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research that can become the basis for the development of principally new,
innovative technologies.

Methods. The paper consists of basis and practical application of the
method of full discretization. This method is a special modification of finite
element method for the solving of problems of the creep. Practical applica-
tion of the method is illustrated with modeling and applied tasks.

Results. The paper presents a joint calculation of the “structure — foun-
dation — soil” system using the example of a reservoir of a modular biologi-
cal wastewater treatment plant designed for filtration fields in the village of
Tasboget, Akmola region, the Republic of Kazakhstan. The full picture of
the evolution of the stress-strain state of structures is gained, taking into
account the material creep and the history of construction. There is a com-
parison of result calculations with and without technology of erection of
structures.

Introduction

the basis for the development of principally new, in-
novative technologies [4].

Prospective transition of CIS to the European
design standards in the construction industry requires
development of new and modification of known en-
gineering methods for calculation and design of con-
struction [1-3].

Creation and development of such methods should
be based on fundamental research that can become

! Tatyana N. Ter-Emmanuilyan, Grand Ph.D., Professor, Department of Theoreti-
cal Mechanics, Author ID: 25638119000, tanya_ter@mail.ru
2 Igor O. Polumordyinov, Ph.D., Assistant Professor, Faculty of Oil and Gas Industry.
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One of such directions is the further development
and perfection of methods of analysis of structures and
grounds, more precise estimate of evolution of the de-
formation stress state (DSS) and the yield of the buil-
ding foundation in time. It is important to consider
inelastic and nonlinear properties of building materi-
als and structures, spatial and temporal in homogenei-
ty, i.e. construction technology and other factors in-
fluencing their deformability, strength, durability and
stability [5].

The basis for calculating any projected building
object is its closed mathematical model, usually rep-
resented by systems of differential or integro-differen-
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tial equations with boundary and initial conditions.
However, the analytical solution of such systems of
equations can be obtained only in special cases for
objects with a simple geometric shape with simple
boundary and initial conditions. The way out was
found by introducing various types of discretization
of a continuous problem in which an infinite set of
numbers representing the unknown function is repla-
ced by a finite number of unknown parameters. As a re-
sult, the system of differential equations for real-world
problems tends to turn into large systems of algebra-
ic equations that can be solved only with the help of
modern computer technology [6-9].

Method of full discretization (FDM) — special
modification of the finite element method (FEM) for
the solving of various problems of the elastic creep,
offered by N. Ter-Emmanuilyan [10].

FDM - universal, comparatively simple and ob-
vious engineering method being “not step-by-step”
in time. It gives an opportunity to determine discrete
values of displacements, deformations and stresses in
a calculated interval of time. The method is developed
both in variant of displacements, and in variant of forces.
It can be combined with other engineering numerical
methods, such as a method of boundary elements, a me-
thod of finite differences and others. [11].

The FDM allows to take into account: a hetero-
geneous creep and ageing of materials of any construc-
tions and foundation soils; physical and geometrical
nonlinearity; plasticity; anisotropy; different modular
elastic creep; influence of temperature; presence stres-
sed enforcement and normal armatures in ferro-con-
crete; discrete diagrams of erection of constructions
(increase or reduction of volumes, change of opera-
tional loadings, etc.) [12].

The method is applied at the decision of a wide
class of engineering problems of a linear and nonli-
near elastic creep. For example: plane problems; axi-
symmetric; three-dimensional; single-layered and multi-
layered plates and envelopes; bar and thin-walled sys-
tems; stability of plates and bars; contact problems;
thermoelastic creep problems; a short-time high-tem-
perature creep of metals, etc.

The mathematical justification of a FDM as a ver-
sion of a method of weighted residuals and also ap-
proximation and discretization error in numerical so-
lutions is considered. The appropriate algorithms of
the solutions of linear and nonlinear problems of
elasticity, elastic creep and plasticity are constructed.
The package of application software for engineers and
researchers is developed.

The wide class of modelling and applied engine-
ering problems are solved: calculation of evolution of
stress-deformation state in the system “tunnel lining —
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rock”; reinforced concrete pipe — backfilling; a hete-
rogeneous thick-walled shell with steel facing at loa-
ding and unloading; research of evolution of stress-
deformation state of the vertical supported shaft at dri-
vage with the preset speed; calculation in time rein-
forced concrete wall panels with holes; calculation of
multilayered plates in view of a creep of some layers;
buckling of flexible plates; buckling of a rod and cy-
lindrical bend of a plate with initial camber; research
on model Shenly at conservative and following load-
ings; calculation of prestressed ferroconcrete rods;
combined calculations of growing buildings and con-
structions and their bases [13]:

— an evolution of stress-deformation state of a foun-
dation ferroconcrete plate on a soil base;

— a problem about of influence of non-simultaneity
of erection of buildings on evolution of the stress-
deformation state in constructions and basis at the con-
strained building of city territories;

— calculations of the box-shaped substructure and
the basis of high-altitude television tower on Kok-
Tyube mountain near Almaty city in three variants of
statement of a task: plane, quasi-spatial and spatial;

— calculation of a road embankment and its basis;

— calculation in time four-level a ferro-concrete
construction and its basis, etc.

1. Bases of the method

Stress-deformation state (SDS) the elastic creep,
homogeneous and isotropic body loaded in the age of
T = 11 at small deformations in static problems com-
pletely is determined, if all are known 15 compo-
nents of a vector:

f(xi,t,r) =|:L_lT (xi,t,r)ET (xi,t,r)c_xT (xi,t,‘c)],
(i=1,2.3),

as functions of coordinates and time, satisfying in
each point to system of the matrix-vector equations:

~

-n' J 0 |(u) (0
0 J -L |-|g|+|0]|=0. (1)
0 0 =n \5) \p

And to boundary conditions in movings on S
and in superficial forces on S,. In system (1) n (3%6) —
a matrix of linear differential operators on coordi-

_ T )
nates; p = [XYZ ] — a vector of volumetric forces;

n, — a matrix directing cosines an external normal to
a surface, but with replacement of operators of diffe-

rentiation 8/8)6",... on cosines Cos(17,xi),...; J—

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Tep-OmmanyunbsH T.H., MonymopasuHos W.0. CTpouTenbHas MexaHnka MHXEHEPHBIX KOHCTPYKLmiA 1 coopyxermin. 2019. T. 15. Ne 3. C. 171-181

a unit matrix; L, — a matrix of integro-differentual
6x6

operators of an elastic creep with 12 nonzero ele-
ments L;; from which L has the following kind:

= a(tm)+ [8(er) L @

dt

Matrix L, in usual designations is constructed on
the basis of the equations of a condition for linear
three-dimensional elastocreep the bodies, received by
N.H. Arutjunjan [14].

For the decision of system of the equations (1)
the numerical method of the decision based on full,
existential digitization (FDM) was offered [10].

Digitization of objects in FDM on geometry is
carried out as well as in FEM at the decision elastic
and elastoplastic problems.

The limited time piece (day, years) digitize p time
points.

For uniaxial the discrete form of the equation of
a condition looks like the intense condition:

i b
g, =00, +z I do

=2,

d(:) 8,(x)dr,

(i=1,23,...,p),(j=23,....,p).

In (3) integral it is broken for the sum of inte-
grals, the derivative is replaced differential.

The formula (3), after introduction of matrix re-
strictions, gets a kind conterminous under the form with
Hooke’s law:

€=EG, @)
where € and G — vectors of discrete values.
The return square-bottom triangular matrix of ma-
trix “module” E describing elasticity, hereditary creep
and ageing of a material:

o, 0 0
8, —& 8 0

o] 002 2 . 5)
o .. ..
8;71 _8;72 6p2 _8173 Spp

in which sizes Sik are calculated under the formula
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- 1 %
3, = o,(1)dnr, (6)
‘ L=y tk'[l ()
or, is simplified,
~lk — 8ik +25i,k—1 (7)
Thus
1

o(t,t)= C(t,7). 8
(tr) E(r)+ (tr) (8)

Generally triaxial the SDS, from six scalar inte-
grated equations of a condition making the second
group of the matrix equations (1) it is received, after
sampling, the system of the algebraic equations ha-
ving the form of generalized Hooke’s law:

g =E's,—pE'(5,+5,)

Ceee e e ’ ©
¥, =2E"(L+p)T,
where p=v I1.
An auxiliary matrix:
I 0 0 O 0
-1 1 0 0 0
0O -1 1 O 0
II= , (10)
0 0 -1 1 0
0O 0 0 0 -1 1

v — the bottom triangular matrix generated from sizes
Vij:

. v(tl.,rj), (i<)) i :M
& 0, (i<j) ) a(m

At construction of matrixes £ and p it is possi-
ble to use theories of creep or the data of base exper-
iments. As a result of generalization of physical pari-
ties(ratio) of the linear theory of creep and matrix
“Hooke’s law” (10), the matrix form of the law of
a linear elastic creep is received in a general view:

6, =D,¢ (12)

=1t"t>

where D; — the generalized matrix of a linear elastic
creep having in scalars 6p the order, G, and €, — 6p-
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dimensional (3p-dimensional in flat problems) on
components tensors and to time points of vectors of
stresses and deformations.

At a conclusion of the formula calculation of
the matrix of rigidity of a final element generalized
in time for quasistatic problems of an elastic creep
the principle of possible movings Lagrange is used.
In result the formula is received:

k; = [BID B, (13)
V

where B — a matrix of communication of compo-
nents of movings and deformations in time in FE:
T =B, (14)

Looks like a rectangular matrix generally about
6p*3np (n — number of units in FE).

Matrix B; turns out from a usual matrix in way
of expansion of each scalar member By, in diagonal
blocks — matrixes of the order p with constant diago-
nal elements By.

The matrix k, of rigidity generalized in time

elastocreep a final element has the order in p time
the greater, than the order k. — matrixes of rigidity of
an elastic element due to replacement of scalar elastic
constants £ and v bottom triangular matrixes £ and p
the order p. The generalized matrix of rigidity K; of
system elastocreep elements which is square, block,
the order, generally, 3Np (N — the general (common)
number of units of elements of system) further is re-
sulted. For uniformity on properties of an elastic creep
of a body, this matrix can be received very simply —

as well as k, — by expansion of scalars £ and v in

matrixes £ and p p the order.

At calculation of the designs consisting from
non-uniform on properties or age of materials, blocks
of matrix K; of system are calculated only by sum-
mation on the elements containing units i and j of
global numbering of the appropriate members of
generalized matrixes of rigidity of final elements:

Ktij = Zlitgj' (15)

73ij
Further allowing linear matrix algebraic equa-
tion concerning a required vector g, of components

of movings in time of all units of system is submit-
ted:

K, -G, =R, (16)
where K, — generalized stiffhess matrix of system (SMS)
in which the kinematic boundary conditions having
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an opportunity to change in a settlement interval of
time are taken into account; R, — a vector of a varia-

ble or a constant in time of central loading.
2. Results of numerical modelling

Let us consider joint in time calculation of two-
tier reinforced concrete building and its foundation
in the spatial formulation in the example of modular
station tanks of biological sewage treatment with
capacity of 6400 m*/day designed for filtration fields
in the village Tasboget, Akmola Oblast, Kazakhstan
(Figure 1).

Figure 1. General view of the biological treatment of sewage

The tanks of the modular station are made of
concrete B25 with the following mechanical proper-
ties: initial modulus is 30 000 MPa, the calculated
resistance to axial compression is 14.5 MPa, the cal-
culated resistance to axial tension is 1.0 MPa. There
was used the reinforcement armature of Class A-III
with mechanical properties: modulus of elasticity is
200 000 MPa, the design resistance is 367.7 MPa.

In building practice erection of any construc-
tions is an example ph growing in time. Depending
on concrete conditions, process of escalating of vis-
coelastic bodies can occur both discretely, and is con-
tinuous. The account of a time history of develop-
ment and loading bodies frequently results in qualita-
tive changes in their mechanical behaviour. At de-
signing large ground and underground constructions,
it is especial in conditions of city building, perfor-
mance of stage-by-stage geotechnical calculation,
since process of construction and finishing an opera-
tion phase is expedient. Thus results of calculations
can differ from usual on the order, and sometimes
and with change of a mark [15].

The model of concrete with “smeared” reinfor-
cement were used in the calculation of the building
to account for the rheological properties of the mate-
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rial of the tanks. In this case, the behaviour of elastic
creeping material (concrete or reinforced concrete
with “smeared” reinforcement) can be described by
equations of the hereditary theory of aging with
a measure of creep by S.V. Aleksandrovskiy [16].

6(t,r)=%(l—e’ﬁ’)+\|l(r)—

-4 —o(l-7
—w(t)eyr_A2+A(t)[1—e =7,
2

e

where

A

3

A(t)zCl—C3+Al , \V=C3+é,
T T

the values for parameters of creep are taken in ac-
cordance with recommendations of N.H. Aratyu-
nyan [14]: a =d ', p=0.206d ', y=0.03d "'
A = 4.62:10 7 di(kgflem?), A4, = 1, A3
=3.416-10 7 d/(kgt/em?), C; = 0.975-10 ~° (kgflem?)
C; = 0.756-10 ~° (kgf/cm?) ' are the parameters of
creep, E,=30 000 MPa.

Then we use the measure and kernel of Zh.S. Er-
zhanov [17] to describe the behaviour of elastic creep-
ing ground:

-

6(1,1)=%[1+é(t—r)u}

(o)

obtained from the difference kernel

L(t—r) =A(t—r)a_1 ,

where A, a are the creep parameters.

The influence of the weight of a building on the
deformation stress state of the soil mass is considered
with assumption of smallness of the deformation with
respect to the size of the deformed region. The same
assumption remains valid when the yield of a building
is considered near walled pits, underground structu-
res, natural slopes, etc. The hypothesis about the smal-
Iness of the deformation is not applicable only when
deformations comparable to the size of the deforma-
ble region (i.e. the process of sliding slope, buckling,
etc.) are considered [19].

Since the modern theory of creep contains a num-
ber of errors [20-23], we correct these errors by se-
lecting coefficients; we perform the adapting of creep
parameters for specific structures using experimental
data [24].

The analytical model of building is shown in Fi-
gure 2, a. Due to the presence of symmetry plane,
only half of the tank is considered in the calculation.

This design scheme is split into 6212 octanodal
prismatic volume elements connected in 7714 nodes.
Boundary conditions in the form of rod connections
are shown in Figure 2, .

Figure 3 shows the projections of the tank with
building axes.

b

Figure 2. Design scheme of the tank

Figure 3. Frontal and upper projections of the tank
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Building of the tank is carried out in two stages.
The first stage is the concreting of the base plate.
The duration of this phase is 30 days (5 time points)
(Figure 4, a). The own weight of the base plate is taken
into account at this stage. The second stage is the con-
creting of the walls of the tank. The own weight of

the base plate and the tank walls is taken into account at
this stage. The duration of this stage is 90 days (5 time
points) (Figure 4, b). In the third stage the tank is filled
with water. The own weight of the base plate and the tank
walls is taken into account at this stage. Duration of this
stage is 480 days (10 time points) (Figure 4, b).

b

Figure 4. Stages of construction of building

Figure 5. Deformed diagram computational region
in 600 days

The timeline for calculations is taken uneven, with
increasing intervals to the end of the scale. This makes
it possible to estimate the evolution of the deforma-
tion stress state of the tank, both during periods of con-
struction and initial operation.

Information about the components of nodal dis-
placements in 7714 nodes for the 20 time points is
obtained as a result of the calculations. The compo-
nents of vectors of deformations and stresses for
each time point, at all 6212 finite elements are calcu-
lated. Thus, the complete picture of evolution of
the displacement vectors, deformations and stresses
in space and time is obtained.

Let us consider some typical results of calcula-
tions of the change of the deformation stress state of
the reservoir in time. Software module in AutoCAD
was developed during the study. This module was used
for graphical interpretation of the results obtained.
The input data for this module are parameters of FEM
of the construction model (nodes, elements, supports,
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loads, stiffness) and the results of solution of the prob-
lem MFD for given construction (vectors of displace-
ments, deformations and stresses in each of the time
points of the interval).

The figure shows the deformed scheme of compu-
tational region (scale deformation increased 30-fold)
for the last time point — in 600 days after the con-
struction of buildings.

Figure 6, g, b, ¢, d shows the contours of verti-
cal displacements for t; = 20, to = 70, t;4 = 200,
t20= 600 days, which illustrate the evolution of ver-
tical displacements.

Isolines of the horizontal components of displa-
cements for time points t= 70, = 600 days are shown
in Figure 7 (a, b).

Figure 8 shows diagrams of yield of tank elements
located along the axis 4, and Figure 9 shows dia-
grams of yield of tank elements along C-axis for four
time points corresponding to the four stages of erec-
tion: t4, to, ti4 and o (respectively curves 1, 2, 3, 4).

Figure 9 shows the displacements (yield) of
more typical node that is located at the intersection
of the axes C and 5 depending on time for the entire
range of the study.

Analysis of the solution reveals the significant in-
cremental growth of displacement in time (Figure 10)
and deformation (on the example of the vector com-
ponents of ground deformations in the element num-
ber 2451 — Figure 11). Evolution of stress tensor
components (on the example of the components of
the stress vector in the ground element number 2451 —
Figure 12) within each time step virtually are un-
changed.
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d

Figure 6. Contours of vertical displacements for times #4 (a), # (b), t14 (¢), 220 (d)

Figure 7. Contours of horizontal components of displacements for times #9 (b), t20 (d)

s
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Figure 8. Diagrams of yield of nodes (1) along the axis 4. Curves correspond to the times: I —t4; 2 —t6; 3 — t14; 4 — t20
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Figure 11. Dependence of the components of vector in the element of deformation of the soil mass number 2451 on time
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Conclusions

The developed method can be used in calculations
and design of large-scale structures in the form of build-
ings, dams, and other objects taking into account their
joint performance with the soil and bedrock, the tem-
poral and spatial inhomogeneity due to creep materials.
In addition, the developed software packages are con-
venient because of their user-friendly interface, advanced
automation data input and processing of the results.

Methodology developed in practice and the re-
sults obtained allow to predict the change of DSS in
time considering construction projects with high accu-
racy over a long period of operation, even with the pos-
sibility of reconstruction. Such consideration can lead
to significant changes of DSS (by an order of magni-
tude and higher) for the entire period of operation.
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Annomayus

Llenu uccneoosanus. lepcriektrBabiil nepexonq CHI' Ha eBpomeiickue cran-
JapThl IPOEKTUPOBAHUS B CTPOUTENILHOM OTpaciu TpeOyeT pa3paboTKU HOBBIX U
MOJU(UKAIMK HM3BECTHBIX HMH)XEHEPHBIX METOAOB pacyera M INMPOEKTHPOBAHHMS
cTpoutenscTBa. Co3/laHue M Pa3BUTHE TaKUX METOJOB JOJKHO OCHOBBIBATHCS
Ha (yHIaMEHTAIBHBIX UCCIETOBAHUIX, KOTOPBIE MOTYT CTaTh OCHOBOM IUIsl pa3-
paboTKK NPUHIMIIHAIEHO HOBBIX, HHHOBAI[MOHHBIX TEXHOJIOTHH.

Memoowt. B cTaThe pacCMaTpUBAIOTCSI OCHOBBI METO/A MOJHOU AUCKPETH-
3alUU U €ro NPaKTHYECKOe NMPUMEHEHHE. DTOT METOJl SIBIISETCA CIEeUalIbHON
MoaudUKanue MeTo1a KOHEUHBIX JIEMEHTOB AJIs PEIeHNUS 33/1a4 MOJI3YYeCTH.
[IpakTnyeckoe NpUMEHEHUE METO1a WILIIOCTPUPYETCS MOJAECIUPOBAHUEM U IIPU-
KJIQJIHBIMU 33/1a4aMHU.

Pesynvmamet. B pabote npeacTaBieH COBMECTHBINA pacueT CUCTEMBI «KOH-
CTPYKIMA — GYHIAMEHT — TPYHT» Ha PUMEpe pe3epByapa MOIYIbHON CTaHIUU
OHMOJIOTMYECKOW OYHMCTKH CTOYHBIX BOJI, NMPOEKTHPYEMOMW JUIst mojei (QuibTpa-
nuu B nocenke Tacborer AkmonuHCKo# oonactu Pecriyonmku Kaszaxcran. Bo Beeit
pacdeTHOH 00acTy MoydeHa MoJHas KapTHHA YBOIOLMH BEKTOPOB IepeMelie-
HUH, nedopmaruii ¥ HanpsHKEHUH BO BPEMEHH € Y4eTOM TEXHOJIOTHH BO3Bejie-
HUSl, IPOBEJICHO CPABHEHUE PE3YJIbTATOB pacyera C y4yeToM U 0e3 ydeTa TeXHO-
JIOTHH BO3BE/ICHUSI KOHCTPYKIIUH.
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Annomayus

Axkmyansnocms. OTHIM U3 OCHOBHBIX HAIPaBJICHUI pa3BUTHS CHCTEM MO-
OUIIBbHOI CBS3H, PAJJMOTEXHUYECKUX U TEJIEKOMMYHHKALIMOHHBIX CUCTEM SIBIISET-
Csl COBEPILICHCTBOBAHNE KOHCTPYKTUBHOM (POPMBI HECYIIMX OIIOP, YTO ITO3BOJIUT
PELINTh PsJ MPAKTUYECKUX 3aJad: YBEJIMYUTh 30HY HOKPHITUS, oOecneduTs 60-
Jiee BBICOKHE MOKA3aTeNId CKOPOCTHU MepeJadd JaHHbIX U CTa0MIBLHOCTD padOThHI
B YCJIOBHSX PAcTYyILIETO KOJIMYECTBA IOJIb30BaTeel. YKa3aHHbIE 00CTOSTENBCTBA
00OCHOBBIBAIOT aKTYaIILHOCTh HCCIICOBAHHUI B IAHHOM HAIIPABJICHUHU.

ILlenu. 3anaya uccnen0BaHMs 3aKII0Yagach B ONTHMHU3ALUN KOHCTPYKTUB-
HOTO pelIeHHs OamieH ¢ MapauleNbHBIMH 3aTSDKKaMH, 00eCIIeurBaIOIIET0 BO3-
MOXXHOCTH BO3BCACHUSA U 6630HaCHOﬁ OKCIITyaTalliy Ha NPOTAXKCHUU 3aJaHHOTO
CpOKa CiIyObI TyTEM BBIIIOJIHEHHUS TPEOOBAHU 110 IPOYHOCTH, YCTOHYUBOCTH U
nedopMausaM K TaKMM COOPYKEHUSIM IIPH MUHUMAaIbHON MaTeprUaloeMKOCTH.

Memoowt. [1ns pacueToB NPUMEHSIICS METOJ] KOHEUHBIX 3JIEMEHTOB AJIsl Ma-
TEMAaTU4YEeCKOr0 MOJICIIMPOBAHHUS C UCIIOIb30BAHUEM ITPOTPAMMHO-BBIYHCIUTENb-
HBIX KOMIIJIEKCOB, a IIPU CO3/1aHUM JIMHEHKN MOJIeNIeH I YUCIEHHBIX 3KCIIEPH-
MCHTOB — ME€TOJ] MATEMAaTHYCCKOI'O IIJIAaHUPOBAHHUS SKCIIEPUMEHTOB.

