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System of insufficiency of the modern theory of long-term resistance of
reinforced concrete and designers’ warnings
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Abstract. Aim of the research. The essence of the failure of the globally widespread theory of long-term resistance of
reinforced concrete is defined and analyzed.

Methods. This failure includes the following interconnected parts: 1) the set of ten basic fundamental properties
of structural concrete is completely distorted (for example, instantaneous linear properties are Maxwell scheme); 2) mathe-
matical rules are violated when recording the rates of elastic deformation and creep deformation, due to a misunderstanding
of the Boltzmann principle (these violations distort the whole structure of the theory); 3) the rules of classical mechanics are
violated, what is caused by substitution of fundamental properties of concrete with various “chain models” (for example,
the principle of independence of action of forces, which is the fourth fundamental law of Galileo — Newton, is violated);
4) sections of the general “world theory of creep of reinforced concrete”, based on its algebraization, in their essence reject
the fundamental law of natural science — Newton's second law: not only the inertial component is rejected, but also forces
depending on speed (in this way the “world theory of creep of reinforced concrete” is degraded to the level of Aristotle’s
mechanics); 5) unacceptably idealized creep theories and structural models that endow concrete with unrealizable proper-
ties, especially flagrant in zones of cracks, are incorporated in the normative calculations of structures; 6) solid design com-
panies of the world show that concrete creep is not a scientific theory: this is a warning to designers.

Results. The performed analysis is accompanied by necessary mathematical calculations and experimental estimates.

Keywords: clastoplastic deformation of concrete, theory for concrete creep, long-term resistance of reinforced con-
crete, modern building codes
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Ienb. YcraHoBNEHA U aHAIM3UPYETCS CYIIHOCTh HECOCTOATEILHOCTH MUPOBOW TEOPUH ATUTENBHOIO CONPOTHBICHUS
JKeJle300eToHa.

MeTtoabl. HecocTosiTembHOCTh paccMaTpuBacMoOil TEOPHUHU BKIIIOYAET B ceOsl CIICAYIOIIE B3aUMHO CBSI3aHHBIE YACTH:
1) MOTHOCTHIO HCKAYXKEHA COBOKYITHOCTD JIECSITH OCHOBHBIX (DYHIIAMEHTAIBHBIX CBOUCTB KOHCTPYKIIMOHHOTO O€eTOHa (K TpH-
Mepy, MTHOBEHHBIC JITHEHHBIE CBOMCTBA ABISIOT CO00i Temo MakcBelia); 2) HapyIIeHbl IpaBUIa MaTEMATUKU TIPU 3aITUCH
cKopocTelt ynpyroi nedopmannu u aedhopMauy Moa3ydecTH U3-3a HeIOITOHUMAaHUs TpuHIuna bonsiMana (3TH Hapymie-
HUSI KOBEPKAIOT BCIO CTPYKTYPY TEOpuH); 3) HapyLIeHbI PaBUiIa KIACCHYECKON MEXaHUKH, BbI3BaHHBIE TOAMEHON (QyHaa-
MCHTAJIBHBIX CBONCTB OETOHA PAa3IMYHBIMU «LEMHBIMH MOAEIAMI» (HAalpUMeEp, HapyLIeH MPUHINI HE3aBUCHMOCTH JIEH-
CTBUS CHJI, SBJIAIOIINNCS YETBEPTHIM OCHOBHBIM 3aKOHOM [ anmies — HproToHa); 4) pa3aenst o01meld «MUPOBOW TEOPUH TIOI-
3y4ecTH Kene300eTOHa», OCHOBAaHHbIE Ha ee anreOpau3aluy, 10 CBOEH CyTH OTBepraioT (yHAaMEHTAIbHBIH 3aKOH ecTe-
CTBO3HaHUA — BTOpOfl 3aKkOH HproToHa: 0T6pacmBaeTca HE TOJIbBKO MHCPHUOHHAA COCTABJIAIOIAsA, HO U CHUJIbI, 3aBUCAIINUC OT
CKOpPOCTH, Ha YPOBEHb MEXaHUKHU APHUCTOTENS; 5) B HOPMATUBHBIX pacueTax COOPYXEHUH 3aJI0’KE€HBI HEJIONyCTUMO Hjea-
JIM3UPOBAHHBIE TEOPHH TOJ3yYECTH U MOJIEIM KOHCTPYKLUH, HAAEISIomye OETOH HEeCOBITOYHBIMU CBOMCTBAMH, OCOOCHHO
JUISL 30H C TPEIMHAMHU; 6) COJIMIHBIE MPOEKTHBIE KOMIIAHUHM MUPA TIOKa3bIBAIOT, YTO MOJI3Y4YeCTh OETOHA HE SBISIETCS HAyd-
HOW TeopHel — 3TO ABISETCA NPEAOCTEPEIKEHUEM ISl IPOESKTUPOBIIHUKOB.

Pe3yabTaThl. AHaIM3 COMPOBOXKAACTCS HEOOXOAMMBIMH MAaTEMAaTHUYECKMMH BBIKIAJKAMU M 3KCICPUMEHTAIbHBIMHU
OLIEHKaMH.

KiroueBble cjioBa: ynpyromiacTuieckue aedopmarnun 0eToHa, TEOpHs MOI3YyUecTH OeTOHa, MTUTEIBHOE COIMPOTHB-
JICHUE KeJIe300€TOHa, COBPEMEHHbIE CTPOUTEIbHBIE HOPMBI

The aim of the research

The analyzed here theory is characterized by its
authors as a new global harmonized format; it is
“coordinated and promoted by international stan-
dards institutes within the framework of the global
harmonization scenario” [1]. This theory is being
actively promoted now by well-known scientists to
introduction into the field of internationally recog-

4

nized regulatory and technical documents and main
rules of application. This theory has been widely pub-
lished and introduced into the FIB Standard, the ASI
manual, and other documents [2; 3]. It is approved
at various international conferences in the United
States, Europe, and Russia, for example, at the First
International Scientific and Technical Gvosdev Rea-
dings (Moscow, October 2017). Therefore, the analy-
sis presented below is important not only for scien-
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tific theory, but also for the vast international prac-
tice of reinforced concrete construction [4]. We iden-
tify and analyze errors in the areas of creep theory,
where, as pointed by the leaders and authors of this
theory, there is an “established consensus” [1]; we do
not offer a different point of view or simplifications
in standardization, since the elimination of the identi-
fied errors will significantly simplify the theory of
long-term resistance of reinforced concrete.

The methods

About the inconsistency of the theory of creep
of reinforced concrete: this system appeared and de-
velops on a set of erroneous principles, rules and
unauthorized methods; the inconsistency is aggrava-
ted by numerous incorrect substitutions (random or
deliberate) of the fundamental experimental proper-
ties of concrete; that is based on the inheritance of
the principles of the inappropriate Boltzmann's theo-
ry of elastic aftereffect.

The following comprehensively testifies to the fai-
lure of the theory: the presence of a system of gross
mathematical errors; violations of the principles and
rules of classical mechanics and Eurocodes; incon-
sistencies with well-known experimental data; nega-
tive results of design practices, including global ex-
perience in designing unique structures by RAMBOLL
structures (United Kingdom) [4].

The fundamental errors analyzed in this article
are characteristic not only of concrete creep, but also
of the rheology of the whole complex of aging mate-
rials. It is known that such materials include “concrete,
wood, various polymers and plastics, rocks (also soils),
ice, etc., (they) are characterized by the fact that their
physicomechanical properties change over time, i.e.
depend on the age of the material.”

We first consider the set of fundamental experi-
mental properties of concrete. Concrete, as a struc-
tural material, has substantially non-linear properties;
they are well known from Eurocodes, and began to
be introduced to the norms of many countries after
the work of L. Baes (1927):

1. “Creep deformations are non-linear from the lo-
west loading levels, ...no linear creep area... exists.”
So testify the founders of the theory A.A. Gvozdev,
N.Kh. Arutyunyan, S.V. Aleksandrovsky, P.I. Vasi-
lyev, figure 18].

As early as in 1931, the nonlinear creep of con-
crete is manifested in the results of the extensive ex-
periments of R.E. Davis and H.E. Davis.

The world format, considering only linear creep
of concrete, describes something that does not exist.
The character of the curves in figure 1 shows that any
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of the three curves (6=0,29R
6=0,75R

a horizontal line 6 =0,1R,, : The values of specific

im *

c=0,5R

) cannot be approximately replaced by

lim > lim *

lim

deformations differ by 2-5 times, although we are
talking only about a particular situation — simple creep.

At variable stresses © (t) , it is necessary to additional-

ly consider the transition from one curve to another
curve.

Co(t,1)
Co, (&)

7= 35 days - the age of loading

6 = 0,75Rjm

0,1

age at the time of
observation

0 10 20 30 40 50 60 70 8 90 100 110

Figure 1. Change in the ratio of specific creep deformations
at different initial stress levels Cs(#, T) to specific
creep deformations at initial stress level Co,1(#,7)

Figure 1 shows a fragment of the extensive ex-
perimental data of NIIZHB widely published in vari-
ous scientific journals; the same data can be obtained
from the well-known works of A.D. Ross, R.A. Mel-
nik, and other scientists. The ordinate axis in figure 1

shows the values of the ratio C, (7,7) / C,, (2,7), that

is, the ratio of nonlinear creep measures (specific
creep deformations), found experimentally at differ-
rent levels of constant stresses o, to the creep mea-
sure corresponding to the minimum experimental le-

vel of stress 6 =0,1R. . We remind that the creep

lim *
measure C(t,‘r) according to G.A. Maslov is the

“creep deformation by the time ¢ from a single stress
state that occurred at time t”.

Let us pay attention here to the inconsistency of
attempts to describe the non-linear creep of concrete
with the help of linear “chain models” arising from
the data in figure 1. These attempts first appeared in
the work of McHenry (1943) and are still ongoing in
the world theory analyzed here. Additionally, we note
that these attempts also lead to a violation of the foun-
dations of classical mechanics.

A.N. Rzhanitsyn, analyzing the experiments, paid
attention: “creep curves change their appearance when
constant stress changes”. This indicates, on the one hand,

the presence of some parameter u(r) in the specific

creep curve C, (u(‘c),t,‘c), and on the other hand,
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the unsuitability of the very common affine similari-
ty condition C, = F[G(T), ’C] C(t,r) : F[G(r),r]
is an experimental nonlinearity function; C (l‘,r) is

a measure of concrete creep.
2. Creep deformations of concrete are unsteady;
nonstationarity is taken into account using the aging

function (p(I) in the expression of creep measure

C(t,r) =(p(r)f(t—r), f(t—r), “a function that
takes into account the increase in time of the creep

measure”. The function (p(‘l?) determines the aging
process 0 <1<t <00, (p(r) = limC(t,t).
t—©

In scientific literature there are many proposals
for the form of recording function (p(r) , substantiated

by extensive experiments [8].
In the world theory format considered here,

the creep characteristic © (t, T) is used, associated with
the creep measure by the relation q)(t,r) =

= C(t,r)E(T), E(’C) is the elastic modulus. This

shows that the use of creep characteristics leads to
a greater number of empirical coefficients determined
by different experiments. For example, according to
N. Arutyunyan

D, (1)=0(1)E(1)= (co +%jE° (1-pe).

where Ey, B, a are additional elastic modulus con-
stants complicating the aging function. This remark
is of no fundamental importance; it points to the un-
justified cumbersomeness of the unsuccessful choice.

3. Creep deformations of concrete are damped. As
early as in 1955, A.A. Gvozdyev pointed out: “If the ef-
fective voltage is still below the limit of long-term resis-
tance, then the deformation is non-linear, but fading” [14].

4. Creep deformations (years) and short-term defor-
mations (minutes) of concrete in the experiments appear
separately and independently of each other; their ave-
rage speeds differ in 518 400 times. For this reason,
the substitution of short-term non-linear deformations by
deformations of linear “minute creep” is an error. This
substitution leads to a violation of the classical mecha-
nics principle of independence of action of forces.

5. Short-term deformations of concrete are non-
linear [5]; the 6—ey diagram has a drop-down section
and a limited length, figure 2.

This property of concrete has been known for
more than a hundred years (Ritter, Frank, Zaliger, Bach,
Siile, Gastev, Boguslavsky, Rosh, Sakhnovsky, Yoshida,

Emperger, Schreier, Nilender, Onishchik, Podolsky,
Baykov and others). The curve proposed by Sardzhin
(Canada) is used in Eurocode 2.

'y
¢ 3}]/
b,
2, T fictitious diagram
o, o
:/ R, real diagram
f i Eurocode
o 1y M g
/ |
. g2 1
/ (J':_fl[.c”):w"er” !
/ < tggy, I
I
arctg £, !
. . !
& Eu £y Eny 1Epy

Figure 2. The distortion of the c—¢ diagram of concrete

However, in the world format of creep theory,
short-term deformations are replaced by Hooke's law.

In scientific literature, this linearity of short-term
deformations is justified by various unreliable methods.
Numerous and thorough experiments of reputable sci-
entists on nonlinear short-term deformation are disa-
vowed. An erroneous statement appears about the “ex-
perimentally grounded” instantaneous elastic properties
of concrete: “in experiments, instantaneous deforma-
tions are linearly dependent on stresses”; “instantane-
ous deformations are linearly related to stresses and,
accordingly, the modulus of elastic-instantaneous de-
formations does not depend on the value and sign of
stresses”; “elastic-instantaneous should be understood
as deformations that develop under action of a statisti-
cal load at a very high speed”; “concrete is often
viewed as a largely inelastic material... Fortunately, it is
not. Differences from Hooke's law for concrete are ex-
plained by the influence of time... By extrapolation,
an instantaneous strain curve is obtained, which is clearly
rectilinear.” With surprising persistence, they also fail
to hope for chain models, erroneously converting plas-
tic deformation ,, to the minute creep deformation.

6. Short-term deformations of concrete are
non-stationary; in the short term chart c—ey (fi-
gure 2) parameters a, b, g are functions of time.

-0,03t )

For example: a=2-10’ (1 —e ; according to

experi = RB(T)
perimental data from VNIIG b=— ,
€50 (1)
E(r) 2 |,
g= - €x0 -
R, (r) €50 (r) oo
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7. There is non-linearity of deformation due to
the low tensile strength of concrete, which rejects
models of norms based on the condition of infinite

extensibility of concrete G (’C) .

8. Non-stationarity of stressesc(r) emphasizes

the inadmissibility of the use of simplifications in
the form of algebraization of the theory of concrete
creep [1; 8].

9. The total deformation of concrete, which occurs
under the action of stressc(r) , 1s the sum of creep

deformations and short-term deformations.

The substitution of the instantaneous nonlinear
deformation &, by the minute creep deformation caused
confusion in the results of experimental values, and
also in the normalization of the creep characteristic
0«. Depending on experimenter's arbitrary choice,
the creep characteristic is determined in four ways.

€ +¢€ €
_ n cr _ er
(Ploc - ’ (Pzw - )
€ €
€
— cr —_ n
(PZDO - H (P4oo - -
€ + €, %

where g, is instantaneous nonlinear deformation; g; is
instantaneous linear deformation; . is creep defor-
mation.

For definiteness, we consider high levels of

stresses 6 —> R, at which it is possible (for analysis)

to assume that the deformations are equal to each
other. In this particular case, we have essentially

different values of creep characteristic (@,, =2,
¢, =1, 9,,=0,5, ¢, =1): the difference is up

to four times, which is unacceptable for use in design
practice.

10. At stresses 0> R

s » €xceeding the limit of
long-term resistance of concrete, creep deformation
is undamped [14].

The combination of the listed fundamental pro-
perties of concrete (established by the Eurocode) is
unique in its complexity. This set demonstrates practi-
cal interests, the need to take them into account in
a robust theory of calculation of reinforced concrete,
the inadmissibility of neglect of each of the properties.
These neglects constitute the insolvency system of
the considered world theory, with numerical errors of
up to 300% or more, with gross mathematical errors.

The beginning of the creation of the theory of
concrete creep was carried out in 1940 by the outstan-
ding scientist hydrotechnician G.A. Maslov. He intro-
duced the classical linear connection between the stress
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o(t) and the compliance function ® (in the world
theory @ =1 (t, t') ), which characterizes the displace-

ment under a single force, by analogy with the poten-
tial systems of classical mechanics. He indicated
the need to take into account the aging of concrete in
the measure of creep and non-stationarity of the mo-
dulus of elasticity.

G.A. Maslov emphasized, strongly warned that
the first step in building the theory was being taken:
“to evaluate the creep effect in the operation of con-
crete and reinforced concrete (hydrotechnical) struc-
tures in the first approximation™; “at the present stage,
our knowledge in this area has to be idealized...
the physical side of the phenomenon™; “we accept as-
sumptions..., simplifying mathematical calculations”.

The initial and cautious assumptions of G.A. Mas-
lov, his urgent warnings are forgotten in the modern
world theory of long-term resistance to reinforced con-
crete. The set of fundamental properties of concrete, in-
cluding those formulated in the Principles and Rules of
Eurocode 2, and obligatory for use in world norms,
is unprecedentedly distorted in modern international
standards. In them, the theory of concrete creep is
based on other properties and rules: on the erroneous
principle of superposition; on non-existent linear pro-
perties: on fictional “chain models”; unreasonable re-
ferences to the classical Volterra theory are used;
algebraization of theory is applied and other errors.

We first consider the fundamental error in copying
the principle of Boltzmann’s linear superposition.

The overlaying principle is the basis of both
the modern scientific theory of concrete creep, which
received from foreign scientists the name “world
harmonized format”, and the developments “in re-
cent decades international standards institutes... for
recommendations, norms and technical guidance do-
cuments” [1-3]. In these works, it is indicated that
McHenry in the USA (1943) “substantiated this ten-
dency by experimental studies of the creep of her-
metic specimens according to the principle of super-
position characteristic of Volterra's theory.”

We give the fundamental law of concrete creep
in the original notation [1]:

o ()= olto W(eato)+ [0 )o). (1)

)

where &, (f) is total strain from stress o(f);
1 olt,t")

! + ’

Ec () E.(t)

E.(t') is the non-stationary modulus of elasticity;

J(t,t)= is the compliance function;

(p(t,t') is non-stationary creep characteristic, taking
into account aging.
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In scientific publications it is usually integrated
in (1) in parts, obtaining

Gt)—f[c(t')%{ ! +(P(t’t()}dt'. (1b)

0 S B )

We note that the term o(t.1) is a creep measure
E (')

of concrete C(¢,t), used in publications in in the coun-
tries of the former USSR, which is preferable to using
the creep characteristic in processing experiments.

We emphasize that the aging of concrete is taken
into account in ¢(¢,¢") and C(£,¢'), and the modulus of
elastic-instantaneous deformation E¢(#') essentially de-
pends on the age of concrete.

Equations (1a) and (1b) are justified by two fun-
damental assumptions: the principle of linear con-
nection between stresses and strains

eq(t,t")=olt' ) (1,1'); (o)

overlaying principle, verbally formulated in various
presentation options in numerous well-known publi-
cations on the theory of concrete creep, reference
books, for example, in [9].

Serious errors in (1a) make the normative theory
inappropriate to the Eurocode, unreliable and uneco-
nomical. With an annual volume of 4 billion m® of
application of concrete and reinforced concrete in
the world, the losses from such norms and calculations
are a significant amount. Recall also the tragedy of
the collapse of Transvaal-Park (Moscow, 2004), caused
by the problems of concrete creep.

We first consider the terms in (1a), (1b), descri-
bing short-term properties and deformations. Here,
in the world format of the theory, a number of substi-
tutions of properties are made from the fundamental
set (1.-10.).

The first substitution is a violation of property 5.

Nonlinear instantaneous deformation€,, =€, +¢,,

point M in figure 2, is replaced by the elastic defor-
mation g, point 1 in figure 2: i.e., the real curvilinear
diagram of the Eurocode is thrown out and replaced
by a fictitious line diagram (figure 2).

Article 1.4 (5) of the Eurocode 0 prohibits such
unauthorized actions, it indicates the need to justify
such actions: it is necessary “to prove that they com-
ply with the principles and, at least, not worse than
them in terms of safety, operational suitability
and durability, assumed using the relevant article
of the Eurocode”. Meanwhile, the first substitution un-
derestimates short-term deformations of concrete to
100%, and in the calculations of compressed struc-
tures the error in the ultimate load is up to 500%.

The second substitution, unnoticed by scientists,
distorts the Hooke elastic model, erroneous here,
figure 2; it attaches to the classical linear connection

l‘) / E (t) a non-existent and unreal body of a vis-
cous fluid, with Newton's linear viscosity coefficient
_EN().

ARy any

c

g (1)= ;(t ))+;[Ectt,)dc(t’)—
j' at i )dt’. )

Formula (2) represents the first terms in (1a),
(1b), and demonstrates the transformation of a clas-
sical nonstationary elastic body into Maxwell's vis-
coelastic medium.

The essence of the second substitution follows
from the principle of superposition, the fundamental
principle in the construction of the law of creep (1a).
The principle of superposition, being a kind of cata-
chresis (abuse), simultaneously combines two concepts
that are incompatible in meaning: stationarity and
non-stationarity of the mechanical properties of con-
crete. Borrowing the Boltzmann scheme, the princi-
ple of superposition borrows the nonstationarity of
the corresponding material properties of this scheme,
that is, rejects the fundamental nonstationary linear
properties of concrete 6., replacing them with statio-
nary properties. The principle of superposition is ap-
plied in non-stationary linear properties (1c), under
the conditions of the fundamental meaning of this non-
stationarity.

The mathematical essence of the error arises
from the second substitution in the values of defor-
mations of concrete, detected as follows.

The rate of elastic deformation is

(Y] N
gl(t)_c(t)Ec(t!)+0(t 8t' Ec(tr)'
Integrating, we obtain

© 1 ’ 0o 1 ,

e (1)-¢ ()= I 0 do (') +tjo‘cs(t’)§ 0 dt

fh e

Integrating the first term in parts, we find

6, ()=, (1,) = <L) _ o(0)

—jc(t') ; 7 j t,) dr'.

E(1) E (to)
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Hence the short-term deformation is equal to

()= 2 ®

E (1)

it is also seen that the first term under the integral sign
(1a) is excessive, and the use of superposition principle

)= E -
o(t) ¢ , 0 1 ,
:T(t)—;[c(t )EEc(z’)dt 4)

in (1a) and (1b) is deeply mistaken.

Let us make a numerical estimate of the error ari-
sing in determining the instantaneous elastic deforma-
tion distorted by the principle of superposition. Using

o(t)=oc,=constin  (3), (4 we obtain

e (1) = EZ’EZ) and g,(zo):%

parison of these deformations is shown in figure 3.

= const. Com-

LN
__by the superposition principle

N
@

&)~ R
real elastic strain
g -

fo =7 days t= 360 days

Figure 3. Comparison of &/(to) and &(?)

Curve 2 in figure 3 corresponds to the VNIIG
data on the change of the elastic modulus E.(f) with
time. Errors in the value of the elastic deformation at
t =360 days reach =~ 300%.

Distortions of instantaneous nonstationary non-
linear deformations ¢,, their attempts of an untenable
description, will be considered later.

The last term under the integral sign in the law (1b)
is the third substitution of the fundamental property 1
of nonlinear creep: the non-existent property of line-
ar creep is used instead. It can be seen from data of
figure 1, that the error from such a substitution is up
to +400% with ¢ =40 days. If the average curve

corresponding to 6 =0,5R, ~ with its experimental

parameters is taken as a basis, then the error from
such a distortion will be from +200 to —200%.

The fourth substitution is demonstrated by the last
part of the integral (1b)
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j ‘;(t(;)) do ().

c

describing the development of creep deformations
with o(¢’) variables. The principle of Boltzmann’s
linear superposition, corresponding to the stationary
properties of creep of the material, is copied with
the name of the principle of superposition; that is, sub-
stitution of the fundamental property 2 of concrete oc-
curs in this case. This substitution, on the one hand,
leads to the loss of three components in the basic law
(1a), caused by the rate of change of the coefficient
of compliance

o(r) E (1) ot

1 a(P(t’t') —G(t')(p(t,t') Ec (t’)

E () o EX(?)

at that they are comparable in importance to the remai-
ning term. These losses cause significant discrepan-
cies between theory and experiments, described in
the scientific literature. They lead to the incorrect ex-
pression of the creep kernel, even within the frame-
work of the non-existent linear creep theory of con-
crete. The principle of superposition distorts this li-
near theory, causing the appearance of additional non-
existent bodies. The number of such bodies depends

on the form of the function(p(t,t') , which describes

the non-stationary creep characteristic in the basic
law (1). We write this function in the well-known,
widely used in scientific literature, as

o(tr') 0. (1)[1-¢""]

E(1) E(r)

where ¢, (t’) is a function considering aging of con-

)

crete.

In the famous monograph of L.LE. Prokopovich
the creep characteristic @(z,t") of foreign scientists is
designated as C (¢, 1) these are identical values.

In the case of (5) the basic law (1a) forms four su-
perfluous (fictitious) bodies: two bodies of the Voigt
type and two viscous elements connected in series with
each other. The deformations of these bodies are equal

t ' 1 —y(t—t") g1
81f(t):,[0(t)n (t,)e ( )dt >
t, 1/
E (')
1 t')=— N (6)
nf( ) (Poo(t)
9
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0 1 1 1
£y (t)z.[o(t )n ) dr',
f 2f
N EC(f) 1
n2f(t)_ EL(ZJ) (POO (t,)i (7)
t ' 1 —y(r—t '
&y (t)zIG(t )n G gy’
ty 3f
N EN(7) 1
n3/ (t)__EE(f’) (Poo(t!)’ (8)
0 ! 1 ’
€y (t)z_[c(t )T] ) dr',
N 4f
N E(t)
o \t)=—= R 9
Ny (¢) o (0) 9)

where 714 ... , 14 s are viscosity coefficients or coefti-
cients of internal resistance of fictitious bodies; more-
over, the bodies (8) of the Voigt and (9) of the vis-
cous element expand when compressed.

Creep deformations (6)—(9), caused by the influ-
ence of the superposition principle on the classical
connection (1c), are fiction; they are also summari-
zed with short-term fictitious deformation

[ ,no 1
&5 (t) J‘G(t )atr Ec (tr) ’

f

Eor (l‘)=§8£f(t),

and introduce large errors in the total strain &; (), de-
termined by the creep law (1b).

This revealed fact of a significant erroneous com-
plication of the theory, caused by the principle of su-
perposition, shows the inconsistency of the judgments
of leading scientists currently expressed about the mythi-
cal advantages and benefits of this principle, evalua-
ting it with the exact opposite: “and, on the other hand,
this hypothesis greatly simplifies the phenomenolo-
gical theory of creep and makes it simpler and more
accessible for use in engineering calculations™; “as ap-
plied to linear creep deformations, the superposition
principle was first used by L. Boltzmann (1874), but
only recently it was proved (B. Persoz) for non-linear
creep deformations”.

The fifth substitution violates the fundamental
property of concrete 5.

In the framework of the requirements of Euro-
code 2 to the diagram of instantaneous deformation
of concrete (figure 2) it is necessary to recognize

(10)

10

the error of the creep theory, the removal of plastic
deformation ¢, from the total instantaneous deforma-
tion €y and its transfer into the category of creep de-
formation &.(?): plastic deformation ¢, develops about
1-2 minutes (Aleksandrovsky, Bazant), and creep de-
formation &.(f) lasts for years; the rate of increase of
nonlinear deformations is up to 2000 times the rate
of increase of creep deformations (in 1 day); growth
rate and time of elastic & and nonlinear deformations
€, have the same order; an error is the separation of
these deformations by splitting the total quantity &
in violation of the Eurocode 2 rules.

Plastic instantaneous deformation &, is endowed
with the name of fast-flowing or minute creep; total
deformation of the usual g(¢) and fast-flowing creep
€, 1s sought using a creep measure

C(t,r)z Con (t,r)+ Con (t,‘t),

presented in the form of two functions for ordinary
and for fast-flowing creep. Such a technique artifi-
cially creates unnecessary mathematical difficulties,
and a violation of the principle of independence of
the action of forces that is fundamental in mechanics
(more in section 5) arises; ridiculous results also arise
in the design calculations.

The mathematical complexity consists in the ne-
cessity of constructing an unnecessary integral, fol-
lowed by defects in the principle of superposition,

0

e, (1)= jc(t)a—TCﬁn (t,7),

whereas €, is easily found from the Sargin formula,
other equations describing instant diagrams, for exam-

ple, from Emperger's parabola €, 23262 or from
the dependence proposed by NIIZHB

: 24
g, =——1| 0,1+ .
ER; 24R,,

Comparing these formulas with each other, we see
the fallacy of the integral form, designed to find the fast-
flowing creep, its artificiality.

Let us give an instructive example showing the ab-
surdity of the results obtained using fast-flowing creep
deformations. Consider the longitudinal bending of
the compressed rack in the interval of one day after
loading, when, in the main, only fast-flowing creep
has time to appear. A long-term critical force in ac-
cordance with the well-known decisions of Rzha-

nitsyn, Rabotnov, Shesterikov, Prokopovich, is equal

w HI

to P, =——, where H =
e

, @y — characteris-
1+ 9,
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tic of fast-flowing creep. This critical force tends to
infinity with a length /—0 (figure 4), what is rejected
by both experiments and common sense.

P,
A
"minute
creep" \

0,5

0

Figure 4. The schedule of calculation of compressed-curved
concrete structures with an initial deflection

If instantaneous nonlinear deformations are not
added to creep deformations, then we have a tangen-
tial-modular (or reduced-modular) critical force with
a finite value as [—0.

Note that the renaming of plastic deformations
€, (figure 2) in the creep deformation /() and their
uniform mathematical description

g(t):%_i g((gLE (1)

in the record of function Lg(¢,u) leads to distortion of
the results of experimental research on concrete creep
problems in all countries of the world (see [1]). As
a result of such mixing, creep deformations mistaken-
ly acquire initial “vertical segments”, distorting
the values of creep deformations (up to 50%), distrac-
ting concrete creep researchers and misleading ex-
perts in the theory of reinforced concrete.

The erroneous assumption of “fast-flowing creep”,
“minute creep” and “vertical segments” has distorted
the direction of the development of the theory of
creep of reinforced concrete. The introduction of this
assumption in the norm is detrimental to reinforced
concrete construction.

Writing a concrete creep measure in the form of
such a sum not only leads to mathematical complica-
tion of the creep theory, but also violates the principle
of independence of the action of Newtonian mechanics.

For clarity, we consider a simple and instructive
case. We will write down the measure of creep in

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

the form proposed by S.V. Aleksandrovsky (in his
notation)

(1) = A= e a9

where 4, =y ()=const; A, =A(w)=const;
a>>y>0.

“The presence of the second term in the formu-
la... provides an initial steep rise in creep curves for
small —1”.

Differentiating the integral equation (1b) two times
in ¢, taking into account (11), we obtain the second
order differential (£ = const) equation corresponding
to that.

EE+(y+o)Eé+yoEe =
=+ (y+0)+EAy+E4,0 |6+
+[1+ EA, + EA, | yoo.

From this equation it is clear that there is a force
proportional to the acceleration

o= E §(0).
(1+ EA3 + EAy Jya

The remaining forces are proportional to €,€,6,6

insignificant.

In Newtonian mechanics the presence of forces
proportional to acceleration, indicates violation of
the principle of independence of action of forces, and
the impossibility of using expression (11) for con-
crete creep in practical problems, with variable for-
ces o(?). We will come to the same result if we use
many other formulas to describe the creep measure
in the form of two or more terms (Yashin, McHenry,
Prokopovich, Ulitsky, etc.).

The broad interpretation of the compliance fac-
tor in the form of “chain models” of type (11), begin-
ning with the work of McHenry, is widely used for
the sixth substitution of the fundamental property 1
of non-linear creep of concrete. McHenry, for exam-
ple, writes a “chain model” in the form of

C(1,1)=C, [1 _e1 ) ] +Ce ™ [1 _ ) ] (12)

McHenry himself admitted his attempt failed [6],
which is not surprising. Here, as in the previous sub-
stitution, a violation of the principle of independence
of action of forces appears; the principle of superpo-
sition here also forms a series of additional fictitious
bodies that distort the creep core and the results of
the theory. In addition, these defects, complementing
each other, give unpredictable results for the theory.

11
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We assign numerous untenable attempts to describe
the theory of creep with the help of the so-called condi-
tion of affine similarity of creep curves to the seventh
substitution of property 1 for non-linear creep of
concrete

In this theory, the instantaneous properties of con-
crete are usually assumed to be non-stationary elas-
tic, and the compliance function /(z,¢), depending on
the parameter p(¢’), is written in the usual form

0=

Further, it is erroneously considered that the pa-
rameter W is the stress o (the seventh substitution).

1005

As the eighth substitution, it is considered possible

+C, [n(r).01'].

+F[o(t'),t']-C(t,1)

to write the specific creep deformation C, [ pit t t ]

in a degenerate form (see also property 1).
In accordance with the principle of superposi-
tion, we have the law of creep

€ (t) = EGC((tt)) -

Then a mathematical error appears, consisting in
incorrect differentiation of the second integrand and
the loss of the term

orF . , OF
[%o(t )+ ~ }C(r t'), (14)

what distorts the original superposition principle (13)
and leads to appearing of the second (ninth substitu-
tion) principle of superposition in the basic creep law
in the second integral term

(s(t)tta 1

gc(t):T(t)_;[G( )at Ec( )d
Jo(e) Fo(r),r 170 ( Ve, s

and appearing of the second fictitious force

o.(1')= G(t')F[G(t

of the first force o(¢’) (related to development of in-
stantaneous deformations). We note that the loss of
term (14) distorts the meaning of experimental data
on the nature of specific creep curves corresponding

') , t’} , acting independently
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to different levels of loading, what follows from (15):

nonlinearity function F[G(l'),tj removed from

the essence of the curves C,; and transferred to
the force o(¢'), what formed a new non-linear rela-
tionship between stress and strain.

We present one of the numerous formulations jus-
tifying the erroneous law (15) in form of H. Leader-
man: “...Boltzmann's principle of superposition of de-
formation with time was used... When deriving rheo-
logical equations for materials ‘with memory”’ satis-
fying the closed cycle condition, Boltzmann postu-
lated a linear relation between stresses and strains
and used a hypothesis allowing to consider recovery.
While the principle of superposition was reduced as
a natural additional hypothesis. Later it was shown
(Leaderman) that the principle of superposition does
not require a linear connection between stresses and
strains.”

Comparing (15) and (1a), we emphasize that
the nonlinear theory of concrete creep not only repeats
the errors of the linear theory, but also adds two new
significant errors to them: it incorrectly determines
the parameter and function of nonlinearity of creep;
supplements the linear erroneous principle of super-
position with additional erroneous principle of super-
position, which is nonlinear. The essence of the very
principle of superposition, its connection with the Boltz-
mann scheme and its “chain models”, was analyzed
in detail in [15].

Recently, works have emerged that develop
the “modification of the principle of strain superposi-
tion for nonlinear creep” in the form

e(t,1)) = 8(t0)+j.|:EET) +C(t,r)}dcc (1), (16a)

fy

where o (t)=S[o(t)] is known stress function o(t).

The fallacy of this record is similar to that used
in (1a). The total strain rate here is

vc(t,r):S[c(r)]{ﬁ C(tr}+S[c ]jr E)Jr

o 9 166

+S[G(T):| aTC(t,r)+S[c(t)} atC(t,T). (166)

This shows that in (16a) the last three terms of (16b)
are lost. The significance of these terms is identical
to the significance that we described above in para-
graphs 1-3. It should be additionally taken into
account that the identity of the nonlinear function
S[o(t)] is also incorrect for short and long defor-
mations.

“Modification” not only saves the gross errors of
the nonlinear theory (15), but also adds new ones:

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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— instantaneous deformation, as before, is endowed
with a mythical body of viscous fluid according to
Maxwell's scheme, but the error is qualitatively pre-
served in the complicated structure shown in figure 3;

— nonlinear creep is based on the untenable and
non-existent condition of affine similarity, however,
the nonlinearity function is now determined not from
creep experiments, corresponding to figure 1, and from
experiments on short-term loading (figure 2), and has
no relation to the creep measure C(z,t").

The results

The mathematical analysis of the existing errors
of the modern theory of long-term resistance of rein-
forced concrete is carried out: in the values of instan-
taneous deformation, the error is up to 300%; in va-

RU

Mean uccaeqoBanus

AmHanmzupyemasi B CTaTbe TEOpHS XapaKTepusyeTcs
€e aBTOpaMu KakK HOBBIII MUPOBOM TapMOHU3UPOBAH-
HBI (OpMAaT: OH KKOOPIUHHUPYETCS W TPOJIBUTACTCS
MEXTyHapOJAHbIMA MHCTUTYTAMU MO CTaHAAPTU3ALUU
B paMKax BCEMHUPHOTO FapMOHM3ALHOHHOTO ClLIeHa-
pus» [1]. Ceituac 3Ta Teopusi akTUBHO IpONAaraHaupy-
€TCsl U3BECTHBIMH MHUPOBBIMU YUEHBIMU C LIETIbIO BHE-
peHust B 00J1aCTh MEXIYHAPOIHO MTPU3HAHHBIX HOPMa-
TUBHO-TEXHUYECKUX JOKYMEHTOB U OCHOBHBIX ITPABUI
npuMeHeHns1. Eif oCBsIeHbl MHOTOUYHCIICHHBIE TTyOIH-
Kaluu, oHa BKiItoYeHa B Tunoseie HOpMbI FIB, pyko-
BoncTBO ASI u npyrue noxymentsl [2; 3]. Ee omoOpsitor
Ha pa3NIMYHBIX MEKIyHapo HbIX KoH(peperimax CILIA,
EBponsl, Poccun, Hanpumep Ha Ilepbix MexxayHapo1-
HBIX HAYYHO-TEXHHUYECKHX «[ BO3JIEBCKUX HUTCHUIX)
(Mocksa, okts10pb 2017 r.). CnieioBaTesibHO, aHAIN3, 13-
JlaraeMblid B JAHHOM CTAaThe, BAYKCH HE TOJIBKO JJIs HAy4-
HOW TEOpUH, HO U JUISl TPOMATHON MEKIyHAPOAHOM MpaK-
TUKH KeJIe300€TOHHOTO CTPOUTENHCTBA [4]. BhISBIISIOT-
Csl ¥ pacCMaTPHBAIOTCS OMIMOKK B TOM 007acTé TeOpUu
MOJ3YYECTH, 1€, KAK CBUICTEILCTBYIOT €€ PYKOBOAU-
TEIU U aBTOPBL, €CTh «yCTaHOBUBIIIMIICS KOHCEHCYC» [1];
pedpb Tarxke He UIeT 00 MHOM TOUKe 3peHus WITH YIIpo-
LICHUSIX B CTaHAAPTU3ALUH, IOCKOJIbKY YCTPAHEHHE BbI-
SIBIIEHHBIX OIMIMOOK CYIIECTBEHHO YIPOCTHT TEOPHIO
JUTUTEIBHOTO COTIPOTHBIICHUS JKeIe300eToHa.

