOIOB K pe-
HIEHUIO pacCMaTpUBAEMBIX 3a]a4d TPELIMHOCTOMKOCTH, TPOUYHOCTH U J1e(hOPMATUBHOCTH IIPU OJHOBPEMEH-
HOM TPOSIBJICHUU CHJIOBBIX U CPEIOBBIX BO3ACUCTBHMA. B cBs3M ¢ 3TUM npuBeneHHas B MOHOTpapuu MOAEIh
CJIOKHOHAIPSHKEHHOTO 3JIEMEHTa, COPMYITHUPOBAHHBIE KPUTEPUH MTPOYHOCTHU JJISl 30HBI KOHTAKTA HIIEMEH-
TOB COCTaBHBIX IJIOCKOHAMPSKEHHBIX KEI€300€TOHHBIX KOHCTPYKLUUN 007a/al0T aKTyaJbHOCTbIO M Hayu-
HOM HOBU3HOM.
MoHorpadusi MOXXET HPENCTaBIATh UHTEPEC Uil HAyYHBIX COTPYIHHKOB U CIICIHAIHMCTOB, 3aHHUMAO-
HIUXCS MPOSKTUPOBAHUEM CIIOKHO HAMPSIKEHHBIX JKeIe300€TOHHBIX KOHCTPYKIUH, @ TAK)Ke aCIUPAHTOB U
CTYJCHTOB, O0y4alOLINXCS B By3aX CTPOUTEIBHOTO MPOQHIIS.
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