Pe3ynbmameul. B cratbe paccMoTpeHna paborta GaiieH npeio)keHHOro KOH-
CTPYKTHBHOT'O PELICHMsI B KQUeCTBE OMOp I pa3MelleHHs 000pyA0BaHus OrepaTo-
POB COTOBO¥ CBsI3U Ha MpuMepe OatHu BbICOTOM 42 M. J{1sl yCTaHOBJIEHHUS OCHOBHBIX
XapaKTEepUCTHK HaIpsKEHHO-Ie()OPMUPOBAHHOTO COCTOSIHHUS KOHCTPYKLHMH OIIOp
CO3IaHbI M PACCUMTaHbl MOJIEN B MPOTPaMMHBIX KOMIUIEKCaX, B OCHOBY PabOThI KO-
TOPBIX 3aJI0OKEH METOJ KOHCYHBIX 3JIEMCHTOB. Brmonnen CpaBHMTCHbeIﬁ aHaJm3
YCWIMI B OTTSDKKAX, ONPEIEICHHBIX aHAIMTUYECKUM PacyeTOM U METOZ0M KOHEYHBIX
9JIEMEHTOB, a TAKKe AaHATN3 N3MEHEHHUS HallpsDKEHHO-Ie(hOPMHUPOBAHHOTO COCTOSTHUS
OanieH OoT BO3/ICHCTBHSA BIUSIONIMX (AKTOPOB, TAKUX KaK BETPOBAsi M TOJIOJICIAHO-
BETPOBasi HArpy3KH, YToJI HAKJIOHA OTTsDKEK Ha HYKHeM sipyce Oamau. 1o kpurepuio
MHHUMaJIBHON METAIUIOEMKOCTH ¥ TEXHOJIOTMYHOCTH BO3BEJICHHUS OallleH OpeieNieHb
palMoHaNbHbIE radapuTHBIC pasMeps! OamHu. IIpeioxkeHbl BapuaHTbl KOHCTPYHPO-
BaHUSI OCHOBHBIX Y3JIOB CONPSDKEHHH AJIEMEHTOB OalIHH.

BBenenue

B ropozckoii uepre i pa3MeleHUs TEIEKOMMY-
HUKAIMOHHOTO 00OPYAIOBaHUS MPEATIOKEHO PHUMEHE-
HUE OalleH ¢ eHTPAIFHBIM CTBOJIOM, ITPEABAPUTEIHHO
HaIpsHKCHHBIM MApaJIICTbHBIMA 3aTSHKKaAMHU.
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Lenb paboThl — ONTUMHU3AIUSA KOHCTPYKTUBHOTO
penreHus OaleH ¢ MapauieIbHBIMA 3aTsHKKaMH, 00ec-
MIEYMBAIOIIETO BO3MOXKHOCTh BO3BEJCHHUS 1 Oe30mac-
HOW 3KCIUTyaTaluy Ha MPOTSKCHUU 33JJaHHOTO CPO-
Ka CITy’KOBI, YTO JOCTHTAETCs BBITOIHEHHUEM Tpebo-
BAaHWM IT0 MPOYHOCTH, YCTOMUNBOCTH U JehOopMaIin-
SIM K TAKMM COOPY’KE€HUSIM IIPY MUHUMAJbHOU MaTe-
pHAIOEMKOCTH.
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YyeTa M pe3yJbTaTOB YHCIIEHHBIX 3KCIIEPUMEHTOB C HC-
[I0JIb30BAaHHEM IPOTPaMM, B OCHOBY PabOTBI KOTOPBIX
TI0JIO’KEH METOJ KOHEYHbIX dyieMeHToB (MKD);
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— pacuer Ha TOJIoJIeAHO-BETPOBYIO HAarpy3Ky, CpaB-
HEHHUE BIWSIHUC BO3ZCHCTBHS Ha OAlllHU C Mapauielib-
HBIMH 3aTSKKaMU BETPOBOM U TOJIOJIETHO-BETPOBOM
Harpy3ok;

— MpopaboTKa KOHCTPYKTUBHOTO PEIICHUSI, M03-
BOJISIFOIIETO 00ECTICYNTh TEXHOJIOTHYHOCTh BO3BEJIC-
HUS OallleH ¢ MapauleIbHbIMU 3aTSKKAMU;

— aHaJIN3 HalpsHKEHHO-Ie(POPMUPOBAHHOTO COCTO-
s (HAC) OGamreH ¢ mapayuieIbHBIMU 3aTSDKKAMU C
Pa3IMYHBIMU yTJIaMU HAKJIOHA OTTSDKEK Ha HIKHEM
apyce.

OOBEKTOM HCCIICTIOBAHUS ABISICTCS HECYIIMIN Kap-
Kac OameH BBICOTOH 70 42 M C IIEHTPATbHBIM CTBO-
JIOM, TIPEIBAPUTENFHO HANPSHKEHHBIM TTapaylIebHbI-
MU 3aTSKKAMH.

Kpurepuun ontumuzanuu:

— TIOJIOKUTENIFHOE 3HAYCHHE HATSHKEHWsS B 3aBET-
PCHHBIX TSKAX;

— MaKCHMaJIbHOE MPUOMKEHUE 3a11aCOB HECYIIeH
CTMIOCOOHOCTH U 3aI1acOB YKECTKOCTH COOPY)KEHUS TPU
nondope rabapuTHBIX TEOMETPUUYECKUX Pa3MEPOB U
CeUCHHUS DIIEMEHTOB OAITHH;

— YTOJI HAKJIOHA BAHTOBBIX AJIEMEHTOB K BEPTHUKAII

— TPYJOEMKOCTh U3TOTOBIICHHSI.

OrpannyuBaromid (hakTop mpH moadope radapur-
HBIX TEOMETPHYECKUX Pa3MEPOB M CEUCHHUS DIIEMEH-
TOB OaIllHA — JTAMETP OTTSDKEK.

1. HccaexoBanus
MO pacyeTy U NPOEKTHPOBAHUIO GAIIIEHHBIX
U NPeIBAPUTEIHLHO HANIPSKEHHBIX KOHCTPYKIMIA

Pacuery u mpoekTupoBaHHio OaIllEeHHBIX U BaHTO-
BBIX KOHCTPYKITUH MOCBSAIIEHO OOIBIIOE KOTUIECTBO
paboT KaK POCCHICKHX, TaK U 3apYOCIKHBIX YUCHBIX.

AHanHu3 CyHIECTBYIOIIETO OIBITa MPOEKTUPOBA-
HUS U pacdera OameHHBIX KOHCTPYKITHI M BAaHTOBBIX
cucteM noApoOHO mpuBeneH B cTaTthix A.B. 'omm-
koBa u U.P. CutHukoBa [1], a Takxe A.B. T'onukosa,
B.B. I'ybanosa u .M. I'apamxmu [2].

C MOMeHTa BBIXO/Ia TIEPBBIX TPYAOB IO pe3yibTa-
TaMm TpeBApPUTENBHBIX HCCIETOBAHUI JAaHHOTO KOH-
CTPYKTUBHOTO PEIIEHUS] YICHBIMH, PabOTaIONIMH B
HaIpaBJIeHUH H3ydeHHUs paboThl OallleHHBIX OMOp H
COBEPIIICHCTBOBAHUH MX KOHCTPYKTHBHOHM (popMm, mpo-
BeJIeH psj uccnenoBanuil. JleraapHbI 0030p BaHTO-
BBIX W TIPEJBAPUTENHHO HAMPSHKEHHBIX KOHCTPYKITHI
BemonHeH C.H. Kpupomariko B [3]. B padote B. Conde,
A. Villarino, M. Cabaleiro u D. Gonzalez-Aguilera [4]
paccMOTpeHa KOMOWHAITUS CHCTEM JIa3epHOTO CKaHH-
POBaHUS W METOMOJIOTHH KOHEYHBIX 3JIEMEHTOB, KOTO-
pasi BOCIIPOM3BOIUT T€OMETPUIECKYIO PealbHOCTh KOH-
CTpYKIMi OareH, oOHapykuBas Me(MEeKTH U 0COOCH-
HOCTHU UX COOpKH, Oiaromaps ueMy MOXHO aHAJTH3H-
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pOBaTh U KOJUYECTBEHHO OLICHWBATh BIIMSHHUE DTHX
HEIOCTAaTKOB HA UX CTPYKTYPHOE MOBEIECHUE C yde-
TOM TIOJTyYEeHHOH (haKTHUECKOH T€OMETPHH, pas3iind-
HBIX CTPYKTYPHBIX MOJENEH U MpeI0’KEHHbBIX THIIO-
Te3 Harpy3ku. B tpymax Wei Lin, Gangbing Song u
Shanghong Chen [5] u Li Tian, Kunjie Rong, Peng
Zhang, Yuping Liu [6] npoaHamu3npoBaHO MpUMEHE-
HHUE CPEIICTB KOHTPOJIs BUOpanuu OallleH ¢ HacTpau-
BaeMbIM JeMII()epoM MAacChl IPU BETPOBOM U CEHCMU-
YECKOM BO3ICHCTBUSAX.

Ha nanHBII MOMEHT TakKe IPOBOIATCS UCCIIENO-
BaHUS MPOIPECCUPYIOIIET0 pa3pylLIeHus OalleH mpu
BETPOBBIX M CEHCMUYECKUX Harpyskax. Tak, B pabote
Shan Gao u Sheliang Wang [7] npenjioxeHa oleHKa
XPYNKOIl KpUBOW HPOTPECCHPYIOLIETO OOpYyILEHHMS,
OCHOBaHHAsI HA BEPOSTHOCTH OOpYyIICHUS OaIlieH mpu
BETPOBBIX HarpysKax, IUIsl OLEHKH aHTUKOJUIAIICOBBIX
xapaktepucTuk. B pabore Xiaohong Long, Wei Wang
u Jian Fan [8] BeImonHeH aHanmm3 paspyuieHus Oari-
HH, NOJBEPIILIEHCS 3eMIICTPSICEHUIO.

B obnactu mpenBapuTENbHO HaNpsKEHHBIX KOH-
CTPYKUMH U3y4aeTcsi BO3MOXXHOCTh IPUMEHEHHUS! Npe-
BapUTENbHO HAIPSDKEHHBIX CTEP)KHEN N3 MOJIMMEPHBIX
MatepuaioB [9-11], ananusupyercs BIUSHHE Ha Ha-
TSODKEHUE TPOCOB BHEIIHMX BO3JEHCTBHIM, TAKHX Kak
TeMIIepaTypa KOHCTPYKLUH, TPEHHUE OIIOp OTTSDKEK, Bpe-
MEHHBIE OTOpbl KOHCTPYKLH [12]. Taxke npoBoAsTCS
HCCIIeJOBaHM 10 OLIEHKE paclpeiesieHus! oTeph Mpe-
BapUTEJILHOIO HANPSDKEHUS BO BPEMS IPEABAPUTENb-
HOTO U Tocienyromero Hatshbkenuit [13]. B craTtse
R. Pichal u J. Machacek [14] paccmoTrpena pabora
MpeBapUTEIbHO CKAThIX KOJIOHH T0J] Harpy3KOH, ompe-
JieJIeHbl KPUTHYIECKUE HArpy3Ky ULl MOTEPU YCTOWYH-
BOCTH B ITPOCTPAHCTBE U TNIOCKOCTH.

2. KpaTkas xapakTepuCTHKA
00beKTa HCCJIeI0BAHMSA

bamHs ¢ mapayuiebHBIMU 3aTSDKKaMH TIpeJICTaB-
JIeT co00i CBOOOAHOCTOSIIYIO BAHTOBYIO CHCTEMY,
3allleMJICHHYIO B OCHOBaHHH TIOCPEIICTBOM CBOETO (pyH-
nameHTa (/) 1 BBINOJHEHHYIO B BHJIE MPOCTPAHCTBEH-
HOTO TIPEIBapUTENIFHO HANPSHKEHHOTO CTePIKHS Iepe-
MEHHOM TI0 BBICOTE JKECTKOCTH, COCTOSIIETO U3 IeH-
TPaJbHOTO CTBOJIA M BaHTA, PABHOYAAJICHHBIX Ha 3a-
JaHHOM AuameTpe. balrHs BKIlo4aeT HeHTpalbHbIH
CTBOJI TIEPEMEHHOM JKeCTKOCTH (3), IPOMEKYTOIHBIC
pHUresM — TOPU3OHTANBHBIC DJIEMEHTH (4), pa3mens-
fo1ye OalrHio Ha SApYChl, B OTTKKH (J). s obec-
MIEYCHUS TTOCTOSIHHOTO YPOBHS YCHIIMI TpeAHapsiKe-
HUS B OTTSDKKax TPEIyCMOTPEHBI HATSDKHBIE YCTPOM-
crBa — tanpensl! (6). [longbop anamerpa OTTSHKEK OCy-
IIECTBISACTCS 110 JTHUAMETPy Tajpera M ero HecyIlleH
CIIOCOOHOCTH.
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bamrns ycranaBianBaeTcsa Ha OMOPHYIO pamy (2), Pacuer koncTpykumii Oammau u aHanuz HJAC Bbimon-
KOTOpasi aHKePHBIMU OOJITAMH KPETUTCS K PYHIAMEHTY. HEH JUIS €JMHBIX WCXOIHBIX TaHHBIX — (POPMBI, Ta-
OO0mmii BU OalllHA C TapaUICITbHBIMHU 3aTSIK- OapUTHBIX pa3MepoB, palioHa CTPOUTEIHLCTBA, YCIOBHIA
KaMH MpeJCTaBJICH Ha pucC. 1. sKkcIutyaTanmu (taom. 1).
s
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Puc. 1. O6mumii Bug 0aliHM ¢ NapajuieJbHbIMH 3aTSKKAMU
[Figure. 1. General view of the tower with parallel puffs]

Tabnuya 1
OcHOBHbIE 001LI1e TeOMETPHYECKHE XaPAKTEPUCTHKH (allleH U pacyeTHbIE MOJI0KEeHUs
[Table 1. Basic general geometric characteristics of towers and design positions]
HaumenoBanue O0o3nayenue 3Hnadenne Enununa nsmepenust
[Name] [Designation] [Value] [Measuring unit]
Betposoii paiion 3
[Wind region]
Tun mectHOCTH y
[Terrain type]
T'ononenuslit paifon I
[Ice region]
BericoTta coopysxenus
[Building helght] H 30 verp (M)
PacuerHast mmprHa COOPYKEHUS
[Estimated conpstructionliillidth] b 24 vetp (M)
BricoTa THIIOBOM CceKLMK OamHu h 6 veTp (M)
[Height of the typical section of the tower]
VYron Mexy OTTSXKKaMH B IIJIaHE 30 o
[Angle between the cables in the plan] ¢ rpazyc (%)
dopMa coopyKeHUs
[Form of construction] [PHSMATHHACCKAA
CeueHust HJIEeMEHTOB OalHu
[Section of the tower elements] 13 Tpy0
IIpenenbHoE OTKIOHEHHE BepXa OaltHu
[I\I/}aximum deviation of the tlz)p of the tower] Ator 300 MHITAMETD (MM)
Pannyc momaaku
[Radi}ll.ls of the site] " 1.2 vetp (M)
KonunuecTBo Tsixeit . 12 mrryKa ()
[Number of cables] ' Y )
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3. AHaJIMTHYECKOE OIMCAaHUe MOJIeIH
OaIHM ¢ nmapajajacJbHbIMUA 3aTHAKKaAMHU

OcHOBHOE coveTaHHe Harpy30K Ha OallIHIO COCTO-
WT U3:

— coOCTBEHHOTO Beca OalllHM U Beca TEXHOJIOTH-
YECKOTO 000pYIOBAHMUS;

— BETPOBOW HATPy3KU;

— Harpy3Kd OT MPeABAPUTEIBHOTO HANIPSHKEHUS B
BAaHTOBBIX 3JICMCHTAX;

— TEXHOJIOTHYECKOW HArpy3Ku: 000pyI0BaHKE 00-
mei maccoit 100 kxr, mromanso 2,9 M2, HaxoJsliee-
csg Ha otMeTke 42,0 M; BOoJIb CTBOJIA OalllHU 3 BETKH
¢dunepoB P22 MM Kaxaas.

[Ipu BO3/EHCTBUU OCHOBHOTO COYETAaHUS HArpy-
30K B OalllHe BO3HUKAET OOIMI U3rHOaroIiii MOMEHT,
a B LCHTPAJIbHOM CTBOJIE — CKUMAIOIIEE yCUIIUE

(puc. 2).

Puc. 2. Cxema Kk onpejesieHHIO
reoMeTpHYeCKNX XapaKTePUCTHK CeYeHUsT H yCHIHit
B OTTS’KKAX M CTBOJIe 0AIHN AHAJTHTHYECKHM METOA0M
[Figure 2. Scheme for the determination of
cross section geometric characteristics and efforts
in trunk cables and tower by analytical method]

PacuetHoe cxxuMaroliee yCUiIM€e B CTBOJIE 3aBU-
CHT OT BEJIMYMHBI IIPEBAPUTEIIBHOIO HATSKEHHS OT-
TSDKEK M MOKET OBITh OTIPEIeTICHO 10 (hopMyIIe

N, =) N, +nP,, (1)

rae Nes — COOCTBEHHBIM BEC CEKIUMK OallHM; 71 — 00-
1€ KOJUYECTBO OTTAKEK; Pyar. — YCUIIUS MPEIBAPH-
TEILHOTO HATSKEHHS OTTSIKEK.

OOwmumii n3rudaromuii MOMEHT, BOSHUKAIOIIUI B
CeUYCHUH OalTHU, ONPEeACIIIeTCS 10 GopMyIIe

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

M, =) Wh, @)

rae W; — BeTpoBas Harpy3ka Ha IpaHUIle sipyca Oari-
HU; h; — OTMETKH IPaHUI] IPyCOB OallHu.

OOmuit u3rubaronmmii MOMEHT paclpeaeIsIeTcs
MEXy HEHTPAIBHBIM CTBOJIOM OAIllHA M OTTSHKKaMHU
MPOMOPIIMOHANIBHO MX JKECTKOCTH. Torna pacueTHbIN
M3rU0a0NMH MOMEHT B IICHTPAJILHOM CTBOJIC M Pac-
YETHBIN W3ruOAONIUH MOMEHT, IPUXOASMIIHUIACS Ha OT-
TSOKKH, MOYKHO OTIPEIENUTH 0 hopMyiamMm

1
M=="M. 3)
Imm.06ul.
MTS!)K. = I Moﬁm_ > (4)

rae M — MOMEHT B UEHTPAIBHOM CTBOJNE; My — MO-
MEHT, NPUXOSIIUIICS HA OTTSKKU; [ — MOMEHT UHEp-
MU BCETO CEYCHMs OAmTHU; [crs, — MOMEHT MHEPIIAU
LEHTPAJIIBHOTO CTBOJIA; Iraxo6m. — MOMEHT HMHEPUHH
BCEX TSKEH OTHOCUTENBHO LIEHTPAJIBHOM OCH CEUEHHUS
OamrHu.

MoMeHT MHEepUUH BCEX TSHKEW OTHOCHUTENBHO 1IEH-
TPAJTbHOW OCH CEUYCHUSI OAITHU MOXKHO OTPEICIUTH 110

thopmyire
ITsmmﬁm. = nlmm, + A'rsm(. Z y,2 ’ (5)

A€ lrsx, — MOMEHT MHEPLIMU CEUEHHUSI OJHOTO TSXKa;
Aqsx. — TUTOIIA]TH TIOTIEPEYHOTO CEUCHUS TsDKA; Vi — pac-
CTOSIHME OT OCH TOBOpOTa (OCH IIEHTPATBHOTO CTBO-
J1a) 10 OTTSKKH.

MOMEHT MHEPIIUY BCETO CEUCHUs OAITHU:

I = Icm + I‘m}l(.oﬁl.u. : (6)
Yeunus B oTTSDKKaxX (pHC. 7) ONMpenemstoTes Mo
dhopmyiie
M'rx)x.yi

20

rae P; — AelcTByolIee YCUIIUE B i-0M OTTSIKKE; Mgy —
M3TUOAOIIUH MOMEHT, pacipeAeasieMblid MEXy OT-
TSKKAMH.

Ycunme B Hanboiee HarpyKEHHOW OTTSIKKE:

F=t B, (7

M.
2.0

Vcunue B HauMeHee HaFPY)KGHHOﬁ OTTSKKE:

M
— Tﬁ)l(.yn + PHaT.. (9)

P =—-——""
R

PITISX = + + PHaT.. (8)
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[IpenBaputensHOE HATSHKEHUE B BAaHTOBBIX dIle-
MEHTaX BBIOMpAETCs ¢ TeM YCIIOBHEM, YTO IpU pado-
T€ COOPY>XEHHSI IIOf] Harpy3Koil OHM IIOJDKHBI OBITH
pacTsHyThl. TakuMm 00pa3zom, il HOpMaIbHOM pabo-
Tl KOHCTPYKIMHA HEOOXOIMMO BBIOJIHCHHUE YCIIOBHS

P >0. (10)

min

Pe3ynbTaThl pacyeToB 1Mo ompeeNeHuI0 YCHITUi
B oTTsDKKax s | m 11 spycoB mpuBeneHs! B Ta0M. 2.

s u3yuenust xapakrepa paboTsl OallieH ¢ mpea-
BapUTEIHHO HaNPsDKEHHBIM CTBOJIOM CO3/IaHBI KaK aHa-

JMTUYECKHE, TaK U YUCIeHHble Mozaenu. s pacue-
TOB YMCJICHHBIX MOJeNel MPUMEHEH METO/ KOHEUHBIX
3JIEMEHTOB C HCIOJIb30BAHUEM IIPOIPAMMHO-BBIUKC-
murensHoro komruiekca «JIMPA-CAITP». Pacuer Gamien
BBINOJIHEH B HEJIMHEWHON IMOCTAaHOBKE, peannu3ys pa-
00Ty BaHTOBBIX 3JIEMEHTOB TOJBKO Ha PACTSKEHUE,
a TaKKe C y4eToM JAWHaMH4IecKuX 3((eKToB, BhI3BaH-
HBIX IMyJIbCALUSAMH BETPa U 30HAJIbHBIM JICHCTBHEM BET-
POBOi Harpy3ku. [l MOATBEPXKIOCHUS TOCTOBEPHO-
CTH JIaHHBIX MPOAaHAIM3UPOBAHBI PE3YJIbTAThI, TIOTY-
YEeHHBIE IByMsI MeToAaMU (Tabum. 2).