MeToabl
HewmHOro 0 HECOCTOSTENEHOCTH TEOPHH TIOJI3yUe-

CTH JKeNle300eToHa. ITa CHCTeMa BO3HHUKIIA M Pa3BHBa-
€TCsl M3-3a MMOCTPOCHHUS TEOPHUH HA COBOKYITHOCTH OIITH-
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lues of long deformation — up to 250%. There are many
substitutions due to the non-stationarity property 8 of
the stress o(t). With such substitutions, the creep law
is empirically converted to the form of some algebra-
ic expression. Stresses here are replaced by a variety
of values: constant stress; conditional “average

equivalent stress over a period of time #—#,”; stress

is replaced by a certain function (linear, parabolic),
depending on the creep characteristic of concrete,
the mean-theorem is also involved; other empirical
untenable substitution. N.Kh. Arutyunyan, S.V. Alek-
sandrovsky repeatedly show the inconsistency of alge-
braic creep theories: the condition of a unambiguous
algebraic connection between C(¢#,1) and o(t) is “de-
void of physical meaning”; such a connection “leads”
to implausible results.

OOYHBIX MPUHITUIIOB, IPABWII H CAMOBOJILHBIX TIPHEMOB,
YTO yCYTyOJISIeTCSI MHOTOYMCIEHHBIMH ITOAMEHaMH
(cry4aifHBIMU WITH TIpEeTHaAMEPEHHBIMH) (DyHIIaMEHTAITb-
HBIX OIBITHBIX CBOWCTB O€TOHA, U OCHOBBIBAETCS Ha
HACJICIOBAaHUY NPUHIMIIOB HECOOTBETCTBYIOLIEH TEO-
puu ynpyroro nocieneicTsus bonbiimana.

O HecoCTOATENBHOCTH TEOPUH PA3HOCTOPOHHE U
KOMIUIEKCHO CBUJIETENBCTBYIOT: HAIMYUE CUCTEMBI IPy-
OBIX MaTEMaTHICCKUX OMMTUOOK; HAPYIICHHUS TIPHHITH-
OB U NPaBWJI KJIACCUYECKON MeXaHUKH U EBpoko-
JIOB; HECOOTBETCTBHSA OOILEN3BECTHBIM 3KCIIEPUMEH-
TaJbHBIM JAHHBIM; OTPULIATEIbHBIE PE3YNIbTAThl MPO-
€KTHOM NPAKTUKH, B TOM YUCIIE MUPOBOM OIIBIT MPO-
EeKTUPOBAHUS YHUKAILHBIX COOPYKEHHS CTPYKTYpaMu
RAMBOLL (Benukobputanus) [4].

AHanm3upyeMble B CTaThe OCHOBOIIOJIATAIOIIHE
OIIMOKHM XapaKTepHbI HE TOJIBKO I MONI3y4yecTH Oe-
TOHA, HO U JJIs1 PEOJIOTUU BCETO KOMIUIEKCA CTapero-
UX MaTtepuanoB. M3BECTHO, UTO K TAKUM MaTepHa-
JIaM OTHOCATCSI «OETOH, APEBECUHA, MHOTHE MOJMMEPBI
U TJIaCTMACCHI, TOPHBIE TOPOABI (TaKkKe TPYHTHI), Jie
u 1p., (OHHM) XapaKTEePHBI TEM, YTO UX (PU3UKO-MeXa-
HHUYECKHUE CBOWCTBA MEHSIOTCA BO BPEMEHH, T.€. 3a-
BHCAT OT BO3pacTa MaTepuaiay.

PaccMoTpum cHavama COBOKYMHOCTH (hyHAaMeH-
TaJFHBIX OMBITHBIX CBOMCTB OeToHa. beToH Kak KOH-
CTPYKIMOHHBI MaTepuajl UMEET CYLIECTBEHHO He-
JMHEWHBIC CBOWCTBA; OHU OOIIEU3BECTHHI M3 EBpo-
KOJIOB U HAyally BHEAPSTHCS B HOPMbI MHOIMX CTpaH
nociie padoter L. Baes (1927 r.):

1. «dedopmanmy moa3ydecTd HEIUHEHHBI C CAMBIX
HU3KHUX YPOBHEH 3arpy:keHus, ...HUKaKOW 00NacTy Jiu-
HEUHOU Noa3yyecmu... He cywecmegyemy. Tak cBuje-
TENbCTBYIOT OCHOBOTOJOXHHUKH Teopun A.A. I'Bo3-
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nes, H.X .Apytionsn, C.B. AnexcaHIpOBCKHH,
[1.1. Bacunses, puc. 1 [8].

Henunetinas momydects 6eToHa yxe B 1931 1.
MpOsIBASETCA B pe3ynbTaTax I[JIAHOMEpPHO IpOBe-
JIEHHBIX 0O0MIHMpPHBIX dKkcrepuMmeHTOB R.E. Davis u
H.E. Davis.

Colt,1)
C, (1)

7= 35 CyT - BO3pacT 3arpyskKeHus

BO3pACT K MOMEHTY
HaONIOICHUA

0 10 20 30 40 50 60 70 80 9 100 110

Puc. 1. U3MeHeHHne oTHOWIEHMIT yebHBIX AedopManuii
MOJI3y4ecTH MPH Pa3HbIX HAYAJIBHBIX YPOBHSIX HANPSLKEHU T
Co(t,7) K yAeJbHBIM JedopManusM Moa3y4ecTH
NpHU HAYaJbHOM YpoBHe HanpsikeHnii Co,1(f,T)

MupoBoii popmat, paccMaTpuBasi TOJBKO IJH-
HEHHYIO TOI3y4ecTh OETOHA, OMHCHIBAET TO, YETO HE
CyILIECTBYeT. XapakTep rpaMKoB Ha puc. 1 MokKasbl-

BaeT, 4To 00y u3 Tpex KpuBbix (¢ =0,29R
6=0,5R

Tp >

p 2
6 =0,75R,,) HEBO3MOKHO PHOITHKEH-

HO TOJMEHUTb TOPH3OHTANBHON mpsvoid 6 = 0,1R,

3HAYCHHS YACNbHBIX nepopManuii pa3nudaroTcs B
2-5 pa3, mpu4eM pedb UIET TOJBKO O YaCTHOM CUTY-
auuu — npoctod monzyuectu. Ilpu mepeMeHHBIX

HaIPSDKEHUSX G(t) HE00XOAUMO TOMOJIHUTEILHO

paccMaTpuBaTh EPEXO OT OJHOM KpPUBOU K IPYrou
KpUBOM.

Ha puc. 1 npuBeaen ¢pparMeHT U3 0OIHUPHBIX
skcnepuMeHTanbHbIX AaHHbBIX HUMXB, mupoko
OIyOJIMKOBAaHHBIX B Pa3IMYHBIX HAYYHBIX M3AaHUIX;
TaKHe e JTAaHHBIE MOXKHO IOJIyYHUTh U3 XOPOIIO H3-
BecTHBIX paboT A.D. Ross, P.A. MenbHuKa 1 ApyTHX
yueHbIX. [lo ocu opauHaT Ha puc. 1 mokas3aHbl 3Ha-

aeHnst otHoweHust C, (l‘,T)/ Co. (t,‘r), TO €CTh OT-
HOILEHHUs MEpP HEeIMHEWHOM monsydect (yaeabHBIX
nedopmanuii MoN3y4ecT), HAUJAEHHBIX DKCIIEPH-
MEHTAJbHO TP Pa3HBIX YPOBHSX IOCTOSHHBIX Ha-
OpPSOKEHUH G, K MEpPE IOJI3y4eCTH, COOTBETCTBY-
I0IEl MUHUMaJbHOMY B OIBITE YPOBHIO HAmps-

xenmit 6 =0,1R, . Hanomunwm, uto Mepa nonsyue-
ctu C (t,‘c) o I'.A. MacioBy — 3To «aedopManus

MMOJ3y4YeCTu K MOMCHTY BpPEMCHHU ! OT €QUHOT0
HAIIPsIZKEHHOT'O COCTOSAHUS, HACTYITUBIICTO B MOMCHT
BPEMCHU T».
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OOpatum 371ech BHUIMaHHE Ha HECOCTOSTENBHOCTD
MIOTIBITOK OMHUCATh HEIMHEHHYIO MOJI3y4ecTh OeTOHA
C TIOMOIIBIO JTUHENHBIX IEMHBIX MOJAEIIEH», BBITE-
KaIoIyI0 M3 JaHHBIX pUC. 1. DTH MOMBITKU HayaThl B
paborte Maxk-I"'erpu (1943 1.) 1 IPOJOIKAIOTCS IO CHUX
Mop B aHAIM3UPYEMON HaMu MHUpPOBOM Teopuu. [o-
MIOJIHUTENFHO 3aMETHM, YTO 3TH TOMBITKH TaKkKe
MIPUBOJAT K HApYIIEHUIO OCHOB KJIACCUYECKOW Me-
XaHMKH.

A.H. PxxaHunpiH, aHaTu3UpPys SKCIEPUMEHTHI,
oOparian BHUMaHHE: «KPUBBIE TION3YUYECTH MEHAIOM
€601 610 TIPY N3MEHEHNH NIOCTOSHHOTO HATIPSKSHHSD).
OTO CBUIETENBCTBYET, C ONHOW CTOPOHBI, O IIPUCYT-

CTBHM HEKOTOPOTO IapaMeTpa u(r) B KPUBOH Y/EIb-

Hoit Meps! mom3ydectn C| (u(r),t,r), a ¢ apyrou
CTOPOHBI, O HENPUTOAHOCTH HCIOJIH30BaHUS BECbMa
pacrmpocTpaHeHHOTo yciaoBus ad(GUHHOTO MOA00US
C, =F|:G(T),T}C(t,’[)2 F[G(‘C),T:I — SKCIIepH-
MeHTanbHas QyHkims Henmueiinoctn; C (t, r) — Mepa

MoJI3y4ecTy OeToHa.
2. dedopmanuu mon3yyectd OeTOHA HECTAIHO-
HapHa; HECTAIMOHAPHOCTh YYHUTHIBACTCS C MOMOIIBIO

(GyHKIMM cTapeHust (T) B BBIPKXECHUU MEPBI MOJI3Y-

4ecTH C(l‘,r) =(p(r)f(t—r), f(t—r) — «pyHK-
M, YYMTBIBAIOIAs HAPACTAHUE BO BPEMEHH MEPHI

non3yyectuny. OyHKIus (p(‘c) OTIpeneNnsieT mpolecc

CTapeHUs

0<t<t<ow, ¢(1)=limC(1,1).

—©

B HayuHOI nuTepatype uMeercss MHOTO Tpe/-
JIO)KCHHUI TI0 BUY 3anicy QyHKITAH (p(I), 006ocHO-

BaHHBIX O0CTOSATEIEHBIMH SKCIIEPUMEHTaMH [8].
B paccmarpuBaemom 31ech MHPOBOM (hopMmaTte
TEOPHUH HCIOJIB3YETCS XapaKTePUCTHKA MTOI3YUECTH

q)(t,r), CBsi3aHHAasi ¢ MEPOH IOJ3y4EeCTU COOTHO-
HIEHUEM d)(t,r) ZC(t,T)E(’C), E(‘C) — MOJyJIb

ynpyrocta. OTcioaa BUIHO, YTO HCIOJIb30BaHUE Xa-
PaKTEePUCTUKU MOJ3Y4YECTH NMPUBOAMUT K OOJBIIEMY
YUCITy SMITUPUICCKUX KOIPGDHUIINESHTOB, OTpPEeIIsIc-
MBIX Pa3TUYHBIMHU MO TOCTAHOBKE dKCIIEPUMEHTAMH.
Hanpuwmep, no nanueim H.X. ApyTroHsiHa

o400 £00-{c )

rne Eo, B, 0. — JONOTHUTENFHBIE KOHCTAHTBI MOYJIS
YOPYTOCTH, YCIOXKHSIOMNE QYHKIHIO CTApEHUS. DTO
3aMe4yaHue He MMeeT NPUHIUMHAIBHOIO 3HAYEHMUS,

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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OHO YKa3bIBaeT Ha HEOIPaBAAHHYIO T'POMO3JKOCTh He-
YIa4HOTO BBIOOPA.

3. Jledbopmanuy moa3ydecTr OETOHA HOCST 3aTy-
xaromuii xapakrep. A.A. ['Bo3aes emie B 1955 1. yka-
3pBal: «Eciu aeiicTByloliee HanpsHKEHNE ele HIKe
npezena JUIMTETFHOTO COTPOTHBICHHA, TO Aedopma-
1Us — HETMHEWHAsI, HO 3aTyxaromasy [14].

4. ledopmarmu non3ydecTd (roIpl) U KpaTKOBpe-
MeHHbIe teopMarmy OeToOHa (MUHYTHI) B OITBITAX IIPO-
SIBJSTIOTCST Pa3/IeIbHO M HE3aBHCHUMO JIPYT OT JIpYTa;
CpeIHHE CKOPOCTH WX paziuyarorcs B 518 400 pas.
Io sroii nprurHe OMMOKON SIBIISIETCS TIOMMEHa KPaTKO-
BPEMEHHBIX HEJIMHEHHBIX nedopmanuii nedopmarm-
SIMU JIMHEMHON «MHHYTHOM MOJ3Y4YE€CTW, MPUBOASILASL
K HapyIIeHUIO MPHUHINTA HE3aBUCUMOCTH JEHCTBHS
CHUJT KJTACCHYECKON MEXaHHKH.

5. KparkoBpemennsle nedopmanun OeToHa He-
JIUHENHBI [5]; TuarpaMMa 6—€y UMEeT HUCTIaAarOIInii
Y4aCTOK ¥ OTPAaHHYEHHYIO MIPOTHKEHHOCTH (puC. 2).

/‘%\/ MKTHBHAA JTHATPAMMA

muarpamma Esp

Puc. 2. UckakeHue 1uarpaMMbl 6—& 6eTOHA

3T0 cBOHCTBO OeTOHA U3BECTHO OoJiee cTa JIeT
(Purrep, ®pank, 3anmurep, bax, llrone, ['actes, bory-
ciaBckuii, Pom, CaxuoBckmii, Mommma, Dmmeprep,
lIpeitep, Hunennep, Ouumnmk, [Tomonsckmii, baiiko
u np.). B EBpokoze 2 ucrnonp3oBaHa KpuBas, Mpeyio-
xernHas CapmkuaeiM (Kanama).

OpnHako B MHPOBOM (opMaTe TEOPHH IOJ3Y-
YECTH KPATKOBPEMEHHBIC JAe(OopMaIliK TOAMEHSIFOTCS
3akoHOM ['yka.

B HayuHO#l nuTepaType JMHEHHOCTH KpPATKO-
BPEMEHHBIX JedopMannii 000CHOBBIBACTCS Pa3Jiny-
HBIMH HEJIOCTOBEPHBIMH CIIOCO0aMU; MHOTOYHCIICH-
HBIE ¥ OCHOBATEITbHBIE OMBITHI aBTOPUTETHBIX YUEHHBIX
0 HEJIMHEHHOM KpaTKOBPEMEHHO# nehopMaIuu Jie3aBy-
UPYIOTCS; TOSBIISIETCS OLIMOOYHOE YTBEPKACHUE 00
«IKCTIEPUMEHTAIFHO 000CHOBAHHBIX» MIHOBEHHBIX YII-
PYTUX CBOMCTBax OETOHA: «B HKCIEPUMEHTaX MIHO-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

BeHHbIE Ae(opMaluy JMHEHHO 3aBHCST OT HalpshKe-
HUi1»; «MTHOBEHHBIE Jie(pOpMaIliH TUHEHHO CBSA3aHBI
C HAMPSHKEHUSIMA M COOTBETCTBEHHO MOJYJIh YIPYTO-
MTHOBEHHBIX Ae(opManuii He 3aBUCUT OT 3HAUCHUS
Y 3HaKa HampsHKEHUN; MO/ «YMPYro-MrHOBEHHBIMHU
Clle/TyeT TIOHUMATh Ae(OpMaIHH, Pa3BUBAIOIINECS MO
JEHUCTBUEM CTHAMUCMUYECKOU HASPY3KU C 8ecbMd 00b-
wou ckopocmwvio»; «OETOH 4acTo paccMaTpUBAeTCs
KaK MaTepuajl B 3HAYUTEILHON CTENEHU HEYIPYTHH. ..
K cuactsio, 310 He Tak. OTianuus ot 3akoHa ['yka ams
0eroHa OOBSICHSFOTCS BIMSIHMEM BpeMeHH. .. [lyrem skc-
TPAITOJSIIUK TTOYYaeTCsl KPUBas MTHOBEHHBIX Jiedop-
Mallii, KOTOpasi OKa3bIBAETCSl YETKO MPSIMOIMHEHHOM.
C yIMBHUTENHEHON HACTOMYHUBOCTHIO TAKXKE HECOCTOS-
TEJBHO YIIOBAIOT HA IIEMHBIE MOJIEIH, OIIMOOYHO Tiepe-
JIeNaB IIACTHIECKYyIo aedopmaruio €, (puc. 2) B me-
(hopMaIuio MUHYTHON TIOJI3yYECTH.

6. KparkoBpemennsie nedopmanun OeToHa He-
CTallMOHApHBI; B KPaTKOBPEMEHHOH IHmarpamme
o—¢€y (pHUC. 2) IapaMeTpsl a, b, g ABIAIOTCS (PYHKITH-

amu Bpemenn. Hampumep: a=2-10 (l—e’o’(m);
0 ONBITHBIM paHHeiM BHUUT b=

E(1) 2 2
g= - €0-
R,(7) &,(7)
7. IlprcyTCTBYET HEMMHEHHOCTD Ne(OPMUPOBAHIS,
00yCIIOBJIEHHAs MaJiod MPOYHOCTHIO OETOHA Ha pac-
TSHKEHHUE, OTBEPraroIias MOJIEI HOPM, OCHOBaHHBIX Ha

YCIOBUH OECKOHEYHOH O (‘r) pacTsHKUMOCTH OeTOoHa.

8. HecranmoHapHOCTh HampsHKEHUIM G(T) oJI-

YepKUBAET HEJOYCTUMOCTh HUCIOJIb30BAHUS YIIPO-
IIEHUH B BHJIe aJire0pan3aiuy TCOPUU TOJI3YUECTH
ocToHa [1; 8].

9. INomaas gedopmarys 6eToHa, BOSHHUKAIOIIAS TIOT
JICHCTBUEM HAIPSDKCHUS G(r) , SIBISIETCSI CyMMOH fiedhop-

MaIIMii TIOJI3Y4ECTH U KPaTKOBPEMEHHOM J1e(hopMaIiiiu.

[MonMeHna MrHOBEHHOHN HEIUHEHHOH nedopma-
My &y aeopMarueii MUHYTHOM MOJI3y4eCTH BHECTA
OecIIopsAI0K B PE3yIbTaThl IKCIIEPUMEHTAIILHBIX 3HA-
YEHUH, a TAK’)K€ B HOPMUPOBAHUE XaPAKTEPUCTUKU
MOJI3YYECTH Q. B 3aBUCHMOCTH OT Kalpu3a 3KCIie-
PHUMEHTATOpa XapaKTEPUCTHUKY MOJ3YYECTH ONpeae-
JISTFOT YETHIPHMS CIIOCO0aMH

€ +E& €
— _H n — I
(p]oo - > (p200 - >
Sn I
€ €
— n — _H
(P2oc - > (p4oo - >
o +8H i
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€ €y — ):[C(l)OpMa]_II/IH MI'HOBCHHAas HGHHHGﬁHaﬂ; €1 —

nedopmaliisi MTHOBEHHAs! IMHEHHAsT; €, — Aedopma-
IIUS TIO3YYECTH.
J11s1 onpesieneHHOCTH pacCMOTPUM BBICOKHE YPOB-

HH HanpspkeHui O —> R, 1pu KOTOPBIX MOXHO TpH-

ONMM3UTENBHO (IS aHAIIN3a) IPUHATH AehOpMAaIU PaB-
HBIMH MEXIy co00i. B aTOM yacTHOM ciydae mme-
€M CYIIECTBEHHO pPa3Hble MEXIy co0oil 3HaUeHHS

xapakrtepuctuku mnonsyuectu (@, =2, @, =1,

¢,,=0,5, ¢,, =1): pasnnuue cocrasuser 1o 4 pas,

YTO HEIONMYCTUMO JJIl NPUMEHEHUS B IPAKTUKE
MPOEKTUPOBAHUSI.

10. IIpu HanpsikeHusx © > le, MPEBBIIIAIOIINX

mpeiesl JJIUTENBHOTO COPOTHBIICHHUS OeToHa, aedop-
Manus NOJ3y4YeCTH ABIIAETCA He3aTyxatouei [14].

COBOKYITHOCTh TEPEYUCICHHBIX (PYHIAMEH-
TaJbHBIX CBOICTB OeToHa (ycTaHoBIeHa EBpokoom)
YHUKAaJIbHA [0 CBOEH CII0)KHOCTU. JTa COBOKYITHOCTD
JIEMOHCTPUPYET MPAKTHIECKNE WHTEPECH], He00XO0-
JIMMOCTH y4eTa UX B COCTOSITEIILHON TEOpUHU pacuera
JKeJNe300eTOHa, HEJOMyCTUMOCTh MPEHEOPEHKUTEIh-
HOTO OTHOIICHHS K KaXXJIOMY W3 CBOHCTB. DTH IIpe-
HEOpEXKEHUS U COCTABISIOT CUCTEMY HECOCTOSTEIh-
HOCTU PaccMaTpUBAEMOW MHUPOBON TEOPHH, C YHC-
neHHbpIMU TiorpetrHocTsMu 10 300 % u Gonee u rpy-
OBIMU MaTeMaTHIECKUMHU OITHOKAMH.

Hauano co3pganusi Teopuu Mmoyi3ydecTd OeToHa
noioxkeHo B 1940 r. BeIIAIOMIKUMCS YUEHBIM-THAPO-
TexHukoM [.A. MacnoBeiM. OH BBEJ KJIaCCHUYECKYIO
JTUHEHHYIO CBS3b MEXIYy HamnpspkeHueMm of(t) u
¢yHkumueit mogatnuBocTd @ (B MHUPOBOU TEOpHH

O=7 (t, t') ), XapaKTepU3YIOMIei IepeMEIIEHHE TIPH

eIIHHH‘IHOP'I CHJIC, ITO aHAJIOTUHN C NMOTCHIMWAJIbHBIMHU
CUCTEMaMH KJIaCCUYECKOM MexaHuku. MM yka3aHa He-
00XO0ZIMMOCTh y4eTa CTapeHHs OETOHa B Mepe MO3y-
YECTU U HECTALIMOHAPHOCTH MOIYJIS YIIPYTOCTH.

I'.A. MacnoB 0cobo mogdepKuBall, HACTOSATEIb-
HO TIpeIyNPeXKaal, uTo JenaeTcs MepBblid mar B Mo-
CTPOCHUM TEOPUU: «8 HEPEOM NPUOIUNCEHUU TIPOU3-
BECTH OLIEHKY 3 peKTa moia3ydectd B pabore 6eToHa
U KeNe300eTOHHBIX (TUAPOTEXHUUECKUX) COOPYKe-
HUW»; «HA HACmoswemM dmane HAuux 3Hauuli B 3TON
00J1aCTH IPUXOAUTCS UOCATUZUPOBAMD. .. HUITUECKYIO
CTOPOHY SIBJICHHSD; «IIPHHUMAEM JOIMYIICHUS. . ., YIPO-
HIAIONHE MATEMATHICCKUE BBIKITAKI.

HauanpHble W OCTOPOXKHBIE MPEIMONIOKEHUS
I''A. MacnoBa, ero HacTOATEIbHBIE MPEIOCTEPEKE-
HUS 3a0BITHI B COBPEMEHHOW MUPOBOI TEOpUH -
TETLHOTO COTIPOTHUBIICHHS Xene300eTorna. COBOKYTI-
HOCTh (PyHIAMEHTAIBLHBIX OCHOBOIIOJIArAIOIUX CBOHCTB
OcToHa, B TOM 4uclie CPOPMYTHUPOBAHHBIX B MPUH-
nmumnax 1 npaBuiax EBpokoma 2, 00s3aTeIbHBIX K

16

MIPUMEHEHUIO B MHPOBBIX HOpPMax, OeCrpereeHTHO
HCKa)KaeTcs B COBPEMEHHBIX MEXKTyHAPOIHBIA CTaH-
maprax. B HUX Teopus moj3ydecTr 0€TOHA OCHOBBI-
BaeTCsl Ha MHBIX CBOMCTBAX U MpPaBWIAX: OIMIHOOYHOM
MIPUHIIMTIE HAJIOXKEHUS; HeCYIIECTBYIOINUX JINHEH-
HBIX CBOMCTBaX; BBIIYMAHHBIX «IICITHBIX MOJEIIIX);
HCIIONIB3YIOTCSl HECOCTOSATENBHBIC CCHUIKM HAa KJIACCH-
4YecKyro Teoputo BombTeppa; nmpuBnekaercs anredpa-
W3alus TEOPHH U JIp.

PaccMoTpum cHauama OCHOBOIIOJNIATAOIIYEO OIIHO-
Ky, COCTOSIIIYIO B KOITMPOBAHUYW MPUHIIMIA JTHHEHHON
cyrnepno3unuu bonbsiMaHa.

[TpuHIMn HalOXKeHUs SIBJIAETCS OCHOBOM Kak CO-
BpPEMEHHOW Hay4YHOW TEOpUH MOJI3y4ecTH OeToHa, IMo-
Jy4uBIIeH y 3apyOeKHBIX YUEHBIX HA3BaHUE «MHUPO-
BOT'O TapMOHHM3HPOBAHHOTO (hopMaTay, Tak U pa3pado-
TOK «B TMOCJICAHUE NECATHICTHS MEXKIYHAPOIHBIX WH-
CTUTYTOB CTaHIAPTU3AIIMY. .. Il PEKOMEHAAIMI, HOPM
U TEXHUYECKUX PYKOBOASAIMIMX NOKYMEHTOB» [1-3].
3mech ke ykaspiBaercs, uto Mak-I'enpu B CIIA
(1943 r.) «000CHOBAJ ATy TCHIICHIMIO 3KCIICPUMCH-
TaJBHBIMHA HCCIIEOBAHUAME TION3yYeCTH TepPMETHY-
HBIX 00pa3IoB IO MPUHITUITY HAJIOXKECHWSI, CBOHCTBEH-
HOMY Uil TeopuH BonbsTeppay.

OCHOBHO#1 3aKOH IMOJI3y4eCTH OETOHA MPUBEACM
B OPUTHHAILHBIX 0003HaUEHUX [1]:

6, ()= (1) (1) + [ (L) do(¢), (1)

rae €. (t) — moyiHas aeopManys OT HampsKEHUS

1 +(p(t,t’)
E(t) E.(t)

nuBocTH; E| (t') — HECTalMOHAPHBIA MOAYIH YIIPY-

— (QyHKOUA monaT-

o(1); J(t.1") =

TOCTH; (p(t,t') — HecTalMOHapHAasl XapaKTepUCTHKa

MOJI3y4eCTH, YUUTHIBAIOIAS CTAPEHHE.
B HayudHBIX myOJIMKanUsAX OOBIYHO HHTETPUPY-
10T B (1) mo JacTsam, morydast

sc(t)z%(?)—j;cs(t’)% L+M di'. (16)

! E () E(f)

o(1.1")
E.(t)
poii mon3yuectu Oerona C(z,t'), UCTIOIB3yeMOH B
myosmkarmsax B crpadax Opsiero CCCP, uro mpen-
MOYTUTEIbHEES IPUMEHEHHS XapaKTePUCTUKU TIOJ3Y-
4yecTd pu 00pabOTKe SKCIIEPUMEHTOB.

[MomuepkueMm, uro B ¢(t,¢') u C(¢,t") yuuThIBaeTCs
crapeHue OETOHa, a MOJYJb YNPYroO-MrHOBEHHOW Jie-
(opmaru E(¢') CylIecCTBEHHO 3aBHCHT OT BO3pacTa
OcToHA.

3aMeTI/IM, YTO cCJilaracMoe SBJIACTCA MC-
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VYpasHenus (1a), (16) 060cHOBBIBaIOTCS ABYMSI OC-
HOBOIIOJIATAIOIMMU JTOMYIIEHUSMH: TIPHHIMIIOM JIH-
HEWHOM CBS3M MEXKITY HANPsDKEHISIMU 1 JiehopMarisMm

g, (t.1")=0o(t")J(1.1'); (1)

MPUHIAIIOM HAJIOKEHHUSI, CIIOBECHO c(HOPMYIHPOBaH-
HOM B Pa3JIMYHBIX BapHAHTAX U3JI0KEHHS B MHOTOUHC-
JICHHBIX OOIIEN3BECTHRIX MYyOIUKAIUAX IO TEOPHUH
MOJI3y4eCcTH O€TOHA, CIIPaBOYHUKAX, HarpuMep B [9].

Cepbesnble ommOku B (1a) nenaT HOPMaTUBHYIO
TEOPHUI0 HECOOTBETCTBYIOIIEH EBpOKONY, HEHANEKHON
1 HedKOHOMHYHO#A. [IpH TooBoM 00BeMe 4 Mipa M°
NpUMEHEHUs] B MUpe OeTOHa U jkese300eToHa more-
PH OT TaKMX HOPM U PacyeTOB COCTAaBIIIOT 3HAYMTEIb-
HYIO BelnunHy. HamoMHuM Takke o Tparemuu oopy-
menns Tpancaanb-iapka (Mocksa, 2004 r.), 00y-
CIIOBJICHHOH Mpo0OJieMaMH MOJI3y4ecTH OeTOHa.

Paccmotpum cHauvana cnaraemseie B (la), (10),
OTHUCHIBAIOINIME KPATKOBPEMEHHBIE CBOIWCTBA U Je-
¢dopmanun. 3x1eck B MUPOBOM (OpMaTe TEOPUH CO-
BEpIAeTCs Psijl MOJAMEH CBOWCTB U3 (yHIAMEHTAIb-
Ho#i coBokymHOCTH (1.—10.).

Ilepsas noomena COCTOUT B HAPYILICHAN CBOWCTBA 5.

Henuuelinas mrHoBenHas nedopmamus €, =€ +€_,

Touka M Ha puc. 2 3aMeHsIeTCs ypyrou aedopmMariueit
€5, TOUKa 1 Ha puc. 2, TO €CTh peayibHass KPUBOJIUHEH-
Hasi muarpamma EBpokopa, BeIOpackiBaeTcsi U TOJMe-
HsieTCcs (PUKTHBHOM JIMHEHHOW TuarpaMMoi (puc. 2).

Crarbs 1.4 (5) EBpokoaa 0 3anpemaer Takue camo-
BOJIGHBIE JICHCTBUS, YKa3blBas Ha HEOOXOIUMOCTh HX
000CHOBaHUS: HEOOXOAUMO «I0Ka3aTh, YTO OHH CO-
OTBETCTBYIOT IPUHLMIAM M, IO KpaillHEW mepe, He
Xy’K€ WX B 4aCTH 0€30IMaCHOCTH, IKCILTYaTallnOHHOMN
MPUTOAHOCTH U JOJTOBEYHOCTH, MPEANOIaraeMbIxX
MpY UCMOJIb30BAHUU COOTBETCTBYIONIEH cTaThu EBpo-
Koza». Mexy TeM mepBast MoJMEHa 3aHMKAeT KpaTKo-
BpeMeHHble nedopmanyn O6etona 1o 100 %, a B pac-
geTaxX CXKAThIX KOHCTPYKITHM OIMHOKa B TIPEIeIbHOM
Harpy3ke cocrasiseT 10 500 %.

Bmopas noomena, He3ameveHHasT YYSHBIMHE, KO-
BEPKAaeT OIMMOOYHYIO 3[eCh YIPYyTylo Moaens ['yka
(puc. 2); oHa MpUAENBIBAET K KJIACCUYECKOW JTMHEN-

HOU CBSI3U G(t) / E (t ) HECYILIECTBYIOILEE U Hepeallb-

HOE TeJO BA3KOW KHIKOCTH ¢ KO3()PHUIUEHTOM JIH-

. N E(t)
HelHoH Ba3kocTd HeroToHa 1 (t ) = E—(Z) :
_o(t) 1 N
8y(l‘)_E )+£Ec(t')dc(t)
0 1
l. 2
SRR

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

dopmyna (2) sBugeT coboil mepBbie ciaraeMbie
B (1a), (16) u neMoHCTpUpYyeT NpeBpaIieHue KIaccu-
YEeCKOr0 HECTAIMOHAPHOTO YIPYTroro Tejia B BI3KO-
ynpyryto cpeny Maxkcsesuia.

CyIIHOCTh 8MOpoti NOOMeHbl BBITEKACT U3 TIPHH-
IIUIa HAJIOXKEHUs, OCHOBOIIOJIATAIONIETO MPUHIUIA B
MOCTpoeHNH 3aKoHa moisydectd (1a). [Ipuniun Hamo-
JKCHUS, SBJISISICH CBOCOOPa3HOW KaTaxpe3oH (310ymoTpes-
JICHUEM), COSTIMHSET OJTHOBPEMEHHO B ceOe /1Ba MOHSATHSI,
HECOCAMHUMBIC IO CMBICITY: CTAHMOHAPHOCTh X HECTA-
LUHOHAPHOCTh MEXaHWYECKUX CBOMCTB OeTOHA. 3anm-
CTBys cxeMy BonbIiMaHa, TPHHIMI HAIOXKCHUS 3aUM-
CTBYET W HECTAIIMOHAPHOCTh COOTBETCTBYIOIINX CBOMCTB
Marepralia 9TOl CXeMbl, TO €CTb OTBepraer (hyHIamMeH-
TaJbHBIC HECTAIMOHAPHbBIC JIMHEWHbBIC CBOICTBa OETO-
Ha 6., TOIMEHSISI X CTaIlMOHAPHBIME CBOWCTBaMU. Pe-
AJIM3YCTCA KC TMNPUHIUIT HAJIOXKCHUA B HECTAlMOHap-
HBIX JIMHEHHBIX CBOWCTBaxX (1B) B YCIOBHSIX OCHOBO-
TMOJTATAIOIIET0 3HAYCHHS 3TOI HECTAIIMOHAPHOCTH.

Maremarndeckasi CylHOCTb OIIMOKH BO3HUKAET
OT BTOPOW MOAMEHBI B 3HAYCHHUAX Aedopmannii Oe-
TOHA, BBISIBIIIEMBIX CIIEAYIOIIUM 00pa3oM.

CKopoCTh yIpyTroi medopmarium paBHa

: 1\ 4! 1 ’ i 1
8)’ (t )_ G(t )Ec ([,) +G(t )8tr Ec (tr)'
HHTGFpI/IPYSI, nMeeM

gy(t)-gy(t0)=jE1( )+ folr) 2, Et -

N N
HHTerpupys nepBoe ciaraeMoe 1o 4acTsiM, HaieM

()()LL

Ec(t) E(1,)

’ 6 1
—d. ——0dt'
Jolt az E( ) ”J Var 5"

7

OTcrona kpaTKoOBpeMeHHas AedopManus paBHa

o (1)
Sy (t) EC (t)’ ( )
TaKX€ BHUJHO, UTO IEPBOC CjlaracMoc I1oJ 3HaAaKOM

uHTerpana (la) siBiasercs JTUIIHUM, a UCTIOJIb30BaHUE
B (1a) u (10) mpuHIKTIA HATTOKEHUS

G(tO) [ 1 ’
sy( ):E (to)_;[Ec(t')dG(t)_
t 1 ,
E J 6t ()" )

IyOOKO OMIHOOYHO.
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[IpousBeneM YUCIEHHYIO OLICHKY OIIMOKH, BO3-
HUKAIOIIEH MpU onpeneaeHu MTHOBEHHOU ynpyrou
JnegopMary, HCKOBEPKAHHOW NMPHUHIUIIOM HaJIOXKe-

Hus. [lonoxus B (3), (4) G(t)=c50 =const, mo-

myuum g (1) = = const.

Sy Sy
2w (1,)=—2—
E, (1) s (1) E,(t,)
CpaBrenue 3TUX aedopMariii moka3aHo Ha puc. 3.

E}U)‘

(l\‘ 1O UPHHLHLLY HAJLOSKCHHA

Exti) T

ty=7 m. t =360 1.

Puc. 3. CpaBuenue &y(t) u &y(r)

Kpusas 2 Ha puc. 3 cCOOTBETCTBYET NaHHBIM
BHUUI 06 m3meHneHnn Momysst ynpyrocta Ec(f) Bo
BpeMeHd. OMMOKY B 3HAUYCHUH YIIPYTOi eopMariu
npu ¢ = 360 gu. nocturarot = 300 %.

WckakeHns MTHOBEHHBIX HECTAllMOHAPHBIX He-
JMHEHHBIX NepOpMalUil €, MOMBITKA UX HECOCTOS-
TEJILHOT'O OMUCAHUS PACCMOTPHM YyTh MO3KE.

ITocneanee cmaraemoe moJ| 3HAKOM MHTETpaia B
3akoHe (10) sBisier mpemovio noomeny GyHIaMEH-
TaTbHOTO CBOWCTBA 1. HENMHEWHOW MOJI3YUYECTH:
BMECTO HETO UCIIOJIB3YETCsl HECYIIECTBYIOIIEEe CBOM-
CTBO JIMHEHOM non3yyectu. 3 naHHbIx puc. 1 Bua-
HO, 4TO OMIMOKAa OT TaKOW MOJMEHBI COCTAaBISCT O
+400 % npu ¢ =40cyr. Ecin B3sATh 32 OCHOBY

CPENHION KPUBYIO, cOOTBETCTBYROIYyI0 G =0,5R

C €€ ONBITHBIMH MTapaMeTPaMH, TO OIMIHOKA OT TAKOTO
nuckaxenus 0yaet coctaBnaTs oT +200 o —200 %.

Yemeepmyto noomeny NEMOHCTPHUPYET TOCIEN-
Hsis yacTh uHTErpania (10)

t (P(t, t’) '

Imdc(f ),

tO c
OTMCHIBAIONIEr0 TpoIlecCc pa3BUTUS AedopMaruit
MOJI3y4YecTH TIpu TepeMeHHBIX o(t’) B ocHoBe
3/1eCh, C HA3BAaHUEM INPHUHITUIA HAJIOKEHUS, KOIIH-
pyercs NpUHUHUI JUHENHON cynepno3uiuu bosnb-
MaHa, COOTBETCTBYIOIIUNA CTAUMOHAPHBIM CBOM-
CTBaM IOJI3YYECTH MaTepuala, TO €CTh MPOUCXOIUT
nojMeHa (pyHIaMEHTAIBHOTO CBOMCTBA 2. OETOHA.
OTa moAMEHa, ¢ OJTHOM CTOPOHBI, IPUBOJUT K MOTE-
pe Tpex claraeMbIX B OCHOBHOM 3akoHe (la), BBI-

3BaHHBIX CKOPOCTHIO U3MEHEHHs K03 duirenTa mo-
JATINBOCTH:

18

N 1 0p(1,t)
G(t)Ec(t') (paz "
1 op(1,0') E (1)

_G(t,)(P(tﬂt,)ECz—(t,)’

c

+o(r) E (1) o

MIpUYEM 10 3HAUUMOCTH OHU COMOCTAaBUMBI C OCTaB-
LIMMCS CIaraéMbIM. OTH MOTE€PHU BBI3BIBAIOT 3HAYU-
TEJbHBIE PACXOXKACHHUS MKy TEOpHEH U SKCIIepHMEH-
TaMu, ONMCAHHBIE B Hay4yHOU JuTeparype. OHU TPHUBO-
JSIT K HENpaBUIBHOMY BBIPQKEHHIO SJpa TOJI3yYECTH
)K€ B PaMKax HECYIIECTBYIOLIEH JIMHEWHOW TEOpUU
nomzydyect OeroHa. IIpuHIMI HanoXeHUs KOBEPKaeT
9Ty JIMHEHHYIO TEOPHIO, BBI3BIBAS TIOSIBICHUS T00ABOY-
HBIX HECYLLECTBYIOLIMX Te1. YHCIIO TaKuX TeN 3aBUCHUT

oT Bua QYHKIMU (p(t ,t ') , OIMMCBIBAIOIICH HECTAIIIO-

HAapHYI0 XapaKTEPHCTUKY MOJ3Y4eCTH B OCHOBHOM 3a-
koHe (1). 3anmmem 3Ty GyHKIHIO B OOIIEU3BECTHOM,
IIMPOKO HCTIONIb3yEeMOM B HAYYHOH JIUTEpaType, BUIE

o(ti') 0. ()1-¢"""]

E(") E(t)

rae @, (t') — (QyHKUMS, YUYUTHIBAIOIIAs CTAPEHUE

)

OeToHa.
B u3BectHo# MoHorpaduu W.E. [IpokomoBuya xa-
paKkTepucTrKa mon3ydectu ¢(f,t") 3apyOeXHBIX yde-

HBIX HMeeT obo3Hauenue C (t,r) — 3TO TOXKIECTBEH-

HbIC BETUYHHBI.
B ciy4ae (5) ocHoBHO# 3akoH (1a) oOpasyer ye-
TBIpE JIMITHUX ((PUKTUBHBIX) TeNa: ABa Tena Tura Doir-
Ta M JIBa BA3KUX 3JIEMEHTa, COSTMHEHHBIX MOCIIEI0Ba-
TENBHO MEXTy co00ii. JledopMmarwm 3THX Te paBHBI

e, (1)= ;[c(z')ﬁe“”')dt’,

Mg (£) =§;—Ett’,)); (6)
£ (1) = joc(t’)ﬁdt',

N2y (t'):%ﬁ(ﬂ); (7
e, (1) = ;[cs(t')mey(”’)dt',

My () = B L (8)

E, (1) 9. (¢)

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Canxaposckuit P.C. v gp. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLmiA u coopyxeruit. 2019. T. 15. Ne 1. C. 3-24

cu0)= ol0)
N E(1)
mcp(t)——m, )

TIE N1, --- > Hap — KOOPPHUIUESHTHI BIZKOCTU WU KO-
3¢ PHULNEHTH BHYTPEHHETO COMPOTUBICHHUA (DHKTHB-
HBIX Teln, npudeM Tena (8) doiirra u (9) BA3KOTO
9JIEMEHTa TPU CKATHUU PACIIHPSIOTCA.

Hedopmannu nonsyuyectu (6)—(9), BoI3BaHHBIE
BO3ZCHCTBUEM NMPHUHLINIIA HAJIOKEHHUS Ha KJlacCHYe-
CKy10 CBs3b (1B), ABIAIOTCS QUKITUEH; OHU CYMMH-
PYIOTCSI TaKKe C KPaTKOBPEMEHHOW (PUKTUBHOH Je-
(dhopmarmeit

t
85¢(t)=—jc(t')i,;,dt': (10)
) o' E, (1)

€og (t) = ZZ::S@ (t)

¥ BHOCAT OOJIBIIIME TIOTPEITHOCTH B 3HAYCHUE TTOTHOM
nedopmanuu &4(f), onpeaeNsieMble 3aKOHOM TOJI3Y-
gecTH (10).

OTOT BBIABICHHBIN (aKT CYIIECCTBEHHOTO OIMHO0Y-
HOTO YCJIOKHEHHS TEOPHH, BEI3BAHHOTO MPUHIIATIOM Ha-
JIO’KEHHS1, TIOKA3bIBAET HECOCTOSITEILHOCT CY:KACHHUH
BEIYIINX YYEHBIX O MU(PHIECKHUX JOCTOMHCTBAX U TIpe-
WMYIIIECTBAX 3TOr0 TIPUHIIATIA, BHICKA3bIBAEMBIX B HACTO-
sIIee BpeMsl, OLICHHBAIOIIMX €T0 ¢ TOYHOCTBIO 10 Ha000-
POT: «HETOYHOCTh, BBI3BaHHAS B PE3YNIbTATE MPHHSITHSL
9TOM THIOTE3BI, IPAKMUYECKU He3HAYUMENbHA, U, C TIPY-
TOM CTOPOHBI, 3Ta TUIOTE3a 3HAYUMENbHO YIIPOLIAET
(hEeHOMEHOIOTHYECKYIO TEOPHIO MOJI3YyYECTH U JAENaeT
ee OoJiee MPOCTOi M TOCTYITHOM IS TPUMEHEHHS B WH-
JKEHEPHBIX pacyeTaxy; «IPUMEHUTENFHO K JIMHEHHBIM
JeGopManysiM MOA3yYeCTH MPUHLUI CYTEePIO3ULINN
BIiepBbIe ObUT ¥cnonbk3oBaH JI. bomsimanom (1874 T.),
HO TOJIEKO HETABHO JIOKa3aHa €ro cnpasednusocmsy (Per-
soz B.) a1a HenMHEHHBIX aedopMaryii oI3ydecT».

Ilamasa noomena HapymaeT (yHIaMEHTAIBHOE
CBOICTBO OeToHa 5..

B pamkax tpeGoBanuii EBpokona 2 x quarpamme
MTHOBEHHOTo nedopmupoBanus O6eroHa (puc. 2) cie-
JTyeT TIPU3HATh OMIMOKOM TEOPHH MON3YYEeCTH H3BSITHE
TUIACTUYECKOM JeopMalii €, U3 OOILIeH BETWYNHBI
MTHOBEHHOW Ae(opMaliu &y U MEPEBOJ €€ B Pa3psil
nedopManiy ToN3y4YecTH €4(f): IiacTudeckas nedop-
MaIws &, pa3BUBACTCS OKOJIO 1—2 MUH. (AJICKCaHIPOB-
ckuii, ba3aHT), a gedopmariys on3yqecTy &y(f) JJIUTCS
TO/IaMI; CKOPOCTh HapacTaHUs HENWHEWHBIX Jaedopma-
it 10 2000 pa3 mpeBhIMaeT CKOPOCTh HApaCTAHUS Jie-
¢dopmanmii mon3ydectd (B 1 cyT.); CKOPOCTb H BpeMs
pocTa YIpyrux €; U HEIMHEWHBIX AeopMaiuil €y

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

HMEIOT OJIUH TOPSJIOK, OIIMOKOM SIBIISICTCSI pa3beInHe-
HUeE 3TUX Jedopmanuii myTem pasaeneHus oomiel Be-
JIMYUHEI €, B HapyIIeHne paBui EBpokoma 2.
[Tnactuyeckast MrHOBeHHas! iehopManus €, Haje-
JIeHa HanMEHOBaHWEM OBICTpOHATEKaIoIIe, THO0 MU-
HYTHOH MMO3YYeCTH; CyMMapHas JehopMartis oObd-
HOW &,(¢) 1 OBICTPOHATEKAIOIICH MOJI3YUeCTH &, yCTa-
HABJIUBAETCS C MOMOIIBIO0 MEPBI TIOJI3YYECTH

C(t.1)=C,, (t.7)+Cs, (2.7),

MpeCTaBICHHON B BHIE IBYX (pyHKIMH AJ1s1 OOBIMHON
" 1711 ObICTpOHATEKAIOMIECH ToI3ydecTH. TakuM Tpue-
MOM HCKYCCTBEHHO CO3Jal0TCS HEHYXXHbIEe MaTeMaTu-
YeCKHe CJIOKHOCTH, M BOSHUKAET HapylleHue QyHnua-
MEHTAJIBHOTO B MEXaHUKE MPHUHIIMIIA HE3aBUCUMOCTH
nercTBus cuil (moapoOHee B 1. 5); B pacueTax KOoH-
CTPYKLIMH BO3HHKAIOT HEJIETbIE Pe3yIbTaThl.
MaremMaTudecKre CIOKHOCTH COCTOST B HEOO-
XOJIMMOCTH IOCTPOEHUSI HEHY>KHOI'O MHTErpaja, co-
MIPOBOXKIAEMOTO JIe(heKTaMH MPUHIIUIA HAIOKCHUS:

()= [o(0) 2, (00,

TOTJAa KaK &y Jerko Haxoautcs u3 Gopmynsr Cap-
JOKWHA W JPYTUX YPAaBHEHUH, OMHUCHIBAOIIUX MTHO-
BEHHBIC JUArpaMMbl, HallpUMeEp U3 MMapadoibl OM-
neprepa €, =3262 00 U3 3aBUCUMOCTH, TIPEAJIO-

sxkenHoit HUMKbB
4
c 24
== 0,1+ .
E&Ip 2 +I§1p
CpaBHuBas 3Ti GOpMYJIbI MEXKAY COOO0H, BUAUM
OIMOOYHOCTh WHTETpaIbHOH (OpMBI, TpeaHa3Ha-

YEHHOW I OTBHICKAHMSI OBICTPOHATEKAIOMIEH MOJI3Y-
YeCTH, €€ HaJyMaHHOCTb.

€

P _Ps-xpusas itnepa ¥

"MHHYTHaA —
TIOM3y4ecTh”

0,5

Puc. 4. I'paux pacyera c:KaTO-M30THYTHIX
0eTOHHBIX KOHCTPYKIHU ¢ HAYAJIbHOI MOrnébI0
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[IpuBeneM NOYYHTENBHBIA MPUMED, MTOKA3BIBAKO-
U HEJENOCTh Pe3YIIbTATOB, TIOYYE€HHBIX C TTOMOIIIBIO
OBICTpOHATEKAIONUX AceopMaltiii mon3ydectu. Pac-
CMOTPUM TPOJNOJBHBIA M3rHO CXKATOW CTOWKH B
MPOMEXKYTKE OJTHUX CYTOK ITOCIIE 3arpyKEeHHs, KOTaa
yCHeBaeT MPOSBUTHCS B OCHOBHOM OBICTpOHATEKa-
IoIIast MOJI3y4yecTh. [IuTenbHas KpUTHUECKas CHila B
COOTBETCTBHH C U3BECTHBIMU PEIICHUSAMU PrkaHHIIbI-
Ha, PaboTHOBa, lllecTepukoBa, [IpokomoBuya paBHa
' HI E
—, e H=——
e 1+ ¢,
Ka OBICTpOHATEKAOMIEeH IMOJIBYUECTH. JTa KPUTHIC-
CKasl cujla YCTpeMJIsieTcsl Mo BeJMYMHE K OecKoHed-
Hoctu Tipu urHE [—0 (puc. 4), 9T0 OTBepraeTcs
SKCIIEPUMEHTAMH, U 3APABBIM CMBICTIOM.

Eciu xe MrHOBEHHBIC HelMHEHHbIE nedopma-
MU HE TPUCOBOKYIUIITH K JeOpMaIHsIM IOJ3yYe-
CTH, TO UMEEM KacaTeIbHO-MOIYIbHYIO (JIMOO TIpH-
BEJICHHO-MOAYJIbHYIO) KPUTHUECKYIO CHIIy C KOHEY-
Hol BenmuunHOU npu [—0.

OO0paTiuM BHUMaHHE, YTO MIEPEHMEHOBAHHE TJIa-
CTHYECKUX nehopManuii €, (puc. 2) B aedopMarn
MOJIBYUECTH €4(f) M MX OAHOOOpa3HOE MaTeMaTHYe-
CKOE€ OMHICaHNe

[;:

, (6 — XaPAKTEPUCTH-

Lg (t,u)du

a(t)zz_é)_ j o)

5 E(u)

B 3anucu (GpyHKIUU Lg(f,u) TPUBOIUT K UCKAKECHUIO
Pe3yIbTaTOB SKCIEPUMEHTAIBHBIX HCCIIEA0BAHUHN IO
npobiieMaM MoJi3ydecTH OeTOHa BO BCEX CTpaHax
mupa (cM. [1]). BcnenctBue Takoro nepeMermBaHus
nedopMaliy MOJI3YYeCTH OIMOOYHO MPHOOPETAOT
HayalbHBIC «BEPTUKAJIBHBIE OTPE3KNY, UCKAKAIOIINE
3HaueHus Aedopmanuii momyyectu (o 50 %), oT-
BJICKAIOLIME HCCIenoBaTeNeil moa3yyectu OEToHa U
BBOJSIINE CHELMAIKUCTOB 110 TEOPUH KeJIe300eTOoHa
B 3201y K/IeHHE.

OmunOoYHbIE MPEAIOT0KEHHS 0 «ObICTpOHATEKA-
IO TON3y4ecTH», K(MUHYTHOM TOJI3y4ECTH» U «BEpP-
THUKAJIBHBIX OTPE3Kax» CHILHO MCKA3MIN HallpaBJICHHE
Pa3BHUTHS TEOPUH MONI3yUeCTH skene3o0eToHa. Mx BHen-
peHre B HOPMBI HAHOCHUT BpEA XKeIe300eTOHHOMY
CTPOUTEILCTBY.

3amuch Mephl MOJI3y4ecTH OEeToHa B BHJIE TaKOU
CYMMBI IPHBOJUT HE TOJBKO K MaTeMaTHYECKOMY YC-
JIO)KHEHHUIO TEOPUH IOJI3yUYEeCTH, HO U K HapyLICHUIO
MPUHIIMIIA HE3aBUCUMOCTH JICHCTBUS CHJI MEXaHUKU
HeroToHA.

Jlnst HarnsimHOCTH PpacCMOTPUM MPOCTOM M TIOY4HU-
TENBHBIA Cilydaidl. Mepy NOon3y4ecT 3aluileM B BUJE,
npemioxenHoM C.B. AnekcanapoBckuM (B ero 06o-
3HAYCHHUSIX )

~~—

20

C(t,1)= 4, [1—e‘V(H)]+A4 [1 —e‘“““)}, (a1

rie A, =y ()=const; A, =A(x)=const;

o >>7>0.

«Hanmnuue BrOporo cimaraemoro B (opmyie...
o0ecrevnBaeT Ha4YaJdbHBIH KPYTOW MOABEM KPUBBIX
MOJI3YYECTH TPH MAJIBIX {—T».

Huddepenuupyem ¢ yuetom (11) aBa pasa mo
¢t uHTerpanbpHoe ypaBHenue (10), moiydaem coot-
BeTCTBYyMOIIee eMy auddepeHnaIpHoe ypaBHEHHE
(E = const) BToporo mopska:

EE+(y+a)Eé+yoEe =
=+ (y+0)+EAy+E4,a |6+
+[1+ EA4, + EA, | yoo.

W3 ypaBHEHUSs BUAHO, YTO B HEM MPHUCYTCTBYET
CHJIa, TPOTIOPLINOHATIBHAST YCKOPEHHUIO

E

c= £(1).

(1+EA, + EA, )y

OcranbHbIe CHITBI, TIPOIIOPIIHOHATIBHEIE €,£,5,5,

pOJIU HE UTPAIOT.
B mexanuke HproToHa Hanmmuue CUII, IPOIIOPIINO-
HAJIBHBIX YCKOPEHUIO €, CBHUIETENLCTBYET O HApPYyIIE-

HUH TPUHIIAIA HE3aBUCUMOCTH JCHCTBUS CHUJI U He-
BO3MO>KHOCTH MCTOJIb30BaHUs BbIpakenus (11) mms
MepBI MOJI3YYeCTH OETOHA B MPAKTHYECKHUX 3ajadax
MIpU TIEPEeMEHHBIX cuiiax o(f). Takoil ke pe3ynprar
OyZeT AOCTUTHYT MPH HCIOJIBb30BaHUM NpYyrux (op-
MYyJI JiIsl OIMCAHUS MEPBI TOJ3YyYeCTH B BUJEC JBYX
u OoJbIero yucia ciuaraemeix (SmmH, Mak-I'enpw,
[IpokonoBuy, Yaunkuii u ap.).

PacmmmpurensHoe TonkoBaHuEe KO PHUIIUSHTA M0~
JMATIUBOCTH B BUJIE «IICMTHBIX Moxeiei» trma (11), Ha-
guHas ¢ paboThl Mak-I'eHpu, MHUPOKO UCTIOIB3YETCS
VIS wecmoti noomerbl (PyHIaMEHTAILHOTO CBOMCTBA 1.
HEeNMHEHHO! nomydectu 6eroHa. Mak-1 enpu, Hampu-
Mep, 3aMFCHIBAET IICTTHYIO MOJIENb)» B BHJIE

C(1,7)=C, [1 _e ) ] +Ce ™ [1 —e‘%(f"')] (12)

OH caM TpH3HAJI CBOIO IMOMBITKY HEymadyHOU [6],
YTO HEYJIUBUTEIBHO. 371eCh, KaK U B MPEAbIIyIICH
MIOJIMEHE, TIOSBIISIETCS HAPYIIICHNE MIPUHIIITA He3aBH-
CHUMOCTH JCHCTBUS CUIT, TIPUHIIAI HAJIOKEHUS TaK)Ke
o0pa3yer psja JONMOJHUTEIbHBIX (PUKTHUBHBIX TEIl,
KOTOPBIE KOBEPKAIOT PO MOJI3YUECTH U PE3YIbTATHI
teopun. Kpome toro, 3té neeKTsl, TOTONHSS IpyT
JpyTa, JaloT HempeacKa3zyeMble Uil TEOPHH Pe3yJiib-
TaTHI.

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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K cedvmoui noomene cpoiicta 1. 0 HenMHEHHOM
MoJ3y4yecTd OETOHa OTHECEM MHOTOYHCIICHHBIC He-
COCTOSITENIbHBIC IIOMBITKH ONUCATh TEOPHIO IOJI3y4e-
CTH C MOMOILBIO TaK Ha3bIBAEMOT'0 yCIOBHs adduH-
HOT'0 TIOZO00OUS KPUBBIX MOJI3YyYECTH.

B aT0it Teopuu OOBIYHO MPUHUMAIOT MTHOBCH-
HbIe CBOWCTBa OETOHA HECTAlMOHAPHBIMU YIIPYTHUMH,
a QyHKUMIO NoAaTAuBOCTH [(2,¢") — 3aBHUCSAILEH OT ma-
pameTpa (), ¥ 3aMUCHIBAIOT B OOBIYHOM BH/IE

AT

Jlanee ommOOYHO CYUTAIOT, YTO MAPAMETPOM W
ABJISIETCSl HAIIPSDKEHUE G (cedvmas noomena).

I(t,t')z#f)

B kaudecTtBe 60cbMOll NOOMEHbI CUATAIOT BO3MOXK-
HBIM 3aIUCaTh YACTbHYIO Je(hOpMAIIUIO TONI3yYECTH

——+C, [ n(t).01']

+F[o(t'),t']-C(,1')

C, I:u o1 t] B BBIPOXKACHHOM BHIE (CM. TaKxe

CBOHCTBO 1.).
B cooTBeTCTBUM C IPUHITUIIOM HAJIOKEHUSI UMEEM
3aKOH MOJI3yYeCTH

<r>EL())

’ 0 1

5w

f c

+F[o('),']-C(1,0') pdt'. (13)

Jlanee mosBNsAETCSI MaTeMaTHYECKasi ONIMOKa, CO-
CTOSIIAas B HEMPaBWIHHOM Ir(h(HepeHIIMPOBAaHUH BTO-
POro MOJIBIHTEIPAILHOTO BBIPAKCHHUS U yTEpe ciara-
€MOoro

L)+ 2

C(tt 14
ot (t’t )’ ( )

YTO KOBEPKAET M3HAYAIbHBIIN MPUHLUI HajokeHus (13)
U IIPUBOJUT K IOSIBICHUIO BTOPOTo (Oegamas noome-
Ha) TIPUHLUIA HAJIOKEHHUS B OCHOBHOM 3aKOHE IO0JI-
3y4ecTH BO BTOPOM MHTETPAIILHOM YJIEHE

: 1 '
gc(t) _[ ﬁtE()t_

t oC ’ '
—JG(t’)F[G(t'),t']%dt’, (15)

W BTOPOii (puKTHBHOI cuibl G, (') =G(t’)F|:G(t’),t'J,

JICHCTBYIOIICH HE3aBUCHMO OT IEPBOW CHIIBI G(¢)

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

(cBsI3aHHO# C pa3BUTHEM MTHOBEHHBIX nedopma-
nuii). O6paTM BHUMaHHUE, YTO MOTEpel ciaraeMo-
ro (14) w3Bpamiaercs CMBICT DKCICPUMEHTATBHBIX
JaHHBIX O CYIIHOCTH YJENbHBIX KPHBBIX MOJ3yde-
CTH, COOTBETCTBYIONIUX pa3NYHBIM YPOBHIM 3a-
rpyxenus, aro ciexyetr u3 (15): dbyHxmus zHenn-

HelHocTH F [G(t' t':' HU3bSITa U3 CYLIHOCTH KpH-

Bbix C; W mepenana cuie o(t'), ueM oOpazoBaHa HO-
Basg HeNWHEIHasl CBSA3b MEXIy HANpsKEHHEM U Jie-
(dhopmarueii.

[IpuBeaeM oqHY M3 MHOTOYHCIICHHBIX (OPMYIIU-
POBOK, 00OCHOBBIBAIOIIMX ONMTHOOYHEIN 3aKkoH (15) B
¢opme Leaderman H.: «...0buT MCIIOJIB30BaH MPHH-
LU cyneprno3uiyu aeopmanuu Bo BpeMeHu boib-
nMaHa... llpu BEIBOoJE peosiormyeckux ypaBHEHUI
IUIST MAaTEPHANIOB “‘C MaMATHIO”, yIOBIETBOPSIOIINX
YCIIOBUIO 3aMKHYTOTO IIUKJIA, BOJIbIIMaH OCTYIUPO-
BaJl JINHEWHYIO CBSI3b MEXIY HAMPSIKEHUSMHU U Jie-
(hopManmsIMH ¥ HCIIOB30BA THITOTE3Y, TTO3BOJIAIO-
LIyI0 y4ecTh BOcCTaHOBIeHHE. [Ipu 3TOM mpuHIUT
CYIEPIIO3ULIUH CBOJUIICS KaK ecmecmeenuas 0OnoJ-
HumenvHas sunomesa. B nampHeleM OBLIO TIOKa-
3aHo (Leaderman), 4To MpUHIMI CYNIEPIIO3UIIUN HE
TpeOyeT JIMHEWHOMN CBA3M MEXK/Y HAMPSKCHUSIMU U
nedopMaIsIMmn.

CpaBauBas (15) u (1a), moguepkHeM, 9TO HEIH-
HelHasi Teopusl MOJIBYYecTH OETOHa HE TOJBKO MO-
BTOpSAET OIMIMOKH JIMHEHHOW TEOPUH, HO U T0OaBISET
K HUM J[B€ HOBBIC JIOCTATOYHO BECOMBIE: HETTPABMIIEHO
onpeieNsieT napaMeTp U QpyHKIWIO HETMHEHHOCTH TI0JI-
3y4ecTH; JOTOJHSICT JIMHCHHBIA OMIMOOYHBIN MPUH-
LI HAJIO’)KEHUS ellle OJHUM OMIMOOYHBIM TPHUHITU-
[IOM HaJOXEeHHS — HeMMHEeWHbIM. CyIIHOCTh CaMoro
MIPUHIIUIIA HAJOXECHHUS, €T0 CBA3b CO CXeMoi bobIl-
MaHa ¥ €ro «IICMHBIMH MOJEISIMI» HaMH MOAPOOHO
TpoaHamu3upoBana B [15].

B nocnentee Bpemst mosiBUIMCH pabOThI, pa3pada-
TBHIBAIOIINE «MOIU(DHUKAINIO TIPUHIIUIIA HATOKCHHUS
nedopManmii 1 HeTMHEHHOH MOI3y9eCTH» B BUIE

ol 1

e(t.t,)=5(ty)+ | )

e o, (1) = S[G(‘C

+ C(t,'c) do, (r), (16a)

)] — wu3BecTHas (yHKUMS Ha-

MIPSLKEHUH 6[1].

Ommbo4YHOCTh ATOM 3aMUCH aHAIOTUYHA TOH,
KoTopasi ipumensieTcs B (1a). TTomHas ckopocTh fe-
(hopmanmm 31eCh paBHA

Vc(t,T)=S|:G(T):|$ C(t,7) |+S[o(z }er(l)+
S[G(t)]%C(t,r)+S[G(r)]%C(t,r). (166)
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OTtcrona BugHO, uTO B (16a) moTepsiHBI TpU
MOCIEeIHUX ciaraeMbIX 3 (160). 3HAYUMOCTh ATHX
cJaraeMbIX TOXKJIECTBEHHA TOW 3HAYMMOCTH, KOTO-
pas Obuta onmcana B myHkTax 1-3. HyxHo momosn-
HUTENFHO OOpaTUTh BHUMaHUE, YTO HEBEPHOU TaKxKe
SIBIISIETCS TOK/IECTBEHHOCTH HENMHEHHON (pyHKIINH
S[o(t)] Ang KpaTKOBPEMEHHBIX U IIIUTEIbHBIX Je-
dbopmanuil.

«Mopudukanus» He TOIBKO cOXpaHseT rpyObie
omnOku HenmuHelHoW Teopuu (15), HO U pubaBIsIeT
HOBEIE:

— MTHOBEHHas nedopmanus, Kak U paHblle,
HaJenseTcs MUGUIECKIM TEIOM BS3KON KUIKOCTH
no cxeme MakcBeluta, HO B YCIIO)KHEHHOW CTPYKType
KaueCTBEHHO COXpPaHseTCs OIIMOKa, MoKa3aHHas Ha
puc. 3;

— HEJIMHEWHas TOJI3y4ecTh OCHOBHIBASTCS Ha He-
COCTOSITEILHOM U HECYIECTBYIOLIEM YCIOBHH ad-
¢uHHOTO TOAO0MS, OTHAKO (DYHKITUS HEIMHEHHOCTH

s[c(t)] Teneph ONpeieNiseTcs He U3 SKCIepUMEH-

TOB Ha IMOJ3y4YecTh, COOTBETCTBYIOIIHUX pHC. 1,
a U3 ONBITOB HAa KPAaTKOBPEMEHHOE 3arpy’kKeHHe
(puc. 2), 1 He UMEET HUKAKOTO OTHOIIECHUS K Mepe
nomyuectu C(¢,t").

Pe3yabTaTthl

IlpoBenen maTeMaTUYeCKUW aHAIU3 CYIIECTBY-
IOHIMX OIHMOOK COBPEMEHHOW TEOPHH UINTEIBHOTO
COTIPOTHUBJICHUS KeIe300eToHa: B 3HAYSHHUSIX MTHO-
BeHHOM nedopmariin ommbka coctasiser 10 300 %;
B 3HAYCHUSAX JUIUTENBbHOMN nedopmarmu — 10 250 %.
VYkazaHo Takke, YTO CYIIECTBYET MHOXECTBO MOJI-
MEH, 00YCIIOBJICHHBIX CBOWCTBOM 8. O HeCTaIruo-
HapHOCTH HamnpspkeHus o(t). [Ipu Takux moameHax
3aKOH IMOJI3yYECTH dMIIMPUYECKH Ipeodpasyercs K
BHJIY HEKOTOPOT'O anre0pamvdecKoro BHIPAKECHUS.
HanpspxeHust 31ech TOOMEHSFOTCS CAaMBIMHU Pa3Ind-
HBIMH 3HAUYCHUAMMU: ITOCTOAHHOC HAIIPSKECHUE; YCIIOB-
HO€ «CpellHee SKBHBAJIECHTHOE HAIpPsDKEHHE 33 TPO-

MEKYTOK BpEMEHH I —1»; HaIpsHKEHHE 3aMEHSETCS

HEeKOTOpoW (yHKIWeH (TuHEeWHoH, mapabonuye-
CKOIf), 3aBUCAIICH OT XapaKTEPUCTHKHU IOJI3YIECTH
0eToHa, TIPUBJIEKACTCS TAKXKE TEOpPEMa O CPEIHEM;
WHBIC SMIUPUICCKUE HECOCTOATEIbHBIC MOIMCHBI.
H.X. ApyTtionss, C.B. AnexkcaHapoBCKUN HEOIHO-
KpaTHO MOKAa3bIBAIOT HECOCTOATENHHOCTh alredpa-
WYECKUX TEOPHUH MOJ3Y4YECTH: yCIOBUE OJHO3HAU-
HOH anreOpamveckoit cBa3u Mmexay C(#,1) u o(1)
SIBIISICTCS (JIMIICHHBIM (DU3HYECKOTO CMBICIA»; Ta-
Kasg CBSI3b «IPUBOJUT» K HEMPaBIOMOAOOHBIM pe-
3yJbTaTaM.
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Abstract. Introduction. Structural stability is an essential part of design process for steel structures and checking the
overall stability is very important for the determination of the optimum steel beams section. Lateral torsional buckling
(LTB) normally associated with beams subject to vertical loading, buckling out of the plane of the applied loads and it is
a primary consideration in the design of steel structures, consequently it may reduce the load currying capacity.

Methods. There are several national codes to verify the steel beam against LTB. All specifications have different approach for
the treatment of LTB and this paper is concentrated on three different methods: America Institute of Steel Construction (AISC), Euro-
code (EC) and Russian Code (SP). The attention is focused to the methods of developing LTB curves and their characteristics.

Results. AISC specification identifies three regimes of buckling depending on the unbraced length of the member (L5).
However, EC and SP utilize a reduction factor (y.7) to treat lateral torsional buckling problem. In general, flexural capacities
according to AISC are higher than those of EC and SP for non-compact sections.

Keywords: steel beams, structural stability, lateral torsional buckling, beam design curves

Introduction

Beams are structural elements loaded in a tra-
verse direction, in other way beam may be defined as
a member subjected essentially to bending and shear
force but its behavior is dominated by its bending
deformation [1; 2]. For the design and construction
of beam structures different countries have articula-
ted their own codes for laying down the guidelines.
This paper is concerned with the method of beam
design curves against lateral torsional buckling using
AISC (American Institute of Steel Construction),
EC (Eurocode) and SP (Russian Code) since lateral
torsional buckling is the main limit state that must be
checked for steel beams [3—6]. Structural stability is
an essential part in the design process for steel struc-
tures and checking the loss of overall stability often
is very important for determination of the section of
steel beams. Lateral torsional instability is normally
associated with beams subject to vertical loading
buckling out of the plane of the applied loads by de-
flecting sideways and twisting behavior analogous to

© Galishnikova V.V., Gebre T.H., 2018
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the flexural buckling of struts [7—8]. There are vari-
ous approaches to verify the steel beam against late-
ral torsional buckling (LTB) and in this paper, the com-
parison of calculations and methods has been shown
according to three different methods: AISC, EC and
SP [3; 9]. According to all specifications, yielding
and lateral torsional buckling are the two limit states
for flexural members. Yielding and lateral torsional
buckling is treated separately for clarity of the com-
parisons. Lateral torsional buckling is a limit state
that may assure the strength of a beam [10]. The prob-
lem of lateral torsional buckling of steel beams has
been studied extensively by many authors, including
Trahair and others [11-14]. When a beam is bent
about its axis of greatest flexural rigidity, it may twist
before it attains its strength limit state. The twisting
of the beam goes on once the compression flange
becomes unstable due to its being exposed to flexural
induced axial stresses and acts like a strut consequent-
ly the compression flange will tend to buckle side-
ways dragging the tension flange with it. Flexural
torsional buckling is a primary consideration in the
design of steel structures, as it may reduce the load
currying capacity. Unless it is prevented either by
sufficient bracing or members which have adequate
flexural and torsional stiffness’s, larger member must
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be used to avoid premature failure [15]. Once the flange
is restrained at intervals, LTB may occur between
the restraints and this must be checked. If this re-
straint is continuous, the beam is fully restrained and
LTB will not occur. A beam is considered to be un-
restrained when its compression flange is permitted
to displace laterally and rotate. When an applied load
causes both lateral displacement and twisting of
a member LTB has occurred. All specifications have
different approach for the treatment of LTB and in
this article the attention is focused to the methods of
developing LTB curves and their characteristics.

Methods
Design according to the AISC approach

The AISC specification provisions for LTB are
considered in three different parts of buckling depen-
ding on the unbraced length of the member (L) [16].
Two threshold values for unbraced length i.e. L, and
L, are well-defined in AISC specification. The L,
value provides a separating line between plastic (no
lateral buckling) and inelastic buckling behavior.
Similarly, the L, value provides a separating line be-
tween inelastic and elastic buckling behavior. Ac-
cording to AISC, plastic moment capacity of a com-
pact member can develop if the unbraced length is
less than L, and using this value in design represent
the optimum use of steel [16—19]. The member’s ca-
pacity reduces linearly between M, and 0.7M, if the
unbraced length is between L, and L,. If the unbraced
length is greater than L,, then elastic buckling is ex-
pected to occur and the capacity can be found using
elastic critical buckling moment (M..). The Cj; factor
given in design specifications for non-uniform mo-
ment diagrams can be used to estimate the increased
brace requirements for other loading cases [20]. The
following equations are summarized for the nominal
moment capacity of lateral torsional buckling as per
the AISC specification.

M, = M, = Z+F,,

when L, < L,,

M—Cb*[M (M, — 0.7, y)(L_L)]SMp,

when L, < Lj < Ly,

_ o Cpm’E Lp)\?
M,=M, =S5, oy J1 +0.078 xho(m) ,

when Ly, > L,,
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M, is the lateral torsional buckling moment, M,
is the plastic moment, F, is the yield stress of the
steel section, S, is the section modulus of the com-
pression flange about the x-axis, ry is the radius of
gyration of cross-section, A is the distance from the
centroid of the top flange to the centroid of the bot-
tom flange, L, is the unbraced length and L, and L,
are the two threshold values for unbraced length for
the inelastic range and Cj is the moment gradient
factor.

Design according to the EC approach

In Eurocode 3, the capacity of a member with
respect to the buckling and instability is taken into
account by a reduction factor (y,,) [21-25]. This
factor is strongly dependent on the member slender-
ness parameter (A;r) [22]. According to Eurocode 3,
the beam should be verified against lateral-torsional
buckling resistance as follows: The elastic critical
moment (M) is used as the basis for the methods
given in design codes for determining the slender-
ness of a section. The elastic critical moment (M,,) is
similar to the Euler (flexural) buckling of a strut as it
defines a buckling load [26]. Euler bucking explains
the axial compression that will cause a strut to fail in
elastic flexural buckling compared with the elastic
critical moment that defines the moment which will
result in failure due to elastic lateral torsional buck-
ling of a beam. According to Clause 6.3.2.1(1) of EN
1993-1-1, the beam should be verified against late-
ral torsional buckling resistance as follows [27-30]:

fy

M¢ra = Mpira = XerWy ——
Mo

B 1

Xor = ’
O+ /cp2 — B AL

. 12
withy, . < 1.0andy,, < (E) .

And @, 7 is defined,

Wy f,
O = 0.5[1+ oyr (Apr —Arro) + BXLTZ Mr = }ﬁ,

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



lanuwHvkosa B.B., l'epe T.X. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLWI 1 coopyxenni. 2019. T. 15. Ne 1. C. 25-32

where o;r is the imperfection factor corresponding to
the appropriate buckling curve; v, is the partial fac-
tor for member instability which has a recommended
value of 1.0 in EC3; W,f, is the section moment re-
sistance; A.r is the modified slenderness, and the va-
lues of ozr, p and depend on the type of beam
section.

Design according to the Russian Code approach

Depending on the purpose and conditions of the
structures, calculation of flexural elements (beams)
should be performed without taking into account or
taking into account plastic deformations in accordan-
ce with the subdivision of elements into three clas-
ses. Beams of the first class should be used for all
kinds of loads and be calculated within elastic de-
formations; Beams of the second and third classes
should be used for static loads and taking into ac-
count the development of plastic deformations [3;
31]. This approach also used a reduction factor x;r
to treat lateral torsional buckling problem [22]. Using
SP the nominal moment capacity is suddenly drops
from plastic moment capacity in non-compact section
and it is limited to a small lateral bracing length. For
Class 2 and Class 3 members, if the member is load-
ed with moment in one of the principal plane only,
the design buckling resistance moment (nominal
moment capacity for LTB) should be calculated as
follow:

My rp = Xir Wy nyC s

when y.r > 0.85, the section is in the elasto-plastic
stage.

As the result, the Young modulus declines and
the buckling factor has to be modified [3; 31]. The mo-
dification of buckling factor is specified in SP code
and this is done by finding the coefficients a (section
SP16 G.4) and v (SP16 Tables G.1 and G.2). The
buckling factor for members with doubly-symmetric
I-sections is calculated as follows.

_{ @q,ifp, <0.85
XLT =10.68 + 0.21¢,, if @, > 0.85°

where @; is defined in the SP code (section SP 16 G1).

The Russian standard also provides equations
for stable length limits of the beam'. The over all
stability of the flange is ensured if the characteristic
nominal slenderness is less than the ultimate slen-
derness value which can be calculated from Ultimate
nominal slenderness [SP 16.13330.2011, Chapter 8.4.4,

'SP 16.13330-2017. Building Codes. Design of Steel Struc-
tures. Moscow, 2017. (In Russ.)
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Table 11] below: for condition of Upper flange we
can consider the following formula.

ler L _ b\by [Ry
- < (0.35+0.00327 + (0.76 — 0.02%)2) |2,
h
< -<
but { 1 b 6 }:
15 < b/t < 35

where b and ¢ are width and thickness of the com-
pression flange; / is distance (height) between the
axes of the flanges.

When b/t < 15, need to take the value b/t = 15.
If the limit slenderness which is flange stability is
more than the limit value, it is necessary to install the
intermediate stiffeners for reduction of the effective
length /. Under the action of normal and tangential
stresses, the beam wall can lose local stability, i.e. its
local buckling can occur.

Results and discussion

The curves of nominal flexural strength for
601112 and W12x30 of the steel beam sections, accord-
ing to the AISC specification, show the distribution
of capacity of the steel sections across a wide range
of lateral bracing length (L), shapes of the moment
with C, = 1 and with a value of F, = 275 MPa.
The graphs are shown in figures 1 and 2.
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Figure 1. ®M, vs Ly for 601112 according to AISC
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Similarly, curves of the nominal flexural strength
of sections for 601112 and W12x30 of the steel beam
sections, using Eurocode, show the comparison of
capacity of the steel sections across a wide range of
lateral bracing distances (L) and with a value of
F,=275 MPa. The graphs are shown in figures 1 and 2.
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Likewise, according to Russian Steel Construc-
tion Specification, curves of the nominal flexural
strength for 601112 and W12x30 of the steel beam
illustrate the comparison of capacity of a single steel
section across a wide range of lateral bracing dis-
tances length (L), and with a value of F), =275 MPa.
The graphs are shown in figures 5 and 6.
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A combined graph for 60W2 and W12x30 of rolled
I-shaped beam sections were considered to compare
lateral torsional buckling capacity curve of member
according to three specifications: America Institute of
Steel Construction, Eurocode and Russian Code.
A curve of the nominal flexural strength of the steel
beam sections together shows the comparison of ca-
pacity of a single steel section across a wide range of
lateral bracing distances (L;), shapes of the moment
with C, = 1 and with value of F, = 275 MPa.
The graphs are shown in figures 7 and 8.