Tabauya 2
CpaBHeHHe Pe3yJIbTaTOB AHAJIMTHYECKOr0 pacuera u pe3dyabratoB MKD
[Table 2. Comparison of the results of the analytical calculation and the results of the FEM]
I sipyc II sipyc
[T tier] [ tier]
Ne o1- AHaJINTHYeCKoe PacuetHoe PacxokaeHue | AHaJIMTHYeCKOe PacuetHoe Pacxoxnenue
Tn-mlm M ycuiaune ycuimne pe3yJabTaToB, A1 ycuiime ycuimne Pe3yJabTaToB, A2
[Cable L‘VV’ m] B OTTsKKe, KH B OTTSKKAX [Discrepancy | B orTskke, kH B OTTSKKAX [Discrepancy
number] ’ [Analytical no MK?3, kH results, Ai1] [Analytical no MKJ, kH results, Az]
effort in [Calculated effort in [Calculated
the cable, kN] | effort in cables the cable, kN] | effort in cables
on FEM, kN] on FEM, kN]
1 -1,2 65,27 91,7 28,8 % 48,86 70,1 30,3 %
2 —-1,039 75,97 98,9 23,2 % 56,93 75,4 24,5 %
3 -0,6 105,14 119 11,7 % 78,93 89,9 12,2 %
4 0 145,00 146 0,3 % 109,00 110 0,9 %
5 0,6 184,86 172 -7,5% 139,07 130 -7,0 %
6 1,039 214,03 192 -11,5% 161,07 144 -11,9%
7 1,2 224,73 199 -12,9 % 169,14 149 -13,5%
Zyi? 8,638
£ 25000 A%
s 225 ~#- AHAIIHTHYECKOE YCHIHE B 32,08
é ;O;gz o :'nimﬂce fAualyi'cal effort in 30.0% - -—Ealfgfe'ﬁg::rcr ;RTZ‘:OB- A2/
u & SEER / the cable 25,0% > o
ga P 20.0%
o 3“ 150,00 y 0:;::?“";]”"5 Ij, 15.0% PacxosaeHEe pe3yIsTaroB, Al/
% 8 12500 Calculated Effi‘;:\i?l cables on 10.0% Discrepancy; results; Al
2 10000 = FEM s0%
E ;:)22 e 22:: s - s ols 1‘5 L
a5 a1 w05 0 05 1 15 -10.0% S
-15.0% =
s -20,0%

Puc 3. Pacupenesnenue ycuiauii B orrsixkax I spyca
[Figure 3. Distribution of effort in the cables of the I tier]

180.00

160.00 Fai

~o~ AHATHTHUECKOE YCHTHE B
oTTakke / Analytical effort in

140.00 the cable

120.00
PacueTHOE yCHTHE B

100.00 /' oTTaAKax Mo MKD /

80.00 Calculated effort in cables on
: FEM
60,00

cable, kN

40.00

Venme B orrmrke, KH / Effort in the

-1.5 -1 -0.5 0 0.5 1 1.5

v.M/y, m

Puc. 4. Pacnpenesienne ycuimii B orrsizkkax Il sapyca
[Figure 4. Distribution of effort in the cables of the II tier]
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Puc. 5. U3MeHeHHne pacxoxkIeHUs Pe3yJbTaTOB PACYeTOB
yeusmii B orTskkax 14 I u 11 sipycos
[Figure 5. Change in the difference between the results of
calculations of efforts in the cables for tiers I and II]

Pacrnipenenenue ycunuii B otTskkax I sipyca nipen-
CTaBJIEHO Ha pHC. 3, paclpeaeieHle YCUIUNA B OTTSIK-
kax Il sspyca npencrasieHo Ha puc. 4.

Paznuna ycunuit (puc. 3 u 4) mogUUHSICTCS JTH-
HEHHOMY 3aKOHY, OOIIMI BUJI KOTOPOTO CXOXK C U3Me-
HEHHEM OpAMHATHI MOJIOKEHUS LIEHTPA TSHKECTH ce-
YEHHS OTTSIKKU.

Ha puc. 5 npeacraBineHo U3MEHEHUE pacXOxJIe-
HUS pe3yJIbTAaTOB PACYETOB YCUIUN B OTTSIKKAX IS
I u Il spycos.

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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W3 rpaduka puc. 5 criemyer, 4to Ui BaHT CKATOU
30HBI PACXOXKIEHHE PE3yJIbTATOB PACYETOB Ha 000MX
spycax gocturaetr 30 %, [ BaHT pacTSHYTOW 30HBI —
14 %. dns apyrux apycoB OallHU pacxokAeHUs Oy-
IIyT aHAJIOTHYHBIMU. DTOT PE3yJbTaT CBHICTEILCTBYET
0 BO3MOKHOCTH BBEIEHHSI ITOTPABOYHBIX KO3(duIu-
€HTOB ISl aHAJMTHYECKOTO0 HEIMHEHHOro MOJETHpO-
BaHUS W Tepexo/a K MPOoBEpKe Ha (PHU3NUECKOU Mojie-
. B kauecTtBe mornpaBoyHOro K03 dunnenta Mox-
HO Y4EeCTh CTENEHb 3arPYy>KEHHOCTH i-OM 3aTSKKHU
(o OTHOLIEHMIO K HanOOJIee HArPY>KEHHOMY TSIKY).

4. UccaegoBanue BJIAMSITHUS
ro0J10J1e/IHO-BETPOBOI HATPY3KH
Ha pa0oTy 6aHn

OJIeICHEHUIO MOABEPIKEHBI BCE JJIEMEHThI KOH-
CTpyKIUU OanHu (Kak CTBOJI, TaK U Tsiku). TonmuHa
CTCHKH TOJIOJNIe/]a OKA3bIBAeT CYIICCTBEHHOE BITHSHHE
Ha BAHTOBBIC 3JIEMEHTHI, ITOCKOJBKY CyMMapHas TOJI-
IIMHA CTeHKH TojoieAa (D = dyanr + 2 tronenes) MOXKET
OBITh KaK COMOCTABMMA C TUAMETPOM TsDKA, TaK M 3Ha-
YHUTENILHO MPEBBIIIATH JUAMETP.

Pacuer cTpoUTENIbHBIX PelIeTYaThIX KOHCTPYKIHHA
BBINTOJIHSACTCSI HA COBMECTHOE JICHCTBUE HArpy30K: CO0-
CTBEHHBIN Bec + Bec rosoJjieqa + BETep Ha OJIeJICHEB-
M€ KOHCTPYKIHH.

Jlen obpasyeTcs Ha 3JIEMEHTax COOpPYKEHHUs He-
paBHOMepHO. [Ipu pacuere npuHsATa ycaoBHas cpel-
Hsisl TonuHa Kopku apaa ans Il rononeanoro paii-
OHa, paBHas 10 MMm.

BetpoBas Harpy3ka mpu ronoseqe BO3HUKAET B pe-
3yJbTaTe BETPOBOTO JABJIEHHS Ha OOJIeZieHETbIe die-
MeHThL. Pacnipenenenue cpeaHeil BETpOBO Harpy3Ku
1 BETPOBOM HArpy3KW MpH TOJIOJIEAE 1O BHICOTE OT-
paxeHo Ha puc. 6.

42 ‘

36

e

30

=o—CpeIHAad BeTpoBai
Harpyska /
Average wind load

24

Betposad
Harpyska IpH
rononeae / Wind
load at ice

Beicora, H, M / Height, H, m

0

0 1 2 3 4 5

Berposas Harpyska, W, kH /
‘Wind load, W, kN

Puc. 6. Pacnipeesienue cpeaHeii BeTpoBoii HArpy3Ku
U BeTPOBOI HATPY3KH IPH roJioJie/ie 1o BbICOTe
[Figure 6. Distribution of average wind load and wind load at ice]

Tabnuya 3

CpaBHeHuUe BJIHsIHHE BO3eHCTBUSA HA 0AIIHH C NapaiebHBIMHU 3aTSKKAMH BETPOBOIi M r0JI0J1eJHO-BETPOBOIl HATPY30K
[Table 3. Comparison of the wind and ice-wind loads impact on the towers with parallel cables]

OcHoOBHasi BeTPOBasi HATPy3Ka I'os0s1eqHO-BeTPOBast HArpy3Ka
.N'e[ ¥§ica Srement Cenerme [Main wind load] [Ice-wind load]
number| [Element] [Section] |Hanpsuxenus, KHécMz I[edmpma_uym, cm | Hanmpsokennst, KI-IécMz I[eQ)opMa.unn, ™M
[Stress, KN/em?] [Deformations, cm] [Stress, KN/cm?] [Deformations, cm|
7 CrBou [Stem] ?180%10 21,1 12,7
6 CtBou [Stem] 2194%x10 12,5 9,4
Tsoku [Cables] 18 18,8 14,7
5 CrBou [Stem] ?219x12 18,4 13,1
Tsoku [Cables] 320 18,8 14,9
4 CrBou [Stem] ?245%12 20,7 15,4
Tsoxu [Cables] 25 20,2 40,3 16,1 24
3 CrBou [Stem] ?273%x14 20,9 15,9
Tsoxu [Cables] 330 21,1 16,9
5 CrBou [Stem] ?299%16 21,6 18,9
Tsoxu [Cables] 236 20,6 16,6
| Creon [Stem] ?325%18 23,3 17,9
Tsoxu [Cables] 340 22,2 17,7

Hanpsokenust B anemMeHTax OamrHU W OTKIOHEHHE
Bepxa OallTHH OT BO3IEHCTBUS BETPOBOI U TOJOJICIHO-
BETPOBOI HArpy30K Ipe/ACTaBlIeHBI B Ta0M. 3.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

B nanbonee HarpyxeHHOM 3JIEMEHTE IIEHTPAITb-
HOT'O CTBOJIa HAIIPSYKEHUS OT BO3JIEUCTBUSA OCHOBHOM
BETPOBO HArpy3KH OOJIbIIIC HANPSHKEHHUN OT TOJI0JIe]I-
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HO-BETPOBOM Harpy3ku Ha 23 %. B Hambonee Harpy-
JKEHHOW OTTSDKKE HANpsDKEHHsS OT BO3IEHCTBHUS OC-
HOBHOM BETPOBOH Harpy3Ku OOJIbIIIEe HAMIPSKEHUI OT
TOJIOJIETHO-BETPOBOM Harpy3ku Ha 20 %.

OtkJoHEeHHe Bepxa OalllHU OT BO3/ICHCTBUS OCHOB-
HOU BETPOBOH HArpy3KW OOJIbIIEe OTKIOHCHHS Bepxa
OalllHu OT TOJIOJICHO-BETPOBOU HArpy3ku Ha 40 %.

[oyueHHble pe3ynbTaThl CBUAETENBCTBYIOT O TOM,
9TO ISl PAacCMaTpUBAEMOTO KOHCTPYKTHBHOTO perie-
HUSI TJIaBHBIM PAaCUETHBIM BO3JEHWCTBHEM SIBIISIETCA OC-
HOBHasl BETPOBasl Harpys3Ka.

I'paduk 3HAUYEHWI TIPEBBIIICHUS HATPSDKEHUH TIO
COUYETAaHHIO «BEC + BETEP)» IO OTHOIIEHHIO K coueTa-
HHUIO «BEC + BEC roJiojiena + BETEP IIPU I'OJIOJIEAEH
JUTSL DIIEMEHTOB [IEHTPAITLHOTO CTBOJIA M OTTSDKEK TIPH-
BeJIEH Ha puc. 7.

A%

—+—TIpepbliieHHs HANPAKEHHH B
LEHTPATBHOM CTBOTIE /
Excess stress in the central

o -1 N stem

TIpeBbIMICHAA HANpPAKEHHH B
orrmxkax / Excess stress in
cables

0 5 10 15 20 25 30 35 40

Beicota, H, M / Height, H, m

Puc. 7. IlpeBbllieHUs] HANPSIKEHUH 110 COYETAHUIO
«Bec + BeTep» M0 OTHOLIEHHIO K COYeTAHHIO
«BecC + Bec roJioJieja + BeTep MpH roJioiesie»
[Figure 7. Excess stress in the combination of

“weight + wind” in relation to the combination of
“weight + weight of ice + wind at ice”]

MaxkcuManpHO€e MPEBBILIEHNE HAPSKEHUH 110 co-
YETaHHUIO «BEC + BETEP» IO OTHOIICHUIO K COYETAHHIO
«BEC + BEC rojojena + BETEp IpHU I'OJIOJIENE» B LIEH-
TpasbHOM cTBoJIe cocTapiseT 40 %, MUHMMaIbHOE —
23 %. CpenHee 3HaU€HNE MPEBBIIICHUS HAPSKECHUH
B IIEHTpasIbHOM cTBOJIE — 27 %. bonbioit pazopoc 3nHa-
YeHHH MPEBbIICHNH 0OBSCHIETCS OCOOCHHOCTSMH TIPH-

HATOW KOHCTPYKTHMBHOW CXEMBI, OTCYTCTBHEM OTTS-
JKEK Ha BEpXHEM spyce.

[TpubnsuTensHas aMPOKCUMHPYIOIMIAS 3aBUCH-
MOCTb JJI1 U3BMEHEHU IIPEBBILICHUS HAIPSKEHUN 11O
COYETAaHUIO «BEC + BETEP» 10 OTHOLICHUIO K COYeTa-
HHUIO «BEC T+ BEC rojojieqa + BETEp IIPU TOI0IENE» B
LHEHTPAJILHOM CTBOJIC 110 BBICOTE OalIHu UMeeT BHU

A=1,865-10"-H? —4,28-107 - H+2,496-10"", (11)

rae H — oTMeTKa LeHTpa Apyca, M; A — TipeBbIIIeHue
HaIpsOKEHUH.

IIpeBblilieHUsT HATPSDKEHUH IO COYETAHUIO «BEC +
BETEpP» IO OTHOIIEHHUIO K COYETAHHIO «BEC + BEC I'0-
joneaa + BETep MPH rojiofieie» B OTTSDKKAX M3MEHs-
IOTCSl B y3KOM JIMarna3oHe, cpelHee 3HaYeHre TIPEBhI-
meHus HanpsokeHui — 20 %.

W3MeHeHre MPEBBIMICHUS HAMPSHKCHUN B OTTSDK-
KaxX MOXET OBITh allPOKCUMHPOBAHO 3aBHCHUMOCTHIO
BHA

A=3,305-10" - H* -5952-107* - H+1,998-107%. (12)

5. Pe3yabTaThl MCCIeI0BAHUS
H3MEHeHHs yIiia HaKJI0HA TsuKeil
HA HM’KHEM y4acTke OaliHu

Jlnist ONEHKW BITUSIHUSL OCPETHEHHOM IIUPHHBI OC-
HOBaHUA JIByX HIDKHHAX Y9aCTKOB Ha CHIDKEHHE Mac-
ChI OalIHM CleyeT YBEIUYUTh IIUPUHY OCHOBAHUS
JIBYX HIDKHHX y4acTKOB. Takum 00pa3oM, Smropa U3ru-
0aroIIMX MOMEHTOB OT JICHCTBUS BETPOBOU HATPY3KH
OTIMCHIBAETCS KOHCTPYKTUBHOM opMOit OarmHm.

Ha nanHOM 5Tamne uccienoBaHusi pacCMOTPEHO
yBEJIUYEHHE IUPUHBI OCHOBAHUS HIDKHETO yJacTKa
Oamran. [[s 3TOTO BHIOpAHBI CIICTYIOIIHE 3HAYCHUS
VIJIOB HAaKJIOHA OTTSDKEK Ha HIDKHEM spyce: 5, 10,
15, 20 rpagycos.

CedeHns 3JIEMEHTOB, OIPE/IeICHHbIC [T OallieH
C MIPUHATHIME YTJIAMHA HAKIIOHA OTTSHKEK HAa HUKHEM
sipyce, IpUBECHBI B Ta0I. 4.

Tabauya 4

CeyeHns 2J1IeMEHTOB (allleH ¢ Pa3JIMYHLIMH YIJIAMH HAKJIOHA OTTSI’KEK HA HUKHEM sipyce
[Table 4. Cross sections of elements of the towers with different angles of inclination of the cables on the lower tier]

N—’[ 'ﬂl“?e)ll'ca JIeMeHT YroJa nHakijoHa orTszkek [Angle of tilt cables]
number] [Element] 0° 5° 10° 15° 20°
7 CrBoun [Stem] ?180x10 318010 ?180%10 ?180x10 718010
6 CrBou [Stem] 2194x10 ?194x10 ?194x10 ?194x10 ?3194x10
Tsoxu [Cables] 018 018 018 18 018
s CrBou [Stem] 0219%12 0219%12 ?219%12 ?219x12 ?219xx12
Tsoxu [Cables] 220 220 020 320 0220
4 CrBou [Stem] 0245%12 ?245%12 ?245%x12 D245%12 B245%x14
Tsoxu [Cables] 225 025 025 25 025
188 ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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Okonuanue maobn. 4

\ Craos [Stem] @273%14 @273x14 @273x14 ?273x14 @273x18
Tsxu [Cables] @30 @30 @30 @30 @30

) Creos [Stem] ?299x16 @299x16 @299x16 ?299x20 32522
Tsxu [Cables] 36 a36 @36 36 a36

| Creo [Stem] ?325%18 3299x16 ?325x18 35122 ?351x24
Tsxu [Cables] @40 a36 @36 36 a36
[MllAthiiﬁ?ﬁﬁﬁﬁf tTon] 11,32 11,04 11,19 11,61 12,09

BrnsiHue yriia HaKIOHA OTTSDKEK Ha HIDKHEM sIpyce
Ha MaTepHAIOEMKOCTE OaITHI 0TOOpaKeHO Ha pHC. 8.

12,2

12
. 118
; 11,6
114

MertamwtoemMkocTs, M, T/ Metal
consumption, M, ton

11,2 \
11
10,8
0 5 10 15 20
Yronm HakTOHa OTTAKEK, o, Tpad. / Angle of tilt

cables, o, deg.

Puc. 8. Biusinue yrijia HAKJI0HA OTTSKEK HA HUKHEM sipyce
HA MaTepUHAT0eMKOCTh OallIHU
[Figure 8. The influence of the angle of inclination of
the cables on the lower tier on the consumption of
materials of the tower]

BristHME yTi1a HAKIIOHA OTTSHKEK HA HIDKHEM SIpY-
ce Ha METAJUIOEMKOCTh OAITHA MOXET OBITH ampoK-
CUMHPOBAHO KpUBOH BUJA

M=-2,467-10" -0 +1,251-102 -0* —

~1L131-107  a+ 11,32, (13)

rae M — MeTaluI0eMKOCTh OaimlHu, T; o0 — YroJi Ha-
KJIOHA OTTSKCK Ha HUKHEM sipyce OallHu, Tpaayc.

MuHrManbpHas METAIDIOEMKOCTh OaltHu Toyde-
Ha TP yTJIe HAKJIOHA OTTSDKEK Ha HIDKHEM SIpyce, paB-
HoM 5°. [Ipu yrimax 4—7° cedueHus 2JIIeMEHTOB Ha JIByX
HIDKHUX SIpycax MOXHO TPHUHATH OAWHAKOBBIMU. [lo-
JY4YeHHBIA pe3ysbTaT CIIOCOOCTBYET CHIKEHUIO MeTall-
JIOEMKOCTH OallTHU W YBEIHMYCHUIO TEXHOJOTUYHOCTH
€€ BO3BE/ICHUS.

6. Pazpa0doTka KOHCTPYKTHBHBIX pPelIeHHUid,
N03BOJISIIOIIMX Peau30BaTh
npeajaraeMslii THII GALIHA

bamns ¢ mapannenbHbIMU 3aTSHKKaMH MPEICTaB-
JsieT 000l MPOCTPaHCTBEHHBIN MpeIBapUTENBHO Ha-
NPsDKEHHBIA CTEP>KeHb IEPEMEHHON MO BBICOTE JKECT-
KOCTHU. VI3MeHeHHe KECTKOCTH 10 BBICOTE BO3MOXKHO

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

BBITIOJIHUTH CTYNEHYATO, pa3/elieHueM OallHu Ha
YYaCTKH — SPYCHI, TyTeM IPUMEHEHNSI MOHTAXKHBIX
(OTIIPaBOYHBIX) CEKITHIA.

Ha rpanumax kaxaoro sipyca 31eMeHThI IIEHTpallb-
HOTO CTBOJIA COEIMHSIFOTCS C MapaUIebHBIMU 3aTSDK-
KaMU TIPY MTOMOIIIH KECTKO COSJIMHEHHBIX CO CTOJIOM
pUrenen.

Jnst obecriedeHus nepeaadr BHYTPEHHUX YCHITHI
B DJIEMEHTaX [EHTPaIBHOTO CTBOJA U HEPa3pe3HOCTH
KOHCTPYKIIUH Y3€JT COMPSKSHUsSI 3JIEMEHTOB IIEHTPATb-
HOTO CTBOJIa HANOOJIIEe ONTHMAIILHO BEITIONHSTE B BUJIE
(hmantieBoro coenuHenus. [lpu Takom crocobe compsi-
JKCHHA 3JICMCHTOB CTBOJIa PUTCIIN HNPUKPEILUIAIOTCA K
MPOJIOIBHBIM pedpaM CTBOJIA B MecTax (IaHIEBOTO
coennHEHUS. TakuM 00pa3oM, KKl sIpyC OamrHu
peanu3yeTcst B BUAE OTACIBHOW CEKIIMH C NEHTPab-
HBIM CTBOJIOM, & TAKKE PUIEIISIMU y BEpPXHEH U HIDKHEH
TpaHUI] ¥ BaHT, pAaBHOYIAJCHHBIX Ha 33JJaHHOM JTHa-
MeTpe.
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Puc. 9. ¥Y3ea ¢cTHIKOBKH CeKIHii 0alHA
[Figure. 9. Knot of docking of sections of a tower]

B cbope y3erm CTHIKOBKH CEKITHiA OaIHu Mpe/ICTaB-
aseT coOol kecTkui paMHbIid 050K (puc. 9). Coenu-
HEHHE 3JIEMEHTOB I[EHTPAJIBHOro CTBOJA (/) BBITOIN-
HeTcs Ha ¢ranmax (2). K nmpomomsHBEIM pedpam CTBO-
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na (3) B MecTax (DIaHIIEBOTO COCIUHEHUS MPHUKPEII-
JISTIOTCST pUreNH pamsl (4). Puremm pampl n Ganku mio-
ke (5) 00pa3yroT KEeCTKUH AUCK TUIOMIAIKA B TIIa-
He. Ha purenu pamel 1o rpanunam cekuuid OariHu 3a-
KPEIUISIOTCS OTTSDKKU (6). JInisi HAage)KHOTO 3aKper-
JICHUS! OTTSDKEK PUTEIH PaMbl BBIMOIHSIOTCS B BUJIE
JIBYX IIBEIUIEPOB. B MecTax KperieHus OTTSKEK CTEH-
KU IIBEJUIEPOB yCHIIMBaIOTca IuactTuHamu (7). s
CBSI3U NIBEJUIEPOB MEXKAY COOOH M oOecreueHus ux
COBMECTHOH pabOThl MEXy HUIMH yCTaHABIMBAIOTCS
npoknaaku (8).

Jlns obecnieueHus HEPa3pEe3HOCTH KOHCTPYKIIUH
0anrHu Mo BHEIIHEMY JIMAMETPY IUIOMIAKH CEKIIUH 10
KpasiM pHresieil CTBIKYIOTCs Ha BHEITHUX (praHmax (9).
Mexay BHEITHUMH (haHIIAMK YCTPAUBACTCS 3a30p IS
BEIBepKH (/()), B KOTOPBIA YCTaHABIIMBACTCS TIIACTH-
Ha 110 MECTY.

[lepen mocTaBkoi Ha CTPOUTENBHYIO ILIOLIAIKY
MOHTAXXHBIE CEKIMH OallHH MOAISKAT KOHTPOILHON
cOOpKe Ha 3aBOJIe-H3TOTOBHTEIIC.

BoIBOaBI

B xone uccnenoBanus JOCTUTHYTA TOCTABICHHAS
1IeTIb; BBITIOJIHEHA ONTHMU3AIMsl KOHCTPYKTUBHOTO Pe-
meHns1 OarieH ¢ MapajuleTIbHBIMU 3aTsHKKaMu, o0ec-
MEYNBAIOIIET0 BO3MOXKHOCTH BO3BEICHHUS M Oe3011ac-
HOU 3KCIUTyaTalui Ha NPOTHKEHUH 33aHHOTO CPOKa
cityxkOBbI, YTO IOCTHUTAETCs BBITIOJHEHHEM TpeOoBa-
HUW IO IPOYHOCTH, YCTOMIMBOCTH U Iepopmarusam
K TaKHM COOPY>KCHUSM MPU MHUHUMAJIBHON MaTepua-
JTIOEMKOCTH.