——SNiP ——EC3 AISC

Graph for 60W2 Fy = 275Mpa
1400.00

1200.00
1000.00
800.00
600.00

400.00 \

200.00

Moment Capacity, Mn (kNm)

0.00
0.00 5.00 10.00 15.00 20.00 25.00 30.00

Lateral Bracing Lb,(m)

Figure 7. ®M, vs L for 601112 according to AISC, EC and SP

Graph for W12x30 Fy =275 Mpa

—SNiP —EC3 AISC
250.00

g
z 200.00
=
2 150.00
<9
=3
5
S 100.00
-
=
@
g 50.00 \
=
=

0.00

0.00 5.00 10.00 15.00 20.00 25.00
Lateral Bracing Lb,(m)

Figure 8. ®M,, vs L for W12x30 according to AISC, EC and SP

As per the result, it has been observed that, there
are variations in the values of the strength obtained
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by three different codes because of the variations in the
values of the constants considered by the each code.
AISC gives higher capacity in inelastic region but Euro-
code 3 gives higher capacities in elastic region. All spec-
ification have different approaches for laterally unsup-
ported flexural members, AISC has three regimes of
buckling depending on the unbraced length of the mem-
ber (L»). However, EC and SP utilize a reduction factor
(yz7) approach to treat lateral torsional buckling problem.

Conclusions

The results of the study showed that, for laterally
supported flexural members with compact webs, the
fundamental difference between all specifications is the
treatment of flange buckling. According to all specifica-
tions, the member can reach to its plastic moment ca-
pacity if the flanges are compact. Treatment of non-
compact flanges is similar to the treatment on non-
compact webs in all specifications. According to the
AISC specification, the nominal moment capacity re-
duces linearly with an increase in the flange slenderness
and varies between the plastic moment capacity (M,) and
the yield moment considering residual stresses (0.7M,).
On the other hand, the nominal moment capacity is equal
to the yield moment for Class 3 sections according to the
Eurocode 3 and class 1 for SP specifications. In the case
of SP, the nominal moment capacity is suddenly drops
from plastic moment capacity for non-compact section
and as a result, it is limited to a small lateral bracing
length. For slender flange members the AISC specifica-
tion utilizes the elastic critical buckling moment ap-
proach. In EC and SP, the post buckling reserve strength
approach is utilized and effective cross-section properties
are utilized for this purpose. In general, AISC gives
higher capacity in inelastic region (non-compact sec-
tions). However, Eurocode 3 gives higher capacities in
elastic region (slender sections) according to the sample
used sections in the paper.

For laterally unsupported flexural members, all
specification have different approaches. AISC speci-
fication identifies three regimes of buckling depen-
ding on the unbraced length of the member (L).
However, EC and SP used a reduction factor approach
to treat lateral torsional buckling problem. In gene-
ral, flexural capacities according to AISC are higher
than those of EC and SP for non-compact sections.
Particularly SP approach is lower for flexural capaci-
ty and it will be uneconomical approach comparing
with the other two approaches.

The design according to a standard makes the ana-
lysis process easier and saves time of an engineer. Also,
the expertise process becomes clearer. However after
the comparison of all standards it can be concluded
that design according to the Russian norms is more
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time consuming and requires competence and great
knowledge in the engineering field. In AISC and EC,
the analysis process is more precise and it has its own
logic and algorithm. It will be easier for a young spe-
cialist to use the AISC and EC standards instead of
the SP. Besides that, nowadays the Russian standards
are more understandable and readable for foreign en-
gineers because of standard harmonization, which is
focused on updating the Russian norms and it encou-
rages specialists to keep abreast of new technologies.
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Henp uccnenoBanus. Pacyer Ha yCTOMYMBOCTD SIBIIIETCSI HEOTHEMIIEMOM YacThl0 MPOEKTHPOBAHUS CTAJIBHBIX KOH-
cTpykuuii. OH OYEeHb BaXKEH /IS OIPEIEJICHNS] ONITUMAIBHOTO MOMIEPEYHOT0 CEYEeHNs! CTanbHbIX Oanok. [lomepednoe 60ko-
BOE BBIITYYHMBAHUE OOBIYHO NMPOHCXOAUT y OallOK, KOTOpBIE MOJBEP>KEHbI BEPTUKAIBHON HArpy3Kke U TEPsIIOT YCTOWIMBOCTh
U3 TIOCKOCTH NPWIJIOKEHUS] HATPYy30K. DTO SBISIETCS OCHOBHBIM (haKTOPOM IIPH MPOEKTUPOBAHUH CTAIBHBIX KOHCTPYKLUHA 1
MOXET IIPUBECTH K CHU)KEHHIO HeCyllel CriocOOHOCTH.

MeTtoasl. CymecTByIOT pa3IniHbIe METObI pacyeTa CTaJbHOM OAJIKM Ha MorepedyHoe OOKOBOE BhITy4rBaHue. Bee Hop-
MBI pacdeTa Mo-pa3HOMY ITOIXOST K HCCIEJOBAaHHUIO MONEPEIHOE-00KOBOTO BHITYyUIHBaHM, B JaHHOH CTaThe BHUMAHHE CKOH-
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LEHTPUPOBAHO HA TpeX W3 HUX. [IepBBIif METOX MPEAyIoKEeH AMEPHUKAHCKAM HHCTHTYTOM CTaJbHBIX KOHCTpyKuuil (AISC),
BTopoii onucan B EBpokone (EC), Tpetuii npuBoauTest B poccuiickux crpoutenbHbiX npasmwiax (CIT). Ocoboe BHUMaHue yie-
JICHO MCTOAaM IMOCTPOCHHUA KPUBLIX I TONEPEYHOI'O OOKOBOI'O BbIITYYUBaHUA U OTIPCACIICHUS X XapaKTCPUCTUK.

PesyabTaTsl. Hopmel, pazpaboTanHble AMEpUKaHCKUM HHCTUTYTOM CTaJIbHBIX KOHCTPYKIHMH, PEKOMEHIYIOT paccMar-
pUBaTh TPU pEXHMMa MOTEPH YCTOHYMBOCTH, 3aBHUCAIINE OT JIUHBEI 31eMeHTOB (Lp). Ograko EC u CII maroT ymMeHblIeHHE
Yo7 ¥ TIPEAOXPAHSIIOT KOHCTPYKIIUIO OT MONEPEYHOro OOKOBOTO BBIITY4HBaHMA. B OCHOBHOM M3rnOHAas KECTKOCTh VISl TIOTIe-
PEYHBIX ceueHH ¢ BEICOKMMHE cTeHkamu coriacHo AISC Bermre, uem B EC u CIT.

KiroueBble ci10Ba: crambHBIE 0AaNKH, YCTOWYHBOCTD, YCTOMYUBOCTE IUIOCKON (hOpMBI M3ruba Oanok, Gopma morepu
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FHYTOSaMKHyTLIe IIpO(l)l/IJII/I N pacydeT uX OonNTUMAJbHBIX ITapaMeTpPoOB
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(pumman CeBepo-KaBkasckoro emepanbHOro YHUBEpCUTETA) B T. [IITHTOpCKE
Poccuiickas @edepayus, 357500, I[lamueopck, npocnexm 40 nem Oxmsbps, 56

(nocmynuna 6 pedaxyuro: 08 cenrsdps 2018 r.; dopabomana: 21 nexadps 2018 r.; npunama x nyoauxayuu: 18 saBaps 2019 r.)

AKTyaJbHOCTb. B cTaThe mpeicTaBiIeHO HOBOE TEXHHMUYECKOE PEIICHHE THYTO3aMKHYTHIX MPOQHiIeH, OTHOCSIMXCS K
JIETKUM CTaJIbHBIM TOHKOCTEHHBIM KOHCTPYKIMsM (JICTK), KoTopble OTIMYAIOTCSI BBICOKUMH TE€XHHUKO-3KOHOMHYECKUMH
MOKa3aTesIMA ¥ MacCOBO HCIIONIB3YIOTCS] B IPOMBIIIJICHHO-TPAXKJAaHCKOM CTPOUTEIIBCTBE.

Hean uccienoBanus — MMOKa3aTh, YTO XaPAaKTEPUCTHKH TOHKOCTEHHBIX KOHCTPYKIMH MOXKHO IOTIOJIHUTEIHHO MOBBI-
CHUTb IIpU moMomu GpopmMooOpazoBaHus MOAU(MHUKALMN IPOoQHIIeH, coueTaronell B CBOEM COCTaBe KOHTYPBI 3aMKHYTHIX H
OTKPBITBIX OUEpPTaHUMH.

MeTtoasl. ITocpencTBOM ONMBITHO-KOHCTPYKTOPCKHX IPOPAOOTOK M ONTHMHU3AILMOHHO-TIPOEKTHBIX PacueTOB T'HYTO3a-
MKHYTBIX Mpoduiel pa3paboTaHO UX HOBOE TEXHHUUECKOE pellleHHe, OPUTHHAIBHOCTh KOTOPOTO HOATBEPIKICHA NAaTEHTHON
SKCHEPTU30M.

PesyabTartsl. HoBble rayro3amknyThie npodunu (I'3I1) cocroar u3 TpyOuaroil 4acTu oJAMHOYHOW TOJILIMHKEI U pedpa
JIBOWHOM TOMIMHBL. [l MX M3rOTOBJIEHUsI 0€3 CBApPHBIX, OOJITOBBIX WM 3aKJIETIOYHBIX COCAMHEHUH JIMCTOBAasi 3ar0OTOBKa
BBITIOJIHSACTCS 110 BCEH JUTMHE ¢ 3y04YaThIMH IPOJOJIEHBIME KPOMKAaMH, 3yOLbI KOTOPBIX PAacIioi0)XeHbl OTHOCUTEIBHO JIPYT
JipyTra B IIaXMaTHOM MOPSJIKE ¥ B3aMMHO 3arHYTHI B T1a3aX MEXy cOOOH HOCIe 3aMBIKaHUs THYTOTO MPOQWIIL 1Mo ero peod-
py. 3aru0bl 3yOUaThIX KpEeIUICHUH yBEIMYMBAIOT TOJIIMHY CMATHS M 00ECHEYMBAIOT YBEIMUYCHNE ITPOYHOCTH COCIUHEHHUN
TOHKOCTEHHBIX 3JIEMEHTOB Ha cABWT. IIpu paBHBIX rabapuTax mo BbicoTe M mmpuHe ['3[] onTHMU3HPOBaHbI IO KPUTEPHIO
PaBHOYCTOMYMBOCTH, OJTMHAKOBOI N3 INIOCKOCTH U B INIOCKOCTH HECYIIEH KOHCTPYKIMHU. JIONIOHUTENBEHO PEICTABIEH Psj
ISITUYTONBHBIX, TPEYTOJIBHBIX U TPAaNCHUEBUAHBIX Mpoduieii, O0KOBbIE IPaHN KOTOPBIX HAKJIOHEHBI OTHOCHUTEIBHO BEPTH-
KaJu o yriamu 45 u 60 rpamycos.

KaioueBsble ciioBa: crep)KHEBble KOHCTPYKIMH, TOHKOCTEHHbIE KOHCTPYKIMH, THYTO3aMKHYTbIe poduiu, 3yo4arsie

KpECIUVICHUSA, OITUMU3AUA cequm‘/’I, paBHOyCTOﬁ‘lMBOCTb, pacyeT ONTUMAJIbHBIX ITapaMETPOB

BBenenue

[Ipennaraemoe B cTaThe TEXHUYECKOE PEIICHUE
OTHOCHTCS K OOJIACTH CTPOUTEIHCTBA U MOXKET OBITh
WCTIOJh30BAHO B KAYeCTBE CTEPIKHEBBIX AIIEMEHTOB
pu pa3paboTKe HECYIHUX KOHCTPYKITMH 3MaHUA U
COOPYKEHHH pa3IUIHOro HazHaueHwus [1-6]. B gact-
HOM CITy4ae 3TO MOTYT OBITh CTEPIKHEBBIC 3JICMCHTHI
MosICOB (pepM MPOTOHHBIX U OECIPOTOHHBIX MOKPHI-
THH, @ TAKXKE APYTUX KPOBEIbHBIX M KAPKACHBIX CH-
creM [7—12]. I3BeCTHBI CTEPKHEBBIE AJIEMEHTHI, MHO-
rorpaHHOe ce4eHHe KOTOPBIX 00pa3yroT MepernooM 1o
JUTHHE 00eMX KPOMOK JIMCTOBOM 3arOTOBKH (IIITPHII-
ca) B oOpaTHBIX HaIlpaBICHUSIX ¢ (OPMUPOBAHHEM

© Mapytan A.C., 2018
This work is licensed under a Creative Commons
&Y Attribution 4.0 International License

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

(hacoHKM Ha BCEM MPOTSKCHUU NPOPHUIISL U 3aMbIKa-
HHUEM ero CEeYeHHUs MPH ITOMOIIN YCTAHOBKU CTSDKHBIX
oontoB (puc. 1, a) [13]. Takue cedeHms] peKOMEH-
IOYIOTCSl B KQUeCTBE IOSICOB CTPONMIIBHBIX ()epM C pe-
[IETKAaMH U3 CTATBHBIX OIMHKOBAHHBIX Tpodrieit [14].
Hcnonp3oBanue ceueHW ¢ GaCOHKOM 1O BCEH JTH-
HE palMOHAJIbHO B OECIPOTOHHBIX MOKPHITHSX, KO-
I71a YCTOHYMBOCTB U3 IUIOCKOCTH (hepMbl oOecriedeHa
3a CYET YKIAJKH U KPeIIeHus MpoUINnpOBAHHOTO
HacTHJIa HEMOCPEACTBEHHO MO BEPXHHM IIOSCAM.
JlJis TIPOTOHHBIX TOKPBITHI MPEAMOYTUTEILHBI Ce-
YEeHHsI, OJIMHAKOBO yCTOMYMBBIE KaK HM3 IUIOCKOCTH,
TaK " B IITIOCKOCTH (DepMEI.

Emme oHO M3BeCTHOE TEXHUYECKOE PEIICHHE Tpe-
CTaBIsIET COOOH THYTO3aMKHYTBIA MPO(UIh MPSIMO-
YTOJIBHOTO CEUeHHsI, Hapy>KHasi TpaHb KOTOPOTO TOod-
pupoBaHa, a /-o0pa3Hoe peOpo uMeeT (anblieBoe 3a-
MbIkaHue (puc. 1, 6) [15]. Haubonee 6mm3kuM K mipe-
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naraeMoMy (IPUHATBIM B KauecTBE MPOTOTHUIA) SB-
JISIETCSI TEXHHYECKOE PellieHue, MPEICTABIISIONIEe CO-
00if THYTBIH 3aMKHYTBIN TIPO(ITH, BEITOTHEHHBIHA B T10-
MIEPEYHOM CCYCHHUHU KBAAPATHOW MM MPAMOYTOJILHON
(OpMBI CO CTHIKOM IMPUMEPHO IO CepPelruHE OTHOU
u3 rpadeit. Kaxkmas yacTh rpaHu, Ha KOTOPOM pacrmo-
JIOKEH CTBIK, UMEET MPOAOJKEHUE B Buae I- wiu [ -
obpasHoro pebpa (puc. 1, 6, &) [16]. Takoii npoduas
3¢ (eKTHO KOHKYPHPYET C ABYTAaBPOBBEIMH OaKaMH.

‘el

o

OpHaKO B Ka4eCTBE CTEPKHEBOTO JIEMEHTA, OJ{UHA-
KOBO YCTOHYMBOTO KaK U3 IJIOCKOCTH, TaK U B TLIOC-
KOCTH Hecylleil KOHCTPYKIIMH, OH TpeOyeT OmpeieicH-
HOUM JTopaOOTKH. B mprBeeHHBIX TEXHUYECKHUX pelie-
HUSIX, BKJIIOYAst POTOTHII, HECYII[asi CIIOCOOHOCTh THY-
THIX 3aMKHYTHIX Tpoduieii obecrieueHa 3a CUeT WC-
IMOJIB30BaHUA IIPU UX HU3TOTOBJICHUM CBAapHBIX, 60.]'[-
TOBBIX WJIH 3aKJICTIOYHBIX COCIUHEHUMN, YTO BBI3BIBA-
€T OMpPEIEICHHBIN POCT JOMOTHUTEIBHBIX 3aTPAaT.

b c ¢

1N
S (1182525225224
I"“"”I”'Im

Puc. 1. CxemMbl rTHYTBIX 3AMKHYTBIX IIPO(QUIICH:
a — MHOTOTPAHHOT'0; 6 — IPSIMOYTOJILHOTO C TOPUPOBAHHOI I'PaHbIO;
6 — IPSIMOYTOJIBHOTO ¢ /-00pa3HBIM PedpOM; & — MPSAMOYTOIBHOTO ¢ [ -00pa3HbIM pedpoM
[Figure 1. Schemes of curved closed profiles:
a — many-sided; 6 — rectangular with a corrugated edge; ¢ — rectangular with an I-shaped rib; 2 — rectangular with L-shaped edge]

IIpsiMoyroJibHbIE THYTO3AaMKHYThI€e
npoduiIu ¢ 3y0UaThbIMH KpenJjJeHusiMu

TexHU4eCKHM pe3ysIbTaTOM IPEeNIaracMoro pe-
IIEHHUS SBJIAETCA OAMHAKOBAas yCTOWYMBOCTH (paBHO-
YCTOMYMBOCTH) Mpo¢MiIedl U3 MIOCKOCTH U B IUIOC-
KOCTH HECYIlleH KOHCTPYKIIMH, a TAKKE YMEHBIICHHUE
JIOTIOJTHUTENBHBIX 3aTpaT. YKa3aHHbIA TEXHUYECKUI pe-
3yJIbTaT JOCTUTaeTCs TEM, YTO B FHYTOM 3aMKHYTOM
(THYTO3aMKHYTOM) Npo(uie IpsIMOYToJbHOTO ceve-
HUS CO CTBIKOM IOCEPEANHE OJHOU U3 JJIMHHBIX I'pa-
HEH, TJIe KaXKJasi 4aCTh COCTBIKOBAHHOM I'PaHU UMEET

npojoJoKeHue B Bujae /[-oOpasHoro pedpa, pasMep
KOPOTKHX TpaHei B JBa paza MEHbIIEC pasmepa /-
00pa3HbIX pebep U B TPH pa3a MEHbIIE pa3Mepa
JUIMHHBIX TpaHei. [I7is M3roTOBJICHHS THYTO3aMKHY-
Toro mpoduns 0e3 cBapHbIX [17], OOATOBBIX WU
3aKJICTIOYHBIX COCAMHEHHUH €ro JIUCTOBAs 3aroTOBKa
BBIMOJTHSETCS ¢ 3yOUaThIMK TPOJIOIBHBIMA KPOMKa-
MU TI0 BCEH JUIMHE, 3yOIlbl KOTOPBIX PaCIOIOKECHBI
OTHOCHTEJIBHO JIPYT JIpyra B IIaXMAaTHOM MOPSIKE H
B3aMMHO 3arHyThl B Ta3ax MEXIy coOoi mocie 3a-
MBIKaHHsI THYTOr0 Tpoduis mo /-o0pasHoMmy pedpy

(puc. 2) [18].

{x

41

H-31F

I

ye =1357F

==

|
il
L

———————/

H=5F

47

Puc. 2. Cxembl rHyTO3aMKHYTBIX nipoduiieid (I'3I1):

a — pacuerHast cxeMa npodmt ¢ H/U = 3/3; 6 — npoduns ¢ H/U = 4/3; ¢ — npodruts ¢ H/U = 5/3 (myHKTHPOM 0003HAYECHEI CPEIHIE JIMHAN PACUETHBIX CeUeHHIT)
[Figure 2. Schemes of curved closed profiles (CCP):

a — design profile scheme with H/U = 3/3; 6 — profile with H/U = 4/3; ¢ — profile with H/U = 5/3 (the dashed lines represent the average lines of the calculated cross-sections)]
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IIpennaraemble THyTHIE 3aMKHYTbIE (THYTO3aMKHY-
Thle) pouIi 00JIaJal0T JOCTATOYHO YHUBEPCAIBHBIM
TEXHUYECKHUM PELICHUEM, C PEaTn3aLHel KOTOPOro i
WX W3TOTOBJICHUSI MOXKHO MCIIONB30BaTh KakK 3y0uaThbie
KpEIJICHUs, TAK M CBapHbIe, OONTOBBIC WJIM 3aKJe-
No4Hble coenuHeHus. Eciu npu sToM pasmep Koport-
KHX TpaHeil B IBa pa3a MEHbIIIe pa3Mepa /[-00pa3HbIX
pebep u B TpH pa3a MEHbLIE pa3Mepa JUIMHHBIX Tpa-
Hell, To paBHOYCTOMYMBOCTh TakuX Mpoduiiel ooec-
Me4eHa, TO €CTh OHM 00J1aal0T OIMHAKOBOM yCTOM-
YHBOCTBIO U3 IJIOCKOCTHU U B INIOCKOCTH HECYILIEH KOH-
CTPYKLMH. PaBHOYCTOMYMBOCTD THYTO3aMKHYTBIX IIPO-
¢dweit ciocobcTByeT 3(h()EKTUBHOCTH MX HCIOIB30-
BaHUS B MOsICaX CTPONMJIBHBIX U MOJCTPONMMIBHBIX
(bepM IpOTrOHHBIX MOKPHITUH. [IpuMeHUTENBHO K TO-
sicaM ¢epM OeCITPOTOHHBIX TMOKPHITHI paIMOHAIHHO
YAJIUHUTH pa3Mephl peOepHBIX dacTel TBOMHOM TOI-
IIMHBI THYTO3aMKHYTBIX MpOoQuiIeii B 3aBUCHMOCTH
OT BEJIMYUH COBMECTHO ACHCTBYIOIINX M3TUOAIOLINX
MOMEHTOB U C)KMMAIOIIUX CUJI, pa3BUBas UX pacder-

HOE CEYECHUE B CHJIOBOM ILIOCKOCTHU HECYIIEU KOH-
CTPYKIIMU U COXPAHSIsl IPUA 3TOM YK€ 0003HAUCHHBIE
COOTHOILEHHSI Pa3MEPOB JJIMHHBIX U KOPOTKHUX I'pa-
Hell TpyOuaThIX YacTel OAWMHOYHOM TOMIMHEL 71 u3-
TOTOBJICHHS] THYTO3aMKHYTHIX TIpo(uIteit 6e3 CBapHBIX,
OOJITOBBIX WJIM 3aKJIETIOYHBIX COEAMHEHUH TMapameT-
PpBI 3y0UaThIX MPOJOIBHBIX KPOMOK MX JTHUCTOBBIX 3a-
TOTOBOK IIeJIeco00pa3Ho Moao0paTh TakK, YTOOBI OA-
HUM 3HUTr3aroo0pa3HbiM pe3oM (HOpMUPOBATh KPOMKH
cpasy ABYX 3aroToBOK. M31ep>KKU NPOU3BOACTBA
npu 3ToM OyayT MUHUMAJIbHBIMH, YTO OOCCIICYUT
YMEHBILIEHUE TOMOJHUTENbHBIX 3aTpaT. Kpome TO-
ro, 3aru0bl 3y0UaThIX KPEIUICHHH THYTO3aMKHYTHIX
npoduieil yBeJIHMUYHUBAIOT TOJIIUHY CMSTHS, YTO
MOXeET CIIOCOOCTBOBATH OMpPENeIEHHOMY POCTY He-
Cymiel CIIoCOOHOCTH COCAMHEHWH TOHKOCTEHHBIX
3JI€EMEHTOB, paboTarONIMX B OCHOBHOM Ha CIBHT
(cpe3) u cmsatue [19-22]. Camu 3yOuareie Kperuie-
HUS JJIs O0NbIIed HaJe)XHOCTH MOXHO OTPecco-
BaTh (puc. 3).

Puc. 3. Cxembl 3aMbIKaHus 3y04aTbIX KpPelUIeHHI PABHOYCTOHYHMBOIO NpoduIsa:
a, 0, 6, 2— 0YEPETHOCTh TEXHOJOTHYECKHUX ONEepalnit
[Figure 3. Schemes of closing of tooth attachments of an equally stable profile:
a, 6, 6, 2— sequence of technological operations]

OnTumMuzanus NPsIMOYToJILHBIX
THYTO3aMKHYThIX IIPO(pHICH

s momy4eHust TPUBEICHHOIO COOTHOIICHUS pa3-
MEpOB MPSIMOYTOJIIEHOTO THYTO3aMKHYTOTO TPOQUIIS
C OJJMHAKOBOW YCTOMYMBOCTHIO U3 TJIOCKOCTH U B
IINIOCKOCTHU KOHCTPYKHI/II/I, a TaKXe KOHH‘ICCTBGHHOP'I
OIICHKH €Tr0 Hecyleil cnocoOHOCTH HeoOXOIMMO pac-
CUUTaTh MOMEHTBI UHEPLUUU ceueHUs [ U [, OTHOCH-
TCJIBHO TI'JIABHBIX ]_[eHTpaJ'II)HI)IX OCCI71 nu HpI/IpaBHHTI)
UX JApYyT K Apyry. PacdeTHble BBIKIAAKU MPH 3TOM
JIOITYCTHMO BBITIONHATE 10 CPEIHEH JIMHWUU TOHKO-
CTEHHOTO CEUCHHUs 03 ydeTa yTIOBBIX 3aKpYTJICHUN
THYTO3aMKHYTOTO Npoduis, a Takxke 0e3 yuera
YHCIICHHBIX BEJIUYHH, COJEPKAIUX 3HAYEHUS TOJ-
IITUHEI, BO3BEICHHON BO BTOPYIO H TPETHIO CTEIICHB
(£*, £)[23].

PaccmatpuBaeMoe cedeHHe THYTO3aMKHYTOTO
poWIIsE MOXKHO MPENCTABUTh COCTABHBIM U3 TPYO-
JaTOW YacTH OAMHOYHOW TOJIIMHBI U pedepHOi Ja-
CTH JIBOIHOM TONIIUHBI (pUC. 2, a):

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

A=A+ A =2U+V)+20(U ~V) = 4U = 4ntV,

rae A — pacyeTHas IUIOMIA/Ab CEYEHHS THYTO3aMKHY-
Toro npoduist; A, — pacyeTHas miomans Tpy6uaToi

yactu; A , — DacdeTHas IWIomanb PeOCPHON HacTH;

U - pasmep umHHOM rpaHu npoQmiIs, paBHbIA €ro
rabapuram 1o mupude u Beicore, U=H; V -
pasMep KOPOTKOM IpaHu NpoQuiisi; 1 — OTHOLICHUE
pasMepa JUIMHHOW TPaHM K pa3Mepy KOPOTKOM rpa-
au, 1<n=U/V.

OpjauHara [EeHTpa TSKECTH CEYEHUSI OTHOCHU-
TEJIbHO BEPXHEH TPAHU THYTO3aMKHYTOTO MPOQMIIs
COCTaBJIsET

Yo =V(n+1)/4.

MomeHT HWHEPUHUKU CCUCHHA OTHOCUTCIIBHO OCH
X—X:

I =tV3(5/12)n° = (1/2)n* + (3/ 4)n).
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MomeHT HUHCPUHUU CCUCHHUA OTHOCHUTCIIBHO OCHU
y=r:

I, =tV ((1/6)n* —(1/2)n*).

[omy4aeM ypaBHEHHE
I,-1,=0;
n*—4n+3=0
ckopusmu 1, =1l u n, =3.

OueBHAHO, YTO NpH 7, =1 THYTO3aMKHYTBIi
npoduibs TpancHOpMHUpYETCsl B KBAAPATHYIO TPYOy,
ampu 1, =3 pa3mep KOPOTKHX IpaHeil B [Ba pa3a
MeHbIIle pa3Mepa [-o0pa3HBEIX pedep W B TpH pasa
MEHBILIE Pa3Mepa JUIMHHBIX TpaHel. Torna rHyTo3aMk-
HYTbIe TPO(QHIH, ONITUMH3UPOBAHHBIE 110 KPUTEPHIO
PaBHOYCTOMYMBOCTH, UMEIOT CIEAYIOLINE XapaKTepu-
CTHKH [OIIEPEYHOTO CCUEHUS:

H=30V,U=30V; y,=V; A=12,0tV ;

I.=1,=90tV; W

X,max

=9,0tV7;

/4

X, min

=4,5000%; W, = 6,001
i, =i, =086603V .

[Tpu coBMecTHOM JeicTBUU M3rHOAIOMINX MO-
MEHTOB M C)KHMAIOIIUX CHJI, KOTOPBIE UMEIOT MECTO
B mosicax ¢epM OecpOTrOHHBIX MOKPBITHI, THYTO-
3aMKHYTBIE POQWIN PalMOHANBHO Pa3BUBATh B CHU-
JIOBBIX TUIOCKOCTSAX HECYIIUX KOHCTPYKLHUM. J{71s1 3TOTO0
1eNecoo0pa3HoO MPHUHATH MOTY4YEeHHbIE COOTHOLICHUS
pasmepoB pedep, IJTMHHBIX U KOPOTKUX T'paHel pas-
HOYCTOWYMBOTO CEYEHHsI B KadecTBe 0a30BBIX, C TEM
YTOOBI MPUMEHUTENBHO K KaXJOMY PacdeTHOMY
CIIy4alo pa3BUBATh BBICOTY CEUCHHMS MOCIIEI0BATEIb-
HO Ha OJMH pa3Mep KOPOTKHX TpaHei (puc. 2, 0, 6).
Tak, ecnu pa3BUThH BBICOTY HA OJMH pa3Mep KOPOT-
KHUX TpaHell U MOBTOPUTH BCE pacUeTHBIC BHIKJIAJIKH,
TO THYTOCBapHble Npoduin OyayT UMETh CIIeAylo-
M1 XapaKTePUCTHKN IONEPEIHOTO CEUCHHUS:

H=40V;U=30V; A=14,0tV ;
yo =1357V; 1, =19.881V°; 1, =9,001°;

W =14,65tV*; W

X,max X, min

=7,522tV7;

W, =60tV i, =1192V ;i =08018V .
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CpaBHUTEJBbHBII pacyeT
THYTO3aMKHYTBIX po(puiei

JInsi cpaBHEHUs MpeiaraeMblX THYTO3aMKHY-
THIX Mpodrieil (HOBOE TEXHUUYECKOE pEIleHue) ¢
MIPOTOTHUIIOM B KadecTBe 0a30BOTO OOBEKTA MPHUHSTA
naHeJdb BEpXHEro mosica GepMbl U3 CTalIM Kilacca
C255 ¢ pacueTHOM JUIMHON B TUIOCKOCTH 3 M, a Tak-
e BHyTpeHHuMH ycwiusimu N =412/2=206 kH
u M =16,7/2 =835 xH-m [14], yMeHbIIICHHBIMU

B J[Ba pa3a COPa3MEPHO IPOTOTHILY, KOTOPbIH Mpes-
CTaBIICH THYTHIM 3aMKHYTBIM NpoQuieM ¢ mapa-
merpamu @ =120 mm, b =120 mm, ¢ =120 mm,

d =120 mm npu Tonmumue ¢t =2 mm (puc. 1, 2) u
CIENYIOIMME XapaKTEPUCTUKAMH IIONIEPEYHOrO Ce-
yeHus [16]:

H =242 vm; U =120 mm; 4 =16,8 cM%;
Vo =121 mm; 1, =1114 cm?; 1, =247 em?;
W =1114/12,1=92,07 cm*;
W,=247/6=4117 eM’;

i, =(1114/16,8)""* =8,143 cwm;

i, =(247/16,8)""? =3,834 cm.

VYnporas pacder B CTOPOHY 3araca MpoYyHOCTH,
COBMeIIIAs CEYCHHS C HAMOOJBIIMMH CKUMAIOIIECH CH-
JOM M M3ru0aroliuM MOMEHTOM, 10 PEKOMEHIALUU
H.C. MockaneBa, i CTATBHBIX KOHCTPYKITUH JIeT-
KHX 3/IlaHUil JO0IycTHMa MpOBEpKa KpaeBOro Harps-
YKEHHOTO COCTOSHUSA 110 hopmyuie [24]

c=N/(gd)+M /W,

KOTOPYIO [Uisi OOJIbIIEH HArJISAHOCTH MOXKHO Tepe-
MMcaTh CJACIYIOIIMM 00pa3oM

/R, =N/(9AR)+M/(W.R),

rme G — pacyeTHOE 3HAueHWE CyMMAapHOTO Harps-
KeHust; R — pacueTHOe CONPOTUBIICHUE KOHCTPYK-

IUOHHOTO MaTe€praia 1o Mpeaciy TEKy4ectu, ¢ —

K03 PHUIIUEHT TPOJOIBHOTO U3rHOA.

Toraa npoBepka KpaeBoro HaNpsHKEHHOTO COCTOSI-
HUSL OT COBMECTHOT'O JICMCTBUSI BHYTPEHHUX YCWIHMN B
CEUCHUH MAHENH U3 MPOQHIIS MO MPOTOTHITY COCTABUT

G/R,=N/(@AR)+M /(W,R)=
= 20600/ (0,908 x 16,8 x 2400) +
+83500 /(92,07 x 2400) = 0,945,

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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rae pacderHas ruOkocth mnaHenun A=[/i =

=300/8,143 =36,84 ; ycnosHas rHOKOCTb HaHEIN
A=MR,/E)"* =36,84(2400 / 2100000)""* =

=1,245< 2,5 ; pacueTHOE CONPOTUBIIEHUE CTAIM KJIAC-
ca mpounoctu C255 Ry = 2400 xrc/cm*; Momynb

ynpyroctu cramu £ =2100000 xrc/cm?; kodddu-

LMEeHT TponosibHOro m3ruba @ =1-0,066(1)"* =
=1-0,066x1,245"? = 0,908 [25].

HoBoe TeXHHYECKOE pelleHHe MPENCTaBIEHO
THYTO3aMKHYTBIM MPOQHIEM, PABHOYCTOMYMBBIM K3

IUIOCKOCTH M B IUIOCKOCTH, CO CIEIYIOIIMMH Iapa-
MeTpaMHu:

A=12,00V =16,8 cv*;
V=4/(12,00)=168/(12x0,2)=7,0 cm;
H=3,0V=30x7,0=210 cm;
U=3,0V=30x7,0=210 cv;

Vo=V =70 cm;

I =1=9,0V"=9,0x0,2x7,0' =617,4 cm*;

W =90 =9,0x0,2x7,0° =88,2 cm;

X, max

/4

X, min

=450tV =4,5x0,2x7,0° = 44,1 cn’;
W, =60tV =6,0x02x7,0" =588 cm’;
i, =i, =0,86603V =0,86603x 7,0 = 6,062 cm.

Takum 00pa3zom, MpoBepKa KPaecBoro HAIPsHKEH-
HOT'O COCTOSIHUSL OT COBMECTHOI'O JEHCTBUS BHYTPEH-
HUX YCUJIMWA B CEUCHUU TAaHENIU U3 PaBHOYCTOWYHUBO-
ro MPOQUIIL M0 HOBOMY TEXHHYECKOMY PEIICHHUIO CO-
CTaBUT

G/R,=N/(@AR)+M /(W.R,)=
= 20600/ (0,857 x 16,8 x 2400) +
+83500 /(88,2 x 2400) = 0,991,

roe A =300/6,062=49,49;

A =49,49(2400 / 2100000)"* =1,673< 2,5 ;
¢ =1-0,066x1,673"* = 0,857 .

Kaxk BHTHO, pacyeTHOE HANpPSDKCHHE B HOBOM TEXHH-
yeckoM perreHnn okasanoch Ha 100(0,991-0,945) /

/(0,991...0,945) = 4,6...4,9 % BbIiIe, 4eM B IPOTO-
trne. OOBICHUTH 3TO MOYKHO TEM, YTO TabapUTHBIM

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

pasmep 1o Beicote y mporotuna Ha 100(242—-211) /
/(242..211)=12,9...14,7 % O6ounbie, yeM y HOBO-

ro peuieHus, ¥ NpoQuiib M0 HOBOMY PEIICHHIO B
3TUX K€ IIpelieslaX KOMIIAKTHEE IIPOTOTHUIIA.

Pacuyer npoduieii ¢ yueTrom 3y0uarbix KpensjieHuii

CpaBHEHHE HOBOTO TEXHHYECKOTO PEIICHHS C €ro
MIPOTOTHIIOM IIEJIECO00Pa3HO TIPOAOIKUTE, JOOABUB B
THYTO3aMKHYTbIE TIPO(UITH 3y0uaThie KPEIUICHHS B3aMEH
CBApHBIX, OOJTOBBIX WM 3aKJICTIOYHBIX COCAMHEHUH.
st 3TOTO0 B pacCCMOTPEHHOM PaBHOYCTOMYHMBOM TIPO-
¢uiie HEOOXOIUMO 1MOA00paTh pa3Mepbl IEMEHTOB
3y0uaToro KperwieHus (3yOI0B), KOTOPbIE JODKHBI OBITh
He menbiie 1/10 mosiku (ropu30HTaIBHON TpaHH)
WM CTEHKH (BEPTHKAIbHOW T'paHU) THYTOTO MPO-
¢uns'. B nanHOM cilydae 9TOT pasMep COCTaBISET
0,1x2V =0,1x2x70=14 mm, toe 2V =2x70=
=140 MM — pa3mep peOepHOI 4acTH THYTO3aMKHY-
Toro npoduist (puc. 4).

JIOMyCTHB Ha TIEPCTIEKTHBY OMNPE/ICICHHBIH pe3epB,
pasMep 3JIEeMEHTOB 3y04aToro KperuieHUs MOXKHO
okpyrauthb 10 20 Mm. C y4eToM 3y6uatoro Kperuie-
HUS THYTO3aMKHYTHIH TPOGUIH, OJMHAKOBO YCTOM-
YHBBIM W3 TUIOCKOCTH W B IJIOCKOCTH HECYIIeH KOH-
CTPYKUHMH, OyAeT UMETh CIEAYIOINEe XapaKTepUCTH-
KH TIOTIEPEYHOTO CCUCHUS:

A4 =12,0tV =16,8-2x2,0x0,2=16,0 cm* —

pacueTHasd 1mjiomanab CEYEHUSA HETTO,
V=4 /(120t)=160/(12,0x0,2) = 6,667 cm;
H =3,0V =3,0x6,667 =20,001 cm;
U =3,0V =3,0x6,667 = 20,001 cm;
Yo =V =6,667 cwm;
I.=1,=9,0/" =9,0x0,2x6,667" =53341 cm*;

W =90tV =9,0x0,2x6,667" =80,01 cv’;

X, max

/4

X, min

=450tV =4,5x0,2x6,667" = 40,004 cm>;
W, =6,0tV" =6,0x0,2x6,667" =5334 cm’;

i, =i, =0,86603V = 0,86603 x 6,667 = 5,774 cm.