CpaBHeHHE pe3yNIbTaTOB aHATUTHIECKOTO pacyera
Y PEe3yJIbTATOB YUCIEHHBIX IKCIIEPHUMEHTOB C HCIOJh-
30BaHUEM IMPOTrPaMM, B OCHOBY Pa0OTHI KOTOPBIX MO-
soxkeH MKD, mokasaio, 94To I BaHT CKATOM 30HEI
pacxXoXKIeHUE PE3YIIBTATOB PACUETOB Ha sipycax OarrHu
nocturaet 30 %, 1t BAaHT pacTAHYTOM 30HHBI — 14 %.
DTO MO3BOJSAET OCYIMIECTBUTHh BBOJ MOMPAaBOYHBIX
Ko2(h(pUIMEHTOB TSI AaHATTUTUISCKOTO HEIIMHEWHOTO
MOJICJIMPOBAHUS U NTEPEX0/Ia K MPOBEpPKe Ha (u3nde-
CKOU MOJIEJIH.

IIpencrapnensl Ka4eCTBEHHBIE H KOJMYECTBEHHBIC
xapakrepuctiku namenenus HJIC Gamen ot paccmar-
PHUBaEMBIX BIHSIOMUX (DAKTOPOB.

BrImomHeH IpoBepOYHEIA pacueT OalllHu U ee dIie-
MEHTOB Ha COYETaHWE HArpy30K «Bec OalrHu + Bec
000opyoBaHust + BeC TOJIONEAHBIX OTIOXKEHUH + BETep
Mpy ToJiofene». MakcuMallbHOe TIPEBHIIICHAE HaIps-
KEHHUI TT0 COUYETAHHIO «BEC 1+ BETEP» MO OTHOIICHUIO
K COYETaHHIO «BEC t+ BeC roJjiojiefa + BETEP NpH ro-
JIoNeNe» B LIEHTpaIbHOM cTBosie cocTaBisieTr 40 %,
muHUMansHOE — 23 %. CpenmHee 3Ha4YeHWE TPEBHI-
IIeHHS HaNpsDKEHUH B IIEHTpaJIbHOM cTBOJE — 27 %.

190

Cpennee 3HaueHHE TPEBBIMICHUS HATIPSHKEHUH B OT-
TsKKax — 20 %.

Anamu3 HJIC GamieH ¢ mapaijIeIbHBIMA 3aTsDK-
KaMU C pa3IMYHbIMK YIJIAMU HAKJIOHA OTTSDKEK Ha HYK-
HEM sipyce MOKa3al, YTo Ipu yriax 4—7° ceueHus aie-
MEHTOB Ha JIByX HIDKHHX SIpycax MOYKHO NPHHATH O/U-
HakoBbIMU. [lomydeHHBIN pe3ysbTar CiocOOCTBYET CHHU-
KEHHIO METAIVIOEMKOCTH OAIllHU W YBETMYECHHIO TEeX-
HOJIOTHYHOCTH €€ BO3BEICHHUS.

[popaboTaHo KOHCTPYKTHBHOE PEIIeHHE y37a CThI-
KOBKH CEKUMH OallHu, MO3BOJIAIOUIETO 00ecnednTh
TEXHOJIOTUYHOCTH BO3BEICHHS U OE30MaCHON HKCILTya-
Tauuy OallleH ¢ IapauieIbHbIMU 3aTSKKAMH.

B kxadecTBe nepcneKkTyuB AajgbHEHIEro uccieao-
BaHUS MOKHO BBIJCIUTD:

— BBIIIOJIHCHHUE pacueTa Ha PE30HAHCHOE BHUXpe-
BOE BO30YKICHHUE;

— ananu3 HJC y310B conpsikeHHs 3JI€MEHTOB
OalIHy;

— U3y4YEHHE BIUSHUS HA CTOMMOCTb KOHCTPYKTHB-
HOTO PEIIeHUs] TEXHOJOTWH H3TOTOBJICHUS U BO3BE-
JeHus (110 KPUTEPUIO TPYIOEMKOCTH);

— YCTaHOBJICHUE I'PAHULIBI IPUMEHHMOCTH BBICO-
TBI UCCIIEYEMOT0 KOHCTPYKTHBHOTO PELIeHHS B 3a-
BHCHUMOCTHU OT TEXHOJOTMYECKOH HAarpy3KH U paiioHa
CTPOUTEIHCTBA.
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Abstract

Relevance. One of the main directions of development of mobile commu-
nication systems, radio engineering and telecommunication systems is the im-
provement of the structural form of the bearing supports, which will solve a
number of practical tasks: to increase the coverage area, to ensure higher rates of
data transmission speed and to ensure stable operation in an increasing number
of users. These circumstances justify the relevance of research in this direction.

Aims of research. Optimization of design solutions using parallel puffs, en-
suring the possibility of erection and safe operation during the entire service life,
which ensures that the requirements for strength, stability and deformations for
such structures are met with minimal material consumption.

Methods. For calculations, finite element methods are used for mathematical
modeling using software and computing systems. To create linear models for numerical
experiments, the method of mathematical planning of experiments was used.

Results. The work of the towers of the proposed constructive solution is
considered as supports for the placement of equipment of cellular operators us-
ing the example of a 42-meter tower. The method of mathematical planning of
experiments was used to create a model line for numerical experiments. To es-
tablish the basic characteristics of the stress-strain state of the structures of the
supports, a number of models were created and calculated in software packages,
the basis of which is the finite element method. A comparative analysis of the
effort in the delays determined by analytical calculation and the finite element
method is performed. The analysis of changes in the stress-strain state of the
towers from the influence of influencing factors, such as wind and icy-wind
loads, the angle of deflection on the lower tier of the tower. By the criterion of
minimum metal consumption and manufacturability of the construction of tow-
ers, rational overall dimensions of the tower were determined. The options for
constructing the main junctions of the elements of the tower are proposed.
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Knioueswvie cnosa: Annomayus

BUPTYyaJIbHAs a9pOJMHAMUYECKas TPy0a; Llenvio viccnenoBaHus SBISETCSA YUCIEHHOE ONpeJieleHHe BO3JeHCTBUA
LBETOBAsi MHIUKALUA; BETPOBBIX Harpy30K Ha CBOJ U3 BaJbLIOBaHHBIX Ipoduieil cuctemer MIC-120.
BETPOBast HArpy3Ka; Memoowi. B cTaTtbe npuBeIECHBI pacyeThl 10 ONpPEJICIICHUIO BEIMYNHBI BET-
BO3/yLIIHBIE 30HBI; POBOI Harpy3ku, AeicTBYIOIIEH Ha CBOJ M3 BalbLIOBAaHHBIX Ipoduieil, u como-
KOMITBIOTEPHOE MOJIEIIMPOBaHNE CTaBJICHHE Pe3yJbTaToB KoMmbioTepHOTO MonenupoBanus ¢ CII 20.13330.2011

«Harpy3ku u Bo3zaeiicTBus». VMccnenoBanue nmpoBOoAKUIOCE ITyTEM MOAEIUPOBa-
HUSI BUPTYaJbHOW adpOJMHAMUYECKON TPYOBI C IIOMEIICHHBIM B HEe CBOJOM U3

BaJIbLIOBAHHBIX METAIMUECKUX MpoQuIeii s BeTpa, ACHCTBYIOIIErO B TOpeI]

Hemopus cmamuu: cBoza (BHOJb 00pa3ylolieit), NepIeHIUKYISIPHO K CBOIY U MOJ YTJIOM, a TaKkKe
Hocrynuna B penaxuuto: 07 nexabps 2018 T. BJIOJIb HETO C U3MEHEHHUEM TIposieTa oT 12 10 24 MeTpoB. MoenupoBanue cBojia
Hopaborana: 21 pespans 2019 r. 13 BaJblOBaHHBIX Hpoduieil ¥ BUPTyalbHOH a’poAuHAMUYECKOH TpyObl BbI-
Hpunsra k my6nukanun: 24 anpens 2019 r. nonHAToch B mporpammuoM komiekce COSMOSFloWorks 1o usioskeHHoi B

paHHMX IyOmukanuax Meronuke [2; 11]. TeopeTHko-MeTON0IOIMUECKYI0 OCHO-
By HCCIIEZIOBaHHs COCTaBHIM ypaBHeHUs HaBhe — CTOKCa M ypaBHEHHUS COCTOS-
HUS KOMIIOHEHTOB TeKy4eil cpefibl.

Pesynomamer. PaccantaHo faBlIeHHE Ha CBOJ B 3aBHCHMOCTHU OT TPAeKTO-

PHH M CKOPOCTH BETPA B PAa3HBIX BETPOBBIX palloHaX M HANpPaBJICHUSIX JIEHCTBUS
BETPOBOI0 MOTOKA, MPOU3BEIEHO CPaBHEHME JABJICHUS Ha CBOJ, MOIYYEHHOE C
IIOMOLIBI0 KOMIBIOTEPHOr0 Mojenuposanus, ¢ gasienueM no CII 20.13330.2011
«Harpy3ku u Bo3aelcTBHA», COMOCTABIEHBI PE3YJIbTAThI 10 BETPOBOMY JaBlle-
2 HUIO JUIS TJIaJIKOTO U peOpPUCTOro CBOJOB C OJMHAKOBBIMH NapaMeTpaMu, MOJy-
BaHHBIX Npoduieli / CTponuTenbHas MeXaHH- a 8 peop A A P Pami, y
o . YEHHBIX KOMIBIOTEPHBIM MojienupoBanueM [14—17]. Ilo uroram pacueToB MOX-
Ka MHKEHEPHBIX KOHCTPYKLUH M COOPYIKCHHH. CII
2019. T. 15. Ne 3. C. 193-200. http://dx.doi.org/ HO 3aKJIFOYUTh, YTO HOPMATHBHOE JJABJICHHE IO HE MEHSIETCS B 3aBUCUMOCTHU
10.22363/1815-5235-2019-15-3-193-200 OT IPOoJI€TA, a PE3YJIbTaThl KOMIIBIOTCPHOI'O0 MOJACIINPOBAHUSA ITOKA3bIBAOT U3MEC-
HEHHE JaBJICHUS OT BEJIMYUHBI IIPOJIETa.

Jna yumuposanus

Becenes FO.A., Kapabymos M.C. Pe3ynbraTel
KOMIIBIOTEPHOIO pacyeTa BEIUYHHBI BETPOBOM
Harpys3Ku, JIeHCTBYIOILEH Ha CBOJ U3 BaJIbLIO-

BBenenue JIU CBOJI M3 BaJIbI[OBAHHBIX METAUIMYECKUX Mpodu-
neit cucrembl MIC-120, a Takke 3agaHa CKOpPOCTb
BETpa M PACCUNTAHBI TPACKTOPHH OOTCKAHHUS BETPO-
BBIM IIOTOKOM 3aJjaBaeMOr'0 CBOJA, 3aMEHEHHOI'O JIJIs

C nmoMoIbI0 MPOTrpaMMHOTO  KOMILIEKCa
COSMOSFloWorks 6p1a cMoaenupoBaHa BHPTYallb-

Has adpoaAnHaMHU4ECKas pr6a, B KOTOPYIO ITIOMECTHU- YIPOIICHUS MOJEIUPOBAHKS TJIAJKAM CBOJIOM C
Hapy’KHbIMHA pe6paMH TaKOH K€ BBICOTHI U C TAKUM
BuaaroaapHoctu. [locesimaercst cetioit mamsitu npodeccopa, k.T.H. Becenesa FOpus JK€ I1arom, Kak y BaJlbIIOBaHHOT'O HpO(bI/IJ'[H.

AnexceeBruda. ABTop ckoHudaincs 14 mapta 2014 roga. C 6arogapHoOCTBIO APY3bs, _
—— ]_[eJ'II: HCCIICA0BAHUA — YUCIICHHOC OIIPEACIICHUE

! Becenes IOpuii Anexceeguu, KaumaaT TEXHAIIECKUX HAyK, podeccop, kadenpa BO3HCﬁCTBHH BETPOBBIX HArpy3okK Ha CBOJ U3 BaJjlb-

METaJUIMYECKHX, JePEBSHHBIX M IJIACTMACCOBBIX KOHCTPYKIMH, AKaJeMuUsi CTpOU- o
TENBCTEA H APXUTEKTYpSL. IIOBaHHEIX mpodmten cuctemb MIC-120.

2 Kapady Muxaun Cep 4, CTYJICHT, Kade/ipa MEeTAJUIMYECKUX, JePEBIHHbIX U
IUTACTMACCOBBIX KOHCTPYKIMH, AKafieMusi CTponTenbeTBa u apxutekrypbl, ORCID iD: MaTepl/IaJIbl U METOAbI
0000-0003-1481-3363, kmcmishka@rambler.ru
© Becenes [0.A., Kapabytos M.C., 2019 B mporpammuom xommiekce COSMOSFloWorks
This work is licensed under a Creative Commons Attribution 4.0 =
his work i lcensed JBIDKEHUE TEKYUYeH CPEeIbl MOAEIUPYETCS C MOMOIIBIO

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN 193



Veselev Yu.A., Karabutov M.S. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(3), 193-200

ypaBHeHuit HaBre — CTOKCa, ONKCHIBAIOIINX B HECTa-
[IMOHAPHOH MOCTAHOBKE 3aKOHBI COXPAaHEHHS MAaCCHI,
HMITyJIbca M SHEPIruu 3Toil cpeanl. Kpome Toro, uc-
MOJIL3YIOTCS YPaBHEHUS COCTOSIHUS KOMIIOHEHTOB Te-
Ky4del cpenbl, a TakKe IMIIMPUIECKHE 3aBHCHMOCTH
BSI3KOCTH ¥ TEIUIOIPOBOIHOCTH STHX KOMIIOHEHTOB OT
Temreparypsl. HEHBIOTOHOBCKHE JKUIKOCTU 33at0T-
Cs1 3aBHCHMOCTBIO HX KO((UIIMEHTa BSI3KOCTH OT CKO-
POCTH CABHUTOBBIX JehOpMaIMii U TEMIEPaTypPbI, CHKH-
MaeMBbIe JKHJIKOCTH 3a[al0TCsI 3aBHCHMOCTBIO UX TUIOT-
HOCTH OT JaBJICHUS. DTUMH YPaBHEHHUSIMHU MOJICIUPY-
10TCs TypOyJIeHTHBIE, TaMUHAPHBIE U TIEPEXO/HEIE Te-
yeHus. Mexy TaMUHapHBIM B TYpOyJIEHTHBIM Teue-
HUSMU TIEPEXO0J1 ONPEACIIACTCS KPUTUUCCKUM 3HaUe-
HueM unucna PeitHonbaca. /g MonenupoBaHus Typ-
OyJIEHTHBIX TEUCHUU (OHU BCTPEUAIOTCS B MHXKEHEP-
HOH TpakTuke Hambosee 4acTo) yHIOMSIHYThIE ypaB-
Henus HaBbe — CTokca ocpeanstorces o PeitHomnsa-
Cy, T.€. HCIIOJIb3YETCS OCpPEeTHEHHOE M0 MaJIOMy Mac-
mTady BpeMEHH BIIUSHHUE TypOyJICHTHOCTH Ha Tapa-
METPhI IOTOKA, 3 KPYITHOMACIITA0OHBIC BPEMEHHBIC 13-
MEHEHHs, OCpEIHEHHBIC 110 MajoMy MacmTaly Bpe-
MEHH COCTABIISIOIINX Ta30MHAMHUYECKHX MapameT-
POB TIOTOKA (AaBIIEHYIsI, CKOPOCTEH, TEMITEpaTyphbl), yiu-
TBHIBAIOTCS BBEJACHUEM COOTBETCTBYIOIIMX MPOHU3BO/I-
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velociy [rmis]

Puc. 1. IlBeToBbIe H301M0Jis1 pacnpeaeaeHus
CKOpOCTeii BETPOBOI0 NMOTOKA NPU HANPABJIEHUHU BeTpa
NeprneHANKYJIsIpHO o0pa3yoieii cBoaa npojerom 12 m

B 7-M BeTpOBOM paiioHe: ceuenue 1-1 (puc. 12)
[Figure. 1. Color isofield velocity distribution of wind flow
with wind direction perpendicular to the roof generatrix of

the 12-meter span in 7th wind region: section 1-1 (Figure 12)]

a velocity [ris]

HBIX IO BpeMeHH [9]. B pe3ysnbrare ypaBHEHUS UIMEIOT
JOTIOJTHUTENbHbIE YWIEHBI — HAPsDKeHHUs 1o PeiiHomnba-
Cy, a Il 3aMBbIKaHUS 3TOH CUCTEMBl YpPAaBHEHUH B
COSMOSFloWorks ncnonbs3ytoTcsi ypaBHEHHS Tie-
peHoca KMHETHYECKOH »Hepruu TypOYJIEHTHOCTU U
ee TMCCHUTIAIIAN B paMKax k—z MOJEH TypOyJICHTHO-
ctu [1].

Pacuer npousBoauiicsa nns BeTpa, AEHCTBYIOIIE-
ro B Topel cBoja (BAOJNb 0Opa3yrolieit), mepreH -
KYJISIDHO K CBOJY M TMOJ| YIJIOM K HEMY C H3MCHECHH-
eM mposeta ot 12 go 24 metpos [13]. HopmatusHbie
CKOPOCTH BETpa AJIsI BOCbMH BETPOBBIX PaliOHOB MPEA-
craBieHsl B Ta0I. 1. [lomydeHHBIEe pacdeToM H30TIoIIs
BETPOBOTO OOTEKaHHS CBOJA C LIBETOBOW MHIIUKAIIH-
el cCKopocTell MOTOKOB MOKa3aHsl Ha puc. 1-5. Pac-
IIpeIeNIeHNs] BEeTPOBOTO JIaBJIECHUs NPEICTABICHbI Ha
puc. 611 [12].

Tabauya 1

CkopocTb BeTpa 1o paiionam, M/c
[Table 1. Wind speed by areas, m/s]

Paiion la 1 2 3 4 5 6 7

CxopocTth
BeTpa

18 | 21 | 24 | 27 | 30 | 33 | 37 | 40

R

Welocity [m/s]

Puc. 2. IIBeToBbIe H30MO0JIs pacnpe/Ie/ieHHsI CKOPOCTH BEeTpa
MPH €ro HANPaBJeHUHU NePIeHNKYJIAPHO 00pa3ylomeii cBo1a
npoJieToM 18 M B 7-M BeTpoBOM paiioHe:

BHJI COOKY, ceueHue 2-2 (puc. 12)

[Figure 2. Color isofield velocity distribution of wind flow
with wind direction perpendicular to the roof generatrix of
the 18-meter span in 7th wind region:
lateral projection, section 2-2 (Figure 12)]
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Puc. 3. [IBeToBbIe H30MO0JIsI pacHpeiesieHHsi CKOPOCTH BeTpa NMPHU ero HanpaBJIeHHH MO/ YIJIOM K CBOAY mpoJieToM 12 m
B 7-M BEeTPOBOM paiioHe: a — ceuenne 1-1; 6 — cevenne 2-2 (puc. 12)
[Figure 3. Color isofield velocity distribution of wind flow in the direction of the wind
at an angle to the arch of the 12-meter span in 7th wind region: a — section 1-1; 6 — section 2-2 (Figure 12)]
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Puc. 4. lIBeToBbIe H3010.Is1 pacnpe/ieleHHs] CKOPOCTH BeTpa Puc. 5. IIBeToBBIe H3010Is1 pacnpe/ieieHHs] CKOPOCTH BeTpa
NIPH €ro HaNpaBJIeHUH BAOJIb 00pa3yloleii cBoaa NIPH €ro HaNpaBJIeHUH BAOJIb 00pa3yloleii cBoaa
npoJerom 18 M B 3-M BeTpoBoM paiioHe: ceuenne 1-1 (puc. 12)  mposerom 18 M B 3-M BeTpoBoM paiione: ceuenue 2—2 (puc. 12)
[Figure 4. Color isofields distributions of wind speed [Figure 5. Color isofields distributions of wind speed
at its direction along the generatrix arch of the 18-meter span at its direction along the generatrix arch of the 18-meter span
in 3rd wind region: section 1-1 (Figure 12)] in 3rd wind region: section 2-2 (Figure 12)]

Puc. 6. 30HbI pacnpeesieHus JaBJIeHHs! IPU HANIPABJIEHHH Puc. 7. 30HbI pacnpeesieHus JaBJIeHHs! IPU HATIPABJIEHHUH
BeTpa NepNeHIuKYJISIPHO 00pa3yioleii cBoja npoJierom 18 m BeTpa NeprneHIuKYJISIPHO 00pa3yolieii cBoja npoJierom 12 m
B 1-M BeTpoBOM paiioHe: ceuenue 1-1 (puc. 12) B 1-M BeTpoBOM paiioHe: ceuenue 1-1 (puc. 12)
[Figure 6. Zones of pressure distribution with wind direction [Figure 7. Zones of pressure distribution with wind direction
perpendicular to the generatrix arch of the 18-meter span perpendicular to the generatrix arch of the 12-meter span
in the 1st wind region: section 1-1 (Figure 12)] in the 1st wind region: section 1-1 (Figure 12)]

‘ /
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Puc. 8. 3oubI pacnipeesieHus 1aBJIeHUS Puc. 9. 3oub1 pacnipeesieHus AaBJIEHUS
NpH HANIPABJICHUH BeTPa MOJ YIJOM K CBOAY npoJieToM 12 m NpH HANIPaBJICHUH BeTPa MOJ YIJIOM K CBOAY npoJieToM 12 m
BO 2-M BeTpOBOM paiioHe: ceuenne 1-1 (puc. 12) B 7-M BeTpOBOM paiioHe: ceuenne 2—2 (puc. 12)
[Figure 8. Zones of pressure distribution with wind direction [Figure 9. Pressure distribution zones with wind direction
perpendicular to the generatrix arch of the 12-meter span in at an angle to the arch of the 12-meter span
the 2nd wind region: section 1-1 (Figure 12)] in the 7th wind region: section 2-2 (Figure 12)]

Puc. 10. 3onb1 pacnpenenenns AaBaeHUs IPH HANIPABJICHUH Puc. 11. 3oub1 pacnpenesieHusi AaBJieHUs PH HANIPaBJICHUU
BeTpa BJ0J1b 00pa3ylouleii cBoaa mpoJeTom 18 m BeTpa B10J1b 00pa3yiolleii cBoaa mpoJieTom 18 m

B 3-M BeTpOBOM paiioHe: ceuenue 22 (puc. 12) B 3-M BeTpoBOM paiioHe: ceuenue 1-1 (puc. 12)
[Figure 10. Pressure distribution zones with the wind direction  [Figure 11. Pressure distribution zones with the wind direction
along the arch generatrix of the 18-meter span along the arch generatrix of the 18-meter span
in the 3rd wind region: section 2-2 (Figure 12)] in the 3rd wind region: section 1-1 (Figure 12)]
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ITo mony4eHHBIM TAaHHBIM AABJICHUS U CKOPOCTHU
BeTpa OBLIM MOCTPOSHBI KapTHHBI U30JIMHUNA 30H pac-
TIpeneNicHAsT TaBJICHUS Ha CBOJ MPH JIBWKCHUHU BO3-
JYITHOTO MOTOKA TOJ Pa3HBIMH yTIaMH K 00pa3yro-

et (puc. 12).

XapakTep U3MEHEHHS JaBJeHUs Ha TOBEPXHOCTH
CBOJIa TI0 €T0 MPOJOJILHBEIM U TONEPEUHBIM CCUCHHU-
SIM TIPU IeUCTBUU BETPa MO Pa3HBIMU YTJIaMH TTOKa-

3aH [BETOBBIMHU M30MOBEPXHOCTAMH Ha pHC. 13-16.

30HBI BETPOBOTO JABICHHS Cevenus
[Zone of wind pressure] [Section]
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Puc. 12. 3oubl pacnpeejieHusi BETPOBOIO 1aBJIeHHUS
[Figure 12. Wind pressure distribution zones]
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Puc. 13. M30n0oBepxHOCTH JaBJICHUS BO3AyXa
0 CCYCHUSAM Npu }ZlCﬁCTBP[](l B€TPa B0Jb CBOAA
[Figure 13. Isosurfaces of air pressure in cross-sections
under the action of wind along the roof]
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Puc. 14. M30noBepxHOCTH 1aBJeHUs BO3LyXa MO0 CEYEHHIM
IIPHU ICHCTBUH BETPA MOJ YIJI0M K CBOAY
[Figure 14. Isosurfaces of air pressure in sections
under the action of wind at an angle to the arch]

94357
Pressure [Ps]

Puc. 15. M30noBepxHOCTH JaBJICHHSA BO3AyXa M0 CEYCHUAM
TIPH JefiCTBHH BeTPa MePIEHTHKYISIPHO K CBOAY
[Figure 15. Isosurfaces of air pressure in cross-sections
under the action of wind-perpendicular to the arch]

PesyabTatsl

[Tonyuyennsie cpeaHne pe3yabTaThl JABICHUM 110
TpeM 30HaM (puc. 12) mpu HampaBICHUU JCHCTBUS BET-
pa TIepIeHINKYIISIPHO CBOAY U TIO YIJIOM K HEMy Tpe-
cTaBJIeHBI B Ta0. 2 U 3 cooTBeTcTBeHHO. Ha ocHOBa-
HUU 3TUX JAHHBIX MOXKHO ONpPEJETUTH AaBJICHHUE B JTO-
00if 30HEe CBO/Ia B 3aBUCUMOCTH OT TPOJIETa B BETPO-
Boro paitfona. Ha puc. 16 nmokaszan nmonepe4sslii pas-
pe3 cpemHe 4acTu CBOJA C HAIPAaBICHUSMH JEHCTBY-
FOIIIETO JJaBJICHUs Ha CBOJ 1o 30HaMm [1].

W2

A

Puc. 16. Cxema pacnosioskeHus 30H 1aBJeHUs HA CBO/:
ceuenne 1-1 (puc. 12)
[Figure 16. Layout of pressure zones on the roof:
section 1-1 (Figure 12)]
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Tabauya 2
JlaBJjieHHe NPH HANPABJIEHUH BeTPa NeprneHAnKYyJIsIpHO o0pa3yloeii cBoaa, I1a
[Table 2. Pressure with wind direction perpendicular to the arch, Pa]
Paiion [Area] la 1 2 3 4 5 6 7 Soma [Zone]
IIpoJer, M [Span, m]
31,08 131,6 172,2 179,9 257 279,6 338 476 1
24 -209 —264 -300,6 | —367,5 —433 —584 -691,3 —832 2
-93,6 -31,3 -39,38 | 50,77 -534 -70,4 —85,88 -106 3
58,85 120,7 144,89 169 235 289,2 322,8 403,7 1
18 —207 -376 —467,8 | —5323 —744 —905 -1074 —1281 2
-33,1 -62,9 -73,34 | 90,01 -134 —156 —185,6 217 3
101,8 136,4 172,47 2522 287,9 343 441 532,1 1
12 -170 —227 -299,9 | 377,1 —479 —564 —721,2 —841 2
—46,7 —61,4 -83,09 | -110,6 -132 —154 —207,9 —243 3
Tabruya 3
JlaBjieHHe NPH HANPAaBJIEHUH BeTpa IOJ YIJIOM K cBoay, Ila
[Table 3. Pressure at wind direction at an angle to the arch, Pa]
Paiion [Area] la 1 2 3 4 5 6 7 3oma [Zone]
IIpoJer, M [Span, m]
123,8 163,8 163,7 211,7 263.,8 323,2 375,55 | 460,28 1
24 —226 =277 —280,7 -350 —429 -536 —646,4 | -762,6 2
—47 —59,2 —51,22 71 —83,1 -106 -144,3 | -160,7 3
111,5 135,7 198,3 260,5 311,5 412,9 505,99 | 553,61 1
18 —246 -330 —412,6 —539 —661 —770 —1032 —1178 2
—61 -106 —105,7 —141 —171 -190 -272,8 | 3053 3
58,97 87,59 127 175,7 185,3 194,9 250,25 | 348,25 1
12 -137 217 —295,7 -375 —424 —473 -591,4 | —637,6 2
-34,9 -52,9 —78,61 —-103 —-113 -123 -149,3 | -173,6 3
Ob6cyxneHue CpaBHUBas BEIUYUHBI HOPMATUBHOTO JaBICHUS

IIpu nmeficTBUM BeTpa BAOIL 00pa3yIONIEH CBOIA
HabII0jaeTcsa CHIKEHNE CKOPOCTH BeTpa BIOJIb Hee,
YTO TIOKa3aHO Ha puc. 5. [laBneHue, OIU3KOE K HYJIIO,
n3o00pakeHo Ha puc. 11. CHIKEHHE CKOPOCTH BETpa
MpU 00TyBaHMM BETPOBBIM IOTOKOM BJIOJb CBOJA BBI-
3BaHO OocoOeHHOcTsIMU TocnenHero [2]. Kak yxe Obuio
CKa3aHo, CBOJI cocTOUT M3 U-00pa3HbIX BaIbIIOBAHHBIX
npoduieii, CTCHKH KOTOPBIX TIPEICTABIITIOT CO00 Bep-
THKaJIbHBIE peOpa, OKa3bIBAIOIINE COMPOTHBIICHUE BO3-
IYITHOMY TIOTOKY, YMEHBINIAIOIINE CKOPOCTh BETpa H,
CIIeIOBATENBHO, aBjicHre Ha cBox [3]. CHIKEHHE CKO-
pocTH BeTpa BIOJb 0Opa3yrolieil CBo/ia BBI3BIBACT He-
PaBHOMEPHOCTS €ro Jie)opMaIyii B 3TOM HAPaBJICHUH.

CpaBHHM JTaBIICHHE HA CBO/I, TIOJyYEHHOE C TIOMO-
HIBI0 KOMITBIOTEPHOTO MOJICIMPOBAHUS, C JaBIICHUEM
no CIT20.13330.2011 «Harpy3ku u Bo3neiicTus». Bel-
yrcrvM AasneHue Ha cBof o CII u 3aHecem maHHBIE
B Ta01. 4 TI0 30HaM, B 3aBUCHMOCTH OT BETPOBOTO paii-
OHa U TIpoJieTa 31aHus [4].

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

JUTS TITaIKOTO cBoJa (Talu. 4) v NaBJiIeHHS, MOTyYeH-
HOTO KOMIBIOTEPHBIM MOJEIMPOBAaHUEM, I CBOJA
¢ pebpamu (Tadm. 2), JETKO YBUAETH, YTO HOPMATHB-
Hoe naeieHue mo CII He MeHsieTcs B 3aBUCUMOCTH
OT TIpOJIETa, T.K. OTHOIIEHHUE CTPEIHI IIOJbEeMa CBOAA
K MPOJIETY MOCTOSIHHO, @ KOMITBIOTEPHOE MOJICIUPO-
BaHUE JUIS CBOJIa C peOpaMu MOKa3bIBAET, YTO B O/I-
HOM U TOM >K€ BETPOBOM paiiOHE NMpH H3MEHEHHUH
nposieta oT 12 1o 18 M naBieHue pacrter, a oT 18 1o
24 M — magaet. JTO pa3iIMyUe CTaBUT PSI 3a7ad Io
JanbHeimeMy, 0ojee TIIATeIbHOMY W3YYEHHIO BITHSI-
HUS BETpa Ha TOHKOCTEHHBIE METAJTNYECKHE CBOJIBI
W3 BaIbIOBaHHBIX ipodueii [10; 11].

BwmecTe ¢ Tem mpeacTaBiseT MHTEpEC CpaBHe-
HUE Pe3yJbTAaTOB IO BETPOBOMY IABIICHUIO IS
[JIAJIKOTO U PEOPUCTOTO CBOJIOB C OJMHAKOBBIMH I1a-
pamMeTpamu, MOJYYCHHBIX KOMITBIOTEPHBIM MOJICITH-
poBaHHEM. DTH pe3yIbTaThI IPEICTABICHbI B TA0I. 5
u 6 g cBoja mposietoM 18 M, n300pakeHHOM Ha
puc. 17 [10].

197



Veselev Yu.A., Karabutov M.S. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(3), 193-200

Tabauya 4

JlaBjieHue Ha CBO/J NPH HANPABJEHUH BeTPa NepneHaAnKy.JasspHo oopasyromeii no CII 20.13330.2011, I1a
[Table 4. Pressure on the arch when the wind direction is perpendicular to the generatrix
according to the Construction Rules 20.13330.2011, Pa]

Paiion [Area] la 1 2 3 4 5 6 7 Soma [Zone]
IIpoJiet, M [Span, m]
108,8 147,2 192 2432 307,2 384 467,2 544 1
24 -163,2 | —220,8 —288 -364,8 | —460,8 -576 —700,8 -816 2
—54.4 —73,6 -96 -121,6 | —153,6 -192 —233,6 272 3
108,8 1472 192 2432 307,2 384 4672 544 1
18 -163,2 | —220,8 —288 -364,8 | —460,8 -576 —700,8 —816 2
—54,4 —73,6 -96 -121,6 | —153,6 -192 —233,6 272 3
108,8 147,2 192 2432 307,2 384 4672 544 1
12 -163,2 | —220,8 —288 —364,8 | —460,8 -576 —700,8 -816 2
—54,4 —73,6 —-96 -121,6 | —153,6 —192 —233,6 272 3
Tabauya 5

JlaB/ieHHe NIPU HANPABJIEHNH BeTPa NepHeHANKYJISAPHO o6pa3ylouieii cBoaa
[Table 5. Pressure with wind direction perpendicular to the arch]

Paiion [Area] la 1 2 3 4 5 6 7
3o0na [Zone]
IIpoJier, M [Span, m]
[ aokuil c600 [Smooth arch]

55,34 114,8 140,45 175,8 221 258,5 318 353,8 1

18 —208 —383 —477,3 | -536,7 -750 -931 —1096 —1281 2

—34 —63,7 —-80,38 -94.3 —133 -160 —193 -220 3

Cs00 ¢ pebpamu [Arch with ribs)

58,85 120,7 144,89 169 235 269,2 3228 403,7 1

18 —207 -376 —467,8 | 5323 —744 —905 -1074 —1281 2

-33,1 —62,9 -73,34 | -90,01 —134 -156 —185,6 217 3

Tabauya 6

JlaBJieHHe MPH HANPAaBJIeHNH BeTPa I0J YIJIOM K 00pa3ymonieii cBoga
[Table 6. Pressure at wind direction at an angle to the arch]

Paiion [Area] la 1 2 3 4 5 6 7 Sona [Zone]
IpoJet, M [Span, m]
Tnaokuil c6o00 [Smooth arch
114,6 152,2 206,4 269,4 314,5 365,5 496,66 | 580,14 1
18 —242 314 —424,1 —538 —663 771 915 -1176 2
-57,3 75,1 -107,4 -129 -173 —184 —257,7 | -302,2 3
C600 ¢ pebpamu [Arch with ribs]

111,5 135,7 198,3 260,5 311,5 412,9 505,99 | 553,61 1

18 —246 -330 —412,6 -539 —661 -770 -1032 —1178
—61 -106 —105,7 —141 -171 —190 -272,8 | 3053 3

42,8085
438217
30,0468
30166

23,2051
26,4043
195234
145476
arein
428085

0
Crogocts [ms]

Puc. 17. MoagenupoBaHne 00TeKaHHs BETPOBBLIM IOTOKOM CBOJa:
a — BUJI CBEPXY; 6 — U30METPHS
[Figure 17. Modelling of wind flow around the arch:
a — top view; 6 — isometry]
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BoiBoabI

W3 maHHBIX B TaOIUIIAX BUAHO, YTO TIPH 0OXyBa-
HUUW TEPIEHAUKYJISPHO CBOJIY JABJICHUE Ha MOBEPX-
HOCTB CXOXH JiJIst 060ux cBonoB [8; 9]. [Ipu netictBuu
BETpa IOJI YIJIOM K CBOJAaM HaOIItoMaeTcs Ta ke Kap-
TuHA. TakuM 00pa3oM, BIHMSHUE CTCHOK TPOQHIs Ma-
JIO CKa3bIBAETCS HAa BEIUYMHBI BETPOBOI'O JIABIICHUA
BBUJTy HEOOJBIION UX BBICOTHI TI0 CPABHEHUIO C OCHOB-
HBIMH pa3MepaMH CBOJa. JTO JaeT BO3MOXKHOCTH Be-
CTH pacyeT BETPOBOM HArpy3KH Uil CBOJAOB U3 Ballb-
IMOBaHHBIX mpoduineii cuctembl MIC-120 kak s rnaa-
KHX CBOJIOB ITPH JICHCTBUH BETPa MOTEPEK JIHMHEI CBO-
na[5-7;9].
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The aim of the research is to numerically determine the effect of wind loads
on the roof of the rolled profiles of the MIC-120 system.

Methods. There were made some calculations in this article of wind load,
acting on rolled metal thin-sheet profiles arch and a comparison of computer mo-
deling and buildings requirement such as Building Rules “Loads and Actions” results.
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The research was carried out by means of modeling of a virtual wind tunnel with the
placement to it a metal thin-sheet profiles arch in consideration of different wind actions
such as acting on the arch’s butt end (along a generatrix), as well as athwart on the arch
and angularly on it with the arch’s width change from 12 to 24 m. The arch modeling as
well as the virtual wind tunnel modeling was based on the COSMOSFloWorks soft-
ware package by means of the method, stated in the previous publications [2; 11].
The theoretical and methodological basis of the research is the Navier — Stokes equation
and the equation of the condition of the fluid medium’s components.

Results. The results are, first of all, the calculation of the wind pressure on
the arch depending on the trajectory, wind speed in different regions and directions of
wind flow, secondly, the comparison of the wind pressure, getting with the help of
computer modeling with Building Rules 20.13330.2011 “Loads and Actions” and,
finally, matching of results of wind pressure for a plain and ribbed arch with equal
geometrical parameters, getting by computer modeling. In compliance with the ge-
nerated calculations there was drawn a conclusion, that the standard pressure accor-
ding on Building Rules does not change from arch span, but results of the computer
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Abstract
Introduction. Optimization is a criterion, on the ground of which, compara-
optimization problem; tive estimation of possible alternatives and selection of the best decisions is carried
shell of revolution: out. Cost of a shell, its minimum weight, absence of bending moments and tensile
dome; ' normal stresses, given stress state for acting external load, given bearing capacity
when optimal shallowness, maximum external load, minimum weight under limita-
tion on the value of natural frequencies of vibration and maximum displacements,
absence of bending moments with taking into account internal pressure, dead
weight, and centrifugal forces; maximum of critical force and something else can
be criterion of selection of optimal shape of shell of revolution.

Methods. The main criteria of optimality for shells of revolution and infor-

Keywords:
optimization;

minimum-weight shell

mation sources for the 1970-2019 periods are presented in a paper. It will help to
study previous results devoted to using optimizations and to set about further
investigation. But there is no single approach to the definition of optimal shell of
revolution and obviously will not be, because own optimizations are necessary
for every concrete case of loading, or distribution of stresses along the thickness,
or under the demands to the ratio of the volume and area of considered shell, or
with due regard for different kind of expenses, and other demands.

Results. For the first time, 24 criteria of optimality only for shells of revolu-
tion were discovered. The names of scientists offered presented criteria of opti-
mality and the 45 references dealing with this question are pointed out. It is shown
that principles put in the basis of optimal design and criteria of optimality must be
given with the help of language quite naturally for computer. Having used optimi-
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zations presented in the paper, designers can choose the criterion for their own
design of optimal shell shape. Study of the prerequisites of the structural solutions
in building and machine-building, the history of the development and perfecting of
technologies of erection of shells of revolution will permit to generalize the experi-
ence accumulated by designers and to develop new fundamental solutions. Other-
wise, architects, structural engineers, and designers will be repeating the achieved
solutions in building, architecture, and machine-building.

For citation

Krivoshapko S.N. (2019). Optimal shells of
revolution and main optimizations. Structu-
ral Mechanics of Engineering Constructions
and Buildings, 15(3), 201-209. http://dx.doi.org/
10.22363/1815-5235-2019-15-3-201-209

Introduction ture, building, machine-building, and so on. Large
number of scientific-and-technical publications [1-3]
is devoted to analysis of these shells on strength, sta-
bility, dynamic, and to their application and classifi-
cation.

Now, not only problem of shell analysis is one

It is well known that shells of revolution are
the most widely-distributed type of shells. They are used
in different fields of human activity viz in architec-

Acknowledgments. The publication has been prepared with the support of the

“RUDN University Program 5-100".

Conflict of interest. The author confirms that this article content has no conflict of interest.

! Sergey N. Krivoshapko, DSc, Professor, Department of Civil Engineering, krivo-
shapko-sn@rudn.ru

© Krivoshapko S.N., 2019
This work is licensed under a Creative Commons Attribution 4.0
3 International License

TEOPUA TOHKIX OBONOYEK

of actual problems, but a problem of finding of opti-
mal shells of revolution with given in advance cha-
racteristics and required constraints is also an impor-
tant task. Optimization is the selection of a best ele-
ment with regard to some criteria from some set of
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available alternatives. In the simplest case, an optimi-
zation problem consists of search of minimum or ma-
ximum value of a real function by choosing it from
within an allowed set [4]. W. Stadler and V. Krish-
nan [5] have written that about 5,000 scientific pa-
pers and more than 100 monographs published since
earnest 1970 until 1990 were devoted to problems of
optimization of forms of shells of revolution. N.I. Ab-
ramov and V.T. Alekcandrov [6] noted: “Algorithms
and program means, in general, are devoted to solu-
tion of classical optimization problems and do not
take into consideration the real design requirements,
constructive restrictions, and regulations of building
standards”. Principles put in the basis of optimal de-
sign and criteria of optimality must be given with
the help of language quite naturally for computer [7].

Consider some of the most important criteria of
optimality that are adapted for practical conditions or
already have found application under investigation of
shells of revolution.

Criteria of optimality of shells of revolution

Maximum of ratio of the volume of inner shell
space to the area of the surface. V.E. Mihailenko,
V.S. Obuhova, A.L. Podgorniy [8] introduced into
practice the special criterion

n="Ves, )

where S is the minimum area of surface of revolution
covering the maximum volume V.

The more criterion # the better designed midsur-
face of the shell of revolution is with geometrical
point of view. The scientists presented this criterion
approved it in a class of the second order surfaces of
revolution and obtained the optimal criteria 72max for
every group of surfaces of revolution with variable
rise of the surface.

So, they determined optimal rise of a surface of
revolution in every group of the surfaces with the rest
constant values of the geometric parameters.

But having used the method of investigation
presented in a book [8], it was shown that the results
obtained in a paper [9] differed in the main from the
results given in [8]. It means that no one in the con-
sidered surfaces of revolution does not have maxi-
mum for the introduced criterion #, i.e. optimization
of chosen geometric shape of surface of revolution
under the criterion (1) does not make sense.

Minimum volume of inner space of shell with
given area of its middle surface. This problem can
be formulated by the following way: it is necessary
to design a shell of revolution of the nodoid type
with minimum area of surface under given volume in
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advance [10]. It means to find the plane curve, i.e.
the meridian, when its rotation forms the necessary
middle surface of the shell of revolution of alterna-
ting gauss curvature. This criterion is recommended
to use for designing atomic installations [11].

A condition of equi-strength. A condition of equi-
strength of thin-walled shell of reservoir is assumed
as a basis of analysis of drop-shaped reservoir for
the liquid products [12]. Geometry of the middle sur-
face of a shell is chosen on condition that tensile me-
ridional and circular forces will be equal to each oth-
er and constant (N, = N, = N = const) under an action
of designed load. It means that a condition

I/Ri + /Ry =vy(h + y)/N = pN

must be satisfied. This equation follows from the con-
dition of equilibrium of a shell element (Laplace for-
mula). Here R, and R; are radiuses of principle cur-
vatures correspondingly in meridional and circular
directions. The key designed load (inner pressure)

p=v(h+y)

is a sum of hydrostatical pressure of liquid and uni-
form redundant pressure; y is the distance the peak
from a considered point of the shell in the vertical
direction; vy is a density of the product; /4 is a height
of designed column of liquid.

This criterion was used, for instance, for a mem-
brane chaotically reinforced composite shell [13].
The meridian of the shell is built through the points.

Forming of the single surface of revolution with
two given parallels and having the given magnitu-
des of coefficients of the first fundamental form in
the theory of surfaces. E. Annaberdyev [14] offers
a method of selection of the single surface of revolu-
tion passing through given parallels and having the
given magnitudes of coefficients of the first funda-
mental form in the theory of surfaces

ds* = Edu® + Gadv*.

A surface of revolution cannot be designed when
a finite number of its parallels is taken. A smooth
meridian of the middle surface of shell of revolution
is formed as a curve passing through two points and
having the common tangents at the joints of the pa-
rallels for maintaining smoothness of the meridian.

Minimum-weight shell. This criterion is used ra-
ther often. For instance, comparison of the results of
a strength analysis of membrane shells of revolution
with an ellipsoid of revolution of variable and con-
stant thickness is given in a paper [15]. Comparative
analysis showed that the shells of minimum weight
of variable thickness loaded by uniform inner pres-
sure have some advantages.
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Minimum weight of a shell with given in advance
angles of inclination of tangents to the meridian on
circle edges. Efforts to develop low-mass, high-strength
aerospace structures have produced many efficient
structural concepts. This criterion is used too in aero-
space field. As a result, they derive optimal shape of
the meridian and distribution of the thickness along
the meridian. Several examples illustrating an appli-
cation of this criterion are presented in a report [16].
The method makes use of linear membrane theory.
Stroud W. Jefferson supposed that membrane theory
greatly simplifies the calculations and appears to be
sufficiently accurate for the type of shell problems con-
sidered. The method uses the strain energy of distor-
tion yield condition of Von Mises to relate the stress
resultant to the thickness. The mass as a function of
the shape is expressed with the help of an integral.
The integral is minimized by a Ritz procedure toge-
ther with nonlinear mathematical programing method.
Two types of shell shapes were considered: transition
sections, which are open at both ends, and pressure-
vessel heads, which are open at one end and closed
at the other.

Minimum weight with step-function distribution
of shell thickness. A methodology of optimal design
of shells with step-function distribution of thickness,
i.e. ribbed shells and shells with a discrete inner layer,
is used for designing of shells of revolution of mini-
mum weight with simultaneous guaranteeing strength,
stability, and rigidity. This problem is solved in two
stages [17]. At the first stage, the optimization prob-
lem consists in determination of the general dimensional
parameters of shell, i.e. shape and constant thickness
of the shell of minimum weight. The second stage gives
a possibility to detail dimensional parameters of the
shell. These design parameters describe the location
and size of the ribs, the reinforcement parameters,
etc. It is supposed that the thickness is changed from
the center to the edges linearly, but is not changed
along the parallels. The solution of the second stage
is based on the results of the first stage calculation.
A methodology of solution of the problem of the first
stage for ribbed shells working in the geometrically
nonlinear deformation stage uses the Galerkin method
in finite element formulation.

In a paper [17], the effectiveness of the presen-
ted method of optimization is shown in comparison
with methods offered by other researchers earlier. Such
methods as the multidimensional continuous search
or a method of the grid, the steepest descent method
with a variable step, and a method based on a com-
bination of the gradient method and the random
search method have been chosen for a comparative
analysis in [17].