1 CII 260.1325800.2016. KoHCTpyKIMH CTaIbHBIE TOHKO-
CTCHHBIC U3 XOJIOJHOTHYTHIX OLMHKOBAHHBIX Mpoduiel u roppu-
poBanHBIX JucTOB. [IpaBmia mpoektupoBanus. M., 2016. C. 16.
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Puc. 4. PazpepTKa JUCTOBOIi 3ar0TOBKHU
¢ 3y04aTbIMU KPOMKAMM /IS PABHOYCTOI4HBOro nmpoduis
[Figure 4. Development of a sheet blank
with serrated edges for an equally stable profile]

IIpoBepka KpaeBOro HaMPsHKEHHOTO COCTOSIHUS OT
COBMECTHOTO JECHCTBUS BHYTPEHHUX YCHUJIMH B cede-
HHUM TIAHEJM U3 PaBHOYCTOWYMBOTO mpodmiisi ¢ 3y0-
YaThIM KpPEIJICHWEM [0 HOBOMY TEXHHYECKOMY pe-
LIEHHUIO COCTABHUT:

G/R,=N/(QAR)+M /(WR)=
= 20600/ (0,346 x16,0x 2400) +
+83500/ (80,01x 2400) = 1,069

rae A =300/5,774=51,964;

A = 51,964(2400 / 2100000)"> = 1,757 < 2,5 ;

¢ =1-0,066x1,757"* = 0,846.

[epenanpsipkeHre B HOBOM TEXHHUYECKOM pellie-
HUU cocTaBuiio 6,9 %. [Ipu 3ToM raGapuTHbIA pazMep
1o BeICOTE y mpoToTuna Ha 16,5...19,8 % Gonbiie, yem

y HOBOro peuieHusi. [1oaToMy, 4TOOBI MPOJOIKUTH
CpaBHEHHE HOBOTO TEXHUYECKOTO PEIICHHs C MPOTO-
THIIOM, CEYE€HHE THYTO3aMKHYTOT0 TIpouIs ¢ 3youa-
TBIM KpEIUICHHEM HYXKHO pa3BUTh B IUIOCKOCTH (hep-
MBI, YJUIMHUB €ro pe0epHyI0 4acTb Ha OJUH pa3Mep
KOpPOTKOH rpaHu TpyO4aToi yactu (puc. 2, 0):

A =14,0tV =16,8—2x2,0x0,2=16,0 cv?;
V=4 /(14,0 =16,0/(14,0%x0,2) = 5,714 cm;
H =40V =4,0x5,714 = 22,856 cm;

U =30V =3,0x5714=17,142 cm;

v, = 1,357V =1,357 x 5,714 = 7,857 cm;

1, =19.88t/° =19,88x 0,2 x5,714° = 741,77 cm*;
I,=9,001" =9,0x0,2x 5,714’ =33581 cm*;

W =14,65tV" =14,65x0,2x5,714° =95,66 cm;

X, max
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W =752V =7,522x0,2x5,714’ =49,12 cm’;

W, =60t =6,0x02x5714" =36,18 cw’;
i =1,192V =1,192x 5,714 = 6,811 cw;
i, =0,8018V = 0,8018 x 5,714 = 4,5815 cm.

CnenoBatensHO, TPOBEPKa KPAacBOro HAMPSHKEHHO-
IO COCTOAHHUSI OT COBMECTHOTO JIEHCTBUS BHYTpEH-
HUX YCWJIMH B CEYCHUU MaHeNu 13 npoduis ¢ 3ydua-
TBIM KpETJIEHHEM M BBICOTOM, Pa3BUTON Ha ONWH Pa3-
Mep KOpPOTKOM TI'paHH, IO HOBOMY TEXHHUYECKOMY pe-
LIEHUIO COCTABMT:

G/R,=N/(QAR)+M/(WR )=
= 20600/ (0,8801x 16,0 x 2400) +
+83500 / (95,66 x 2400) = 0,973

rae A =300/6,881=44,05;

L =44,05(2400 / 2100000)"* =1,489 < 2,5 ;
¢ =1-0,066x1,489"* = 0,8801.

PacyeTHOe HampspKEHHE B HOBOM TEXHHYECKOM
pemennn okaszanoch Ha 2,9...3,0 % Bblie, yeM B

npototure. [Ipu 3ToM rabapuTHBIN pa3Mep Mo BHICOTE
y mpororumna Ha 5,6...5,9 % Ooinbiue, 4eM y HOBOTO

peleHus, ¥ MPO(UIIb M0 HOBOMY PEIICHHIO B 3THX JKE
pezienax KOMIAKTHEE POTOTHIIA.

[MonydveHHbIe pe3yabTaThl CPABHECHHUIA TIOTBEPK/Ia-
FOT PaIMOHAIBHOCTh THYTO3aMKHYTHIX MPO(UIIeH Kak ¢
3yO4aThIMU KPEIUICHUSMH, TaK U 0€3 HUX.

Mopudukanun rHyT03aMKHYThIX IpPogpuei

YucneHHble BBIKIAIKH, aHAJIOTWYHBIE TPUBEICH-
HOMY pacueTy, MOKa3aIH, 9To Mpoduin Apyrux Gopm
CEUCHMI He MEHEee PallIOHAIBHEL, YeM MPSMOYTOJIBHBIE.
B yactHOCTH, TpOpabOTaHbI M ONTUMHU3HPOBAHBI TTO KPH-
TEPUIO PABHOYCTOMYMBOCTH IISITUYTONBHBIE, TPEYTONb-
HBIC W TpareIeBUIHbIE MOAU(UKAITAH, ¥ KOTOPBIX 00-
KOBBIE TPaHN HAKJIOHEHBI OTHOCUTEIIEHO BEPTUKAIHN O]
yrmamu 45 u 60 rpamycos (puc. 5) [26-28]. dnst cpas-
HEHMsI T€OMETPUUYECKHX XapaKTEPUCTHUK Oa30BBIX cede-
Hui 3a sTanoHHble (100-mpoIeHTHBIE) 3HAUSHUS] IPUHS-
TBI TIAPAMETPbI MPSMOYTOJIBHBIX MPOQUIIEH, a Hayab-
HBIMU U IIOCTOSIHHBIMH BEJIMYMHAMU TIPU 3TOM SIBILIOT-
Csl TUIOIIA/Ib CEYEeHHs] M TOJIIMHA JIMCTOBBIX 3arOTOBOK
(utpuncoB): A =const u ¢ =const (cM. TabnHUILy).
Kax BUIHO, B MpECTAaBICHHOM PsTy THYTO3aMKHYTBIX
npoduieil HanOOIBIINMHI 3HAYEHHSIMHA OCEBBIX MOMEH-
TOB MHEPLUN CEYEHHUS BBIIETIAIOTCS IATUYTOIBHbBIE MO-
JTU(HKALIH, YTO BIIOJIHE COOTBETCTBYET UTOTaM OIITH-
MH3AIMOHHBIX PacyeTOB MATUTPaHHBIX TpYO [29; 30].

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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Puc. 5. Cxembl 6a30BbIX NATHYTOIbHBIX (4, ), TPEYTOJbHBIX (6, 2) H TPANCIUEBUIHBIX (0, €) THYTO3aMKHYTBIX IIPOuJIei,
ONTHMHU3UPOBAHHBIX N0 KPUTEPHIO PABHOYCTOHYHBOCTH
[Figure 5. Schemes of basic pentagonal (a, 6), triangular (s, 2) and trapezoidal (9, ¢) curved closed profiles, optimized by equal stability test]

Tabnuya
PacuerHble mapameTpsl 6a30BbIX CeYeHHI THYTO3aMKHYTBIX NpoduJiei
[Table. Estimated parameters of basic sections of closed-loop profiles]
I'nyTo3aMKHyTBHIE U; _H
npoduau (I'31I1)
[Curved closed profiles]
H. A/t 0,250000 0,276528 0,271621 0,270485 0,251298 0,251802 0,237451
’ 100 % 110,6 % 108,6 % 108,2 % 100,5 % 100,7 % 95,0 %
U. A/t 0,250000 0,316035 0,289569 0,324582 0,315341 0,308420 0,314050
— i 100 % 126,4 % 115,8 % 129,8 % 126,1 % 123,4 % 125,6 %
g2 V. Alt 0,083333 0,092167 0,126837 0,108194 0,160267 0,148995 0,167101
5.2 ? 100 % 110,6 % 152,2 % 129,8 % 192,3 % 178,8 % 200,5 %
§ % A/t 0,083333 0,090259 0,090993 0,089217 0,075486 0,078351 0,066289
= & Yoo 100 % 108,3 % 109,2 % 107,1 % 90,6 % 94,02 % 79,55
£ % I =1 A3/ 0,005207 0,007674 0,006938 0,006877 0,005630 0,005844 0,005324
E £ i v’ 100 % 147,4 % 133,2 % 132,1 % 108,1 % 112,2 % 102,2 %
ks W 42/t 0,062410 0,056407 0,076377 0,078128 0,074592 0,075190 0,080650
g2 ,max? 100 % 90,4 % 122,4 % 125,2 % 119,5 % 120,5 % 129,2 %
% § W A%t 0,031250 0,027910 0,038478 0,038453 0,032026 0,033965 0,031235
“S5 tmin 2 100 % 89,3 % 123,1 % 123,0 % 102,5 % 108,7 % 99,96 %
- WA/t 0,041666 0,030768 0,047832 0,042391 0,035710 0,038031 0,033912
v? 100 % 73,9 % 114,8 % 101,7 % 85,7 % 91,3 % 81,4 %
i =i At 0,072162 0,087603 0,083293 0,082928 0,075037 0,076514 0,073023
oy 100 % 121,4 % 115,4 % 114,9 % 104,0 % 106,0 % 101,2 %

IIpumeuanue. 4ut—IUomans CEYeHNs U TOJILIIHA IITPUIICA (JINCTOBOH 3arOTOBKH) COOTBETCTBEHHO, 4 = const U ¢ = const.
[Notice. 4and ¢- the cross-sectional area and the thickness of the strip (sheet blank) respectively, 4 = const and ¢ = const.]
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3akiouyenne

Tlony4yeHHble pe3ysibTaThl CPAaBHEHUN MOITBEP-
JKIAKOT MEPCHCKTUBHOCTD, PAMOHAIBHOCTE U (P QEK-
TUBHOCTh MIPUMEHEHHUSI B HECYIINX KOHCTPYKIHIX
MpeIaracMbIX THYTO3aMKHYTHIX Mpoduiiel kKak 0e3
3yOuaThIX KpeIUICHHWH, Tak ¥ ¢ HUMU. B mocienHem
ciydae ocnalleHue PacyeTHOrO CEUEHUS HETTO H3-3a
3y0uaThIX MPOJOJIBHBIX KPOMOK TOMIMHOMN ¢ = 2,0 MM

UX IITPUIICOB (JIMCTOBBIX 3aTrOTOBOK MITH (POPMYEMBIX

A/ A4=16,0/16,2=0,9524.

21.]'[51 COIIOCTABJICHUA MOXKHO OTMCTUTH, YTO 0003Ha-
YEeHHOE OcablieHHe 3aMEeTHO MEHbIIE aHAIOTHYHOTO
OCJTa0JICHHS OT METPUIECKON PEe3hOBI:

D,/ D=(1,567...1,729) / 2,0=10,7835...0,8645,

HOJ'IOC) COCTaBHIIO

rane D — napyxHbiii tuametp pe3sos; D = 2,0 mvm;
D, — uytpennnii auametp pes3sbsr; D, =1,567 mm

npu mare pe3sosl 0,4 mm; D, =1,729 mm npu mare
pe3sbnr 0,25 MM’

Ecnu B MeTpuieckoii pe3n0e «IHITHUI MeTall
B BUJIC OMMIOK U CTPY>KEK TLIATEIBHO YTUIU3UPYIOT
B Ka4eCTBE BTOPUYHOT'O CHIPHS (METAILTHUECKOTO JIOMa),
TO B HOBOM TE€XHHYECKOM pPEIIEHUH, MUHUMH3UPYS
OTXOJIbl METaNjIa U YMEHbINas JOTOJHUTENbHEIE 3a-
TpaThbl, OJHUM 3UT3aroo0pa3HBIM Pe30M MOXKHO IIO-
Jy4YUTh 3yOuaThle NMPOJOJIbHBIE KPOMKHU Cpa3y ABYX
JIMCTOBBIX 3arOTOBOK JAJISI THYTO3aMKHYTBHIX MPOQH-
neit. IIpu 3ToOM yHHMBEpPCATBbHOCTh UX TEXHHYECKOIO
pelIeHus B cirydae He0OX0INMOCTH TIO3BOJISIET, UMES
ONTHMHU3UPOBAHHOE TIO KPUTEPHIO PABHOYCTONUNBO-
CTH CEUeHHE W OTTAJKUBAsCh OT HEro Kak oT 0a30BO-
0, 10 3aJaHHBIM TIPOEKTOM ITapaMeTpam MoI0upaTh
MPOU3BOJAHBIE CeUeHHUs 3a OAWH-IBa mara. llpex-
CTaBJIFETCS, YTO B AaJbHEMIIEM aHAJOTHYHO U CO-
3By4HO THyTOCBapHbIM npodwmrsim ['CI1 npennarae-
MbI€ THYTO3aMKHYTBIE TPO(HIN MOXHO COKpalleH-
HO MapkupoBaTh [ 3I1.
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Abstract. Relevance. A new technical solution of bent-closed profiles relating to light steel thin-walled structures (LSTS),
which have high technical and economic indicators and are widely used in industrial and civil construction, is presented.

Aim of the research. The characteristics of thin-walled structures can be further enhanced by shaping the modification
of profiles, combining in its composition the outlines of closed and open outlines.

Methods. By means of developmental studies and optimization and design calculations for bent-closed profiles, their
new technical solution was developed, the originality of which was confirmed by patent examination.

Results. New curved closed profiles (CCP) consist of a tubular part of a single thickness and a double-thickness rib.
For their manufacture without welded, bolted or riveted joints, the sheet blank is made along the entire length with serrated
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longitudinal edges, the teeth of which are arranged relative to each other in a staggered manner and mutually bent in grooves
between themselves after the curved profile is closed along its edge. The bends of the gear fasteners increase the thickness
of the collapse and provide an increase in the shear strength of the joints of thin-walled elements. With equal dimensions in
height and width of the CCP, they are optimized by the criterion of uniform stability, which is the same from the plane and
in the plane of the supporting structure. Additionally, a series of pentagonal, triangular and trapezoidal profiles are presen-
ted, in which the lateral faces are inclined relative to the vertical at angles of 45 and 60 degrees.

Keywords: core constructions, thin-walled constructions, curved closed profiles, gear fastenings, section optimization,

equability, calculation of optimal parameters
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AHanu3 HAAC/KHOCTH MaTeEpHaJja reopemeTKkmu
CO Cﬂy‘laﬁHLIMH HeJIMHEeMHbIMH BASKOYIIPYITHMH XapaKTEePUCTUKAMMU

A.U. MapacanoB

Poccwiickuii yauBepcuret Tpancnopra (MUNT)
Poccuiickaa @eodepayus, 127994, Mocksa, yr. Obpasyosa, 0. 9, cmp. 9

(nocmynuna 6 pedaxyuio: 19 nHos6ps 2018 r.; dopabomana: 17 nexabps 2018 r.; npunama x nyoauxayuu: 15 ssaBapst 2019 r.)

Brenenne. B crathe uccienyercs: MOBEJCHME BO BPEMEHH MaTepHalia TeOPCIICTKU TPU PACTSDKECHHH, 0071a1ar0Iero
CIIy4alHbIMU HEJIMHEHHBIMU BA3KOYIPYIMMH CBOMCTBaMHU. XapaKTEPUCTUKU BS3KOYNPYTOCTH IIPEJICTABICHBl B BUJIE IayC-
COBCKOI'O CHy‘IaﬁHOFO BeKTOpa, KOMIIOHCHTbI KOTOpOFO le/IHﬂTl)l Ha OCHOBC 3KCHepI/lMeHTaHbelX JAaHHBbIX.

Leap — u3yueHne BIUSHHAS Pa3IMIHBIX (aKTOPOB (YPOBECHB JCHCTBYIOIINX HANPSHKCHUM, 3aMEHA ITOCTOSTHHOW HATpy3-
KM Ha CIyYalHY0, KOJUYECTBO UMHTHUPYEMBIX pPealn3aluil CIy4aiHOro MmpoIlecca OTHOCUTEIBHOH IedopMalni, H3MeHe-
HHUE JIOIMYCKaeMOro YPOBHS OTHOCHUTEIBHOH AedopMaiii) Ha obecriedeHre TpeOyeMoro cpoka CiryObI IpH 3aJaHHOM YPOBHE
HagexHOCTH. [loa HaIeKHOCTHIO TOHUMAETCSl BEPOIATHOCTh 0€30TKa3HO# pabothl. Ilog oTkazoM moapa3zymeBaeTcs mepBoe
MIPEBEIIICHIE CITyYaifHON OTHOCHUTENBHOU MedopManneil HEeKOTOPOro 3aflaHHOTO YPOBHs. B KauecTBe Mmocie Hero mpuHsITa
BEJIMYMHA OTHOCUTENFHOU AeopMaIliy, OTBEYAIOIIast yCIOBHOMY TIPENENTy TEKy4eCTH MaTepralia TeOPEIIETKH.

Mertoabl. Icnonb30BaHbl H3BECTHBIE AITOPUTMBI YUCIEHHOIO MOAEIMPOBAHUS PeaIM3aliii TayCCOBCKOTO CIy4yalHOTO
BEKTOpa C 3aJaHHON KOPPEIIIUOHHON MaTPUIIEH, XapaKTepU3yIOIIETO CIy4JaifHbIe BA3KOYIPYTHe CBOMCTBAa MaTepHraia (Me-
TOJI TMHEHHOTO MPeoOpa30BaHus), U TAYCCOBCKUX CITyYaiHBIX YHCEIL.

PesyabTaThl. [Toka3aHo, 4TO OTHOCHUTENIbHAS MPOAOJIBbHAS Ae(OpMAalUs MaTepralia TCOPEUICTKH SBJISETCS rayCCOB-
CKUM HeCTaHI/lOHaprlM Cﬂy‘iaﬁHblM HpOLIeCCOM, IJI1 CTOXAaCTUYECKOI0O aHajin3a KOTOpOFO MOX>XKHO OI’paHl/l‘ll/ITI)CH YUCJICH-
HbIM MozenupoBanueM 10 000 peanuzauuii. [TodyyeHbl 3aBUCUMOCTH OT BPEMEHHU OLEHOK MAaTeMaTUYeCKOro OKUIAHUS U
CPEIHEKBAIPATUICCKOTO OTKIOHEHUS CITy9aifHOW OTHOCHTENBHOW JedopMalnu, a TaKkKe QYHKIUS BEpOATHOCTH Oe30TKa3-
HOH paOoTHI.

BsiBoabl. BrLsiBiIeHO, YTO OLIEHKA JOJITOBEYHOCTH, IMOJTydacMas Ha OCHOBE PEIICHUS B JETEPMHHHPOBAHHOHN MOCTa-
HOBKE 3a/1a4H, OKa3bIBACTCS 3aBBIIICHHOW IO CPAaBHEHHUIO C PEUICHHEM B BEPOSTHOCTHOW ITOCTAHOBKE, €CIIA BBIIBUTACTCS
ycioBre 00eCcTieueHHs 3aJaHHOTO CPOKA CITYXKOBI C OIIPEIeIEHHBIM YPOBHEM HA/ICKHOCTH.

KuroueBble ci10Ba: reopeiiierka, rayCCOBCKHI ClTydaiiHbIi BEKTOP, JOJITOBEYHOCTh, MATEMATUUECKOE OXKUIIAHKE, CPEIHE-
KBaJpaTHIeCKOe OTKIIOHEHHE, BEPOSATHOCTh 0€30TKa3HOH pabOThI

BBenenue

W3BecTHO, YTO reopenieTKH MIHPOKO MPUMEHSIOT-
Ci B TPAHCIIOPTHOM CTPOUTEILCTBC, a UMCHHO IIpH
COOPYKCHUU OCHOBAHUU JIJIS a3POJAPOMOB, CaMOJIET-
HBIX aHrapoB, BEPTOJETHBIX IUIOIIA0K, apMUPOBaA-
HUH KOHCTPYKTUBHBIX JOPOXHBIX OJCXK] aBTOJIOPOT,
YKPEIUICHUH MOBEPXHOCTEH OTKOCOB 3EMIISTHOTO IIO-
JIOTHA aBTO- U JKENE3HBIX TOPOT U T.1. OTHOBPEMEHHO
BO3HHUKaeT mpobiema obecriedueHus: 0€30TKa3HOM pa-
0OTBI TEOPEIICTOK B TEUCHHE 33/IaHHOTO CPOKA CITYK-
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Obl. B pazimuHbIX METOIMYECKUX NOKYMEHTaX, HaIlpH-
Mep B [1], oTMeuaeTcsl, 4TO 3aJaHHBI CPOK CITYKOBI
JIOJDKEH OBITH OOECTIeUeH C YPOBHEM HAIICKHOCTH HE
amxe 0,95. OTMeTuM, 9TO MPOJOIKUTEIHHOCTH CPO-
Ka CJIy>KOBbI T€OpEIIETOK 3aBUCHT OT MX Ha3HAYCHHS.
Tak, cpok CITy>KOBbI T€OpEIIETOK, UCTIONB3YEMBIX IS
YCHJICHHSI OTKOCOB HACHINEH 3eMJISTHOTO TIOJIOTHA JKe-
JIE3HBIX W aBTOJIOPOT MOXKET OBITh OTPAaHUYEH BpeMe-
HeM 00pa30BaHUs JIEPHOBOTO CJIOS Ha ITOBEPXHOCTH
oTKoca (TIpUMEPHO 2 MeCsIIa), TIOBHIIIAOIIETO YCTOM-
YHBOCTh OTKOCA K Pa3MbIBaM.

3amMeTHM TaKKe, YTO JOCTOBEPHBIN MIPOrHO3 MPO-
JOJDKUTENFHOCTH CPOKa CITyKOBI TEOPEIIETOK, T.€. UX
JOJITOBEYHOCTH, MOXKET OBITh J]aH TOJIBKO Ha OCHOBE
JUTUTEIbHBIX UCIBITAHUN, TO3BOJISIONIUX BEISBUTH
BSI3KOYIIPYTHE CBOMCTBA MaTepHraa.

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



MapacaHos A./. CtpouTensHas MexaHuka MHXEHEepHbIX KOHCTPYKLWI u coopyxerni. 2019. T. 15. Ne 1. C. 44-50

OKCNEepUMEHTATBHBIM HCCIIEA0BaHUSAM BA3ZKOYIIPY-
TUX CBOICTB MaTepHaia reopeleToK NOCBIICHBI pa-
00THI [2-6].

B [2] npuBoasaTcs pe3yabTaThl CTATUCTHYECKOTO
aHaJI3a XapaKTEePUCTHK BI3KOYNPYTrOCTH MaTepuaa
TEOPEIIETOK Pa3INYHBIX TUIOB IpPU PACTSKEHHU.
IToxazano, yTo M3y4yaeMblii MaTepHrai 00J1aiaeT CBOM-
CTBOM HEJTMHEHHOH MOJI3y4ecTH, IPUYEM XapaKTepu-
CTHKHU BSI3KOYNPYTOCTH MMEIOT 3HAYMTEIbHBIN CTaTH-
CTHYECKUit pa3opoc.

B [3] uccnenyrorcst BA3KOYIIpyTue CBONCTBA Ieo-
MOJIOTEHEL U TEOPELIETOK Pa3NuYHON CTPYKTYpHI B
PEeKUMaX MOJI3y4ecTH U pesakcanuu. OTMeueHo, 4To
T€OCHHTETHYECKHE MaTepHalibl 00JIaIal0T CyIIECTBEH-
HBIM Pa3IUYUEM B UX BA3KOYIIPYTHX CBOWCTBAX.

B [4] Ha ocHOBE KpaTKOCPOYHBIX HCITBITAHHUI
Ha TOJ3yYeCcTh T€0CETOK U3 MoNMd(Upa U reopelie-
TOK U3 HOJUIPOIHUIIEHA NMPHU MOBBIIIEHHBIX TEMIIe-
paTypax c IMOMOIIbI0 METOAa TeMIepaTypHO-Bpe-
MEHHOH aHaJOTMM JAeTCs IPOrHO3 MX MOBEACHUS B
teuenue 30 mer skcmyaranuu. [lonuepkuBaercs,
4T0 00pasusl U3 Noaud(upa MeHee MOABEPKEHBI
MOJI3Y4YEeCTH 110 CPAaBHEHUIO ¢ 00pas3naMu U3 MO0JIu-
MpOIHUJIEHA.

B [5] paccmaTpuBaeTcsi ”3BMEHEHHE MTOKa3aTenei
MPOYHOCTH T€OCUHTETHYECKUX MaTEepUAJIOB C TEUEHHU-
€M BpEMEHHM ITyTeM CpaBHEHMs yKa3aHHBIX MapamMeT-
POB Uil MaTrepuana, ObIBILETO UIMTEIFHOE BpeMs B
9KCIUIyaTalyy, ¢ MPOYHOCTHBIMH XapaKTEPUCTUKAMU
00pa3LoB HOBOTO aHAJIOIM4YHOro Mmarepuana. Ilomy-
YeHHas Ha OCHOBE YKa3aHHBIX ONBITOB 3aBHCHMOCTb
MPOYHOCTH OT BPEMEHH CPAaBHUBAETCS C TEOpPETUYe-
CKUMH TIOAXOJIAMH, 3JI0’KEHHBIMHU B €BPOIIEHCKUE HOP-
MBI TPOEKTHPOBAHUS APMOTPYHTOBBIX KOHCTPYKIIHHA
(EBGEO).

B [6] cpaBHUBaIOTCS pe3yabTaThl JIUTEIbHBIX
WCTBITAaHUH T€OPEIIeTOK U3 HETKaHOTO IOJIUIPOIH-
JIeHa, pa3MeEIIEHHbIX B MACCUBE IUIOTHOTO MECKa, C JIa-
OOpaTOpHBIMH ONBITAMH, a TAKXKE Pe3yIbTaTaMu, HO-
Jy4eHHBIMH APYTMMHU HccienoBarensiMu. s aHa-
JIU3a pe3yJbTaTOB HATYypPHBIX UCTIBITAHUM MpeasioxKe-
Ha aHAJIUTHYECKast MOJEIb.

HccnenoBanuio noBeseHMsI BO BpeMEHH Ha OCHO-
BE METO0/Ia KOHEYHBIX 3JIEMEHTOB T'€OPEIIETOK C yue-
TOM HEJIMHEWHOW NOJI3YYECTH NPU UX B3aUMOJCUCTBUU
C MacCHBOM TPYHTA ITOCBSAIIEHEI paboTsI [ 7-9].

B [7] nmpencTaBieHs! pe3yIbTaThl pacdeTa HECKOb-
KUX S4Y€eK TeOpPELIeTKH NMPH UX aHKEPHOM KpPEIUICHUH
B TEJIO OTKOCA HACHIIIH.

B [8] mpoBoauTCS MMUTHPOBAHKE TTOBEICHUS BO
BPEMEHHM MaccHBa IE€CKa, YCHJIEHHOTO MOJUMEPHON
reopeLeTKOM.

B [9] BBITTOIHEHO WCCIEIOBAHNUE BIHSIHUS ITOJI-
3y4eCTH T€OCHHTETHYECKOTO YCUJIEHHUS Ha CIBUTOBBIC

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

nedopMany OCHOBaHMM HACHITIel, YKPEIUIEHHBIX KO-
JIOHHAMH.

Crnenyer OTMETUTH, YTO B BBIICIEPEUNCIICHHBIX
TpyJax 3ajada pelajach B ACTEPMUHUCTUUYECKOU
noctaHoBke. OJHAKO XapaKTEPUCTUKU BSI3KOYIIPYToO-
CTH T€OCHHTETHUKOB, KaK OTMEYAJIOCh paHEe, UMEIOT
CYIIIECTBEHHBIH CTaTHCTHYECKUH pa30poc, Mo3TOMY Ta-
KUe 3a7a4 11eecoo0pa3Ho pelaTb B BEPOSTHOCTHON
ITOCTaHOBKE.

Hean

Lenpro maHHOM paOOTHI ABISAETCS UCCIEAOBAaHUE
BIIMSIHHASL Pa3IMIHBIX (PAKTOPOB (YPOBEHb NEHCTBYIO-
X HaIpsKEHUM, 3aMeHa MOCTOSHHOW Harpy3KH Ha
CIIy4aliHy0, KOJIMYECTBO UIMHTUPYEMBIX pealn3aliiuii
CIIy4aifHOTO TIpollecca OTHOCUTENBHOH IedopMariim)
Ha oOecrieueHne TpeOyeMoro cpoka CiIykObl MaTte-
puana reopeleTKd IpHu 3aJaHHOM YPOBHE HaIeK-
HocTH. Ilog HameXHOCTHIO TMOHHMMAETCS BEPOST-
HOCTh 0€30TKa3HO¥ pa®oThl, IPUYEM OTKAa30M CUH-
TaeTcsl MepBOE MPEBBIIICHUE CIyYaHHOW OTHOCHUTEIb-
HOHM nedopMarueii HeKOTOpOro 3aAaHHOTO YPOBHS.
B kadectBe mocienHero MpUHATA BEIWYHWHA OTHO-
CUTENBHOU AedopMalyu, oTBeYaromas yCIOBHOMY
npenelly TeKy4ecTH Marepuaia I'eOpelieTKH, paB-
Hasl, COTJIACHO HCCIIEIOBAaHUSM, MPEICTaBICHHBIM
B [2], 0,05.

Metoabl

B [2] nna maTepuana reopemetku I'eomat C-60
ObLIa TIPUHATA CIEAYIONIasi 3aBUCUMOCTh OTHOCH-
TENLHOW MPOJIONBHOM AedopMaluy € OT BPEMEHH £

s(t):%+ccktﬁ’. (1)

Cormacuo [2], k = 2,175, a xoapdurnuenTs! E,
InP, ¢ ABASAIOTCS KOMIIOHEHTaMH TayCCOBCKOTO CITy-
vaitnoro Bektopa 0 = (E,Inf,c)’ ¢ xapakrepucru-
kamu: <E> = 264 Mlla; Sg = 45,7 MIla; <In> =
—1,14; Sip= 0,13; <c> = 0,00043 (MITa) * x (cyTxu) ;
S. = 0,00013 (MITa)* x (cyrkm)®; rz. = —0,04;
re mp = 0,44; re mp = —0,48. 31ech yrioBeIMH CKOO-
KaMHu 0003HAYEHBI OIEHKU CPETHET0 3HAYCHUS CIIy-
YallHOM BETUYMHBI, CHMBOJIOM S — OLIEHKH CpeaHe-
KBaIPaTHYECKOTO OTKJIIOHEHHS, CHMBOJIOM » — OIIEH-
Kk ko3(pduimenTa KOppesiuud MEXIy COOTBETCTBY-
FOIIMMH CITyYaiHBIMH BETHYHHAMHU.

Peanuzanuu rayccoBCcKoro ciiydalHOro BEKTOpa

0 c 3amaHHON KOPPEISIMMOHHOM MaTpULIE MOXKHO
YUCJIEHHO MOJEIUPOBATH C MOMOUIIBI0 METONA JIH-
HeliHOTO TIpeoOpaszoBanwms [10].
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CornacHo yka3aHHOMY METOJy MPOLEHTPUPYEM U
MIPOHOPMUPYEM CilydailHblld BekTop O . IToryueHHBbIN

TakuM 00pa3oM BeKTop 06o3HauuM 0 = (at;,0.,,0,;)" .

Jluist 0L CTIpaBeJIuBO COOTHOIICHHE

o =Hy. (2)

3nec 7= (Y,,Y,5Y;) — BEKTOp, KOOD/MHATHI

KOTOPOTO SIBJISIOTCS HE3aBUCHMBIMH T'ayCCOBCKHUMHU
ciaydaiiHeiMH duciaamu ¢ mapamerpamu (0,1); H —
Matpuna 3-ro nopsaka. [IpuHsSB ee B TpeyrosibHOM
BUJIE, HAWIEM

o, =h,y,

0, = hy Y, Thy,Y, 3)

a3 = h31y1 + h3pyo + 3373

Koaddumuentst h[j OTIPEIEIISIOTCS. U3 COOTHO-
HICHUS

ty =<0,0,>.

“4)

Peanmuzanuro cnywyailHoro Bexkropa 6 mnoiaydum
Ha OCHOBE pealln3alii BEKTOpa O, MPOBEIsA HEO0O-
XOZMMbIe IPe0Opa30BaHUs C €r0 KOMIIOHEHTAMHU:

E= SEO'1+ <E>
B= exp(SlnBa2+ <Inp>) ®)

c=Sa,+<c>.

Pe3yabTatnl

B tabmnuie peacTaBieHbl CTATUCTHICCKAE XapaK-

TEPUCTUKH CITy4allHOTO BEKTOpa 0, HaliIeHHBIE YHnC-
JICHHO Ha OCHOBE PA3JINYHOTO YHCJa peaju3aiuii.
OHHM COMOCTaBIIAIOTCS] C AHAIOTUYHBIMU XapaKTepu-
CTHKaMH, OIPEIENeHHbIMH MO0 KCHEPUMEHTATIBHBIM
JaHHBIM, YKa3aHHBIM BbIEe. MOXXHO 3aMETUTbh, YTO
[P YBEIMUYCHUN KOJMYECTBA PEaln3alliil mapamer-
pPBl UMHTHPYEMOTO CIIy4aifHOrO BEKTOpa MpHOIMKa-
FOTCS K 33/1aHHBIM 3HAaUEHMSIM.

Hccnenyem moBeneHne BO BPEMEHH MaTepHaia
TEOPEIeTKH MPH PaCTSHKEHUH C YUETOM ero Cirydai-
HBIX CBOMCTB.

Ha puc. 1-3 mpencraBnensl rpaguku HyHKIHI
MaTEeMaTHYECKOTO OKUAAHUS M CpelHEKBagpaTHie-
CKOT'O OTKJIOHEHHMS CITy4aifHOro Mmpoliecca OTHOCH-
TEJILHON MPOJOJBHON Aedopmanuu MaTepuaia reo-
peIIeTKH, a Takke (QYHKIIHHA BEPOSITHOCTH ero 0e3-
OTKa3HOW paboTHI, MOJy4YeHHBbIE MPHU Pa3TUIHOM
yHclie MOAETUPYEMBIX peanu3anuii, a umeHHo 1000,
5000, 10 000, anga ypoBHSA HampsDKEHHM, COCTaBIIA-
rorero 35 % oT pa3pyIIarmero.

Kak BuaHO M3 mpeacTaBI€HHBIX pe3yJIbTAaTOB,
COOTBETCTBYIOIINE KPUBBIE, IIOJyYCHHbIE HA OCHOBE
cratuctudeckoro aHanuza 1000, 5000 u 10 000 pea-
JIU3alUd, TPAKTUYECKHA COBMAIALOT.

Takum 00pa3zoM, AJs aHaNHM3a MOBEICHUS BO Bpe-
MEHHU MaTepHajia [eOpelIeTKH MO>KHO OTPaHUYUTHCS
mozaenupoBanueM 10 000 peamm3arnuii ciIydaifHOTO
mpolecca OTHOCUTENbHOU nedopmarun. Pesynbratsl,
MIPUBEACHHBIC HIDKE, IOIYYEHBI ITyTEM CTaTUCTHUYE-
CKOTO aHajlu3a MMEHHO TAaKOI0 KOJIMYECTBA pealu-
3aLUi.

Tabnuya
CTaTHCTHYECKHE XapAKTEPHCTHKH CIy4YaifHOro BeKTOpa 0
[ Table. Statistical characteristics of a random vector é]
Yucio
peaan3anmii 5 5
[The number of <E> Se <Inp> Snp <c>x%x 10 Sex 10 FE_Inp FE ¢ Fe_Inp
implementations]
1000 265 4477 -1,14 0,13 43 13 0,45 -0,07 0,49
5000 264 45,1 -1,14 0,13 43 13 0,43 -0,05 —0,46
10 000 265 45,4 -1,14 0,13 42 13 0,42 -0,04 -0,47
Omerr 264 457 1,14 0,13 43 13 0,44 -0,04 0,48
[Experience]
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Puc. 1. DyHKuUS MATEMATHYECKOT0 O:KUTAHUS
OTHOCHTEJIbHOI JedopManuu NpH Pa3IMYHOM YHCTIe
MOJIeJINPyeMbIX peajiu3anui
[Figure 1. Function of mathematical expectation of strain
under different number of imitated realizations]

OTMeTHM HECTalMOHAPHOCTH CIyYalHOTO IpOLec-
ca oTHOCHTENbHOHN medopmarui. Kpome Toro, (yHK-
s MATEMaTHIECKOTO OKUIAHUSI OTHOCHTENIBHOHN Jie-
(opmaniK OKa3bIBaeTCS OUEHb OMU3KOHM K PEIICHHIO
JETepPMUHUPOBAHHON 3a[a4H, IOJy4aeMOMy Ha OCHO-
Be cootHomeHus (1), ecan mpuUpaBHATH B 3TOM CO-
OTHOLICHWH Cy4aiiHble BelIW4uHBI E, B, ¢ cOOTBET-
CTBYIOLIMM CPEIHUM 3HAYCHUSIM.
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Puc. 2. ®yHKUuUSA CpeAHEKBAAPATHYECKOr0 OTKIOHEHUS
OTHOCHTEJbHOI JedopManuy NPH Pa3IMYHOM YHCTe
MOJeJMpPYyeMbIX peaan3anuii
[Figure 2. Function of standard deviation of strain
under different number of imitated realizations]
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Puc. 3. ®ynkuus BepossTHOCTH 0€30TKa3HOI padoThI
NMPH Pa3TNIHOM YHCJIe MOAeTHPYEMbIX peaan3anuii
[Figure 3. Function of probability of no-failure
under different number of imitated realizations]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

Ha puc. 4-5 npusenens! rpadukn GyHKIUN Ma-
TEMaTHYECKOTO 0KMJAHHS M CPEeIHEKBaIpaTUIECKO-
r0 OTKJIOHECHHWS CITyYailHOM OTHOCHTENBbHOU Aedopma-
LMY MaTepuaia reopeleTky, NoJyueHHbIe Ipu pas-
JMYHBIX YPOBHAX PACTATUBAIOLINX HAIPsHKEHUH. 37eCh
HWDKHHE KPHUBBIE COOTBETCTBYIOT HAIPSDKEHHSAM, PaB-
HBIM 25 % OT pa3pyIIaroero HanpsHKeHus, CpeJHIe
kpuBsle — 30 %, BepxHue — 35 %.

U3 puc. 4 cnenyer, 4To 11 AETEPMUHUPOBAHHON
3a7a4yM MU YPOBHSX HampspkeHui, paBHbIX 35 1 30 %
0T pa3pyIlIaouIero, A0JIrOBEYHOCTh MaTepuana reo-
pelieTku cocTaBisieT 6 U 22 CyTOK COOTBETCTBEHHO,
IIpH ypOBHE HampspKeHwWH 25 % OT pa3pymaromiero
JOJTOBEYHOCTD MPEBBIIIAET 3aJaHHBIA CPOK CITY>KOBI.
[lo mOMTOBEYHOCTHIO B JAHHOM CITy4ae MOHUMAETCS
BpeMs, IPOXOAAIIEE 10 MOMEHTA MIPEBBIIIEHHUS OTHO-
CHUTEJIBHOM feopMalireii 10mycKaeMo BEIMYHHBIL.
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Puc. 4. ®yHKIUA MATeMATHY€CKOTO0 0:KHIAHUS
OTHOCHTEJIbHOH JeopManuu MPH Pa3TNIHBIX YPOBHIX
PACTATHBAIOLINX HANIPSKEHU I
[Figure 4. Function of mathematical expectation of strain
under different values of tension stresses]
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Puc. 5. ®yHknusi cpeIHeKBaAPATHYECKOT0 OTKIOHEHHUS
OTHOCHTeJIbHOH e opManuy NPH Pa3THYHBIX YPOBHAX
PaCTATHBAIOIIMX HANPSIKEHUI
[Figure 5. Function of standard deviation of strain
under different values of tension stresses]

Ha puc. 6 npencraBnensl rpaduku QyHKIUU Be-
pOSITHOCTH 0E€30TKa3HOW pabOTHl MaTepHaja Teope-
MICTKH, MOJYUYCHHBIC ITPU PA3JIMYHBIX YPOBHAX pac-
TATUBAIOIINX HAMpPsOHKeHUH. HIDKHIS CIITONIHAS KpH-
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Basg COOTBETCTBYET HAIPSKEHUSM, paBHBIM 35 % OT
Pa3pyLLIAOLIEro HANPSDKEHUsI, CPEAHSISI CIUIOLIHAS KPU-
Bast — 30 %, BepxHss npamas — 25 %.

IIpu ypoBHe HanpsxeHul, paBHOM 25 % oT pas-
PYLIAOLIETO, B TEUCHUE 3alaHHOTO HHTEepBaJa Bpe-
MEHH OTKa3a HE IIPOUCXOIUT, T.€. YPOBEHb HAJEK-
HocTu coctaBiser 1. [lpu ypoBHsIx HampsokeHuit 30
1 35 % oT pa3pylIaromero Cpok ciyxObl MaTepuana
reopelIeTKy npu ypoBHe HaaexHoctu 0,95 cocras-
nsgeT 6 U 1 CyTKM COOTBETCTBEHHO, YTO CYIIECTBEH-
HO HIDKE OLIEHOK J0JTOBEYHOCTH, MOTYUYEHHBIX MPH
NeTepMUHUPOBAHHON MOCTaHOBKe 3amadnm (22 u
6 CyTOK).

IlITpuxoBas kpuBasg Ha puc. 6 COOTBETCTBYET
(YHKIIMH BEPOSATHOCTH 0€30TKa3HOW paboTHI Mare-
puana reopelleTKd IpU YPOBHE HANPSIKEHUH, paB-
HOM 35 % OT paspymiaromiero, u 6ojiee BICOKOH 0-
MyCKaeMOH BeJIMYMHE OTHOCHTENBHOH AedopManuu
(0,1). CnemoBaTensHO, ABYKPAaTHOE IMOBBIIICHHUE JI0-
myckaeMoi JedopMaiuy Npyu IPOUYNX PaBHBIX yCIIO-
BUAX NPUBOAUT K PE3KOMY IMOBBILICHUIO HAJEKHO-
CTH PacCMaTPUBAEMOMN CUCTEMBI.

Ha puc. 7 npencraBneHs! rpaduku GyHKITUH Be-
posiTHOCTH 0€30TKa3HOW paboTHl MaTepHaia reope-
LIETKH, NPUYEM IITPUXOBas KpHUBass OTBeYaeT Ieil-
CTBUIO TIOCTOSTHHOW Harpysku, paBHou 35 % ot paz-
pyLIAlOIIeH, CIUTOIIHAA KpUBasi COOTBETCTBYET JIeH-
CTBUIO HAIPY3KU B BUJE IayCCOBOM CIy4aliHOU Be-
JMYUHBI C MaTEeMaTHYECKUM OXXHMIAHUEM, PaBHBIM
35 %, 1 cpenHEKBaaPATUIECKIM OTKIOHEHUEM, PaB-
HBIM 3,5 % OT paspyiaromeil Harpy3Ku.
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Puc. 6. DyHkuus BeposiTHOCTH 6e30TKa3HOW PadoThl
NPH Pa3IMYHbIX YPOBHAX PACTATHBAIOLINX HANIPSKeHUIH
[Figure 6. Function of probability of no-failure
under different values of tension stresses]

Ha nHauansHOM BpeMEHHOM HMHTEpBaiie (IIpUMep-
HO 5 CYTOK) BEpOSTHOCTh O€30TKa3HOW paboTHI dire-
MEHTa T€OPEUIETKH C MOCTOSSHHOW Harpy3koul He-
CKOJIBKO BBIIIE aHAJIOTUYHOTO (paKTopa dJIEMEeHTa CO
ciydaiiHoil Harpy3koi. C TedeHHneM BpeMeHU KapTu-
Ha MEHSETCS Ha IPOTUBOIIONIOKHYIO.
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[NoguepkHeM, 4TO MpHUBEIECHHBIE PE3YJbTaThl 10-
Jy4eHbl 711 OTAEIBHOTO 00paslla MaTepHalia reope-
meTkd. Mexay TeM B paboTe [7] mokazaHo, 9TO y4UeT
CBOICTB TpyHTa 3allOJHEHUS T€OPEIIETOK, a TAKKE CHII
TPEHUS, TIOSBISIONINXCS Ha MMOBEPXHOCTH KOHTAKTa
TpyHTAa 3allOJTHEHHSI U OTKOCA HACHIITH, TPUBOAUT K Cy-
[IECTBEHHOMY 3aMeJUICHHIO pocTa JiehopMalyii omn3y-
YecTH BO BpeMeHH. OIHAKO B MPEACTaBJIeHHOH paboTe
Ha MPOCTOM TpUMEpe MPOMILTFOCTPHPOBaHA HEOOXO M-
MOCTb Y4€Ta CIIy4aiiHOW IpUpOJIbI CBOMCTB Marepualia
1 Harpy3oK NpH PeLIeHUHN MTOA00HBIX 3a/1ay.
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Puc. 7. ®yHkuus BeposiTHOCTH 0€30TKa3HOH padoThl
NPH 1elCTBUHU NOCTOSTHHOM M CJIy4ailHOH HATPY30K
[Figure 7. Function of probability of no-failure
under constant and random loadings]

Puc. 8. I'mcrorpamma 10JIr0Be4HOCTH MAaTEPHAJIA FeOPeIeTKH
[Figure 8. Bar chart of geogrid material durability]

Cremyer OTMETHTH, YTO B paMKaxX BEpOATHOCTHO-
IO peIICHHs MOXHO MOMHUMO (YHKI[MA BEPOSTHOCTH
0€30TKa3HO! pabOThl CUCTEMBI MOTYYUTh BEPOSTHOCT-
HOE pacrpe/ieNieHHe TOJITOBEYHOCTH, KOTOpas SBIISET-
csl cydaiiHoi BenmumHOW. Ha puc. 8 mpencraBieHa
6-TH pa3psiHasi THCTOrpaMMa JIOJATOBEYHOCTH MaTepu-
aJla TEOpeIIeTKH CO CIyYalHBIMH XapaKTePUCTHKaMHU
BS3KOYIIPYTOCTH TIPH ACHCTBUH MIOCTOSIHHBIX HAIIPSKE-
HUH, paBHBIX 35 % OT pazpymatoriero. [Ipu atom cpen-
Hee 3HaYCHHE JTOJTOBEYHOCTH paBHO 13,7 CyTOK, a Ko-
a¢durmenT Bapuarnyu paseH 0,3. OueBUIHO, ITO TPH-
BEJICHHOE BEPOSTHOCTHOE PACIIPEICTICHUE JOJITOBEUHO-
CTH 3aTPYAHUTEIBHO aNMPOKCUMUPOBATH KAaKUM-JIMOO
CTaTHCTHYECKUM 3aKOHOM.
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BoiBoabI

[IpoBeneHo 4MCIEHHOE HCCIEIOBAHUE TTOBEACHUS
BO BPEMEHHU Marepuaja T'€OpelIeTKH CO CIydaiHbIMU
HEJTMHEHHBIMU BA3KOYIPYTUMH cBoricTBamu. I1okazano,
YTO pEILCHUE 3aJayd B BEPOATHOCTHOM IIOCTAHOBKE
MIPUBOJMT K CYIIIECTBEHHOMY CHIDKEHHIO OIIEHOK JI0JI-
TOBEYHOCTH 110 CPaBHEHHUIO C aHAJOTHYHOM 3a1adei,
pelaeMoi B I€TEpMUHHUPOBAHHON NOcTaHOBKE. B Be-
POSTHOCTHOM PEIICHUH YBEJINYEHHE JTOMyCKaeMOro
YPOBHSI OTHOCHTENBHOU JeopMalii IPUBOIUT K TIO-
BBIIICHUIO HAJEKHOCTH PAacCMaTpUBACMOM CHCTEMBEI,
a 3aMeHa IIOCTOSIHHOM HAarpy3Kd Ha HarpysKy B BUJE
rayCCOBCKOW CITyYaifHOHM BEIUYHHBI C MaIBIM KO3 (hu-
[IMEHTOM BapHalM{ OKa3bIBAE€T HEOAHO3HAYHOE BIIMS-
HUe Ha PyHKIWIO Oe30TKa3HOU paOOTHI.
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Abstract. Introduction. The behavior in the course of a time of geogrid material with random nonlinear viscoelastic
characteristics under tension is analysed. Parameters of viscoelasticity are represented in form of Gaussian random vector.

The components of this vector are taken from experimental data.

Aim of the research. The objective of this research is the analysis of influence of different factors (value of applied
load and the application of load in the form of random value instead of dead one, number of realizations, change of given
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level of strain) on providing of needed service life of geogrid material with given reliability level. Here reliability is inter-
preted as function of probability of non-failure. The first crossing of some given level by random strain is considered as
a failure. The strain value corresponding to yield limit of geogrid material is accepted as the given level of longitudinal strain.

Methods. The realizations of Gaussian random vector of viscoelastic parameters of material with given correlation ma-
trix were imitated by means of linear transformation method.

Results. 1t is demonstrated that longitudinal strain is Gaussian nonstationary random process which stochastic analysis
can be made on base of 10 000 realizations. The dependencies on time of mathematical expectation and standard deviation
of random longitudinal strain as well as function of probability of non-failure are found.

Conclusion. 1t is shown that durability estimation found on base of the deterministic problem solution is overestimated in
comparison with stochastic problem solution if the condition of given service life providing with some reliability level is set up.

Keywords: geogrid, Gaussian random vector, durability, mathematical expectation, standard deviation, the probability

of non-failure
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Heas uccienoBanus — MPOBEPKa ACKIIEPUMEHTANBHBIM ITyTEM MPEAaraeMoro B CTaTbe PacyeTHOTO ammapara ¥ Ha-
KOIJICHHE HOBBIX OITBITHBIX JAHHBIX O CII0KHOM COTIPOTHBIICHUH KeJIe300€TOHHBIX KOHCTPYKIHMI U3 BEICOKOIPOYHOTo OeToHa
KOJIBLIEBOT'O M KPYIJIOro NOIEPEYHbIX CEUeHUH Ha HCHbITaTesibHOM Oase FOro-3amnasiHoro rocy1apcTBEHHOTO YHUBEPCUTETA.

Mertoa ucciieq0BaHUI — SKCIIEPUMEHTATIBHO-TEOPETHUECKHI.

PesyabTatsl. [1o utoram mpojenanHoi pabOTHI MOCTPOCHBI rpadUKKA MPOTHOOB U YIIIOB MOBOPOTA, 3aBUCHMOCTEH
JedopmMariiii 6eToHa 1o MOKa3aHUsIM PO3ETOK AJIEKTPOTEH30PE3UCTOPOB 110 OTHOIICHHIO K pacueTHOMY cedeHHto 1—1. OnpeneneHbl
TNIaBHBIC AedopMay Y/UIMHCHHUS W YKOpOYEHUs OeTOHa; apMmarypa ObUla MOAoOpaHa TakMM OOpa3oM, YTO B CTaIuH,
TIPEIIIECTBYIOMIEH Pa3pyIICHIIO, OHA JOCTHTANIa TeKYJEeCTH, TTO3TOMY HAIPSHKEHHMSI B apMaType U3BECTHBL. Y CTAHOBIICHO, UTO IS
JKeJe300€TOHHBIX KOHCTPYKIMIA W3 BBICOKOIPOYHOTO OETOHA KPYIJIOTO CEUCHMs, KaK MPAaBIUIO, HAOIIOMACTCS pa3BUTHE IBYX Tpe-
IIWH, T. €. Kpyriias (opMa TOIEPEIHOTO CEYEHMS HECKOIBKO CHIDKAST KOHIICHTPAIHIO, O0YCIIOBICHHYIO CTPYKTYPOH BBICOKOIIPOY-
Horo G6eToHa. J{Jisl KOJBIIEBOTO CEUSHHUSI MMEJI0 MECTO HECKOIBKO TPEILHH, HO 0CO00 BBIIEISIETCS Ta, TI0 KOTOPOH MPOUCXOIHT pas-
pymenre. Ha cTymnensx, npeuiecTBYIONIX pa3pyIIeHHIo, 3Ta TPEIMHA HAYMHACT PEBATUPOBATH HaJl OCTATGHBIMHI U IMEET MaK-
CHMAJIGHYIO IHUPUHY pacKphITHs. Ha 0OCHOBaHMH SKCIIEpUMEHTATBHBIX MCCIIEIOBAaHIN KeJIe300€TOHHBIX KOHCTPYKIMIA U3 BBICOKO-
MPOYHOTO OETOHA KPYIJIOrO M KOJIBLIEBOTO CEYEHHIH MOTyUEHbI JOCTOBEPHBIE IAHHBIE O CII0KHOM HaIpsDKEHHO-1e(hOpMHUPOBaHHOM
COCTOSIHMM B MCCIIETYEMBIX O0JIACTSX CONPOTHBIIEHNS, TAKME KaK: 3HA4YEHHs: O0OOIEHHON HArPY3KHU TPEIMHOOOPa3oBaHus Rgyp, crc
¥ paspyIenns Ry, i, €€ YPOBEHb OTHOCHTENLHO PENENBHON HATPY3KH; PACCTOSHUE MEXITy TPEIMHAMH Ha Pa3HBIX YPOBHAX TpeE-
IIMHOOOpa30BaHus (0 MOMEHTA pa3pyILLICHHs, KaK MPaBmIIo, 00pa3yeTcs JBa-TPH yPOBHS); IIMPHHA PACKPHITHS TPEIINH Ha YPOBHE
ocH paboyeii apMaTyphbl, Ha yIaJIeHH! 2 IMaMETPOB OT OCell apMaTypbl M BIIOJIb BCErO NPOMUIS TPELIMHBI HA PA3IMYHBIX CTYCHSX
Harpy>kKeHs1, 13 KOTOPBIX CJIEAyeT, 9TO PAaCKPHITHE TPEIIMH Ha YPOBHE OCH apMaTypsl B 2—3 pasa MEHBIIIE, 10 CPAaBHEHHIO C pac-
KPBITHEM TPELIMH Ha yJaeHud 1,5-2 nmuaMeTpoB oT ocH pabouel (IIpoAOIBHO 1 MONEPEeYHOI) apMaTyphl; KOOPAMHATHI TOYEK (X;
y; z) 00pa30BaHUs MPOCTPAHCTBCHHBIX TPEIIMH; CXEMbI 3aPHCOBKH Ha IUIAHIIETaX 00Opa30BaHMS, PA3BUTHSI U PACKPHITUS TPEIIUH
KeJe300eTOHHBIX KOHCTPYKIIMI MPU KpydeHUH ¢ u3ruooM. Takum 00pa3oM, BHITOIHEHHBIC SKCIIEPUMEHTAIIBHBIC HCCIICIOBAHMS U
TIOJTYYCHHBIA Pe3yJIbTaT TPEIOCTABISIIOT BO3MOXKHOCT MPOBEPKU pa3pabaThiBACMON PAcYETHOM MOJEIM U e padOdYmX THIOTE3
OLICHKH COITPOTHBIICHHS KENe300€TOHHBIX KOHCTPYKITHI U3 BRICOKOIPOYHOTO OETOHA TIPH KPYUCHHH C U3THOOM.

KnoueBble ci10Ba: xene300eTOHHBIE KOHCTPYKIWH, BEICOKOIIPOYHBI OETOH, KPyHIeHHE C H3THO0M, Pe3yIIbTaThl SKCIIEpHMEHTa

© Tpasym B.1., Kapnieako H.1., Komayros Bn.U., Kanpuenos C.C., [lempsHoB A.U., Konopes A.B., 2018

This work is licensed under a Creative Commons Attribution 4.0 International License

OKCNEPUMEHTANBHBIE UCCNELOBAHMA 51



Travush V.I. et al. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(1), 51-61

BBenenue

Perrenne OCHOBHBIX 3aj1a4 KalUTAIBHOTO CTPO-
UTENbCTBA CBS3aHO C JATBHEUIINM Pa3BUTHEM TeX-
HUYECKOTO Mporpecca B o0acTu OeToHa W KeJe30-
OceToHa Kak HamboJiee pacIpoCTpaHECHHBIX MaTepHa-
JIOB HECYIIMX KOHCTPYKIMHA COBPEMEHHOTO CTPOH-
TEJILCTBA.

Pa3Ho0Opa3ue U yHUKaJIbHOCTh apXUTEKTYPHBIX
(bopM, Kak MPaBUJIO, BHI3BIBAET CIOKHOE COMPOTHB-
JIeHHE KeJIe300€TOHHBIX KOHCTPYKIMI — KpydeHHe C
M3ruOOM | TpeOyeT co3maHus OSTOHOB Bce Oojee
BBICOKHMX KJIaCCOB, YTO BIIEYET 3a CO0OW HEe0oOX0u-
MOCTh JKCIIEPUMEHTAIbHO-TEOPETUIECCKUX HCCIIeI0-
BaHwmii [ 1-14].

ComnpoTuBieHue kene300eTOHHBIX KOHCTPYKIUI
Ha Kpy4yeHHe ¢ U3THOOM B HacTosllce BpeMs H3y4e-
HO HEJOCTAaTOYHO TITyOOKO M MPAKTHYECKU HE H3Y-
YEHO JJIS1 BBICOKOIIPOYHBIX 0eToHOB. OO 3TOM CBH-
JeTenbCTBYET U TOT akt, uto B CIT 63.13330.2012!
OTCYTCTBYIOT KaKHe-JIN0O0 PEKOMEHIAINH TIO MPOCK-
TUPOBAHUIO KOHCTPYKIHIA MPU KPYUCHUH C U3THOOM,
a MpHBENIEHBI TOJBKO OOIINE MOJOKEHUSI UX pacue-
Ta, KOTOpbIE HE BCETJia COTJACYIOTCS C peatbHON
paboToii kene300eToHa B cTaguu 00pa3oBaHus, pas-
BUTHS TPEUIUH, & TAKXKE B MPEACIbHON CTAIUH UX
COIIPOTHBIICHUSI.

Pe3y.]'[l)TaTl)I I/Icc.T[eIIOBaHI/Iﬁ U UX aHAJIN3

Jas Toro 9TtoOBI MPOBEPUTH JAOCTOBEPHOCTH
MpeIaracMoro pacyeTHOTO arapara U yCTaHOBUTh
3aKOHOMEPHOCTH COTPOTHBIICHHUS JKEI€300€TOHHBIX
KOHCTPYKIUI TPU KPYUYSHUH C H3THOOM OBLIH TIPO-
BEJICHBI AKCIICPUMEHTAIbHbIC UCCIICAOBAHUS 10 CIIe-
[IHATBHO pa3pabOTaHHON METOTNKE.

daxTHueckoe 00pa3oBaHUE U Pa3BUTHE TPEUIHH
MPU MPOBEJCHUN HMCIBITAHUIA OMBITHBIX JKEJIe300e-
TOHHBIX KOHCTPYKIIUI KPYTJIOTO W KOJBIIEBOTO TIO-
MEPEeYHBIX CEYCHUH MPHU KPyUYEHUH C U3THOOM Tpe-
CTaBJICHBI Ha puC. 1.

KapTuHbl pa3BATHS TpemUH AN KPYTIBIX H
KOJIBLIEBBIX CEYEHUI NMpUBEICHBI HA pUC. 2 U 3.

XapakTepHOi OCOOCHHOCTHIO JKEJIe300€TOHHBIX
KOHCTPYKLUH KPYIVIOTO U KOJIBLEBOI'O CEYEHHUM SIB-

' CIT 63.13330.2012. BeroHHble U KeNE300€ TOHHBIE
KoHCTpYKuuu. OCHOBHBIE MOJOkeHHs 1. M.: MHHHCTEpPCTBO
peruoHanbHOro passutus PO, 2012. 156 c.
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JSieTCs TO, YTO MPOUCXOTUT 00pa30BaHUE HECKOJb-
KHX TPEIIWH, U3 HUX BBIIAEISIETCS Ta, KOTOpas BIO-
CJICICTBUH U SIBJISIETCS paspyluaronieid. OTa TpemyHa
Ha CTyTMEeHSIX OJM3KUX K Pa3pyLICHUIO HAYMHAET Ipe-
BIMPOBATh HAJ[ OCTATHHBIMH M MMEET MaKCHMallb-
HYIO LIMPUHY PAacKpBITH (puc. 2, 3).

&
b 4
=
3
A
2
15
=

Puc. 1. KapTuna o0pa3oBanusi 4 pa3BUTHS TPeIMH
TIPH NPOBEACHUH HCILITAHUIA Ke/1e300eTOHHBIX KOHCTPYKIU
HA Kpy4eHue ¢ u3rudom, cropona b:

a —1I-bB-KP-410 (2); 6 — IV-BB-KO-410 (2)

[Figure 1. The picture of formation and development of
cracks during testing of reinforced concrete structures
for torsion with bending, side b:

a —11-BB-KP-410 (2); 6 — IV-BB-K0-410 (2)]

OnBITHBIE HCCICIOBAHNS KaXI0H IKCIIEPUMEH-
TaNbHOM KOHCTPYKLUHU COMPOBOXKJIATIUCH BEICHUEM
J)KypHana ucnbiTanuil. IlosydeHHbIE JaHHBIE TIpUBE-
nessl B Tabmuue. ['paduku nedpopmanuii (mporudos
U YTJIOB IIOBOPOTA) MO OTHOMICHHIO K PacyeTHOMY
cedeHuto 1—1 mpuBeneHs! Ha puc. 4.

EXPERIMENTAL INVESTIGATIONS
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Puc. 2. PackpbITHE TPELIUH B IKCIIEPUMEHTAIbHOM KeJie300eTOHHOI KoHCTpYKuuu BTopoii cepuu II-bB-KP-410 (2):
6e3 ckoOOK MPHBE/ICHBI 3HAYCHHS LLIMPUHBI PACKPBITHSI TPELIHH, 3aMEPEHHbIE BJIOJIb OCH paboueil apMaTyphl,
B CKOOKAax — TO K€ Ha yJaJIeHUH JIByX JUaMETPOB OT OCH paboueil apMaTypsbl
[Figure 2. Crack opening in the experimental reinforced concrete structure of the second series I1I-6B-KP-410 (2):
without brackets — the values of crack opening width measured along the axis of the working rebar are given,
in brackets — the same at a distance of two diameters from the axis of the working rebar]
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Puc. 3. PackpbiTHe TPEIIUH B JKCIIEPUMEHTAJIbHOI kej1e300eTOHHOI KOHCTPYKIHHU YeTBepToii cepun IV-BB-KO0-410 (2):
0e3 CKOOOK MpHBE/ICHbI 3HAUSHUS LIMPUHBI PACKPBITHS TPEILMH, 3aMEPEHHbIE BIOJIb OCU paboyeil apMaTypbl,
B CKOOKAaX — TO K€ Ha yJaJleHHH 2 THaMeTPOB OT OcH paboueil apMaTypel
[Figure 3. Crack opening in the experimental reinforced concrete structure of the second series IV-BB-K0-410 (2)
without brackets — the values of crack opening width measured along the axis of the working rebar are given,
in brackets — the same at a distance of two diameters from the axis of the working rebar]
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Puc. 4. I'padpuxu yriioB noBopoTa u NporudoB ONbITHOH Kej1e300eTOHHOI KoHcTpyKkumuu IV-BB-KO-410 (2):
1 — nporu6 no uxpuKaTopy W2; 2 — nporu6 no uapukaropy M3; 3 — yron noBopora no unaukaropam 11-12; 4 — yrox mosopota o uaaukaropam U3-14
[Figure 4. Graphs of rotation angles and deflections of the experimental reinforced concrete structure:
1 — deflection on the indicator 112; 2 — deflection on the indicator 13; 3 — angle of rotation on the indicators 1-12; 4 — angle of rotation on the indicators N3-114]

Puc. 5. Cxema pa3BHTHSI TPEIIMH N0 OTHOIIEHUIO K PO3eTKAM JJ1eKTPOTEH30Pe3NCTOPOB /17151 ONBITHOI JKe1e300e TOHHOH
koHcTpykuun III-BB-KOP-410 (3) Ha craauu, npeamecTBYOIeii pa3pylIeHHIo: a — ctopona A; 6 — ctopona b
[Figure 5. Scheme of cracks’ development in relation to electrical resistor sockets for experimental reinforced concrete
structure III-bB-KOP-410 (3) at the stage preceding destruction: a —side A; 6 — side B]

TakiM 00pa3oM, BBITIOTHEHBI SKCIICPHMEHTAITHHBIC
HCCIICTIOBaHMUS HKEJIe300ETOHHBIX KOHCTPYKIMHI 3 BBI-
COKOIPOYHOTO OETOHa MpH KPYUEHHH C M3rHOOM C Lie-
JBIO0 TIPOBEPKU TPEIIaraeéMoro MeToJla pacyeTa U BbI-
SIBJICHUSI 3aKOHOMEPHOCTEH W TapaMeTPOB COMPOTHBIIC-
HUSL KEIe300€TOHHBIX KOHCTPYKIIMH MPU KPYyYCHUH C
n3ruboM, TakMX Kak KOOPIHMHATHI OOpa3oBaHUS TPO-
CTPaHCTBEHHBIX TPEUIWH, 00OOIIeHHas Harpy3Ka Tpe-
IMHOO0Pa3oBanus Rgyp crc, IMPUHA PACKPBITHS TPE-
IIMH Ha YPOBHE OCH IMPOJIOJILHOM U TIONEPEYHOM pacTsi-
HYTOM apMaTrypbl BJOJIb BCEro Mpo(uIIs TPEIIH; n3Me-

54

HEHUSI PACCTOSIHUS MEXIY TPEIIMHAMH lopc W JUTHHBI
TPEIMH Agpe O Mepe yBeMuueHHs Ae(opMAaIMOHHON
Harpysku; aedopManuii cxkatoro 6eToHa (CM. TabIHILy)
TIPH CJI0KHOM HAIpsDKEHHO-1e(OPMHUPOBAHHOM COCTO-
sHAM 1 Ap. s aHanmm3a B paboTe TpencTaBlieHbl Tpa-
¢ukn nedopmarivii, MoMyYeHHBIE MO TIOKA3aHMsIM JJIeK-
TPOTEH30METPUUYECKHX PO3ETOK (puc. 5-7).

B pe3synbraTte npoBEAEHHBIX ONBITOB MO YCTAHOB-
JICHHBIM PO3€TKaM 3JICKTPOTCH30PE3UCTOPOB TAKKE
OBLIH TOCTPOCHBI TPa(UKH «HArpy3Ka — OTHOCUTEIIb-
Has gedopmanus». [ ONBITHBIX Kene300€TOHHBIX
koHcTpykumii 1I-6B-KP-410 (2) u IV-bB-KO-410 (2)
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Takue rpaduKkyu MpUBeIeHBI HA pUC. 6 U 7 COOTBET- st 00paboTKH MOKa3aHUH SIEKTPOTEH30pe3UC-
CTBEHHO. TOPOB HCIIOIB30BATUCH (POPMYJIBI ONPEETICHHS TIIaB-
Po3eTkH 3meKTpOTEH30pE3UCTOPOB 00PAOATHIBAIHCH HBIX aedopmaruii ymnHeHus (YKOpodeHus) 6eToHa.
B COOTBETCTBHHU C (DOPMYJIOH IJIsl OTIPEACICHHUS TIIaB- [MpumenurensHo k 1I-bB-KP-410 (3), cropona b,
HBIX JeopManuii yUTHHEeHUs (YKOpOUeHus1) OeToHa. (puc. 6) moyanm:
7 aman:

€ :M+£\/((—115)—(—114))2 +((-114) = (=27))* =-10;

: 2 2
g, = —(_“5); (=27) —g\/((—l 15) = (—=114))” +((-114) = (=27))’ =-132;
2(=114) = ((~115) +(-27)) o
= =0,97, =27).
g 20 (—115)— (-27) hoe=27)

6 sman:

o -0 H(25) V2
2 2
:, = M_g\/((—%) —(=100))’ + ((—100)— (=25))> = ~110,9;
_ 2(=100) - ((=90) +(=25)) _
S

J(-90) ~ (100))" +((~100) ~ (-25))* = ~4;

tg 20 L3; (p=33").
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Puc. 6. I'padpuxu 3aBucumMocty gedopmManuii 6eToHA 0T HATPY3KH 114 sKe1e300eToHHO0i koHcTpyKuuu II-BB-KP-410 (3)
[Figure 6. The dependence of deformation of concrete load for reinforced concrete structure II-bB-KP-410 (3)]
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Puc. 7. I'paduxu 3apucumMocTH AedopManuii 6€TOHA OT HATPY3KH 1A 7Kej1e300eTOHHOIH KOHCTPYKIUU
[Figure 7. The dependence of deformation of concrete load for reinforced concrete structure IV-BB-K0-410 (2)]

[Ipumenurensho k IV-bB-KO-410 (2), cropona b, (puc. 7) momyuum:
7 aman:

£, =%+%J«—7)—(—15»2 H(-19)~(-5,9)" =4.5;

™
. D= CI9) +(C19)- (5.5 =265 ®)
2(=5,5)~ ((=7) + (~15)) o
tg 20 = =0,86; =24"). 9
g2 - (15) (¢ ) )
6 sman:
—6 - 2 5 >
q=%+§¢«—6)—(—w» H(C10) - (-3)) =15; (10)
—6 — 2 2 2
e;%—%w—é)—(—w» 10— (5) =-16; (1)
2(-10)~ ((~6) + (=5)) o
tg 20 = Z1,9; (p=44). 12
g2¢ 61 (3) (¢ ) (12)
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Takum 00pa3oM, MpPOBEIECHHBIE HKCIIEPUMEH-
TaJbHbIC HCCJIEAOBAHUS IKEIE300€TOHHBIX KOH-
CTPYKLUI U3 BBICOKOIPOUYHOro O€TOHA IpPH Kpyue-
HUM C U3rHOOM TO3BOJHIN NPOBEPUTH pa3padaThbl-
BAaEMYI0 PacueTHYI0 MoJeNb, ee pabouue mpen-
MOCBUIKM U BBIIBUTH 3aKOHOMEPHOCTH M IapaMer-
pBl COTIPOTHUBIICHHS >KeJIe300€TOHHBIX KOHCTPYK-
Ui, Takue Kak KOOpAMHATHI 00pa3oBaHUA MpO-
CTPaHCTBEHHBIX TpeLMH; 0000IIeHHass Harpys3ka
TPemUHOO00Pa3oBauus Rgypcre W paspylleHHs
Rgypy; NIMPUHA PACKPBITHSA TPEIIMH Ha YPOBHE
ocell MPOJOJIbBHOW W MONEpPEYHOH pacTIHYTOH ap-
MaTyphl Ha yJQJIEHUHU JBYX IHAMETPOB OT Ocel ap-
MaTypbl U BJIOJIb BCETO MPOQWIS TPEUIMHBI, U3Me-
HEHUsI PaCCTOSHUS MEXIy TpelIMHAMU l.,.. U UIn-
HBl TPEUINH h .. 110 Mepe YBEINYEHHS HATPY3KH;

¢ubpoBbIe rnaBHbIE NedopMalH CKATOTO OSTOHA
IIPH CJII0)KHOM HaNpPsSKEHHO-1e()OPMUPOBAHHOM CO-
CTOSTHUH (CM. TaOJIHUILY).

Taxxe ObTH onpeaesneHsbl pakTHYecKas BHICOTa
CXKATOU 30HBI Xfqcr U BBICOTA CIKATOTO OETOHA HAJ
HaKJIOHHOW TPEIMHOU X, B paboueMm ceuenun 1-1
(mpoxonsameM dYepe3 KOHEL NPOCTPAaHCTBEHHOM
TPELIMHBI); MPOrHOBl M YIJIBI MOBOPOTA; 3HAYCHHE
MPOEKIHMH MPOCTPAHCTBEHHBIX TPEIMH HA TOPU30H-
TaJb.

B utore nansble, momydeHHbIE B PE3YJIbTATE IKC-
[IEPUMEHTOB, IIPEJOCTABJIAIOT BO3MOKHOCTH IPOBE-
PHTB IOCTOBEPHOCTH PAaCUETHOTO armapara CJI0KHOTO
CONPOTHBIICHHUS KeJ1e300€TOHHBIX KOHCTPYKLUHN U3
BBICOKOIIPOYHOTO O€TOHA IIPU COBMECTHOM JI€HCTBUU
KPY4CHHS C U3THOOM.

Tabauya

JKCIepUMEHTAIbHbIEC IAPAMETPBI CONPOTHBJICHNA Ke/1e300eTOHHBIX KOHCTpYKuuii cepuii Il u IV npu kpydenun ¢ usruéom
[Table. Experimental parameters of resistance of reinforced concrete structures of series II and IV at torsion with bending]

Dakrnye-
cKkasi BbIco- | KoopauHatsl
Ta CKaToOil | oOpasoBaHus
IIpocrpancrBeHHas
. 30HBL, Xfact, | POCTPAHCTBEH-
TpeIrHA, II0 KOTOPOit .
Crynenn MPOM301ILIO0 Pa3pylLeHue MM HOU TPEIIIHEL
Unpp Rsupcre: | Roupmaxs | Pmax; narpysennsi, | [Spatial crack, which was h[A.c:lualf [Col(:rdma?e: of
Cep_ml KOHC’I:pyKIlP[I/I xkH kH xkH PP the destruction] eight o the spa_tla
[Series] [Cipher [Rsup,cres | [Rsupmaxs| [Pmaxs [Loading the com- formation
design] kN] kN] kN] stage, PiPam] pressed zone, of cracks]
> 40T ma Xtact, M|
acrc,l ) acrc,Z ’ lcrc,max,
MM MM MM Xexp, Yexps
[acrc,l [acrc,Z [lcrc,maxa MM MM
mm| mm| mm|
BB-KP-410 (2)
Cropona A 0,79 2,5 1,0 0 11,1 | 354
[Side A]
II BB-KP410 (2) 6,62 7,11 14,22 385
Cropona b 0,79 2,5 1,7 0 2744 | 473
[Side B]
0,85 0,2 0,1 —
BB-KO-410 (2) 0.90 06 03
Cropona A . : : — 2644 | -1,6
[Side A] 0,95 3,0 0,6 75
v 7,61 9,57 19,13 é’gg 3; (1)"2‘ 436 Zg
bB-KO-410(2) 0.90 06 06 10
Cropona b > > > =535 | 11,6
[Side ] 0,95 3,0 35 10
1,00 33 4,0 0

IlpuMedyaHUeE: Qccq — WMPHHA PACKPHITHS TPEIIMHEI HA YPOBHE OCH PACTAHYTON paboueit apMaTyphl, MM; (crcz — LIMPUHA
PACKPBITUS TPEIMHBI HA YPOBHE CEPEIHHBI BEICOTHI CEUEHMUS], MM; [crc max — JUIMHA NPOEKLUH NPOCTPAHCTBEHHOM TPEIHMHBI, MM; Xexp —
paccTosiHUE 10 TOPU3OHTAIH OT OLOPHOM PEaKLUK, MM; Vexp — PACCTOSIHUE I10 BEPTUKAIU OT FEOMETPUUECKONH OCH, MM

Jnsa II-6B-KP-410 (2). O6pa3oBaHue TPEIIUHBI
Tp-4, nepexomsmeit B Tpemuny Tp-3 Ha Tpanud A u
nepecekaronieit Tpemuny Tp-1 Ha BepxHel TpaHu.
Takxe oOpa3oBaack HUTEBUAHAs TpemnHa Tp-5.
IIponsomno nanpHelIee yBETUYEHUE MIMPUHBI pac-

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

KpBITHS U POCT MO BBICOTE C€YEHUs TpeuuH Tp-1,
Tp-3, Tp-4. Ha rpanu b ot tpemmunsr Tp-3 oTBeTB-
nsetcs TpeurHa Tp-2. MakcumanbHas Harpyska co-
craBuia 1700 xrc, 3aTeM Mocie BBIACPKKU Harpy3Ka
Ha nipecce ynana 10 1 000 kre.
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Jlna 1IV-BB-KO-410 (2). [lanpHeiiniee yBennde-
HUE IIHUPUHBI pacKkpbiTus Tpemud Tp-1 — Tp-4 u ux
pa3BUTHE IO BbICOTE ceueHus. TpeuuHa Tp-5 pas-
BHJIACh TI0 BBICOTE M OOpa3oBamach TpemmHa Tp-5°,
BeIXOAsAmas u3 Tp-2 mapamnensHo Tp-5. Beikon Oe-
TOHA CKaTOM 30HBI BOMM3U TpermHbl Tp-4. [Ipown3o-
IIUT0 CMEIIeHNe OJIOKOB OaqKd OTHOCHTEIHHO APYT
nIpyra Ha 5 MM (cpaboTan HarenmbHbIH ¢dekT). Mak-
cUManbHas Harpyska cocraBwia 2 000 krc, 3atem
Harpy3ka Ha npecce coctaBuia 1 500 krc.

BoiBoabI

1. Ha ocHOBaHWMM 3KCTIEpUMEHTAIBHBIX UCCIIE-
JIOBAaHUH >KEJIe300€TOHHBIX KOHCTPYKIIUH W3 BBICO-
KOIIPOYHOTO OETOHA KPYTJIOrO M KOJBIIEBOTO CEUSHUI
MOJTyYeHBI IOCTOBEPHBIE JaHHBIE O CJIOKHOM HaIIpsi-
JKEHHO-1e(OPMUPOBAHHOM COCTOSIHUM B HCCIIEAye-
MBIX 00JIaCTAX CIOXKHOTO CONPOTHBIICHHS TpHU Jeii-
CTBUU W3THOAIOIIETO U KPYTAIIETO MOMEHTOB, TaKHe
KaK: 3HaueHHsI 00OOLICHHON HArpy3kd TPEIIUHOOO-
pasoBaHus R W paspyLICHHs R ee YpOBEHb
OTHOCHUTENBHO MpeaeIbHON HArpy3KH; PacCTOsSHUE
MEXIy TpEUIMHAMH Ha Pa3HbIX YPOBHIX TPEILUHO-
o0pazoBanms (10 MOMEHTA pPa3pylICHUs, KaK TpaBH-
710, 00pasyeTcsi ABa-TPH YPOBHS); IIUPHUHA PACKPHI-
THS TPEIIWH HA YPOBHE OCH pabodyeil apMaTyphl Ha
yIaleHuu IBYX AHAMETPOB OT OCEH apMaTypbl U
BJIOJIb BCETO MPOQWIISA TPEIIUHBI Ha PAa3IIUYHBIX CTY-
MEHSIX HAarpy»XeHUs, U3 KOTOPBIX CIEIYET, YTO pac-
KpBITHE TPEIIWH Ha ypOBHE OCH apMaTypel B 2-3
pa3a MeHbIIIe, IO CPABHEHHIO C PACKPBITHEM TPEIINH

sup,u ?