TEOPUA TOHKIX OBONOYEK

Optimal distribution of thickness. In a paper [18],
a problem on optimal distribution of thickness in an
elastic shell loaded by external pressure and by self-
weight under loss of bearing capacity restriction is
studied. The same criterion is used by M. Serra [19]
for membrane shells.

Optimal distribution of variable thickness in com-
bined shells of revolution similar to equi-strength
shells. There is a method of solution of problems of
optimal distribution of constructional materials in com-
bined elastic shells with taken geometrical nonlinea-
rity into consideration when stationary value of the
functional of additional energy of strain is criterion
of quality. This criterion can be used for a non-thin
shell under non-axisymmetric loading. In that case,
the method of solution of problems of optimal distri-
bution of constructional materials in a non-thin elas-
tic orthotropic shell of revolution with given volume
of material comes to the guarantee of minimum value
of the functional of energy of strain. This criterion was
illustrated on concrete examples in a dissertation [20].
The criterion can be used for the solution of important
applied problems of analysis and optimization of ele-
ments of aircrafts and articles of constructive optics.

Minimum volume and expected strength under
given load. Those who use this criterion raise a prob-
lem: it is necessary to find a shape of axisymmetric
shell of revolution having minimum volume and this
shell must be durable when bending moments are ab-
sent under action of inner pressure, dead weight,
or centrifugal forces [21]. Methods of calculus of varia-
tions, the criterion of strength of Tresca, and expan-
sion of the solution into a power series of the inde-
pendent variable are used in the time of solution of
the problem.

The absence of bending moments and tensile
normal forces. Designers must secure the absence of
bending moments and tensile normal forces in pro-
jected tensionless masonry domes. For these cases,
the criterion used by M. Farshad [22] should be ra-
ther helpful. As the result of this study the meridio-
nal shape and thickness variation of a tensionless ma-
sonry dome was obtained.

Minimum weight of shell from quasi-brittle ma-
terial with taking into account appearance and pro-
gress of cracks as a result of action of given mini-
mum value of cycles. The most important task is a
problem of optimization of shells from brittle mate-
rial with due regard for initial defects and accumula-
tion of damages [23]. But the most part of investiga-
tions on theory of optimal design is fulfilled without
taking into consideration initial damages and assump-
tions of possibilities of appearance and progress of
cracks. At first, problems of optimization with taking
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into account appearance of cracks with given parame-
ters in advance were studied but N.V. Banichuk with
colleagues [23] already introduces a factor of incom-
pleteness of information. In this paper, the authors [23]
study the problem of finding axisymmetric shape of
thin-walled momentless shell of revolution posses-
sing minimum mass and answering the geometrical
constraints, the constraints on the permissible num-
ber of cycles before destruction, if axisymmetric ex-
ternal actions are applied. The problem of finding of
optimal shape of shell consists in determination of
radii of parallels of the shell of revolution of constant
thickness.

The given bearing capacity for optimal slope.
When it is necessary to ensure the given bearing ca-
pacity for optimal slope of shell, designer can avail
oneself of the results presented in a paper [24] where
this criterion is considered.

L.Yu. Stupishin [25] used the same criterion of
optimality but he solved a problem on the basis of
the principle of maximum of L.S. Pontryagin under
buckling constraints.

Minimum volume of concrete and minimum
weight of reinforcement of ellipsoidal shell of revo-
lution with optimal rise (slope). This criterion prac-
tically coincides with the foregoing but it is used on-
ly for reinforced concrete shells. K.M. Gmirach with
his colleagues [26] proposes to find an optimal shell
rise under constant value of the radius of the founda-
tion, i.e. an optimal ratio of the rise of an elliptical
reinforced concrete shell of revolution to the radius
of the foundation may be taken as the criterion of
optimality. In a paper [26], three domes with diffe-
rent rise were analyzed. The stresses in the support
ring, the total area of reinforcing, and the total ex-
pense of concrete were calculated. The results of in-
vestigations proved that application of elliptical rein-
forced concrete domes with a rise less than 11.5 m
and with a 27 m diameter of the foundation is not
rational, because the dome begins to work on tension
instead of compression.

Given bearing capacity of combined shell un-
der condition of dividing of its meridian into 5 sec-
tions that are approximated by circles of different
radii. A meridian of a shell of revolution is divided
into five section, every section is substituted for a
curve outlined along a circle of R; (i = 1 — 5) in radi-
us. A numerical analysis of the shell is fulfilled with
the application of standard formulae of a theory of
thin shells. Having studied the obtained results, one
can change one or several radii and repeat the analy-
sis. These analyses are fulfilled several times until
acceptable result will be. This method is described in
a paper [27].

204

Minimum weight of the combined shell with given
in advance bearing capacity. V.V. Toropov [28] sol-
ved a problem of minimization of weight of the com-
bined axisymmetric shell structures with the applica-
tion of the principle of stage parametrical optimiza-
tion. The analysis of the structure under given set of
the operated parameters of thickness of separate com-
ponents of the shells was carried out by the finite
difference energy method. A system of the interact-
ting restrictions for stresses, displacements, and sta-
bility was approved.

On the basis of a complex search in a disserta-
tion of V.G. Malakhov (2003) and in his paper [29],
an algorithm of finding of a combined shell of revo-
lution with optimal weight under strength constraint
was devised when the thicknesses of the shell struc-
tures and the parameters of supporting rings are un-
known design variables.

Weight constraint for a shell of conjugation of
two shells of revolution. This criterion coincides practi-
cally with the foregoing criterion. In a paper [30],
a numerical procedure of optimization of a shell of
revolution connecting a cylinder to a sphere under
internal pressure is offered. A procedure based on
a direct variational method. An optimal shape of the
shell of conjugation is determined under condition
that its meridian is given by a function differentiable
at least twice. The design is set up with respect to
volume restriction, weight constraint and governing
yield criterion. The shell of conjugation can have
variable thickness and has the same strength as that
of an unpierced sphere subjected to internal pressure.

An approach to problem, presented in a paper [30],
can be applied for shells of smooth conjugation with
conic and cylindrical midsurfaces, brought in a pa-
per [31], where meridians are taken in the form of
the section of the sinusoid.

The minimization of the volume of the shell
material, the maximization of the fundamental na-
tural frequency, the minimization of the maximum
stresses, and the minimization of the maximum dis-
placement. This criterion of optimality is given in
a paper “Sensitivity analysis and optimal design of
thin shells of revolution” [32]. Stress-strain state of
axisymmetric shells of revolution under action of ar-
bitrary loads is determined in classical formulation of
Love — Kirchhoff with the help of FEM. The criterion
was approved for conic, cylindrical, and compound
cylindrical-and-conical shells. The objective of the de-
sign is the minimization of the volume of the shell
material, the maximization of the fundamental natu-
ral frequency, the minimization of the maximum stres-
ses, or the minimization of the maximum displacement.
The constraint functions are the displacements, stresses,
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enclosed volume of the structure, volume of shell mate-
rial or the natural frequency of a specified mode shape.

G.I. Belikov, A.A. Tarasov [33] solved a problem
of increasing of the lowest frequency of natural oscil-
lations with the help of change of the geometrical pa-
rameters and the form of meridian of hyperbolic cool-
ing towers with taking into consideration influence of
self-weight on the stress-strain state of the shell.

Solving the problems of optimization, they used
a method of relaxation with correction of the vector
of solution for every iteration. By the way, G.I. Be-
likov derived that demands to shell about frequency
of natural vibrations are well coordinated with strength
constraint [34].

The same criterion is used in a dissertation [35]
where problems of optimization of a shell of minimum
mass are considered with constraints on maximum stres-
ses or displacements, on minimal natural frequencies
and on the geometrical parameters when the natural
frequencies depend on preliminary loading.

Maximum of the buckling load capacity when
a volume of the barrel-shaped shell is given in ad-
vance. In a paper [36], barrel-shaped shells with fixed

opposite edges subjected to axial compression are exa-
mined under buckling constraints. For this case, op-
timal curvature of the meridian of the middle surface
of shell of revolution under action of maximum criti-
cal load is found when its volume is given in advance

Minimum normal stresses in shells of revolu-
tion with the same overall dimensions, boundary
conditions, and external load. Several shells of re-
volution, the middle surfaces of which are formed by
convex or concave in one side meridians, are taken
for consideration. Then, it is necessary to choose the
constants in the parametrical equations of these sur-
faces in order to receive the same overall dimensions
of the shells. Then, they obtain the parameters of
stress-strain state of the selected shells; make proper
graphic representations of displacements, bending mo-
ments, normal and shearing forces, and compute maxi-
mum normal stresses in appointed sections. At the last
stage, they find minimum values from maximum valu-
es of normal stresses and that shell is considered as
optimal one. In a paper [37], this criterion was ap-
proved after the example of five shells of revolution
of negative curvature (Figure).

Figure. Five types of surfaces of revolution:
a — a catenoid; b — a surface of revolution of the fourth order parabola;
¢ — a surface of revolution of the second order parabola; d — a one sheet hyperboloid of revolution; e — a globoid

The investigation of B. Nick [38], conducted with
5 types of domes (spherical, elliptical, parabolic, hy-
perbolic domes, and combined domes with middle sur-
faces, consisting of hyperbolic and parabolic surfaces),
was realized with the application of the same criteri-
on. He insists that a dome formed from the lower
hyperbolic dome and the upper paraboloid of revolu-
tion is the best of all.

Maximum of inside blast pressure. Now, the pro-
tection of erections from the terrorist attacks and, thus,
search of effective structural shapes to mitigate the blast
energy is very important problem. The influence of in-
side blast pressure is studied for six shapes of domes of
the same weight and thickness in a paper [39]. The study

TEOPUA TOHKIX OBONOYEK

shows that the parabolic and bowl shape of domes could
withstand the blast load with least top displacement.

Minimum expenditures for making, transport,
assembling, and exploitation of combined reinfor-
ced concrete shells. This criterion was presented in
a paper [40]. The height of a combined reinforced
concrete dome and the parameter describing the form
of combined shells were taken as the modified gui-
ded parameters. A shell made of unified plates with
the dimensions of 3x6 m in the form of spherical sur-
face was considered as an example.

Minimum cost under minimal values of varia-
ble rise and thicknesses in the apex and at the sup-
port. This algorithm of optimization is a method of

205



Krivoshapko S.N. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(3), 201-209

selection which gives minimum cost of building of
shell structure under strength constraints.

A method of selection is decrease of permissible ini-
tial thicknesses until stresses and deformations in shell do
not achieve the allowable tensile stresses and the allowa-
ble deformation under compression. This process is put
into effect with changing shell rise from maximum height
till minimal height. The value of decided parameters gi-
ving the minimum cost will be taken as optimal solution.

A cost restriction is total cost of reinforced con-
crete shell, cost of external and inner finishing layers.
This minimization must be limited by technical de-
mands of safety. A cost restriction is represented by
three group restrictions that limit the minimization of
design variables that are strength constraints of materi-
al, minimum thickness restriction, and restriction of the
minimum height which must be functionally required.

In a dissertation [41], the computer program for op-
timization of a spherical shell is presented and approved.
Data generation includes the constant shell span (D) and
variable parameters of a process of optimization, i.e. the
shell rise (%), the initial shell thickness (z.) at the peak
and at the support (). The program of optimal analysis
consists of two parts [41]. The first part contains data
generation. This part non-linearly analyses a shell with
taking in consideration the self-weight and live load
(snow and wind load). The second part uses the method
of selection. This part offers optimal analysis of a shell,
1.e. it finds optimal thickness at the shell peak and at the
support that are variables in the cost restriction. Finally,
the cost of the shell of revolution is calculated.

The results of the second part are used again as
the data generation for the first part but with new
geometrical parameters (%, f., ;) and again it is ne-
cessary to revert to the second part, and so on.

The total cost of a reinforced concrete dome with
minimum normal stresses and minimum constant thick-
ness. This criterion is introduced in a paper [4], where a
dome with reinforcement in both meridional direction and
hoop direction is under consideration. The criterion is il-
lustrated for three spherical domes with diameters equal to
6 m, 20 m, and 45 m. The total cost consists of the cost of
reinforcing steel and concrete. For optimization of dome
structure dynamic programming method is used.

Conclusions

V.V. Novozhilov was one of the first who began
to seek for a shell of revolution with the most advanta-
geous indices of stress-strain state. In particular, exami-
ning four different domes viz spherical, parabolic, half-
elliptical, and the lesser part of elliptical, he determined
that a dome in the form of the lesser part of ellipsoid of
revolution was the most advantageous one because it
can work as momentless shell with comparatively slight
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rigidity of the support contour. Membrane strength the-
ory of shells subjected to dead load was used.

V.G. Malakhov [20] shows that yearly number
of publications devoted to optimal design of shells
remains rather great during the last ten years. It points
at stable interest of researchers in problems of opti-
mal designing. Considerably less works are devoted
to optimal designing of thick shells.

After the first results of shell optimization since
1960 till present time, interest in establishment of criteria
of optimality and in solution of optimization problems
increases under conditions of regularly increasing requi-
rements for creation of optimal shells of revolution for
different branches of human activity. Before the begin-
ning of subsequent investigations, it is necessary to study
previous results of using of criteria of optimality. This
review paper can help in studying of existing criteria.

In this paper, criteria of optimality for composite
shells of revolution are not presented. Those who are in-
terested in this problem can begin with a book [42] with
73 references, where criteria of optimality of shell struc-
tures from reinforced composite materials are enumerat-
ed or with more late works [43; 44] and with a work [45]
containing 88 references, where laminated composite
and sandwich plates and shells are considered.
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Annomayus

ILlenu. Kpurepuii onTHMaNsHOCTH — IPU3HAK, HA OCHOBAaHWU KOTOPOTO IIPO-
U3BOAUTCS CPaBHUTEIIbHAS OLIEHKA BO3MOKHBIX aJIbTEPHATUB U BbIOOp HAUIyYllle-
ro peuienus. Kputepuem BbiOOpa onTuMaibHOW (OPMBI 000JOYKH BpalllCHUS
MOXET OBbITh €€ CTOMMOCTb, MUHUMAJIbHBLI BEC, OTCYTCTBUE U3rUOAIOMIUX MOMEH-
TOB U PACTATHBAIONIINX HOPMAIIBHBIX YCHINH, 33JaHHOE HAPSDKEHHOE COCTOSIHHE
JUIsL IeMCTBYIOIEH BHELIHEH HArpy3Ku, 3aJaHHasi Hecyllasl CIIOCOOHOCTb IIPY OIl-
THMAaJIGHOHM ITOJIOTOCTH, MaKCHMaibHasi BHEIIHSS Harpy3ka, MHHUMAJbHBIA Bec
IIPY OTPaHUYEHUSIX HA 3HAUEHHs COOCTBEHHOM 4acTOThI KOJeOaHUN 1 MaKCUMallb-
HBIX HEPEMEIIEHUH, OTCYTCTBHE M3MHOAIOIINX MOMEHTOB IIPH ydeTe BHYTPEHHETO
JaBJIEHUs], COOCTBEHHOI'O BeCa U LEHTPOOEKHBIX CUJI, MAKCUMYM KPUTHUYECKOH
Harpy3Kd M MHOroe Jpyroe. BeiOpaTh nmpueMieMblii KpUTEPUI ONTHMAILHOCTH
000J104KY BpalllEHHs — LIe]Ib HACTOSILEr0 UCCIEA0BAHMUSL.

Memoowt. B cratbe mpeacTaBiIeHbl OCHOBHBIE KPUTEPUU ONTUMAIBHOCTH IS
0007104eK BpalLlEHHs U UCTOUHUKU MONydeHus uHdopmaiuu 3a nepuon ¢ 1970 no
2019 1., 9TO IOMOKET U3YyUYHTh NPEAICCTBYIOIINE PE3yIbTATHI IT0 UCTIOJIH30BAHHIO
KPUTEPUEB ONTHMAIBHOCTH U HPUCTYIUTh K JAIBHEHIIMM U3bICKaHUAM. OIHAKO
€IIMHOTO ITOJIX0Ja K ONpPE/IeNICHHIO ONTUMAIBHON O0OJIOUKH BpAIlIeHHUs HET U, T10-
BUIIMMOMY, He OyneT. Jlist KaXKIIoro KOHKpPETHOTO CIIy4dasi Harpy>KeHUsl, WiIM pacrpe-
JeJIeHNs] HalPsDKEHHH 10 TOJIIMHE, WK TPEOOBaHHI K OTHOIICHUIO 00beMa H IUIO-
I3 )1 TIOBEPXHOCTH PACCMATPUBAEMOM 000IOUKH, K YUeTy Pa3IM4HOro BUJA PACX0-
JIOB ¥ IPYTHX TpeOOBaHHI HEOOXOANMBI CBOM KPHTEPHHU ONTUMATIEHOCTH.

Pezynvmamol. Briepsble NpeICTaBIeHbI 24 KpUTEPUS ONTUMAIBHOCTH, IPUMe-
HeMble 11 000JI0YeK BpalleHWs. YKa3aHbl yYeHbIe, NPEeUIOKHUBIINE TH KpPUTe-
puH, 1 JaHbl COOTBETCTBYIOUIUE CCHIJIKU Ha 45 HCTOYHHUKOB I/IH(l)OpMaLlI/II/I, B KO-
TOPBIX OIHCBHIBAIOTCS paccMaTpuBaeMble KpuTepun. [loka3zaHo, 4TO MPHHIMIIBI,
IOJIOKCHHBIC B OCHOBY ONTHMAJIbHOT'O IPOCKTUPOBAHUSA, NOJKHBI 6])ITI) H3JI0KE-
HBI C TIOMOIIBIO S3bIKa, TIOHATHOTO KOMIbIOTepaM. Vcnone3ys Matepuaibl cra-
ThH, MPOEKTUPOBIMKY MOTYT BBIOPATh KPUTEPHU UL CBOET'O COOCTBEHHOTO MPOEK-
Ta ONTUMAaIbHON (POPMBI 000IOUKH.
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Abstract

Aims of research. A surface of revolution is generated by rotation of a plane
curve z = f{x) about an axis Oz called the axis of rotation. This paper provides infor-
mation on hyperboloids of revolution surfaces and their classification. Their geomet-
ric modeling, linear and materially nonlinear analysis are worked out.

Methods. Hyperboloids of revolution middle surface is plotted using the soft-

Keywords:

hyperboloids of revolution;

materially nonlinear numerical analysis;
finite elements linear analysis;

finite elements nonlinear analysis;
geometric modeling

ware MathCAD. The linear and materially nonlinear numerical analyses of thin
shells of the shape of an hyperboloid of revolution surfaces on stress-strain state
is given in this paper, using the finite elements method in a computer software
R-FEM, the material which we use in our model is concrete with isotopic nonlinear
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2D/3D stress-strain curve for materially nonlinear analysis and linear stress-strain
curve for linear analyses. Comparison is done with the result of the finite elements
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linear analysis of their strain-stress results.

Results. That displacements in the investigated shells subject to self-weight,
wind load with materially nonlinear analysis are bigger than which done by linear
analysis, in the other side the displacements is similarity subjected to free vibration
load case. Based on these results, conclusions are made for the whole paper.

Introduction

A surface of revolution is generated by rotation
of a plane curve z = f(x) about an axis Oz called
the axis of rotation of that surface. The resulting sur-
face therefore always has azimuthal symmetry. Hence,
an explicit equation of a surface of revolution can be
presented in the following form

z=f(r)= f(\/m), (1)

where r = ,/x? 4+ y? is the distance of a point of
the surface from the axis of rotation.

Right cylindrical and conical surfaces are exam-
ples of surfaces generated by a straight line when the
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line is coplanar with the axis, as well as hyperboloids
of one sheet when the line is skew to the axis. A sphere
is a surface of revolution of a circle around an axis
that passes through the center of the circle. If the cir-
cle is rotated about a coplanar axis, not crossing
the circumference, then it generates a torus.
Meridians are the lines of intersections of a sur-
face of revolution with planes passing through an axis
of rotation. All meridians of one surface of revolution
are congruent to the rotated curve. A plane passing
through the axis of the surface of revolution is called
the meridian plane. It is the plane of symmetry of
the surface. Any surface of revolution has the infinite
number of planes of symmetry. Parallels are the lines
of intersection of the surface with planes orthogonal
to an axis of rotation. Meridians and parallels of a sur-
face of revolution are the lines of principal curva-
tures. Any normal of surfaces of revolution intersects
its axis of rotation. A surface of revolution having
more than one axis of rotation is a sphere or a plane.
Tangents to all meridians in the points located
on one parallel circle are lines on the tangent conical

THEORY OF THIN ELASTIC SHELLS
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(or cylindrical) surface of revolution, which is created
by the revolution of the tangent about the axis of
the rotation. A vertex of the tangent conical surface is
located on the axis of revolution. A parallel is called
the neck circle, if tangent planes to the surface of
revolution in the points on this circle are parallel to
the axis of revolution and the tangent cylindrical sur-
face is located inside the surface of revolution. A paral-
lel is called the equator circle, if tangent planes to
the surface of revolution in the points on this circle
are parallel to the axis of revolution and the tangent
cylindrical surface is located outside the surface of
revolution. A parallel is called the crater circle,
if tangent plane to the surface of revolution in the points
on this circle is perpendicular to the axis of revolution
and normal to the surface of revolution in the points of
this parallel are parallel to the axis of revolution and
form the normal cylindrical surface.

Umbilical points of a surface of revolution are pla-
ced on those latitudes on which a center of curvature
of a meridian is located on the axis of rotation. Sphere
is umbilical surface. Under Alexis-Claude Clairaut
theorem, the product of a radius of a parallel into co-
sines of an angle of intersection of the geodesic line
with the parallel is constant along the geodesic line.

A surface of revolution admits bending into an-
other surface of revolution and a net of lines of prin-
cipal curvatures is remained. Parametrical equations
of arbitrary surface of revolution are

r=r{rB)=r-sin(B)-i+r-cos(B)j+ f(r) k. (2)

Assume an equation of a meridian in the form
r = r(0) where a is the angle of the normal to the sur-
face passing through a given point with the axis of
rotation (Figure 1) then » = R; sin(a).

OI
M N
I;[

Figure 1. Kinematics of generating of a surface of revolution

Coefficients of the fundamental forms of the sur-
face of revolution can be obtained with the help of
formulas:

A=A = Ry(a),
B = B(a) =r = R, - sin(a),
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F=0,L=R,(),M=0,N=R, sin(c), (3)

where R; is the principal radius of curvature of the me-
ridian that is the coordinate line of a, R; is the princi-
pal radius of curvature of the parallel.

The lines a = const are parallels and the lines f =
const are meridians. If an equation of a meridian is
given in the form » = » (z) (Figure 1) then an equa-
tion of a surface of revolution can be written with the
help of three scalar equations:

x=r-sin(B),y =r-cos(B),z=2 (3°)

where r = r(z) is a function that determines the shape
of the meridian (a profile curve);  is the angle of ro-
tation of the plane of the meridian and then

A=V1+71r%2F=0,B=71(2),

1 r’ 1 1
ki=—=— ko=—=—— 3
1R ke = = o G7)

(1+1'2)2

where the derivatives with respect to z are denoted by
primes; k;, k; are principal curvatures of the surface.

Normal curvature of a surface in the direction of the
meridian is equal to a curvature of the meridian, i.e., &;.
Meridians of surface of revolution are geodesic lines.
Catenoid is the only one minimal surface of revolution.
One-sheet hyperboloid of revolution, right circular cy-
linder and right circular cone are the only ruled surfaces.
The last two surfaces are the only developable surface of
revolution. If a beginning and an end of unclosed rotated
line are placed on an axis of rotation, then the surface of
revolution will be the closed one.