Ha ypaleHuu 1,5-2 auaMeTpoB OT ocu paboueit
(IpOAOIBHON W TIOTIEPEYHON) apMaTyphl; KOOPIUHA-
bl TOYeK (x; y; z) 0OpasoBaHMs IPOCTPAHCTBEHHBIX
TPELIMH; CXeMbI 3apPUCOBKHU Ha IJIaHIIETax o0pa3o-
BaHUsl ¥ Pa3BUTHUS TPEIIUH KEIe300€TOHHBIX KOH-
CTPYKIHIA TIPH KPYUCHHUHU C H3THOOM.

2. B pe3ynbpTare MpPOBEAECHHBIX ONBITHBIX HCCIIE-
JIOBAaHUH TIOCTPOCHHI Tpaduku nedopManuii (TIporu-
00B U YIJIOB MOBOPOTA) MO OTHOIICHHIO K PACYETHO-
My cedenuio 1-1.

3. IlocTpoeHs! TpaduKy 3aBUCUMOCTH AehopMa-
Ui OETOHA MO MOKA3aHUSAM PO3ETKU JEKTPOTEH30-
pEe3UCTOPOB, U 0 popMmylie po3eTOK ONpeaelICHb
TJIaBHBIE Ie(OpMAIINH YATUHEHHS U YKOpOUeHHS Oe-
TOH2 B 30HE, PACIOJIOKEHHON B OKPECTHOCTH pac-
4eTHOTO ceueHus 1—1; apmarypa Obuia momoOpaHa
TaKuM 00pa3oM, YTO B CTaJUH, MPEINIeCTBYOIEH
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pa3pyLIeHnto, OHa JAOCTHTAaja TEKYYeCTH, IIO3TOMY
HamnpsoKeHUS B apMaType U3BECTHBL. B psne ciydaes
MIOKa3aHUs DIIEKTPOTEH30PE3UCTOPOB MPOIyOIMpoBa-
HBl MEXaHWYECKHUMHU W MUGPOBBIMH IPUOOpaMHU C
nenou aemeHuns 0,001 mm.

4. BpimonHeH aHanu3 o0pa3oBaHUA U PAa3BUTHS
TPEUIMH C MCIOJIB30BAHUEM JXypHaja HCIBITAaHUN
JKEJIe300€TOHHBIX KOHCTPYKIIUH M3 BEICOKOTIPOYHOTO
0eToHa MpH KPYUYEHUH C U3THOOM.

5. YcTaHOBJIEHO, YTO IS KeJI€300€TOHHBIX
KOHCTPYKITUH W3 BBICOKOIIPOYHOTO OETOHA KPYTIIOTO
CEYCHMSI, KaK TPaBIIIO, HAOIIOIACTCS PA3BUTHE JABYX
TPEeIH, T. €. KpyTrias ¢opMa IOMEePEedHOTO CEUSHHS
HECKOJIbKO CHIDKAET KOHIIEHTPAINIO, 00YCIIOBICHHYIO
CTPYKTYPOU BBICOKOIIPOYHOTO OETOHA.

Jtst sxene300€ TOHHBIX KOHCTPYKIIHH U3 BRICOKO-
MIPOYHOTO OETOHA KOJBIIEBOTO CEUYSHHI MMEIO MECTO
HECKOJBKO TPEIINH, U3 HUX BBIIEISICTCS Ta, MO KO-
TOpOM mpoucxoauT paspyuieHue. Ha crynensx, mpen-
HIECTBYIOIIMX Pa3pyIICHUIO, 3Ta TPEIINHA HAYWHAET
MPEBAJIMPOBATh HAJl OCTATLHBIMA U UIMEET MaKCUMAITh-
HYIO IIAPHHY PAaCKPBITHSI.

Taxum 00pa3oM, BHIITOTTHEHHBIC HCCIICIOBAHUS U
MOJTYYEHHBIN PEe3yIbTaT MPEIOCTABISIIOT BO3MOXK-
HOCTH TIPOBEPKH pa3zpabaThIiBaeéMOi pacueTHON Moje-
T OT[EHKH COTPOTHBIICHHS KeJIe300€TOHHBIX KOH-
CTPYKIIUH U3 BBICOKONPOYHOTO OETOHA NPHU JICHCTBUH
KpyYeHUS C U3THOOM.
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Main results of experimental studies of reinforced concrete structures of
high-strength concrete B100 round and circular cross sections in torsion with bending
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Abstract. Aim of the research to verify the proposed calculating apparatus and accumulate new experimental data on
the complex resistance of reinforced concrete structures, experimental studies of such structures made of high-strength
concrete of circular and circular cross-section were conducted at the testing base of the South-West State University.

Method is experimental-theoretical.

Results of experimental research the plots of the deflections and rotation angles, the dependency of deformations of
concrete according to the testimony of the outlets of electrodesorption with respect to the calculated cross section 1-1.
The main deformations of elongation and shortening of concrete were determined; the reinforcement was selected in such
a way that in the stage preceding the destruction, it reached fluidity, so the stresses in the reinforcement are known.

It is established that for reinforced concrete structures made of high-strength concrete of circular cross-section,
as a rule, there is the development of two cracks, i.e. the round shape of the cross-section slightly reduces the concentration
due to the structure of high-strength concrete. For the annular section there were several cracks, of which stands out the one
on which the destruction occurs. On the steps preceding the destruction, this crack begins to prevail over the rest and has
a maximum opening width.

On the basis of experimental studies of reinforced concrete structures made of high-strength concrete of square and box
sections, reliable data on the complex stress-strain state in the studied areas of resistance, such as: the values of the genera-
lized load of cracking Rgyp crc and destruction Rgyp, ., its level relative to the limit load; the distance between the cracks at
different levels of cracking (up to the moment of destruction, as a rule, two or three levels are formed); crack widths at
the level of the axis of the working armature, at a distance of two diameters from the axes of the armature and along
the entire crack profile at various stages of loading, from which it follows that the crack opening at the level of the axis of
reinforcement in 2-3 times less compared with the crack opening on the removal of 1.5-2 diameters of the working axis
(longitudinal and transverse) reinforcement; the coordinates of the spatial formation of cracks; schematic drawings on tab-
lets of education, development and opening of cracks of reinforced concrete constructions in torsion with bending.

Thus, the experimental studies and the result provide an opportunity to test the developed computational model and its
working hypotheses for assessing the resistance of reinforced concrete structures made of high-strength concrete in torsion
with bending.

Keywords: reinforced concrete structures, high-strength concrete, torsion with bending, experimental results
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AKTYalIbHOCTD. [IMHAMIYECKHUIA aHATHM3 CJIOKHBIX KOHCTPYKIMI MIPH MTOMOIIM YHUCICHHBIX METOOB MPHBOIHUT K pe-
MICHAIO anreOpandeckoil mpoOIeMbl COOCTBEHHBIX 3HAYEHWH W COOTBETCTBYIOIINX WM COOCTBEHHBIX BEKTOPOB BBICOKHX
TOPSAKOB. Perene 3Toi 3a1auu IS MATPHUI] BBICOKHX MOPSKOB BBITIOIHSIETCS C MCIIOIB30BAHHEM PEIYKIIMOHHBIX METO-
n0B. OnHuM U3 Hanboee 3pPEKTUBHBIX ABISETCS METO IMTOCIIEI0BATENBHOM YaCTOTHO-JMHAMHUYECKON KOH/ICHCAIIUH, 1103~
BOJISFOIINI YaCTHYHBIA yIeT THUHAMHUYECKAX CBOMCTB KOHCTPYKIIMH BO BTOPOCTEIIEHHBIX CTEMEHSIX CBOOOIBI. DTO MMO3BOJIS-
€T MOyYUTh GOoJlee TOYHBIE PE3YIIBTATHI IT0 CPABHEHHIO CO CTATHUECKON KOHIeH cauel. YacTOTHO- IMHaMHIeCcKast KOHICH-
carus TPaJUIUOHHO MCIOIB3YETCS ISl PEAYIIMPOBAHUS YACTOTHBIX YPABHEHHUH, OyUYEHHBIX HA OCHOBE METO/[a KOHEYHBIX
9JIEMEHTORB B (hOpMe MeTO/[a IepeMEIIeH I WX METO/1a CHIL.

Metoapl. ABTOpaMu pa3pabOTaH ajJrOPUTM METO/a YaCTOTHO-TUHAMHUYECKON KOHJICHCAIUH ISl YaCTOTHOTO YpaBHE-
HUS, TIOJIYYEHHOTO HAa OCHOBE METO/1a KOHEUHBIX dyieMeHTOB (MKD) B hopMe Ki1acCH4ecKoro CMEIIaHHOrO0 METO/1a, TI03BO-
JSFOLMKA MOJIYYUTh HE TOJIKO CHEKTP HM3LIMX YacTOT KoJieOaHWH, HO M COOTBETCTBYIOLIME MM (DOPMBI KOJEOaHUH U
HaNpPsHKEHHO-1e(hOPMUPOBAHHOE COCTOSHUE KOHCTPYKIIHH.

Pe3ynbTaThl. B cTarthe TpHBENEHBI OMMCAHNE ATOPUTMA M €T0 MPAKTHYECKAs PEAH3als B 3a1a4e THHAMUIECKOTO
pacuera npsIMOYTOJIbHON TTacThHbL. [IpeacTaBieHsl pe3ybTaThl YUCIEHHOTO pacdera 3a1a4n. J[aHa OlleHKa TOYHOCTH Me-
TOJIa, ¥ TPUBEICHBI PEKOMEHIAINH 10 €T0 MCIIOIb30BaHHIO.

Ki1roueBble cj10Ba: METO KOHEYHBIX 3JIEMEHTOB B (hOpME KJIACCHYECKOTO CMEIIaHHOTO METO/a, anredpandeckast mpooie-
Ma COOCTBEHHBIX 3HAUCHHH N COOCTBEHHBIX BEKTOPOB, YaCTOTHO-ANHAMHUYECKAsT KOHACHC AU

BBenenue

JuHaMuyecKkuil aHaau3 CIOKHBIX KOHCTPYKLHUN
C TIOMOIIBI0 Pa3IMYHBIX YHCIEHHBIX METOMOB CTPO-
UTEIILHOW MEXaHWKH MPUBOIUT K PEHICHUIO anreo-
pamndeckoil mpobiaembl coOCTBeHHBIX 3HaueHHH (C3)
1 COOTBETCTBYIOITNX UM COOCTBEHHBIX BeKTOpOoB (CB)
JIOCTaTOYHO BBICOKOTO Topsiaka. Pemienue 3tol 3a-
JIa4d JUTS TUTOTHBIX MaTpPHIl HEOOBIIIOTO pa3Mepa He
MPEJICTABIICT CIIOKHOCTH, HO JJISI MaTPHI] BRICOKUX

© UrnatseB A.B., UymakoB A.B., T'uika B.B., 2018
This work is licensed under a Creative Commons
&Y Attribution 4.0 International License
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MOPSITKOB OHA OKAa3bIBACTCS aJeKO HE TPUBUAIBHOM,
1 BBIOODP 3()(hEeKTUBHOTO METOIA €€ PEIICHHUS COBCEM
HE TIPOCT.

Bo BTOpOM citydae HCIIONB3YIOTCS METOIBI, OC-
HOBaHHBIC Ha HCIOJIb30BaHMM (PU3NYECKHX MoOJeeh
penyIUpOBaHUsA: METOJ] CYIEepIJIEMEHTOB (TIOJAKOH-
CTpyKImii) [1-4], HHTEPIOIAIINOHHBIE METOABI (Me-
TOJl pa3peXEHHBIX CETOK, CIUIaH-MeTonbl) [5—6],
METO/Jl TOKOMIIOHEHTHOT0O CHUHTe3a (GopM (Moaamb-
HOro cuHTe3a) [7-20] u X MaTeMaTHIeCKOe MOJICIH-
pOBaHHE Ha MOCIIEI0BATENbHOCTH CTYLIAIOIIUXCS KO-
HEYHO-3JIEMEHTHBIX CETOK MU Y3JI0B KOHICHCALIUH.

OpanM u3 Hanbonee 3P (PEeKTUBHBIX, TpUMEHSse-
MBIX IS perieHus HenoyiHod npobiemsl C3 u CB

NUMERICAL METHODS OF ANALYSIS OF STRUCTURES
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BBICOKOTO TOPSI/IKA SIBISIETCSI METOJ, ITOCJIEIOBATEb-
HOHM 9acTOTHO-IHHaMH4Yeckoi koHmeHcanuu (YJIK),
M3IIOKCHHBIN B [21-25 1 1p.] ¥ MOIyYUBIIHI pa3BU-
THE U TPUMEHEHUEe B psjae nyonukanuii. OH npu-
HA/JISKUAT K OOJIBIIION TpyIIIe peAyKIHNOHHBIX METO-
JIOB W OCHOBaH Ha BBIJICICHUH B KOHCTPYKIIMH TJIaB-
HBIX (OCTaBISEMBIX) U BTOPOCTENEHHBIX (MCKIIIOYa-
€MBIX) CTENCeHeH CBOOOBI C MOCIEIYIOIIUM UCKITFO-
YeHHeM TOCIIeTHIX. B oTimume ot MeTona crarude-
CKOM KOHAeHcanmuu [26], B KOTOPOM IOJTHOCTHIO
MpeHeOperarnT TUHAMUYSCKUMH CBOHCTBAMH BTOPO-
CTETIeHHBIX cTerneHeil cBoboabl, mpu YK BermomnHs-
€TCSl YaCTUYHBIA y4eT TWHAMHYECKHX CBOWCTB KOH-
CTPYKIIUH BO BTOPOCTEIICHHBIX CTEIMEHSX CBOOOIBI.
DTO MO3BOJISIET IOMYYUTH O0JIee TOYHBIE Pe3yIbTaThI
10 CPAaBHEHMIO CO CTATUYECKOU KOH/ICHCAIIUEH.

Bo Bcex ymoMsHyTHIX BBIIIE paboTax 4acTOTHO-
JMUHAMUYECKass KOHACHCALMS HCIIONb3YeTCs I pe-
IyIIUPOBAHUS YaCTOTHBIX YPaBHEHHH, MOTyYEHHBIX
Ha OCHOBE MeToJa KOHEYHBIX 3jemMeHToB (MKD) B
(dhopMe MeTo/1a IepeMEIIeHUH WITH METO/1a CHUIL.

Hanee npeacrasnen anroput™m YJIK ans wactot-
HOTO YpaBHEHHUS, TOTyYeHHOTO Ha ocHOBe MKD B
dbopme kaccuueckoro cMemanHoro merogaa (KCM
MKD) [27], mO3BOMSIONINI MOTYYUTh HE TOIBKO CHEKTP
HU3IINX YacTOT KOJIeOaHMid, HO U COOTBETCTBYIOIIHE
UM (GOpMbI KOJIeOaHHH, a TaKKe HarpsHKeHHO-1edop-
MHUPOBAaHHOE COCTOSIHUE KOHCTPYKIUU.

[penBapuresibHas cTaTHYECKAS KOHIEHCANSA

VYuuThiBas, 4YTO COTJlacOBaHHAs MaTpUlla Macc
HE UMEET NMPEUMYIIECTB 10 CPAaBHEHUIO C HECOTJIa-
COBaHHOW MaTpulleil Macc B OTHOIIEHUH TOYHOCTHU
pe3yNbTaTOB pacueTa [28], 4acTOTHOE ypaBHEHUE
KC® MKD moxeT OBITh 3alIMCaHO B BUE

[DCT _mm/m]{a} =O’ (1)
UYL
rac [DCT] =] ~ — CTAaTHYCCKas MaTpula
[k 8./’,(/'
m 0
OTKJIMKOB;, [mmm] = — JAuaroHaJibHas
0 m,
4,

MaTpHulla Macc; {q} = — BEKTOpP OCHOBHBIX

g,
HCU3BCCTHBIX (KI/IHeMaTI/ILICCKI/IX u CI/IHOBLIX); k =
L2,...,n f=n+l,n+2,...,n+m.

[IpencraBum ypaBHeHue (1) B BHAE CHUCTEMBI
MaTPUYHBIX yPaBHEHUH

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

(Vk,k B ka)qk +7,4, =0,
5,,4,+(8,, - m, )G, =0.

Kak moka3ano B HEKOTOPBIX HcciemoBaHusIX [29],
BIMSIHUE OOBEMHBIX MAcCC, MOJTYYEHHBIX CBEJCHUEM K
HUM PacCHpeeNIeHHBIX 110 TUIOIAAN MacC KOHEUHBIX
2JIEMEHTOB, He3HAYUTENBbHO. [103TOMY MM MOKHO TIpe-

)

HeOpeub, To ecThb 3a1ath m = 0 . Torxa Bropoe ypas-

HeHue B (2) MpUHUMAET BUT

8/.,qu + quf/ =0. 3)
N3 nero crnenyer
G,==8,,8,, 4, )

[loncraBuB (4) B mepBoe ypaBHeHHe B (2), 1MO-
JYYHM 9aCTOTHOE YpaBHEHHE BUJIA

[DcT(k) _xmk]{qk} =0, (5)

~ -1
rne D, = (rk’k —-r, 98, 8/,’,() — mpeobpa3oBaH-
Has C MOMOIIBIO CTATUYECKOM KOHIEHCAIUH MAaTpH-

na oTkimkos D_ m3 (1).

IMocaexoBaTeabHas
YaCTOTHO-IMHAMHYECKas KOHACHCAIUS

BLI,Z[GJ'H/IM TCHECPh U3 71 y3JIOB KOHCYHO-DJICMCHT-
HOH CETKU C PacCIioIOKCHHBIMA B HUX TOUYCYHBIMU Mac-

caMu M, N y3]0B KOHIECHCAMH, B KOTOPBIE 0JIK-

HBI OBITh IPUBEICHBI 3TH MACCHI.
Torma ypaBHeHwUE (5) MOXHO MPEICTABUTE B BUIC

(rbsb B me)qb +1,.4,=0,

6

’/.'s,bqb + (’/..s,s o Xm.v )qs = 0’ ( )
rne b=1,2,..., N — oCHOBHBIE CTENIEHU CBOOO/IbI,
s=N+1, N+2,...,n — BIOpOCTENIEHHBIE CTEIIE-

HU CBOOOJIBI.

BEINOTHYB BHOBB CTATUYECKYIO0 KOHJICHCAIIUIO K
OCHOBHBIM CTEMEHSIM CBOOOJBI, MOJYYHM HOBOE pe-
JIYLIAPOBaHHOE YaCTOTHOE YPaBHEHUE:

(D, —*m,]{g,} =0, ™

-
rae Dcr(b) - (rbb —to s r\b)

5,8

Pazmenum Bce MacCChl, HC HAaXOJAIIHUECA B y3J1ax
KOHACHCAIMKU, Ha3bIBACMBIX BTOPOCTCIICHHBIMHA, HA OT-

ACJIbHBIC T'PYIIIbLI, BKIIFOYAKOIINE M’, CTEIICHEH CBO-
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00bI, IO CTEMEeHW MX OJIM30CTH K y3J1aM KOHJICH-
Calud.

Jns kaxaoi u3 3TOM Tpynn cOCTaBisieTcs map-
nuagbHas CUCTeMa BUAA

r - 7+(r —Xm?)q,zoj ®

raue b=1,2,.., NN+LN+2,...,. N+ M,
s=N+M +1,N+M +2,...,n.

Jns ka0l mapiuaibHOl CUCTEMBI BBITIOJIHUM
CTaTUYECKYI0 KOHACHCAILMIO U MOJYy4YHUM pacIlupeH-
HOE peIylMPOBAHHOE YACTOTHOE YPaBHEHUE:

(D5, —2m;){g:} =0, ©)

-1
rae DCT@) = (FE,E — oI r,g).

5,8 s,
PewuB 310 ypaBHEHUE, ONPEAENIUM IS ITON Map-
nuansHoU cuctemsl cooTBeTcTBytomue C3 u CB.
BosBparrasick cHOBa K 4aCTOTHOMY YpaBHEHHUIO (7),

HaliJIEM TaKylo MaTpuily Macc M, , IpH KOTOPOH Bce

N cOOCTBEHHBIX 3HAYCHHUHA M COOCTBEHHBIX BEKTOPOB
3TOTO ypaBHEHMs COBHajganu Obl ¢ N HU3MINX COO-
CTBEHHBIX 4acTOT M (opM KoneOaHMid, yCcTaHOBJICH-
HBIX 17151 ypaBHeHus (9).

Jast aToro, Hexons U3 (U3MIECKOro CMbICa 3a-

Jla4, 3aMECHUM Matpuily M, B (7) marpumneit
— _ (i)
m =m, +Am," (10)

i
rae Ami ) _ KOHJIEHCAIIMOHHEIE JOOABKH K MMEIOIIM-

cq B y3i1ax b mMaccaM OT i-Oi TPYIIIbI BTOPOCTETICH-
HBIX Macc, 00ecreunBaoue paBeHCTBO N cOOCTBEH-
HBIX 4acTOT U GopM KonebaHuil ypasaenuii (7) u (9).

[oncrasue B (7) BMECTO M, Marpuily M, |

HalitenHeie i (9) N COOCTBEHHBIX 3HAYCHHIA

7»5:), (k =1,2,.... N ) U COOCTBEHHBIX BEKTOPOB

vﬁ,? , IOJIyYUM CIIEIYIONIEE YPAaBHEHHE:
I:[Dcuh)] - D‘ii)][mb ]:H:V(i)] =0, (1D
_xfi) _
()
rie [kii)] = b, ) —  Juaro-
! )

HalbHass MaTpuia U3 N COOCTBEHHBIX 3HAYCHHH
ypaBHeHus (9);
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() () ()
v],] vz,l o VN,]
(i) () ()
v],2 Vz,z o VN,Z

[v(i)] = ) _ , — Marpuua

SO L0 0
1,j 2,j N.j
(i) (i) (i)

L vl,N VZ,N o Vun B

u3 N COOTBETCTBYIOIIUX COOCTBEHHBIX BEKTOPOB.
Pemas ypaBaenue (11), Haxoqum:

(m]=D0 ] [p.]

Martpuiia KOHJICHCAIIMOHHBIX J00aBOK OT i-OM
rpyNIbl BTOPOCTENEHHBIX Mace

() _ =)
Am,” =m,~ —m,. (13)

CyMmMupyst 700aBKH JJIs BCEX MapIAaIbHBIX CH-
CTeM, TMOJyYUM KOHJICHCUPOBAHHYIO K BBIOPAHHBIM
N y3maM b peaynupoBaHHYIO MaTpHUIly Macc pac-
CMaTpUBaEMON KOHCTPYKITHH:

T
m,fpe“) =m, + ZAm,Ei) , (14)

i=1

rae T — 9ucio mapuruaibHBIX CUCTEM.
IoxcraBus B (11) BMecTo M, MaTpuiy Macc

(pen)
m," " no (14), pemuM 1OJTy4EHHOE PETYLUPOBaH-

HOC 4aCTOTHOC YpaBHCHUC:

([D0 ][0 )[m™ T]{a,} =0. a5)

B pesynbrare Haliiem peaylUpOBaHHBIM K BBI-
OpaHHBIM y3JIaM KOHJIEHCAIlUU b CIIEKTp COOCTBEH-
HbIX 3HaueHui C3 u coOCTBeHHBIX BekTOpoB CB, TO

ectb A, v, e k=1,2,...,N, j=L2,...,N.

Pe3yJ’lLTaTLI BBIYMMCIUTEJIBHOIO JKCIEPUMEHTA

BbImonHuM pacyeT npsiMOYToJIbHOM JKECTKO 3alleM-
JICHHOW 10 KOHTYPY IUIACTHHKH pa3MepoMm 8X12 m,
ToMuHOHN 4 = 0,6 M, HEeCyIIel paBHOMEPHO paciipe-
NeTeHHyIo Maccy m = 1 kr/cM? (CM. pUCYHOK). B Ta6-
JMLIEe TPUBEICHBI Pe3yJbTaThl HECKOJIBKUX BapHaH-
TOB pacyeTa NpHu pazdoueHuu miacTuHKu KD-ceTkoit
8x%12: ¢ UCHONAB30BAHUEM TOJTHOU CUCTEMBI yYpaBHE-
HHH, WCHONIB30BaHMeM crarindeckoi koumercarm (CK),
JIBYX BapHaHTOB YaCTOTHO-TUHAMUYECKON KOHJIEH-
carmuu (UIK).
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t = 4 (4 nogcmcTemsl)

1

Y
4

L
L 4
&

L 4
&
o
e

a

t =6 (6 nogcucrem)

0

PucyHok. Y31bl KOHAeHCAUNHU I NPSAMOYT0JIbHOM KeCTKO 3a1eMJ/IeHHOM 10 KOHTYPY IJIACTUHKU:
a — 4 oJACUCTEMBI; O — 6 TIOJICUCTEM
[Figure. Condensation units for a rectangular plate rigidly clamped along the contour:
a — 4 subsystems; 6 — 6 subsystems]

Tabauya
PesyabTaThl pacyera njacTHHKU npu pa3ouenun K9-cerxoii 8x12
[Table. The results of the analysis of the plate when splitting FE-grid 8x12]
A, 2,512 2,66 6 2,372 -5 2,370 -5
A, 1,030 1,49 30 1,060 -2 1,051 -2
13 0,423 0,479 13 0,426 0,7 0,429 1
A, 0,412 0,432 4,5 0,395 4 0,398 4
2’5 0,306 0,390 27,4 0,295 -3 0,291 —4
A 0,190 0,212 11,6 0,192 1 0,188 -1
27 0,182 0,197 8,2 0,178 -2 0,174 —4
ﬂg 0,116 0,181 56,0 0,109 —6 0,112 -3
ﬂ,g 0,110 0,154 40,0 0,104 —6 0,101 -8
ﬂ,m 0,101 0,132 20,8 0,101 0 0,093 -8
/111 0,087 0,119 34,2 0,081 -7 0,085 -2,6
/1]2 0,080 0,103 26,3 0,074 -7 0,081 -1
ﬂw 0,062 0,089 43,5 0,058 -7 0,058 -7
/1]4 0,058 0,081 40,0 0,046 —20 0,045 21
j’ls 0,045 0,063 40,0 0,031 -32 0,029 -34
BeiBoanb! neHeit cBoOOIbI, YHCNIa cTerneHel cBOOO B! Mapiraib-

Ilo cpaBHEHHIO ¢ METOJIOM CTaTUYECKOW KOHICH-
canyy, 00ecredrBaoIUM OIyYeHHe MPUEMIEMOT0
pe3yJbTaTa TOJBKO TSI MUHUMAIIBHOH COOCTBEHHON
9acTOTHI, METOJ] YaCTOTHO-IHHAMUYIECKONW KOH/EHCa-
IIUH TIO3BOJISIET MOJTYYUTh PE3YIbTaThl OJIM3KHE K TOU-
HBIM (c aOCONIOTHOM MOrpeIHoCcThI0 He Oomnee 7 %)
JUtst 13-TH IepBBIX COOCTBEHHBIX YaCTOT.

BrimonmHeHHOE McceoBaHNe IPH Pa3IUIHBIX CO-
OTHOHICHUAX YUCJIa OCHOBHBIX U BTOPOCTCIICHHBIX CTC-

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

HOU CHCTEMBI, I03BOJIUJIO BEISIBUTH MIX ONITUMANBHEIE
TpaHUIBI TS TOTyYeHUs peayIHPOBAaHHOTO CIIEKTPa
4acTOT € 3aJJaHHOH CTEMEHBIO0 TOYHOCTH.

bnazooapnocmu

PaGoTa BbInONHEHA Npu (UHAHCOBOW MOJAEPKKE
POOU u Apmunucrpauuu Bonrorpajackoi oGriacTi.
ITpoext Ne 18-41-340013.
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Simulation of an incomplete algebraic problem of eigenvalues and vectors
by the method of frequency-dynamic condensation based on FEM
in the form of the classical mixed method
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Abstract. Relevance. Dynamic analysis of complex structures using numerical methods leads to the solution of the al-
gebraic problem of eigenvalues and the corresponding eigenvectors of high orders. The solution of this problem for high
order matrices is performed using reduction methods. One of the most effective methods is the method of sequential fre-
quency-dynamic condensation, which allows partial consideration of the dynamic properties of the structure in the minor
degrees of freedom. This allows for more accurate results compared to static condensation. Frequency-dynamic condensa-
tion is traditionally used to reduce frequency equations derived from the finite element method in the form of the displace-
ment method or the force method.

Methods. The authors have developed an algorithm for the frequency-dynamic condensation method for the fre-
quency equation obtained on the basis of the FEM in the form of the classical mixed method. That allows to obtain not
only the spectrum of the lower vibration frequencies, but also the corresponding vibration modes and the stress-strain
state of the structure.

Results. This article describes the algorithm and its practical implementation in the problem of dynamic analysis of
a rectangular plate. The results of the numerical analysis of the problem are presented. An assessment of the accuracy of
the method and recommendations for its use are given.

Keywords: finite elements method in the form of the classical mixed method, algebraic eigenvalues and eigenvectors

problem, frequency-dynamic condensation
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Heap. MccnenoBanue cBOOOJHOTO OCECHMMETPUYHOTO KOJIEOAHUS IMITHHIPHYECKON OPTOTPOITHOM 000JI0UKH OecKo-
HEYHOW JTMHBI, KOHTAKTHPYIOIIEH ¢ OECKOHEYHOH yIpyToi Cpeloi 1 3aITOTHEHHON KHUIKOCTHIO.

MeTtoapb!. [Ipy MpoeKTHPOBaHNH TOHKOCTEHHBIX 000IOUEUHBIX KOHCTPYKIUH, ITUPOKO IIPUMEHSIEMBIX B aBHAIIIOHHOM,
PaKEeTHO-KOCMHYECKOH TEXHNKE M Pa3IMYHBIX 00JAcTAX MPOMBIIUICHHOCTH, Ba)KHOW 3a/adell ABISETCS ITUHAMUYICCKUN
pacueT mx HanpspKEHHO-1e(OPMHPOBAHHOTO cocTOsiHUA. M3yuas nuHaMumky o00j04ek, HEOOXOANMO OIPENeIsiTh CO0-
CTBEHHBIE YacCTOTHI U (POPMBI MATBIX KOJE€OaHMUi, MpUYeM HanOOJIBIINH HHTEPEC MPEACTABISIOT YaCTOTHl U3 HIDKHEH 4acTh
cnexrpa. [Ipennonaraercs, 9To )KECTKOCTh MaTepraia 000JI0YKH HEMHOTO OOJIBIIIE )KECTKOCTH MaTepuaia cpeabl. Pemenne
YpaBHEHUH ABMKEHHUH CpPElbl pacCCMaTPHBAETCS B IBYX BapHaHTaXx.

PesyabTaThl. B pesymnpraTe mpoaeraHHONW paOOTHI BBIBEICHO YacTOTHOE ypaBHeHHe. [IpoBeieH aHaiwm3 4acTOTH U
hopmer xonebanuit obomouku. [TocTpoeH rpaduK 3aBHCHMOCTH YacTOTHI COOCTBEHHBIX OCECHMMETPHYHBIX KOJICOaHUH CH-
CTEMBI OT BOJIHOOOPA30BaHMs B MIPOAOJILHOM HampasieHHH. C MOMOIIbI0 aCHMITOTHIECKOTO METO/Ia TTOIYIEHBI YaCTOTHBIC
ypaBHEHUs peOPHUCTHIX IIIMHAPHUECKUX 000JI0UEK, 3aII0JHEHHBIX KHUIKOCTIO, a TAKXKE MPHOIIKCHHBIE YaCTOTHI YpaBHe-
HUSI ¥ TIPOCTBIE pacdyeTHbIe (OPMYIIbI, TO3BOJISIONINE HAXOAUTh 3HAUYCHNSI MUHUMAJIbHBIX COOCTBEHHBIX YacTOT KOJIeOaHUH
PacCMOTPEHHON CHCTEMBI, NCCIIEIOBAHBI BBIHYKICHHBIC KOJIEOaHNs IOAKPETIIIEHHOH 000JI0UKH, 3aII0THEHHOH KHIKOCTHIO,
OTIpEeICHbl aMIUTUTYHO-JaCTOTHBIE XapaKTEPUCTHKH PACCMOTPEHHBIX KOJIe0aTeIbHBIX IPOLIECCOB.

KuroueBble cjioBa: opToTpoIiHas 000JI0UKa, CBOOOIHBIE KOIeOaHHs, COOCTBEHHBIE YAaCTOTHI KOJeOaHus, BOIHOOOpa-

30BaHHE, yIIpyras cpena

BBenenue

Cratbs IMMOCBANIICHA OCCCUMMECTPUYHOMY KO-
ne0aHuI0 MUJIMHIPUICCKONH OPTOTPOIHONW 000J104-
K1 0€CKOHEYHOW JUTMHBI, KOHTAKTUPYIOIIeH ¢ Oec-
KOHEUHOM ymNpyrou cpejodl U 3amOJTHEHHOW KHUJI-
KOCTBIO.

[Ipeamnonaras, 4To *KECTKOCTh MaTepuaiia 00o-
JIOYKHM HEMHOTO OOJIBIIIE )KECTKOCTH MaTepuaia cpe-
JIbl TIPOBEJICH aHaJH3 YacTOThl U (OpMBI KoJeOaHmi
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TEOPUA TOHKUX YMPYTX OBONOYEK

o06oiouku. BBon mapamerpa, onpeeNsoniero om-
TUMAaJIbHOCTP TOJKPETUICHHUSI, TIPUBEN K ONTHMHU3a-
MU TIapaMeTPOB 000JI0UEK, YCUICHHBIX MEPEKPECT-
HO cucTeMoi pedep U 3allOTHEHHBIX KHUJIKOCTBIO.
HccnenoBano BIusHYE CTETIEHN CKUMAEMOCTH KU
KOCTH Ha YaCTOTHI CBOOOJHBIX OCECHMMETPHUYHBIX
KoJeOaHuii peOPUCTHIX MUIUHIPUIECKUX 000I0UEK,
3aIOJTHEHHBIX KHUJIKOCTBIO [ 1-6].

IlocTanoBKa 3agaun
CucrteMa ypaBHEHHI CBOOOJHBIX OCECHMMET-

PUYHBIX KOJeOaHUH TOHKOU YIPYTrod OPTOTPOIHOM
000JIOUKH TT0 MOMEHTHOM TEOpUU UMeeT BUJ [ 7]
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Pax [‘ax4 ‘ax“] G,h )
o*w 2w
TAe X= - h_;ZZ z h_’ x> Y7
q.—p o q.—p o 9.9

KOMIIOHEHTBI KOHTAKTHOTO JaBJIEHUS CO CTOPOHEI
YIPYTol cpenbl W JKUAKOCTH Ha 000mouky; R, h —
paguyc ¥ TOJIIMHA O0OJIOYKH COOTBETCTBEHHO;

E.
a;, = : ;A =V, =4,V
G,(-v,v,)

KOMITOHEHTBI TEPEMEIIECHUN CPEIUHHON IOBEPXHO-

12;Z/I,W—

ctu obonouku; V,,,V,, — kodpdumuents [Tyacco-

Ha OPTOTPOIIHOIO MaTepuana obonouku; E,, G, —

MOAYJIN YIPYTOCTH NPHU PACTIKEHUH U CIABUTE; X —
MPOAOJIbHAS KOOpPAWHATA , f — BpeMsl; P — INIOTHOCTh

MarepHuaia 000JI0UKH.
BekropHoe ypaBHEeHHE rapMOHUYECKUX KoJeOa-
HUU U30TPOIHOM yIIpyroil cpeapl TaKOBO [8]

a’qraddivS — a’rotrotS + *S =0,  (2)

2 2 _

rie a. =M, +2ug)/pg, a =pg/ps — KBamparsl
CKOpPOCTEil pacrmpoCTpaHeHUs MPOAOIbHBIX U IOIe-
peunbix BonH; S =S(S,,S5,) — BEKTOp CMEILCHUS;
pg — IIOTHOCTB; A, [lg — YHNPYTHE IOCTOSHHbIC

Jlame; ® — uckomas gactora.

JluneapuzoBaHHOE BOJHOBOE ypaBHEHHUE, OIH-
CBHIBAIOIIIEE PACTIPOCTPAHEHNE MAJIBIX BOSMYIICHHUN B
UICATBHON CKUMAEMOM KUIKOCTH UMeeT BU [2]

1 d%¢
Vie-——
® a’> ot

rae (0 — NOoTCHUUAN XKUAKOCTH, @ — CKOPOCThb pac-

=0, 3)

MPOCTPaHEHHS 3BYKa B KHIKOCTH.

YpaBaenus apmwkeHus odonouku (1), cpens (2)
U KUAKOCTH (3) IOTMONIHAIOTCA KOHTAaKTHBIMU YCIO-
BusiMH. Ha KOHTaKTHOW MOBEPXHOCTU Cpenbl U 000-
JIOYKU CTAaBSITCS YCJIOBUSI PAaBEHCTBA KOMIIOHEHTOB
nepeMeIeHu i

S =u, S

X

=w (r =R), 4)

" paBCHCTBA JaBJICHUA

2
Xl =_er_phg_1;7
- ! 5)
w
Zl :_G_ph atz (V:R),
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rae X,, Z, — NaBJI€HHE CO CTOPOHBI OOOJIOYKH Ha
cpeny.

Ha xoHTakTHO# MOBEPXHOCTH 000JIOUKA — YKHII-
KOCTh COOJIOJIA€TCS HETIPEPHIBHOCTh PaIHaIbHBIX CKO-
pocTell M aBleHMs, a TaKkKe OTCYTCTBUE TaHTE€HIIH-
aJIbHBIX HAIPsKEHUN

ow

$=—, Z,=-p, X,=0 (r=R), (6
ot
rae X», Z, — MaBJCHHUE CO CTOPOHBI OOOJIOYKH Ha
KUJIKOCTh; P — NaBJICHHE.
KommnonenTsl noBepxHoctHoro ycuwnus X, Y, Z,
OTHECEHHOT'0 K €JIWHHUIIE IUIONAH, ONPEIEIsIOTCS
cleyomuM 00pa3om:

X=X +X,, Z=2,-2Z,. (7)

Kpome Toro, TpeOyercsi, 4T0ObI KOMITOHEHTHI BEK-
TOpa MepeMELeHHi cpeanl S , S Impu 7 — 00 M I0o-

TeHnua x)xuaxocti O npu » = 0 ObUIM KOHEYHBIMHU.