1. Geometric Modeling

One-sheet hyperboloid of revolution is genera-
ted by the rotation of hyperbola about the z-axis (Fi-
gure 2, a). These are twice ruled surface.

= _Z =y (4)

Thorough every point of the surface, two straight
lines, lying on the hyperboloid, pass (Figure 2, b).
A hyperboloid can be constructed by rotation of a gene-
ratrix straight line about the z-axis but the straight gene-
ratrix and the axis are skew lines (Figure 2, ¢ and d).
The surface is the only one ruled surface of revolution of
negative Gaussian curvature. The parallel lying in a plane
z = () has a radius » = ¢ and is called a waist circumfe-
rence that represents a geodesic line. All of the rest of the
geodesic lines besides the equator go from infinity coming.

Nearer to the equator. One of them intersects
the equator and goes to other half of the surface but
others do not reach the equator and touching the some
parallel, turn back; the third geodesic lines come nearer
asymptotically to the equator.
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Figure 2. Varieties of hyperboloids of revolution

2. Forms of definition of
one-sheet hyperboloid of revolution

1) Implicit equation (canonical equation):

(?+y?) 22
T e b ®)

If a = ¢, then a hyperboloid is called a right hy-
perboloid.

2) Parametrical equation (Figure 2, ¢ and d):

x=x(u,v) = —a-sin(u) Fa-v -cos(u),

y =y, v) =a-cos(u) ¥Fa-v -sin(u),
z=2z(w) = +Fc-v. (6)
Coefficients of the fundamental forms of the surface:
A2 =a? - (1+v%),B?=a%+ c%F = %Fa?

_ Fea?(1+v?) _ a’c
- (A2-B2—F2)05 ) - (A2-B2—F2)0.5 )

N=0. (7)

Coordinate lines v (u = const) coincide with one
system of straight lines but the lines u are the paral-
lels of the hyperboloid of one sheet. In Figure 2, ¢
the hyperboloid is shown, taking into consideration
the upper signs in the parametrical equations (6) of
the surface. The lower signs are taken into account in
Figure 2, d.

3) Parametrical equations (Figure 2, a):

x =x(r,B) =r-cos(p),
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y =y(r,B) =r-sin(B),
z=1z(r,p) =% )
Coordinate lines » and B (parallels and meridians)
are the lines of principal curvatures.
4) Parametrical equations (Figure 2, a):

a

x=x(rz) = %-\/cz + z2 -sin(B),
y=y(rz) = %-\/cz + z2 - cos(B),

z(r,z) = z 9)

Coordinate lines z and B (parallels and meridians)
are the lines of principal curvatures.
5) Parametrical equations (Figure 2, a):

x = x(a,B) = a- ch(a).cos(B),
y =y(a,B) = a-ch(a).sin(p),
z = z(a,B) = ¢ sh(a). (10)

Coefficients of the fundamental forms of the sur-
face and its principal curvatures:

A% = a-ch(a),B? = a? - sh?(a) + c? - ch?(w),
F=0,

] ch?(a)

Cc ac
L=—-a-c ,K1=_E,K2=E. (11)
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3. Overview of literature

The most complete work on the history of the de-
velopment of hyperboloid structures in domestic con-
struction is the monograph of L. A. Petropavlovskaya [1].

The article [2] gives a comparative analysis of
the stability of the initial form of equilibrium of reti-
culated shells in the form of single-sheeted hyperbo-
loids of revolution. The analyses are performed both
considering only geometric and double (geometric and
physical) nonlinearity. The influence of the shape of
the generatrix of a single-sheeted hyperboloid of re-
volution and the physical nonlinearity of the material
on its stability in the indicated formulations of the prob-
lem is considered. The curves of the equilibrium states
of the shells under load acting on the upper base are
given.

In the review article [3] are summarized principal
achievements of science and engineering in the sphere
of design, construction, and static, vibrational, and buck-
ling analysis of thin-walled constructions and buildings
in the shape of hyperbolic surfaces of revolution. These
shells are useful as hyperbolic cooling towers, TV to-
wers, reinforced concrete water tanks, and arch dams.
They are also used as supports for electric power
transmission lines and as high chimneys. Several public
and industrial buildings having the hyperbolic form are
described in the review. The basic results of theoretical
and experimental investigations of stress-strain state,
buckling, and vibration are summarized. The influence
of temperature and moisture on the stress-strain state of
the shells in question is also analyzed.

In book [4] J.N. Reddy presents the theory and
computer implementations of the finite element me-
thod as applied to nonlinear problems of heat transfer
and similar field problems, fluid mechanics (flows of
incompressible fluids), and solid mechanics (elastici-
ty, beams and plates). Both geometric as well as mate-
rial nonlinearities are considered, and static and tran-
sient (i.e.: time-dependent) responses are studied.

S.I. Trushin and Ph.I. Petrenko in paper [5] inves-
tigated the influence of form of hyperboloid’s genera-
trix on its stress-strain state, stability and fundamental
frequency. The results of numerical analysis of reticu-
lated shells under different loads are given.

The article [6] studies the impact of the shape of
the generatrix of a discrete reticulated shell in the form
of a one-sheet hyperboloid of revolution on its stabi-
lity. It studies the stability of a reticulated hyperbo-
loid with five types of frames formed from the gene-
ratrices of the hyperbolae with one asymptote. For
comparison, the study examines an additional frame
with rectilinear generatrices — the asymptotes of hy-
perbolae generatrices, the properties of which are dif-
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ferent from those of shells with a curvilinear rod net-
work. The work presents the results of the numerical
analysis of the reticulated shell performed with the help
of finite element method in a geometrically non-linear
setting. The article also presents the curves of the equi-
librium states of the shell under horizontal and vertical
concentrated loads. The data obtained has made it pos-
sible to conclude on the impact of the used generatrix
on the stability of the frame of reticulated shells in
the form of hyperboloid of revolution.

4. Linear and materially nonlinear analyses (MNA)
of thin shells in the shape of
one-sheet hyperboloid of revolution

In the linear material model, the stress-strain re-
lationship must be linear with slope £, Young’s Modu-
lus (Hooke’s law):

c=E-¢ (12)

where o is the normal stress and ¢ is the strain.

Material nonlinearity is a concern whenever the
response at the operating loads causes strain levels in
a material beyond the portion of the stress-strain curve
that can reasonably be approximated as linear. Many
materials have curves that deviate small amounts from
linear for large amounts of strain so that, with all
the other uncertainty in the model, there would be little
value in a nonlinear material model. On the other hand,
many curves deviate from linear almost immediately
to such a degree that only the roughest trend studies
can be made with a linear approximation.

The constant of proportionality in a linear mate-
rial model is Young’s Modulus. This represents the
slope of the linear portion of the stress-strain curve
(Figure 3). For highly nonlinear materials, this mo-
dulus may only be applicable at very low strains.

STRESS
(0)

A=

STRAIN
(€)

Figure 3. Stress-strain curve

Nonlinear material models of common engineer-
ing materials are defined by specifying their stress-
strain curves. Most stress-strain curves represent on-
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ly the tensile response. When a material has the same
response in tension and compression, it is said to be
symmetric. Cast iron is a good example of an asym-
metric stress-strain behavior as it is stronger in com-
pression than tension.

Types of nonlinear materials

There are several types of material nonlinearity
that might be present in a structural analysis: 1 — non-
linear elastic; 2 — bi-linear elastic-plastic; 3 — multi-
linear plastic; 4 — hyperplastic; 5 — viscoelastic.

Simplified models of stress-strain curves are shown
in Figure 4.

<o G

£

Linear elastic

Multi-linear plastic

Bi-linear elasto-plastic

Figure 4. Types of nonlinear materials

A nonlinear material model can be defined as non-
linear elastic where the part returns to a zero strain
state when the load is removed or elastic-plastic where
permanent strain begins to accumulate after reaching
the yield strength of the material.

Additionally, an elastic-plastic stress-strain curve
can be input as bi-linear, where only an elastic modulus
and a plasticity or hardening modulus are entered.
It can also be defined as a multi-linear stress-stress
curve where the true nonlinearity of the plastic range
can be captured with a series of points.

5. The comparison of the linear
and materially nonlinear results MNA

Let us consider concrete ¢c20/25 as a material for
our model. The shell are subject to the following loads:
1 — self-weight; 2 — wind load on + Y direction.
The shells are investigated with fixed supports. The load
combinations in the used software RFEM is: (1.4- self-
weight + 1.6-wind loads) according to Eurocode.
The dimensions for our model are the following:
height 36 m, the upper diameter 20 m, the diameter
on base 31.5 m, thickness 15 cm.

For materially nonlinear analysis we use isotopic
nonlinear 2D/3D concert as following (Figure 5).
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Figure 5. FE design model of thin shells in the shape of
one-sheet hyperboloid of revolution in RFEM

The results of our investigation are showed the ma-
ximum displacements for our structure under loads at
three direction with linear and nonlinear analysis (Fi-
gures 6 and 7).

Linear and materially nonlinear analyses are made
for this structure under free vibration to show the in-
fluence of materially nonlinear analysis under free vib-
ration.

Let us assume three vibration pattern for our ana-
lysis, the results are showed in table.
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Uz =—0.09 cm Overall displacement U = 0.15 cm

Figure 6. Linear analysis
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Figure 7. Nonlinear analysis
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Table
Displacements Mode Linear and nonlinear analysis Mode | Natural frequency, Natural period,
fHz] T[s]
1 0.937 0.76
Ux (max, min) cm 2 0.98 0.64 1 3.676 0.272
3 091 0.91
1 0.64 0.98
Uy (max, min) cm 2 0.76 0.93 2 3.678 0.272
3 091 0.91
1 0.068 0.068
Uz (max, min) cm 2 0.067 0.067 3 4.118 0.243
3 0.11 0.11

Model Uz displacement Model 2 Uz displacement Model 3 Uy displacement

Figure 8. Models of Ux, Uy and Uz displacements

Conclusion

The linear and the materially nonlinear analyses
(MNA) investigations of the stability behavior of thin
shells in the form of an hyperboloid of revolution by
the software program R-FEM show that for both lin-
ear and materially nonlinear analyses:
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— the values of displacements under materially non-
linear analysis are bigger than those obtained from
linear analysis subject to self-weight and wind load;

— there is a similarity between the results of linear
and materially nonlinear analyses for this investiga-
ted thin shell subject to free vibration.

THEORY OF THIN ELASTIC SHELLS
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Ienu. IloBepXHOCTh BpallleHUsl 00pa3yeTcsl BpallleHUEM IUIOCKOH KpHBOM

z = f(x) Bokpyr ocu Oz, Ha3pIBa€MO OCHIO BpalleHus. B craten paccMmaTpuBa-
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PecriyOmuku Y36ekuctan», Ne YI1-5066 ot 01.06.2017
«O Mepax 1o KOpeHHOMY TIOBBIIICHHUIO 3(PPEKTUBHOCTH
CHCTEMBI IPEeRYIPENKACHUSI U TUKBUIAINN YPE3BHI-
YallHBIX CUTYyaluii», mocraHoBicHrueM KaOuHera mu-
HuctpoB Ne 1027 ot 28.12.2017 «O co3panuu eau-
HOHM CHCTEMBI MOHHTOpPHWHTA, 0OMeHa WHpopMaIen
U IIPOTHO3UPOBAHMS YPE3BbIYANHBIX CUTyalUd IpU-
POIHOTO TEXHOTEHHOTO M 3KOJOTUYECKOTO XapaKTe-
pa» M OPYrMMHA HOPMATHBHO-TIPABOBBIMH JTOKYMEH-
TaMu, IPUHITHIMHU B TaHHOH cdepe.

BonbmuHCTBO CEHCMOU3OMUPYIONIUX CUCTEM U
YCTPOMCTB BEChMa CIIOKHBI M TPYIOEMKH B U3TOTOB-
JIEHUH W MOHTaXE M, €CTeCTBEHHO, JOPOTH OTHOCH-
TETTFHO CTOMMOCTH O00BEKTa (3TaHUs, COOPYKCHHUS).
K Tomy ke xaxkmas cuctemMa CeicMO3allUThl UMEeT
OTIpeZieTIeHHYI0 00JIaCTh MPUMEHEHNS, 3aBHUCSIIYI0 OT
OCHOBHOW KOHCTPYKIIUH OOBEKTa, €ro 3TAKHOCTU H
XapaKTEPUCTUK BO3MOXHBIX 3eMJICTPSCCHMI. 3a1a4ya
OIIEHKH PUCKA OCJIOKHSETCS ellle M TeM, UYTO KaXKI0e
3eMIIeTpsICEHHE B Hieajie TpeOyeT CBOCOOpa3HBIX MPo-
(DUITAKTUYECKUX PEIICHUH.

MBI nipeiaraeM MCTIONb30BaTh BBISIBICHHUE ACIIH-
PaIMOHHBIX ITOTOKOB KaK JOTOJHUTENHHBIN MEXaHNU3M
obecriedeHHs1 0E30MACHOCTH TPOMBIIUICHHBIX O00BEK-
TOB OT CEHCMOTIOKAPOOIIAaCHOTO (PAKTOpa ¢ IENbIO TPe-
BapUTENILHOM OLIEHKH pUCKa MPEANPUATUN U orepa-
THUBHBIX TIOAPA3JIC/ICHUH, BBIHYKIICHHBIX JCHCTBOBAThH
B CJIOKHBIX ycioBusix [1-3]

1. IIpouecc odecneyeHuss 6€30MACHOCTH

Jlns obecrieweHmst 6€30TIaCHOCTH JKU3HHU U 310pO-
BbsI HACEJICHMSI, a TAK)K€ COXPAHHOCTH 3IaHUU U CO-
OpYXKEHUH HEOOXOJMMO YYUTHIBATH PSJ] BEPOSTHOCT-
HBIX (DaKTOPOB.

B ocHOBHBIX anropuTmax AEWCTBUS MOApa3Jieie-
HUIA 1IpU o0ecrieuyeHnn 0e30TaCHOCTH MOYKHO BBIJIe-
JIUTh TPU OCHOBHBIX 3Tamna [4; 5].

Ha nepgsom smane nnmtensHOCTBIO ¢ TIpeLyCcMaT-
puBaeTcs:

— U3y4YeHHUE 3alNINaeMOi CUCTEMBI B ACIIEKTe
CTETICHH €€ YCTOWYHBOCTH, BBISIBIIEHHE OCHOB U CHII,
COJICUCTBYIOIINX BO3MOXKHOMY €€ pa3pyIICHHUIO;

— BBISIBJICHUC CHUJI, CIIOCOOCTBYIOIIUX CTaOMIIBHO-
MY CYIIECTBOBAHHIO 3aIUIAEMON CHCTEMBI,

— OTIpe/ieJIeHrne TPAaHUI] PaCIIPOCTPAHEHHUS U CTe-
TIEHU Pa3BUTUS CHJI, BO3JICHCTBYIOIUX HA U3MEHEHUE
HA/IeKHOCTHU TaHHOU CHUCTEME,

— oTpeneJieHne MPUYUH pa3pyIIeHUs W/WiIN Ha-
pyuieHus paboTOCTIOCOOHOCTH CUCTEMBI;

— M3YyYCHHE CBOICTB pa3pylIaroneli CHCTEMBI, €€
CITabbIX CTOPOH (HAIpUMeEp, U3yUCHHE TEPPUTOPHAITH-
HOT'O COCTOSIHHUSI U CJIOXKHUBIIIUXCSI OOCTOSATENIBLCTB B3PbI-
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Ba TOProBoro leHTtpa B Hero-Mopke mospommino Tou-
HO ONpEIENUTh CIOKHUBIIYIOCS ONEPaTUBHYIO 00CTa-
HOBKY W, IPUHSB IPaBUIBLHOE YIIPaBICHUECKOE pe-
[ICHHEe, HAMETUTh HATPaBJICHUS BBEICHUS OCHOBHBIX
CHII ¥ CPEJICTB);

— ompeeIeHNe CITOCOOOB BIUSHUS HA BBISIBIICH-
HBIC B CHCTEME aHTarOHU3MBbI.

[TepBriii 3Tam B 11€JI0M MOKHO OXapaKTEpU30BaTh
KaK 3Tan U3y4eHus 3amuiaeMoit cucremsl. C camo-
ro Hayajia HeoOXOIMMO YETKO OIMpPEAEITUTh, CKOIBKO
MMeeTCS BPEMEHU ISl pelIeHUs 3a1a4 JaHHOTO 3Ta-
ma (0OBIYHO 3TO HEOOXOIUMO, €CITH MBI HIMEEM JIEJI0
¢ yXKe paspymaromeics cucreMoi). 31ech pemnaro-
MM (aKTOPOM SIBJIETCS MaKCUMAJIbHOE BpeMs pas-
BHTHS pa3pyMIAIOIIETO Mpolecca 0 TOYKA S, Tmocie
KOTOPOH pa3pyIlieHUEe W YHUUYTOKEHHUE CHUCTEMBI
yKe€ HEBO3MOXKHO MPEIOTBPATUTH (APYTHMHU CJIOBa-
MH, S — 3TO TOYKA, 10 KOTOPOU €IIe BO3MOXKEH BOC-
CTaHOBUTEINBHEIN Tporiecc). Mcxons u3 umeromierocs
B PacCIoOpsDKEHHH BPEMEHH, MOXHO OTBOJIUTH BO3-
MOXHBIN €ro JTUMUT IJIs1 IEpBoro drama [6].

BaxxnocTs mepBoro 3tamna onpeaenseTcs IeHHO-
CTBIO BPEMEHH, 3aTPAadMBAcMOIr0 Ha pEIICHUE €ro
3amad. OHUM U3 BO3MOXKHBIX CIIOCOOOB YBEITHMUCHUS
STOr0 BPEMEHHU SIBJISIETCS MIPUTTIAIICHHUE CIICIIUAINCTOB
W/WITA TTOCTAaHOBKA KOHKPETHBIX 3a4ad IMepe JIFOIb-
MH, UMEIONUMHU JOCTATOYHBIN OMBIT B UX PEIICHUH,
TaK KaK OHU CIOCOOHBI, BO-TIEPBBIX, YCKOPUTH pe-
[IeHWEe MOCTABIEHHBIX 3a7a4, BO-BTOPBIX, OBICTPO U
000CHOBaHHO OTIPEIETUTh MPHOPUTETHOE HAIIPABIIC-
HUE JIEHCTBUN, ONUPASICh HA CIOKUBIIUECS YCIOBUS;
B-TPETHUX, TIPU HEOOXOIUMOCTH «OTCEAThHY» HEHYXK-
HBIE (MJIM BPEMEHHO HEHYKHBIC) TIOITYHKTHI TIEPBO-
ro ¥ MOCJIEAYIONINX 3TarnoB. Bpemsi, 3aTpaueHHOEe Ha
MIPUBJICYCHHE CIICIHAINCTOB, MOTyYCHUE UMHU HHPOP-
Mallii ¥ TPUHATHE UMH PEIIeHUs MOXXHO 0003Ha-
YUTH KaK t — MEPUOI, KaTaTU3UPYIOIIHA BpEMECHHYIO
«nehopMaIuio.

Ha emopom smane mmTenbHOCTBIO 1!

— ONPEACTISIOTCS MYTH JIOKAJTM3AIUK PaCIIpOCTpa-
HEHUSI COCTaBHBIX YJIEMEHTOB, Pa3pyIIAOIINX CUCTEMY
(B 9aCTHOCTH, TaKue OIEpaIiH IIPUILIOCH BBITOIHATH
B BammHTTOHE IS JTOKAIHM3AIMK PACTIPOCTPAHEHUS
OTIACHBIX OYaroB B CBSA3U C BO3HUKHOBCHHEM HPE3-
BBIYAIHOM CUTyallMu, YAMHEHHONW TEPPOPUCTAMHU);

— pa3pabaThIBalOTCs PEKOMEHIAIUH 110 COXpaHe-
HHUIO MPOYHOCTH CHUCTEMBI B IIEJIOM (HaIpUMep, B CH-
cTeMe 00eCIeueHN s TIOXKapHOi Oe30MacHOCTH paspado-
TaH KOMITIEKC MPOGUIAKTUIECKUX MEPOTIPHATHIHA, LENTh
KOTOPBIX — TIPEAYIPESKICHNE TOXKapa B Pa3IMIHBIX
OTPACIISIX IPOMBIITIICHHOCTH, MUHHUCTEPCTBOM IO UpE3-
BBIYAHBIM CHTYyAIMSIM Pa3paboTaHbl MpodUIaKTHYE-
CKHE MEpOIIPHUATHS, TPUMCHUMBIC B IIHPOKOH 00Ira-
CTH JKM3HEACITEIILHOCTH YETIOBEKA).

DYNAMICS OF STRUCTURES AND BUILDINGS
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Ha mpemvem smane nnuTensHOCTBIO 13 OCYILECTB-
JISETCS:

— OIepaTUBHOE BMEIIATEIbCTBO VIS JIOKAIU3ALNH
Pa3BUTHS HAPYLICHUS CTAOUIBHOCTH;

— YCTaHOBJICHHE/BHEAPEHNE JOTIOIHUTEILHON O~
CHCTEMBI, TaK HAa3bIBAEMOI'0 CaTEJUINTa, B LEJSX IIO-
BBIIIICHUS HAaJIG)KHOCTH CHCTEMBI HJIM €€ HEOOXOUMBIX
KauecTB, KeJlaTelnbHO 0e3 yXyAILICHUS OCTATBHBIX (O1-
HAKO YCTaHOBKAa TakKOW IOJICHCTEMBI 3a4acTyl0 CBO-
JTUTCS K peau3alliil U3BECTHOTO MPHUHIIMIIA, TI0 KO-
TOPOMY «ECJIH XOYellb TPHOOPECTH YTO-TO, HAAO IIa-
TUTh WIN KEPTBOBATh YeM-HHOYIb IPYTUM», YTO HA
MIPAKTUKE HEPEIKO CONPSDKEHO C yBEIUUECHUEM JIFOJI-
CKHX M MIPOYHX PE3EPBOB);

— MEPEeCTaHOBKA COCTABIIIOIIMX (IpeaIpHHIMA-
€TCsl PeXe), YTO MO3BOJLIET B UTOTE IOBBICUThH HAJEXK-
HOCTb H/WJIA YCTOWYHNBOCTH CHCTEMBI,

— 3aMeHa WM OlepaTHBHOE yJajeHHe Mpu Heoo-
XOAUMOCTH OTAETBHBIX COCTABISIOIINX, MEIIAOIIIX
CTa0MIIBHOMY CYIIIECTBOBAHUIO CUCTEMBI;

— YCTaHOBIICHHE Ha30pa 3a COOJIOACHHEM pe-
KOMEHJAINH, CIIOCOOCTBYIOIIMX MOBBIIICHUIO HAIEK-
HOCTH U CTAOMJILHOCTH;

— obecrieueHne OJIaroNpUATHBIX YCIOBUI I CHIL,
obecrnieunBaOUINX cTabUIbHOE (PYHKIIMOHUPOBAHUE
CHCTEMBI.