JloToNHss1 KOHTaKTHBIMH yCIOBHsIMH (4)—6) ypas-
HEHUsI IBIKEHMsI 000J109KH (6), cpenbl (2) U KHUIIKO-
ctH (3), mpuxoaUM K KOHTAKTHOW 3amade 0 cBOOO-
HBIX OCECHMMETPUYHBIX KOJICOAHUSIX OOOJIOUKH C KHUII-
KOCTBIO B OECKOHEUHOH ympyroi cpene. Jpyrumu cio-
BaMH, 3a7lada O CBOOOJHBIX OCECHMMETPUYHBIX KO-
nebaHusX 000JI0YKH C KUIKOCTBIO B YIIPYTO# cpere
CBOJUTCSI K COBMECTHOMY MHTETPHPOBAHHIO YpaBHE-
HUH Teopur 00O0JIOUEK, CPEABI U KHUIKOCTH IPH BbI-
MIOJIHEHUH YKa3aHHBIX YCJIOBUH Ha MOBEPXHOCTH HUX
KOHTAKTa.

Merton pemieHus

Pemenns ypaBHeHust nBukeHus obomouku (1)
OymeM uckatb B Buze [2; 12]

u = Acos kxsin ot,

®)

w = C sin kx sin ot,

mn
rae A, C — MOCTOSIHHBIE, k=7, m — YUCIIO TIONY-

BOJIH B HaNpaBJICHUU 00pa3yIoueil IHIHHIpA.

Pemenne ypaBHeHwii ABMKeHHs cpenbl OyaeM pac-
CMaTpUBaTh B IBYX BapHaHTAaX:

a — MTHEPIIMOHHOE BO3/ECHCTBUE Cpelbl Ha Mpo-
Hecc KojeOaHul pacCMOTPEHHON CUCTEMBI HE3HAUH-
TEJIBHO;

6 — BIISIHEM MHEpPLMU Cpelbl Ha MPOLEcC Koje-
Oanmii mpeHeOperaTy HeMb3s.

[IpuBenem perieHus: ypaBHeHHs ABM)KEHUS cpe-
Iel [2; 11]:

THEORY OF THIN ELASTIC SHELLS
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6 cayuae a
S, = K°rK, (k) = 4(1=v, KK, (kr) A, + kK , (kr) B, |cos kxsin oo,
©)
S, =| k*rK,(kr) 4, — kK, (kr)B, + kK ,(kr) B, |sin kxsin ot,
6 cryuae 6
B 2
S =|kK,(y,r)A4, —Zl—lKO (v,r)C, |coskxsinot,
- ’ (10)
S =| —yk (y,) 4, + 12K, (y,r)C. |sinkrsinot,
L 1
rne K,, K, — momuduimpoanHas Gpyskuus becce- det”a.. H —0
y
.. 6 ciyuae a 13
Js. HYJIEBOTO M MepBOro mopsijaka poxa [3]; % - (i,j=12,..5) v (13)
JUTMHA TIOJIYBOJIH BJIOJIb 00pasyroulel muiuaapa; As, detuai_ H =0
B — ocTosiHHbIE, TOAJIEKAILNE ONPEAEITICHUIO, o ! 6 cayuae 6 (14)
(i,j=12,..5)

t c

IloTeHuman >XxUAKOCTU @ , SIBJISIOLIUICS pellie-
HueM ypaBHeHus ['ensmronsua [2; 10], B Buge

o= A,1,(y)sin kxsin oz, (11)
0)2
rie Ap — MOCTOSHHAA , 72 =k’ -—, I, — Monu-
a

¢unmposanHas pyHkmusa beccens HyaeBOro mopsm-
Ka mepBoro poza [9; 6].

AKycTHueckoe JaBlieHUs P U paguainbHas CKO-
pOCTh 191 B JKUJIKOCTH OTNPEACISFOTCS CIIETYIONIM

obpaszom [8; 13—15]:

o o
P=—p —, & ==t 12
Poor T T o (12)

Ucnonw3ys ypaBHeHue nBuxkeHus o0omouku (1)
u ero pemieHue (8), a Takke pelleHUs] YpaBHEHUH
nBkeHUs cpeasl (2), (10) u xunkoctu (11), moiry-
YUM CHCTEMY OJHOPOJHBIX alreOpamvdecKux ypas-
HEHHMH OTHOCHTENLHO MOCTOSHHBIX A, C, As, Cs, A;,
W3 YCIIOBUS CYIIESCTBOBAHUS HETPHUBHUAILHBIX peIle-
HUHN KOTOPBIX, IPUPABHUBAS [VIABHBIC OMPEICITUTEIIH
CUCTEMBI HYJIIO, IPUXOANM K YaCTHOMY YPaBHCHHUIO
OTHOCHUTEIBLHO UCKOMOM YaCTOThI KOJCOaHUI CHUCTe-
MBI 000JI09Ka — Cpelia — JKUIKOCTE:

TEOPUA TOHKUX YMPYTX OBONOYEK

YucjieHHbIE Pe3yabTaThbl U UX aHAJIN3

UYactortabie ypaBuenus (13) u (14) peanm3oBaHb
YHUCJICHHO. I[J'ISI HNCXOOHBIX JAaHHBIX NPHUHATO:
E
—+4=2,4, v, =0,3
2
E,=2-10" u/M®  p =6,4r/cm’;

p,=1r/eM’, a=1800m/c; m=1.

PG3YJ'ILT3.TLI CYCTa IMOKa3aHbl HA PUCYHKE. Ha nem
npeacTaBJICHBI 3aBUCUMOCTH 4aCTOTBI COOCTBEHHBIX
OCCCUMMCTPHUYHBIX KOJIEOAHUM CHCTEMEI OT BOJIHO-
06p3,30BaHI/I}l m B IIPOJOJIbHOM HAITPaBJICHUU.

600 4 ¢
500 Ei/E>=4
400
300 El/E> =2,
E>= const
200
100
m
0 1 2 3 4 5

Pucynok. 3aBUCHMOCTB YacTOTHI COOCTBEHHBIX
0CeCHMMETPHYHBIX KOJIEOaHMIT CHCTeMBI
OT BOJTHOOOPA30BAHUS M B NPOAOIHLHOM HANPABJIEHHUH
[Figure. Dependence of the natural oscillation
frequency of the system on the wave formation m
in the longitudinal direction]
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W3 pucyHka BUAHO, YTO C YBEIUYCHUEM M U
E/E> coOCTBEHHBIE YaCTOTHI OCECUMMETPUYHBIX KO-
neGaHni CHCTEMBI yBEIIMIHBAIOTCS.

3akioueHne

ITosryueHHbIE MaTEMAaTUUYECKUE PE3YJIBTAThI IPEL-
CTaBJICHBI Ha PUCYHKE, OTOOpaKaIoIIeM 3aBUCUMOCTh
9acTOTBl COOCTBEHHBIX OCECMMMETPUYHBIX KoJieOa-
HUI CHUCTEMBI OT BOJIHOOOpPA3OBaHUS 7 B MPOIOIb-
HOM HaIpaBJICHUM.
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Asymptotic analysis of natural frequencies of axisymmetric oscillations of
orthotropic cylindrical shells in an infinite elastic medium, liquid filled

Famil A. Seyfullayev, Gulnar R. Mirzayeva, Shusha A. Kerimova*

Azerbaijan National Academy of Sciences
9 B. Vahabzadeh St., Baku, AZ 1143, Republic of Azerbaijan
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Abstract. Aim of the research. Free axisymmetric fluctuation of a cylindrical orthotropic cover, the infinite length
contacting to the infinite elastic medium and filled with liquid is investigated.

Methods. At design of the thin-walled shell designs which are widely applied in aviation, the missile and space equip-
ment and various fields of the industry, an important task is dynamic calculation of the intense deformed condition of these
designs. At a research of dynamics of covers it is necessary to determine own frequencies and forms of small fluctuations,
and frequencies from the lower part of a range are of the greatest interest. It is supposed that the rigidity of material of
a cover is a little more than rigidity of material of the environment. The solution of the equations of movements of the envi-
ronment is considered in two options.

Results. The frequency equation is received. The analysis of frequency and a form of fluctuations of a cover is carried
out. The schedule of dependence of frequency of own axisymmetric fluctuations of a system on wave formation in the lon-
gitudinal direction is constructed. By means of an asymptotic method the frequency equations of the ridge cylindrical covers
filled with liquid are constructed, the approximate frequencies of the equation and simple settlement formulas allowing to
find values of the minimum own frequencies of fluctuations of the considered system are received, the forced fluctuations of
the supported cover filled with liquid are investigated and defined is amplitude frequency characteristics of the considered
oscillatory processes.

Keywords: orthotropic shell, free vibrations, natural oscillation frequencies, wave formation, elastic environment

References

1. Latifov F.S., Seyfullaev F.A., Alyev Sh.Sh. (2016).
Svobodnye kolebaniya usilennoj poperechnymi rebrami
anizotropnoj cilindricheskoj obolochki iz stekloplastika s
tekushchej v nej zhidkost'yu [Free vibrations reinforced
by transverse ribs of an anisotropic cylindrical shell made
of fiberglass with a liquid flowing in it]. Applied mechanics
and technical physics, 57(4), 158-162. (In Russ.)

2. Latifov F.S., Seyfullayev F.A. (2004). Asymptotic
analysis of oscillation eigenfrequency of orthotropic cylin-
drical shells in infinite elastic medium filled with liquid.
Trans. NAS Acad. Azer. Ser. Phys.-Tech. Math. Sci., 24(1),
227-230.

3. Bosiakov S.M., Zhiwei W. (2011). Analiz svobod-
nyh kolebanij cilindricheskoj obolochki iz stekloplastika
pri granichnyh usloviyah Nav'e [Free vibration analysis of
cylindrical shell from fiberglass with Navier boundary
conditions]. Mechanics of machines, mechanisms and
materials, (3), 24-27. (In Russ.)

4. Semenov A.A. (2016). Model of deformation stif-
fened orthotropic shells under dynamic loading. Journal
of Siberian Federal University. Mathematics and Physic,
9(4), 485-497.

5. Seyfullayev A.IL., Novruzova K.A. (2015). Issledo-
vanie kolebaniya prodol'no podkreplennoj ortotropnoj

TEOPUA TOHKUX YMPYTX OBONOYEK

cilindricheskoj obolochki s vyazkoj zhidkost'yu [Oscilla-
tions of longitudinally reinforced orthotropic cylindrical
shell filled with a viscous fluid]. Eastern-European Jour-
nal of Enterprise Technologies, 3/7(75), 29-33 (In Russ.)

6. Kolosov G.I. (2012). Vibracionnaya i vekovaya
neustojchivost' sostoyanij ravnovesiya cilindricheskih
obolochek pri osevom szhatii [Vibration and secular in-
stability of equilibrium states of cylindrical shells under
axial compression]. Cosmonovtika i raketostroenie, 2(67),
145-150. (In Russ.)

7. Obukhov A.S. (1978). Raschyot na prochnost’ kon-
strukcij iz stekloplastikov i plastmassa neftepererabatyva-
yushchej i himicheskoj promyshlennosti [Calculation of
the strength of structures made of fiberglass and plastic of
the oil refining and chemical industries]. Moscow: Mashi-
nostroenie Publ., 141. (In Russ.)

8. Latifov F.S. (1999). Kolebaniya obolochek s upru-
goj i zhidkoj sredoj [Oscillations of shells with elastic and
liquid media]. Baku: Elm Publ., 164. (In Russ.)

9. Smirnov V. (1974). Kurs vysshej matematiki [ Course
of Higher Mathematics]. Vol. 3. Part 2. Moscow: Nauka
Publ., 672. (In Russ.)

10. Seyfullayev A.I., Rustamova M.A., Kerimova Sh.A.
(2017). Zadacha mekhaniki ustalostnogo razrusheniya dvuh-
slojnogo materiala s kraevymi treshchinami [Problem of
the mechanics of fatigue fracture of a two-layer material

73



Seyfullayev F.A., Mirzayeva G.R., Kerimova Sh.A. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(1), 69-74

with edge cracks]. Mechanics of Composite Material, 53(3),
415-424. (In Russ.)

11. Akbarov S.D., Guliev M.S. (2008). Propagation
of axisymmetric longitudinal waves in a finitely pre-strai-
ned circular cylinder embedded in a finitely pre-strained
infinite elastic body. Mechanics of Composite Materials,
44(5), 465-478. doi.org/10.1007/s11029-008-9045-6

12. Akbarov S.D. (2007). Resent investigations on
the dynamical problems of the elastic body with initial (re-
sidual) stresses (review). Int. Appl. Mechanic, 43(12), 3-27.

13. Agalarov J.G., Seyfullayev A.I., Rustamova M.A.
(2017). Dvizhenie vertikal'no raspolozhennogo cilindra v
rezul'tate voln na poverhnosti zhidkosti [The movement of
vertically located cylinder as a result of waves on the sur-
face of liquid]. Bulletin of Modern Science, 2(26), 7-15.
(In Russ.)

14. Bochkarev S.A., Matveenko V.P. (2006). Konechno-
ehlementnyj analiz sobstvennyh kolebanij cilindricheskoj
obolochki s zhidkost'yu [Finite-element analysis of natural
oscillations of a cylindrical shell with a liquid]. Vychisl
mechanics: collection of scientific works, (4), 3—12. Perm:
Perm State Technical University Publ. (In Russ.)

15. Latifov F.S. (1999). Asimptoticheskij analiz zadachi
o svobodnyh neosesimmetrichnyh kolebaniyah v beskonech-
noj uprugoj srede cilindricheskoj obolochki, zapolnennoj
ideal'noj zhidkost'yu [The asymptotic analysis of a task about
free not axisymmetric fluctuations in an infinite elastic
medium of the cylindrical cover filled with ideal liquid].
DAN Az. Republics, LV(5-6), 8-15. (In Russ.)

74

About the authors

Seyfullayev Famil Alizadeh — PhD in Technical Sci-
ences, Senior Researcher Fellow, Department of Wave
Dynamics, Institute of Mathematics and Mechanics, Na-
tional Academy of Sciences of Azerbaijan (Baku, Repub-
lic of Azerbaijan). Research interests: the wave dynamics.
Contacts: e-mail — a.seyfullayev@yahoo.com

Mirzayeva Gulnar Rovshan — PhD in Technical Sci-
ences, Senior Researcher Fellow, Department of Wave Dy-
namics, Institute of Mathematics and Mechanics, National
Academy of Sciences of Azerbaijan (Baku, Republic of
Azerbaijan). Research interests: the theory of elasticity and
plasticity. Contacts: e-mail — gulnar.mirzayeva@gmail.com

Kerimova Shusha — researcher, Department of Wave
Dynamics, Institute of Mathematics and Mechanics, National
Academy of Sciences of Azerbaijan (Baku, Republic of
Azerbaijan). Research interests: the wave dynamics. Con-
tacts: e-mail — shusha _az@rambler.ru

For citation

Seyfullayev F.A., Mirzayeva G.R., Kerimova Sh.A.
(2019). Asymptotic analysis of natural frequencies of axi-
symmetric oscillations of orthotropic cylindrical shells in
an infinite elastic medium, liquid filled. Structural Me-
chanics of Engineering Constructions and Buildings,
15(1), 69-74. DOIL: 10.22363/1815-5235-2019-15-1-69-74
(In Russ.)

THEORY OF THIN ELASTIC SHELLS



CTPOUTENBHASI MEXAHUKA UHXXEHEPHBIX KOHCTPYKLIMA M COOPY)XEHUI
STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2019. 15 (1). 75-80

HTTP://JJOURNALS.RUDN.RU/
STRUCTURAL-MECHANICS

JMHAMUKA KOHCTPYKLIMIA U COOPYXXEHWN

VK 699.841:699.812.2
DOI: 10.22363/1815-5235-2019-15-1-75-80

HAVYYHAS CTATbBA

AHAJIH3 MOKAPHOM ONACHOCTH CeiiCMO3alUTHBIX A¢OPMALMOHHBIX LIIBOB
N.Y. Maxxkunos!, 5.T. U6parumos**, A.A. Cyneiimanos’

'MuHMCTEPCTBO BBICILETO U CPETHETO CIENHATLHOro 00pa3oBanus Pecy6auku Y36ekucran
Pecnybnuxa Yzoexucman, 100100, Tawxkenm, yn. 2-1 Yumbaiickas, 96
*MHCTUTYT noxapHO# 6e3omacHocTn MBI Pecriy6muku Y36exnucran
Pecnybnuxa Yzoexucman, 100123, Tawkenm, yn. Cepeenu, 0. 4, kopn. 14
3TamKeHTCKHil TOCYJapCTBEHHBIH TeXHUUECKHil yHIBepcHTeT nMenn Mcnama Kapumosa
Pecnybnuxa Y36exucman, 100100, Tawxenm, yi. Ynusepcumemckas, 1-3

*ibragimov-dem@yandex.com

(nocmynuna 6 pedaxyuro: 10 oktsa6ps 2018 r.; dopabomana: 26 nexabps 2018 r.; npunsma x nyoauxayuu: 22 susaps 2019 r.)

Henb. MccnenoBanne noskapHOil OMACHOCTH CEHCMO3AIMTHBIX 1e(hOPMAIMOHHBIX IIIBOB, KOTOPHIE B ITOC/ICAHEE BPEMS CTa-
JIM IPAKTUYECKU OCHOBHOM COCTaBJIIOIIEH CEMCMO3AIMTBI 30aHUI U COOpPYKEHUI. BbIsABIIEHNE CTENIEHH M10KapPHON ONaCHOCTU
JIAHHOW CTPOMTENHHOW KOHCTPYKIMHU. BbipaboTka nmporiiakTHuecKix Mep 1o 00eCIeueH IO T0KapHOi 0€30MacHOCTH 3AaHNH U
COOpYKEHHUH1, BO3BEACHHBIX C MPUMEHEHHEM CEHCMO3aLIMTHBIX J1e(POPMALIIOHHBIX IBOB. AKTYaIBHOCTH IPOOJIEMBI 3aKITI04ACT-
Csl B TOM, YTO IPH pa3pyLIeHHH Jie(OPMaIOHHBIX CEHCMO3AIUTHBIX IBOB B NEPHUOJ CEHCMOBO3ACHCTBUS CO3AI0TCS YCIIOBHS
JUISL PAacIIPOCTPaHEHUs TOpeHUst (0OBIMHO BO3HHUKAIOIIETO BTOPHYHO TP 3EMIICTPSICEHUSIX) U3 OJHOTO OTCEKa 3/1aHusl B JPYTOi
(3aUIMIIEHHBIN TTEPErOpPOIKaMH, POTHBOIIOKAPHBIMEI OTCEKAMH, TAMOYP-IILTF03aMu). TO €CTh TOPEHHIO OTKPBHIBACTCS BO3MOXK-
HOCTB U1 00X0/1a CIICMAIBHBIX 3aIIHT, IIOCTABICHHBIX BO H30€KAHKE €r0 PACIIPOCTPAHCHUSL.

MeTtoapl. C TOUKH 3peHus MOKapHOI 0e30IacCHOCTH M3Y4eHBI aHTHCeicMuUeckre 1eopMalMoHHbIe BHL. B padoTe B
OCHOBHOM PacCMaTpPHUBAIOTCA Je(OPMALMOHHBIC BB, UCIIOIB3YEMbIE TIPH YCTAaHOBKE aTFOMONAHENeH U Tu3aiiHa 31aHuit
u coopyxeHui. ITokazana cBsA3b MOKAPHOW ONMACHOCTH aHTHCEHCMUYECKUX IIBOB C TEXHOJOTMUECKUMH U 3KCIUTyaTallMOH-
HBIMH OIIMOKaMK UCTIONHUTENeH. [IpoBeieHbl UCIIBITAHMS Pa3IMYHBIX CEHCMO3AIUTHBIX Ie(OPMALMOHHBIX IIBOB Ha MO-
KApHYIO OTTaCHOCTb.

Pe3yabTaThl. YcraHOBIIEHa HEOOXOAUMOCTH Pa3pabOTKH ClieNUAIbHON HOPMATUBHOM JOKYMEHTAIMH, BHOCSIICH KOH-
KpETHbIE MIPaBUJia UCHIOIHEHHs Ae()OPMALMOHHBIX IIBOB, 0OCOOEHHO IPEAHA3HAYSHHBIX JUIsl MOBBILIEHHs ceiicM00e30nacHo-
CTH 37]aHUI U COOPYKEHUI.

KiaroueBnle cioBa: noXxapHas 6630HaCHOCTL, AHTUCEHCMUYECKUN Z[e(bOpMaHI/IOHHI)If/'I 1I0B, OrHE3alIUTHBIC TEPMOIIO-
KPbITHA, CTPOUTCIIbHAA KOHCTPYKIUA, aJIFOMOIIaHC/Ib, ’I‘paH3HTHLII>i pr60HpOBO,H, BOJIaCTaHMUT, 0a3aibToOBOE BOJIOKHO, CIIC-
HUaJIbHBbIC HOPMATHUBHBIC JOKYMCHTBI, CCI7[CM03aIIIPITa, AHTUCEUCMUYECKHUE IIBBI

Beenenne [Ipu ceficMuueckoil Harpy3ke negopManruoHHbIE

IIBBI JIOCTATOYHO YaCTO PACCHIMAIOTCS (Pa3pyIlaroT-

B crathe npenMyIecTBEHHO paccMaTpUBaIOTCS Jie-
(hopMaIMOHHBIE TIBBL, HICTIONE3YEMbIE TIPH YCTAHOBKE AITFO-
MoOTMaHeNel Juid Au3aifHa 3aHuid U COOpY>KEHHM, O/1Ha-
KO OCHOBHBIC BBIBOJbI IO pE3yJibTaTaM HMCCJICIOBAaHUS B
JIOCTATOYHOW CTETICHU MOAXOMAT U sl APYTUX nedop-
MAIMOHHBIX IITBOB', HCTIONE3yEMbIX B CTPOHTENECTBE.
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CyneitmanoB A.A., 2018

This work is licensed under a Creative Commons
v Attribution 4.0 International License

LVHAMUKA KOHCTPYKLWIA 1 COOPYXXEHUM

Cs1), UTO TO3BOJIAET B MOCIEAYIOMIEM BTOPHUYHBIM I10-
’Kapam CBOOOHO OOMPAThCs 0 TOPIOYETo HATIOTHH-
TEJISl U OCHOBBI CTPOUTEIHLHOM KOHCTPYKIIMU. B cBsizu

' leghopmayuonnoiii wioe — BepTHKAIBHEIN 3a30D, 3a-
MTOJIHEHHBIA 2JIACTUYHBIM MAaTEpPHAOM, PaCcUICHSIIOMUN
CTeHsbI 31aHus. Ero Ha3HaueHHe — MpeJOTBPATUTH MOSIBIIE-
HUE TPEUINH OT Iepemnasa TeMIepaTyp U HepaBHOMEPHOU
ocanku. IlogoOHBIE MBI TaKXKe HCIIONB3YIOTCS KaK Cei-
CMO3AIIUTHBIC, TIO3TOMY MHOTJA WX Ha3bIBAIOT aHTUCEH-
CMHUYECKUMH LIBaMH.
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C 3TUM TOXapHas OMAaCHOCTh JehOPMALlMOHHBIX
IIBOB, MPEXIE BCETr0, COCTOUT B TOM, YTO IPOCTPaH-
CTBO, OTKPBITOE M3-3a TEXHOJOTHH IIBA, TOCTYITHO
OTHIO, TaK KaK 4acCTO TEXHOJOTUYECKH KECTKOCTb,
MPOYHOCTh U OTHECTOMKOCTH Je(POpMAIIIOHHOTO IIIBa
HIDKE, YeM Yy MaTepuajia KOHCTPYKIIUH, KOTOPBIH OH
JOJDKEH 3amuiiarh. B Y30ekucraHe moka He paspa-
0OTaHbI OTEYECTBCHHBIC CTAH/IAPTHI, U B NeopMaIlu-
OHHBIE IIIBBI YET0 TOJBKO HE 3aKianbiBaroT [1-2; 4]:

OT JIOCKH, 0OMa3aHHOW OUTYMOM, JIO IEHOIIIACTa I
MIEHOTIOJIUCTHPOIIA, TO3TOMY IT0XKapHasi ONMaCHOCTh
neOopMalOHHBIX IIBOB O4YeHb BhICOKas. Ha pucys-
Kax, pacroJIo)KeHHbIX HIXKe, BUIHBI OTBEPCTHS, Yepe3
KOTOpBIE IIIaMsl MOXKET 100paThesl 10 TOPIOYHMX MaTe-
pHAIOB.

KoHcTpykTHBHO NepopMalMOHHBIH [IIOB COCTOUT
W3 AIIOMHHHUEBBIX HAMpaBIISIOMUX C IJIOTHO BCTaB-
JICHHBIM YTIJIOTHUTENEHBIM TpoduieM (puc. 1).

Puc. 1. UcnosiHenne ceiicMuyecKkux 1epopMaliMoOHHBIX IBOB
[Figure 1. Execution of seismic expansion joints]

JlaHHBIN BHJ IIBa CHENUAIBLHO pa3paboTaH U UC-
MIOJTHEH JIJIsl paliOHOB C MOBBIIIEHHOHN celicMUYeCKOn
akTHBHOCTHIO. OH paccyuTaH Ha BHICOKHE MOKa3aTe-
M Ae(GOpPMAIMOHHBIX MMEPEMEIEHUI BO BCEX ILIOC-
KocTsax. Taxke MaHHAass KOHCTPYKIUS MOIXOIUT IS
MIUPOKUX MIBOB — A0 500 MM,

B 3aBucHMOCTH OT IIUPUHBI IIBA MEHACTCS JIUIIIb
TUTACTHHA, JKECTKO COSAMHSIONMAs 1Ba MPOMUIII KOH-
CTPYKITUH MEXKITy COOOM.

HcnbiTanus npoduiiei ceicMU4eCKUX LIBOB
HA CeCMOMO0kKAPOONIACHBINA (PAKTOP

KoHcTpykuus mBa mpensTcTBYeT MONaJaHUIo
BHYTpb HETO Tps3u M 00ecleurBacT BOJOHENPOHU-
[[aEMOCTh U YCTOMYHMBOCTH K U3HOCY IPH TAKEIBIX
SKCILTyaTallHOHHBIX yCIOBHX. Pe3ynbTaThl ncHbITa-
HUs ipoduiiel ceiicMUYecKX MIBOB Ha ceiicMormoska-
pooTacHBIN (haKTOp CBEICHEI B TAOHIIE.

[IIBBI TEXHONOTHYECKH HE TPEOYIOT MPOBEICHHUS
NPOQUIAKTUYECKUX paloT U YCTOWUHBBI K CTApeHHIO [3].

2 TOCT 30444-97. Matepuansl cTpoUTenbHEIE. MeTox
WCTIBITAHMS Ha PacIpOCTPaHEHUE TIAMEHU.

I'OCT 30403-96. KoHCcTpyKIIMu CTpouTenbHbie. Me-
TOJ] OTIPEJICIICHNS TI0’KapHOH OITaCHOCTH.

T'OCT 12.1.044-89. ToxxapoB3phIBOOIIACHOCTh BEIIIECTB
u MarepuasioB. HoMeHknatypa nokasareyneil 1 METOABI UX
OIIpeieIIeHNSI.
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VYII0THUTENBHBIN TPOGHIL U3TOTOBJICH U3 TUIOT-
HOU TepMO-, CBETO-, 030HO-, MOPO30CTONKOI pe3uHBI
Ha OCHOBE 3TWJICHIIpOoNmIeHoBoro kayuyka (EPDM)
U YCTOHYMB K BO3IEHCTBUIO 030Ha, yAbTpaduonera,
Maciam, OEH3MHY U aHTHOOJIEICHUTEIIEHBIM COJISIM.

OnmHako 3TOT THIT Ae(POPMAITHOHHOTO TI1BA SBJIS-
€TCsl JOCTAaTOYHO IMOKapOOIMaCHBIM, TaK KaK celcMo-
Harpy3ka croco0Ha OBICTPO pa3pymIuTh ero U oopa-
30BaTh B CTPOUTEIBHOM KOHCTPYKLHUM KOMIIO3HLIUU
3[aHus 3HAYUTEbHBIE OTBepCTH. Kpome Toro, B xozne
TOpEHUs pa3pylaloTcs (AECTPYKTHBHOE Pa3sIoKeHHE
HATIOJIHUTENS) ¥ CIIOM MEXIY OCHOBHBIMU METaJlIM-
YEeCKMMHU KOHCTPYKLUSMHM, CO3JaBasl emie OoJsblive
OTBEpCTHUs, JAalOlIHe BO3MOXHOCTH paclpocTpaHe-
HUIO HEKOHTpoaupyemoro ropenusi. Ha puc. 3 moka-
3aH pe3ynbTaT M0Kapa B MHOTO3TAKHOM 3JaHHM.
[Mockoapky B TEXHOJOTHH BO3BEICHUS 3JaHHUS
HCIOJIB30BAINCH KOHCTPYKTHBHO-TEXHOJIOTHUECKUE
LIBBl, TOPEHHUE IOIYUYUIO BO3MOXKHOCTH PacIpo-
CTPaHSATHCS HE TOJNBKO CHU3Y BBEpX, HO U 1O TOpH-
30HTaJIM, a TAK)KEe BHYTPbH 3A4aHus. Uepe3 3TH MIBHI U
OTBEpCTHs, 00pa3oBaBIIMECs B XOA€ BTOPHYHBIX
MOKapoB (TIOCTIe 3eMIICTPSICEHHMS), TIaMsl HAUMHAET
paspyumaTh OCHOBHBIE Hecylllue KOHCTPYKIUH, B pe-
3yJNbTaTe 4Yero MPOUCXOOUT paspylICHHE BCETo 37a-
Hus. OTa BepcHsd HOJKPEIUIIeTCsS CIEyoleld HH-
dbopmarueii.
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HcnbiTanue npodueii celicMuyecKUX IBOB HA celicMOMNOKapoonacHblii ¢pakTop
[Table. Test profiles of seismic joints on the seismic/fire factor]|

Tabnuya

T/H Tepmuueckasi Harpy3ka, °C BannabHoCTh ceficMOHATPY3KH Pa3pbiBHasg mammunaa P100
[Thermal load, °C] [Earthquake intensity degree] [Pull test machine P100]

1 Be3 Tepmuueckoit Harpy3ku 4-6 oen = 200 MITa 1cp = 60 MITa

[Thermal load free] 79 oew = 180 MITa 1cp = 50 MITa

2 100 4-6 oen = 180 MIla 1cp = 56 MIla

7-9 oen = 140 MIla tep = 48 Mlla

3 200 4-6 oen = 150 MIla 1cp = 52 MIla

7-9 Gen = 120 MIla tep = 42 MlIla

4 300 4-6 oen = 130 MITa 1cp = 45 MIla

7-9 oew = 100 MITa 1cp = 34 MIla

5 400 4-6 Gen = 110 MIla tep = 36 MlIla

7-9 oen = 87 MIla tep = 26 MlIla

6 500 4-6 oen = 90 MIla tep = 32 MlIla

7-9 ocn = 78 MIla Tep = 22 MIla

7 600 4-6 oen = 84 MlIla tep = 18 Mlla

7-9 oen = 61 MIla 1ep = 16 MIla

Puc. 2. Cxembl npuMeHeHHs ceiicMHYeCKOT0 Ae)opMALOHHOT0 IBA B KOHCTPYKIIUH
[Figure 2. Scheme of application of the seismic expansion joint in the structure]

Puc. 3. Pe3y1bTaT nozkapa B MHOI03TasKHOM 31aHUHU (0XBAT INIAMEHHU CO BCEX CTOPOH)
[Figure 3. The result of a fire on a multi-storey building (flame coverage on all sides)]

B pe3ynbpTate MpOHUKHOBEHUS IIAMEHH K TOPIO-
4yeil OCHOBE B 3[TaHWU BO3HHUKAIOT KPYITHBIC M OIac-
HbIe Tokapsl. Ha puc. 4 BUIHO, 4TO ISl yITy4dIlIEHUS
IH3aiiHa 3[IaHus UCIIOJIb30BAIKMCH aaromMonanenu. Ha
CThIKaX KOHCTPYKLMI TAKHX THUIIOB MAHEJECH HCIOJIb-
3yI0TCs JiehopMaIliOHHBIC BRI, B pe3ynbTare rope-
HUE TOTyYMII0 BO3MOXXHOCTH IJIsi OBICTPOTO pacIpo-
CTpaHeHUs, Korja corniacHo boeBomy ycraBy moxkap-
Hoit oxpansl (BYIIO) HE0OX0MMMO TPEANPUHUMATE

[IVHAMVKA KOHCTPYKLIUA 1 COOPYKEHMIA

OINepaTHBHbBIC JACHCTBUS C MPUMEHCHHEM CIICLHAb-
HBIX TEXHUYECKUX CPEJICTB, a TAKXKe MPUBJICKATh J0-
MOJHUTEIbHBIE CUJIBI [6].

Puc. 4 niroctpupyeT nepexoj] TOpeHus: Ha BepX-
HHE STaXHU, OTPE3AFONIMN MyTh JJISl 3BaKyalllK U CIa-
CeHHUs mocTpanaBmux. Ecin ke moxkap mpou3oujer
Ha CaMOM BepxHeM dTaxe (puc. 4, cripaBa), TO OTBa-
JIUBIIHECS] KOHCTPYKIIUH TOKPBITHUSI, YCTaHOBJICHHbIC
C LEJbIO YIYYIICHUS IU3aiiHa 37aHUs, HE TOJBKO
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CrOpSAT CaMH, HO CO3/aJyT yIrpo3y TOJHOTO BBITOpa-
HHSI MaTEePUATIBHBIX [ICHHOCTEH BHYTpPH 3/IaHUS.

JlaHHOE OOCTOSITEIBCTBO IMOJTBEPKIACT CTATH-
CTHKA MOKapOB B pecnyOnuke Y30eKUCTaH, TIe MpH
BO3BE/ICHUH 3/IaHUIA U COOPYKECHHUI HUCTOIB30BANTNCH
nedopMaIroHHEIE TIBHI.

Jaxe 3anonHeHne neh)OpMaIMOHHBIX [IBOB MH-
HEpaabHOW BaTOW, BONPEKU OKHUIAHHSIM, HE 3allu-
maeT aehopMalMoHHbIe MIBBI IPU TOXape. borbinas
94acTh IMPOTHUBOMOXKAPHBIX MAaTEepHaJOB (HaIpHUMeED,
Ta K¢ MUHEpaIbHAs BaTa) OTHOCATCS K KIJIACCY CTPO-

’

uTenbHbIX MarepuaioB KMO, rpynma «Heroproune»
(HI), HO Anms >pexTHBHONW MPOTHBOIOKAPHOM 3a-
ITUTHI TOJTBKO 3TOTO (PakTa HEAOCTATOYHO. XOPOIICH
3alUTON B TAKUX CIIy4asgX MOXKET SBIATHCS HUCIOJb-
30BaHUE 3AIUTHONH CTPOUTENBHON KOHCTPYKLUHU H3
CJIOSl HETOPIOYMX W DJIACTHUYHBIX MATEPHAIIOB HA OC-
HOBE BOJUIACTOHHTA M 0a3ajJbTOBOTO BOJIOKHA. BEI-
COKasl OTHECTOMKOCTh M JIOCTATOYHAs 3JIACTUYHOCTH
MTO3BOJIAET UM IPEMATCTBOBATh Pa3pyLICHUIO CTPOU-
TEJIbHOW KOHCTPYKLIHH NPU CEHCMHUYECKHX Harpys-
Kax [5; 8].

)

Puc. 4. Ilo:kap B MHOT03TaKHOM 31aHUHU
[Figure 4. Fire in a multi-storey building]

[MomBost MTOT, MOXKHO CKa3aTh, YTO MPABHIBHOC
WCTIOJb30BaHMEe Je(OPMAIIMOHHBIX IIBOB JJIS 3allH-
THI COOPY>KEHHM ¢ TOYKH 3PEHUS TOKaApHOU Oe3omac-
HOCTH — 3TO JIOCTATOYHO aKTyaybHas 3amada. K co-
JKaJIEHUIO, B Y30€KUCTaHEe 3TO HAIpPaBJICHHE TOJIBKO
pasuBaetcs [10].

B EBporne TeMe NpOTHUBONOXKAPHOU 3aIlMTE Jie-
(hopMaIOHHBIX IIBOB MOCBSIICHO 2 cTaHAapTa: EN
1366-4:2006+A1:2010. Fire resistance tests for ser-
vice installations. Linear joint seals [MHxeHnepHoe
o0opyoBaHue 3MaHuii. VICTIbITaHuS Ha OTHECTOMKOCTb.
JIuneitnpie ymnornenus mBoB] u EN 13501-2:2007.
EN 13501-2:2007. Fire classification of construction
products and building elements. Part 2. Classification
using data from fire resistance tests, excluding venti-
lation services, NEQ [IloxkapHas knaccudukamms
CTPOUTEIBHBIX U3CIUI U 3JIEMEHTOB 31aHui. Knac-
cuduKaIus ¢ UCIOIb30BaHUEM PE3yJIbTATOB HCIIbI-
TaHUU Ha OTHECTOMKOCTh, 3a MCKJIIOYEHHEM BEHTHU-
JIAIIHOHHBIX CUCTEM].

Emte ogHUM BHIOM 3aIIUTHI SBISETCS MIOKPBITUE
ceiicMIuecKkrX Je(OPMAIlMOHHBIX IIBOB CIICIHATbHBI-
MH OTHE3aIIUTHBIMI TEPMOTOKPHITHAMU (SBIISIOIITH-
MUCS TOCTATOYHO 3JTACTHYHBIMH TPU IKCILTyaTaIluu ).
O0s13aTeNbHON SBISAETCS 3allliTa CTPOUTEIBHOU KOH-
CTPYKILIMH W 3[IaHUS B IIEJIOM, a TAaK)KE€ OTHE3aIlnuTa
BCEX TPaH3UTHBIX TPYOOIIPOBOJOB U KOMMYHHUKAITHIT
[7;9; 11].
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Abstract. Aim of the research. Investigation of fire danger of seismic expansion joints, which have recently become
almost the main component of seismic protection of buildings and structures. Identify the degree of fire danger of the buil-
ding structure. Develop preventive measures to ensure fire safety of buildings and structures where seismic expansion joints

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM
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are used. The relevance of this problem lies in the fact that the destruction of deformation seismic joints in seismic condi-
tions for the spread of combustion (usually secondary occur in earthquakes) from one compartment of the building to ano-
ther (protected by partitions, fire compartments, locks). That is, combustion opens the possibility to bypass special protec-
tions put in its way, in order to avoid its spread.

Methods. Antiseismic deformation joints have been studied from the point of view of fire safety. The work mainly
deals with the expansion joints used in the installation of aluminum panels for the design of buildings and structures.
The connection of fire danger of antiseismic joints combined with technological and operational errors of performers is
shown. Tests of various seismic protection joints for fire danger have been carried out.

Results. 1t is concluded that it is necessary to develop a special regulatory documentation that introduces specific rules
for the execution of expansion joints, especially designed to improve the seismic safety of buildings and structures.

Keywords: fire safety, antiseismic expansion joint, fire-retardant thermoconcrete, construction, alumayer, transit pipe-

line, volastonit, basalt fiber, special regulations, seismic protection, earthquake-proof joints
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