NMmeeTcs Taxke 4eTBEPTHIA ATAIl AJIUTEIBHOCTBIO
t4, KOTOPBII BBIXOAWT 3a MpEAETbl BPEMEHHU JIOKAIH-
3alUH U IPeICTaBisieT co00H nepron, HeoOX0IMMBbIH
JUTSI TIOJTHOM TMKBUAAIUM TtociencTBuid. ITportiecch! mos-
HOM JINKBUJIAIIMHM HE BCErJa MPOXOJAT B KPU3UCHBIX
Y 3KCTPEMAJIbHBIX YCIOBUSX (M AK€ MOTYT AJIUTHCS
rogamn). K npumepy, monHas ITuKBUAALUS HOCIEA-
crtBuid 3emierpsicenns B ['yanwxoy (Kuraif), mpowc-
memmero 8 aprycra 2017 r., 10 cux mop He OKOHYe-
Ha. Eciu B3sTh 3emnerpsicenue 1966 r. B Tamkenre,
TO CYIIECTBYIOT JIOMa, TIOCTPOEHHBIE MOCKBHYaMH B
1972 r., T.e. moiHas TUKBUJALM Ijia Ooyee 6 JeT
[6; 7]. IloHssTHO, YTO MOCTPOMKA 3TUX JOMOB IPOXO-
JJIa )K€ BHE YCIIOBUI KPH3HCHBIX M SKCTPEMAIIBHBIX
SIBJIEHUH, TTOATOMY MHTEpeca C TOYKU 3pEeHus omepa-
TUBHOTO PEarMpoOBaHMs B KPU3HCHBIX M SKCTPEMalb-
HBIX YCIJIOBUSIX, PACCMAaTPUBAEMOI0 B IaHHOM CTaThe,
3TOT 3Tall He MPe/ICTaBIIsIeT.

2. MareMaTH4ecKas MoaeIb
odecrneueHHus 0€30IMACHOCTH

Hcxons u3 BBIIECKa3aHHOTO TIEPHOJT BPEMEHH fuc,
MpeAHa3HAYEHHBIN 1S JIOKAIM3AlMK TOCTIEICTBUM upe3-

BbIYaliHbIX cutyarmii (UC), MOXXHO pa30UTh Ha TPH CO-
CTaBJIAIOLIUX:

3
le=tl+t,+1, =1,
i=1

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

TJIE ty — IEPHOJT BPEMEHHU, UMEIONIUIICS B HAIMYUH, T.C.
OCTABIIUIACS 0 TOYKA Y (KOrma MOXKHO CUMTATh, YTO
MOCJIE/ICTBHS JIOKAIM30BAHBI); f; — MIEPHOJT BPEMCHH,
3aTpadymBaeMbIil I Kaxaoro dramna (tne i = 1, 2, 3):
t| — IIEPUOJT BPEMEHH JIJISl OTIPE/ICIICHHS ONIePaTUBHOM
00CTaHOBKH; f, — MEPHUOJ] BPEMEHU IS TPUHSATUS
YIPABICHYECKOTO PEIICHUS; f3 — MEPUOJl BPEMEHHU
JUISL OTIEPAaTHBHOTO BMEIATEIhCTBA.

Ecnu ydects, 4TO TpH yKa3aHHBIX TIEpUOJIA Bpe-
MEHH COCTOSIT U3 KOHKPETHBIX JACHCTBUI, OMUCAHHBIX
BBIIIIE, HA OCYIIECTBICHUE KOTOPBIX TaKkKe TpeOyeT-
Csl BpeMsi, TO TH TPH MEPUOJIa BPEMEHHU MOXKHO 3a-
MMCaTh B CIACAYIOIEM, 00Jiee KOHKPETHOM BH/IEC:

1) s mepronia onpeaeieHns ONepaTuBHON 00-
N,

CTAHOBKH — 1, = ) !

A=l

Mepa BCEX BO3MOKHBIX MEPOINPUSATHIL MEPBOTO Tie-
puosa;

2) JuI% TIEPUONIA IPHHATHA YNPABIICHICCKOTO pe-

1, TAe J1 MOJKET BKIJIIOYATh HO-

WeHHUA — f, = ) 1, , TA€ j» MOXKET OXBAaThIBATH HO-
Jp=1

Mepa BCEX BO3MOXHBIX MEPOMPHITUN BTOPOro Te-

pHoaa;

?V) JUTSL TIEPUOJIA ONICPATUBHOTO BMEIIATENILCTBA —

3
ty =D t,,, TOe j3 MOXKET NPOXOIUTH HOMEPa BCEX BO3-

J3=1
MOYKHBIX MEPOTIPHSITUH TPETHETO MEPUOJIA.

B pesynbTaTe yTOUHEHHS COCTABIISIOIINX KaXKIIO-
r0 M3 TpeX MEPUOJOB BPEMEHHU MoydaeM Ooliee To-
IpoOHYI0 GopMyITy Al BETUYMHBI TIEPUOJIA BpEeMe-
HHU fyc:

N, N Ny 30N
Le=h+l 4ty =3 b+ by, + 3 b, =
1

=1 Ja=1 Js=

t (D

i=1 j=1
rac tlj, — JJIUTCIBbHOCTHU MepOHpI/IHTI/Iﬁ OIMpeACICHUA

olepaTuBHON OOCTaHOBKHY, j1 = 1, 2, 3, ..., N1, N1 —
KOJIMYECTBO ITHX MEPONPUATHH; f,, — JUINTENBHO-

CTH MEpPOTIPHUATHIA TPUHATHS YIIPABICHUYECKOTO perlre-
Hud, jo» = 1, 2, 3, ..., N2, N — KOTUYECTBO 3TUX Me-
PONPHATHH; £, — IUINTEIBHOCTH MEPONPHATHI pea-

JIU3AIUHU TIPUHATOTO YIPABICHYECKOTO PelicHus (He-
[TOCPEACTBEHHOE OMEPaTUBHOE BMEMIATEIbCTBO), j3 =
=1,2,3, ..., N3, N3 — KOTUYECTBO dTUX MEPOIPHUS-
THH.

Cymma (1) MOXKET MTOATBEPIKAATHCS P YCIIOBHH,
4TO

g(t,)=0,ecnnt, ¢[a,b],
@(t;)—0,ecnm ty & [c,d],
3 3 (2)
g(t,) > 0,ecnut, € [b, c],
¢(t;) > 0,ecnu t, ¢ [c,d],

rae g(t1 ) — GYHKIUS U OTIpEACIICHUS ONIEPaTHBHOM
00CTaHOBKH; g(f2) — GYHKIUS Ul TIPUHSTUS YIPaB-
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JICHYECKOTO perieHus; ¢(#3) — QYHKLMS IS OTiepaTHB-
HOTO BMEIIAaTEIhCTBA.

B cucreme (2) mapametpsl, a, b, ¢ 1 d OIUCHIBAIOT
NpoUIaKTHYECKHE H TAKTHICCKHE MEPOTPHUATHS, KO-
TOpBIE MOTYT MPUBHECTH 3HAYUTEIHHYIO d(P(EKTUB-
HOCTB JIEATENTFHOCTH CHII ¥ CPEJICTB Ha TPEThEM dTalle.
Peann3oBeIBaTHCS OHM MOTYT Ha JIFOOOM U3 TPEX 3Ta-
MOB M JlaXke 70 Haudana mepBoro stama. [Ipodunakru-
YeCcKHue MEPOIPHUATHS PEaTu30BBIBAIOTCS OOBIYHO [0
HayaJa MepBoro dTarna, XOTS BO3MOYXKHO UX MPOsBIIC-
HHUE W/UIHU peann3alys Ha IEPBOM, BTOPOM U TPEThEM
sramnax. Taroke onepaTUBHBIN MTad U PyKOBOICTBO MO-
TYT OCTaBUTHh HEPEATU30BAHHBIM TOT I MHON YyXKe
HMMEIOLIMICS pblYar U3MEHEHUSI BPEMEHHOTO Tepepac-
TIpeIeNieHNs, TIPEeyCMOTPEHHBIN KaK MpouIakTHye-
CKHM, TaK M TaKTHYECKAM PEIIeHUEM, UCXOAS U3 CIIO-
JKUBIIHMXCS 00CTOATENBCTB. [loaToMy B cucremy (2)
BBEJIEHBI 3HAKU ¢ U €, YTO MO3BOJISET yUYNUTHIBATH U
0OBSICHATH TIPOSIBIIEHUE a, b, ¢ U d Ha TT0OOM U3 pac-
CMaTpPUBaEMBIX 3TaIIOB.

B peanpHOl cuTyanuu JUIMTENHHOCTH ATUX TPEX
MEPUOJIOB 4, i = 1, 2, 3, MOTYT CYyILIECTBEHHO U3MeE-
HATBHCS B 3aBUCHMOCTH OT TOTO, KaK M KOT/Ia PyKOBO-
JHTENb OylIeT HCTIONb30BaTh BHICBOOOAMBILIMECS BPEMSI
1 pacTIpeNieNisTh ero o CBoeMy yeMOTpeHuro. Ecim py-
KOBOAUTENH A((HEKTHBHO HCIIONB3YET IMIEPHOJT BPEMEHH
{1 TS OTIpEeNieTICHHS OTIEPaTUBHON OOCTaHOBKH, 3a/ICH-
CTBOBaB OPraHU3ALMOHHBIC U TEXHUYECCKHE MEPOIIPHSI-
T t; (HampuMep, IPUTIalieHUe KOHCYIbTaHTOB,

0oJree OIBITHBIX COTPYIHUKOB, HCIOIB30BAHUE DKCIIO-
HOMETPOB, KapT U IJIAHOB, CIIENUAIBHOMN 3aKIaJHON
uH(OpMaIIMK), TO BEJIMYWHA FTOTO MEPUOJIa BPeMe-
HU YMEHBIIIAETCs, YTO JaeT BO3MOXXHOCTH BBLICIHUTH
0oJpIIe BpeMEHU ISl IPUHATHSA PEUIeHHs, T.e. Ie-
pHOJ BPEMEHHU f, yBeauuuBaeTcs. Ecnu ke pykoBo-
muTens 3(QQEeKTHBHO HCIIONIB30Bajl TaKXKe W IEepPHOJ]
BPEMEHH £, ONTUMAJIBHO IPUMEHUB MEPOTIPUSTHSL 1,

TO Ha MEPONPUATHA ¢,. TIEpUOJA f3 ONIEPATUBHOTO
3

BMEIIATENbCTBA, HAIPUMEP CIIACEHUS MOCTPAIABIIHX,
ocraetcs ele 0oJbIlIe BpeMEHH.

Ha si3p1Ke (hopMyIt 3TO 03HAYAET, UTO MPH ¢ + £ —>
— min(# + £,) cO3MAIOTCS BO3MOXKHOCTH IS 13 —>
— max(t3).

KpOMe TOI'0, BBICOKa BEPOATHOCTH IIPOSABJICHUSA Ta-
KX OOCTOSITENTBCTB, KOT/J]a PEAM30BaHHBIC OIEPaTHB-
HBIM IITA00M MEPONPUATHS TMPUBEIYT K IEMOYKE CO-
CTOSTHUM ¢ — min(f) = f© = max(f), 13 > max(f).
Taxxe BIIOJIHE JOMyCTHMA IIETI0OYKa COCTOSIHUM ) —>
- min(tz) = h—> max(t3).

IMocnemHue aBE BO3MOXKHOCTH PETJIAMEHTHPOBA-
HBI 00CBBIM yCTaBOM ToxkapHoU oxpaHsl (BYIIO) [8].
BYTIO HemocpeacTBEHHO JieiiaeT YCTaHOBKY (He B (hop-
MyJaX, a B KOHKPETHBIX (DYHKIIMOHATBHBIX 00s3aHHO-

222

CTSIX PYKOBOIUTEINS M ONEPATUBHOrO ITabda, co3aaBa-
€MOTO MPH IKCTPEMAITBHBIX M KPU3UCHBIX SBICHUSIX )
Ha 00s3aTeNBHYI0 HEOOXOIMMOCTh BOCCO3/IaHMS TIepe-
pacrpeeieHus BpeMEHU, B TOM YHUCIIC ¥ M0 TIOCTe]I-
HUM JIBYM TIPUBEICHHBIM BAPUAHTAM.

OcHoBHas Macca pa3paboTok mo 6oprde ¢ KpH-
3UCHBIMU SIBJICHUSIMH HAllpaBj€Ha Ha Iepepacrpee-
JICHUE JTAHHBIX MIEPUOJIOB, YaIlle BCETO YBEIUUCHHE BE-

N, N, N,
IYMHBL 1, 3 CUCT CYMM D £, U Y 1, .

= =l =

Jlanee monpoGHee PACCMOTPHUM HEKOTOPHIE MEPO-

npusITHS (W/WITH MeXaHU3MBI oOecriedeHus: Oe3omnac-
HOCTH) MPO(HIAKTHIECKOTO XapaKTepa, CIOCOOHBIE
3HAYMTENBHO M3MEHHTH MEPEPACTIPE/IENIEHUE PACCMAT-
PHMBAaEMBIX BDEMEHHBIX MIEPUOJIOB MEKITY ITATIAMH.

3. dedopmaTuBHOCTD
celicMO3aIIMTHBIX AUadparm

Kak wu3BecTHO, Je(OPMATUBHOCTh CKBO3HBIX
ceiicMO3aIUTHRIX AuadparM B 3JaHusX 00ycIoBIeHa
nedopmanusiMi U3ruda Oy, CABUTa Op, OCEBBIMU Jie-
dbopmarmsamMu Oy M KOHEYHBIMH pa3MEpaMH IIOTIe-
PEUYHBIX CEUEHH MPOCTEHKOB, a TaKke paboToi Te-
pembluek (puc. 1).
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Puc. 1. Tosst caBuroBsIx aedopmanmii 5o
B 0011eM nporude Bepxa ceilcMO3alMTHBIX Anadparm:
I — nepembruky; /1 — npocteHky; 1] — ux cymma

[Figure 1. The share of shear deformations 8¢
in the total deflection of the top of seismic diaphragms:
1 —bridges; II — piers; Il — their sum]

J1nis1 BeIAICHEHUsI BIUSHUS AehopMaliiii CIBUTa Ha
o0uryto 1eOpMaTUBHOCTh KOHCTPYKLIMH TIPUBEICHBI
pacdeTsl nuadparM ¢ OJHHM BEPTHUKAIBHBIM PSIOM
NPOEMOB U TIpeJicTaBleHbI rpaduku (puc. 1), ToKasbl-
Baromiye, kakyrw nomito (%) B oduiem mporube Bepxa
JradparmMbl COCTaBISIOT CABUTOBEIE Aedopmaruu do:
I — kpuBasg cOOTBETCTBYET y4eTy CIBUTA B TIEPEMBIU-
kax; Il — kpuBasg COOTBETCTBYET y4ETY CIBUTa B MPO-
creHkax; III — kpuBast COOTBETCTBYET yUeTy CIIBUra B
MIPOCTEHKAaX U MepeMbIYKaX OJHOBPEMEHHO.
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Pacuers! Oblm npoBeAEHBI 11l TradparM pasiny-
HOHM 3Ta)XHOCTH. B TpakTHKe MPOEKTUPOBAHUS IS
YIPOIIEHHUSI pacueTOB YacTO HE YUUTHIBAIOTCS HEKO-
TOpBIE U3 TepeurcieHHbx (akropos. [Ipu pacuerax
paMHO-CBSI3aHHBIX KOHCTPYKIIUH 3TO MOXKET TpHUBe-
CTH K HETIPaBIJIFHOMY TPEACTaBICHHUIO O paclpere-
JICHUW YCHJINI MEXIy paMHOI 4acThio W Juadparma-
MH, YTO HE BCET/a WAET B 3amac MPOYHOCTH, OCOOCH-
HO 171 Kapkaca [3; 9—-12].

Ha puc. 2 nokazansl rpaduku gosneit (%) oceBbIx
nedopmarmii oy B obmeM mporude Bepxa muadpar-
MBI, a Ha pUC. 3 — rpaWiKu BEJIMYHHBI AedhopManuu
n3ruba Oy Ipu Mporude Bepxa.

Ha stux pucynkax K — KOJTUYECTBO IIPOEMOB B
celicMOo3aIMTHOH quadparMe 3nanvst. M3 npuBeaeHHBIX
rpauKoB BUAHO, 4TO AedopMalvy CIBUTA Op U U3-
ruba Oy CYIISCTBEHHO BIHSIIOT Ha OOIIyIO Jedopma-
TUBHOCTH AuadparM, ¥ uX HEOOXOAMMO yYUTHIBATH B
pacyeTe Jaxe BBICOKUX, 16—20-3TakKHBIX, KOHCTPYK-
[, IS KOTOPBIX MPOTUOBI 32 CUET CIBHTA COCTaB-
0T 8—10 %. JInst 4-3TaKHBIX CeHCMO3AIUTHBIX IHa-
(parm sTa BenmuanHa qocturaet 56 % [7; 13—-18].
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Puc. 2. Toist oceBbIX qedopmanuii Sy
0T HOPMAJIBHBIX CHJI B 001eM nporude Bepxa:

K — KOnMuecTBO NPOEMOB B CEHCMO3alIMTHON TuadparMe 31aHus
[Figure 2. The proportion of axial deformations dy of
normal forces in the total deflection tops:

K — number of openings in the seismic diaphragm of the building]
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Puc. 3. Besimunna aegopmanuu
OT M3rubaKLIEero MOMeHTA Sy PH Mporude Bepxa:
K — KoM4ecTBO NIPOEMOB B CeliCMO3aIllUTHON Juadparme 31aHust
[Figure 3. Deflection from bending moment &y
at a deflection of the top:
K — number of openings in the seismic diaphragm of the building]

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM
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Puc. 4. Biusinue nepemMbIyek pa3jH4HO¥ KeCTKOCTH
Ha NPorud ceiicMo3alUTHBIX THAPparm:
1 — nepembruky poyHOCTHIO 1/400 OT CyMMapHOH KECTKOCTH;
11— 1/200; 11T - 1/100; IV - 1/50; V' — 1/10;
VI — nepeMbI4Ku 6eCKOHEYHOH JKEeCTKOCTH
[Figure 4. Effect of jumpers of different stiffness
on deflection of seismic diaphragms:
1 — jumpers with strength 1/400 of the total stiffness; 1/ — 1/200;
11— 1/100; 1V — 1/50; ¥V — 1/10; VI — jumpers of infinite stiffness]
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Puc. 5. Biusinne nepemMbIueKk pa3H4HOM KeCTKOCTH
Ha M3rH0a0IUii MOMEHT B OCHOBAHUS NPOCTEHKOB:
I —npounocts 1/400 ot cymmapHo# xectkoctu; 11— 1/200;
1V —1/50; V- 1/10; VI — nepeMbIukH 6ECKOHEIHOI )KECTKOCTH
[Figure 5. The effect of jumpers of different stiffness on
the bending moment at the base of the piers:

1 — strength 1/400 of the total stiffness; 77 — 1/200;
1V —1/50; ¥ — 1/10; VI — infinite stiffness jumpers]

Ha puc. 4 noka3aHo BIMAHHUE MEPEMbIUEK pa3Iny-
HOU ECTKOCTH Ha IMPOru0d CefCMO3aITHBIX Auadparm.
CrsuroBeie iedopmariiu Op BIUSIOT (TI0 CPABHEHUIO
C OCEBBIMH Oy) HE TOJIbKO Ha BEJIMYHHBI MPOTHOOB
muadparM, HO M Ha pachpeselicHue B HUX YCHIIHM.
Pacdersl moka3pIBalOT, YTO MPH YYETE CABHTOBBIX
nedopMalivii epeMbIueK st 31aHUH U COOPYIKEHHI
yBEIMYCHUE M3THOAIOIIETO0 MOMEHTA B OCHOBaHUH
IIPOCTEHKOB 4-3TKHBIX Ara(parM MOXKeT JTOCTHTaTh
20 % (puc. 5). I3 pucyHKa BHIHO, YTO C POCTOM
STaXXHOCTHU STa BeIWYMHA cHUXkaerca a0 10 % nns
20-3TaXHOU KOHCTPYKLUU.

CrBur B TIpOCTEHKAX 3MaHUN U COOPYKEHUH HE
BJIMSIET Ha paclpe/iefieH e B HUX M3THOArOINX MOMEH-
TOB Oy. OTHUM W3 CYIIECTBEHHBIX (haKTOPOB, OIpe-
JETISFOIIUX JIe(hOPMATUBHOCTD CEHCMO3AIUTHBIX JTHa-
(bparM, SBISIFOTCS OceBbIe neopMaIuil MPOCTEHKOB
Oy OT HOpPMAJIbHBIX CHJI, BOSHHKAIOIIUX TPU U3THOE
muadparm [4; 6; 19]. DTOT BOIpOC HCCIEAOBaH TIpe-
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UMYIICCTBEHHO IJI paMHBIX KOHCTp}/KL[I/Iﬁ 3,E[aHI/II>'I u
COOPY)KCHHﬁ, A€ YCTAHOBJICHO, YTO HOPMAJIbHBIC CUJIbI
SHAYUTCIIPHO BJIIMAIOT Ha HpOFI/I6LI paM, TOraa Kak Ha
I/I31"I/I6aIOI_LII/IC MOMCHTBI BIIMSIHHUE 3TOT'O (baKTopa HEC-
CYHICCTBCHHO.

4. BeposiTHOCTH BO3HMKHOBEHUS MOKapa

3HaueHne BEpOATHOCTH P

ToX

BO3HUKHOBCHUS IIO-

JKapa B 3JaHUH BBIYHCISCTCS 10 opmyie

B =1=(1=F, )(A=F), 3)

Ok

rae P

oK

JIBYX 31aHuif; P!

S

— BEPOATHOCTH IIOXKapa XOTA ObI B OJHOM H3
— BCPOATHOCTD I1OXKapa B IICPBOM 3/1a-

Hum, P’

ToXK

— BCPOATHOCTH IOKapa BO BTOPOM 3JJaHUU.

Jis Toro 9TOOBI ONPENeNUTh BEJIMUMHY yiepoa,
MMPUYIMHCHHOI'O ITOXKapoMm, HeO6XOI[I/IMO NepeCcUnTaThb

OTHOCHTEJIbHYI0O CTOMMOCTB, OCTaBIIYIOCS MOCIE
CEeiCMOBO3/ICHCTBUS CO BTOPHYHBIMH TOXKapamHu,
o mpennpuaruio. O6o3HaunM uepe3 APy npuparie-
HHUE BEPOSITHOCTH PHCKa OT KaKoro-HUOynb Qakropa
Bo3zeiicTBIs. OHO MOXET OBITh KaK MOJ0KUTEIEHBIM,
Tak ¥ oTpunareabHeiM. CocTaBuM Tadm. 1 1y oTHO-
CUTEJIBHON CTOMMOCTH, yIIIep0a OT CEHCMOBO3ICHCTBUS
U OCTaTOYHOH OTHOCUTENBHOH CTOMMOCTH IUIS pa3-
JUYHBIX 3HAYEHUH MPHUpAIIEeHUs] BEPOSITHOCTH PHCKA
APy, nonb3ysice popmynoit (3). Ilycts Gu(APg) —
OTHOCHTENbHASI BEMMUNHA yiiepOa, HAHOCUMOTO dJie-
MEHTaM MpEeInpUsITHsl, 34aHui U coopyxeHuil. Toraa
MOYXHO BBIYHCIUTH CIEAYIOIINE 3HAYCHUS BEITNUIHH
Gu(APy): 1) mpu unctom Bo3ayxe — Gq (0,2) = 0,
Gy (0,3) = 0,013, Gy (0,4) = 0,175, G (0,5) = 0,129;
2) mpu 3aabpIMieHHOM Bo3ayxe: Gn (0,2) = 0,
G (0,3) =0, G (0,4) = 0,37, G (0,5) = 0,079.

Tabauya 1

OTHocUTEe/ILHASI CTOMMOCTD M YIepd OT ceiicM0OBO3AeiicTBHS VISl Pa3/IMYHbIX 3HAYEHMI] IPUpPaLeHUs BEPOSITHOCTHU pucka APy
[Table 1. Relative cost and seismic damage for different values of the increment of the probability of risk APy]

APyp=10,3 APy =04 APy =10,5
OtHocu- | Ymepo ot Ocrasb- OtHocu- Yiepo Ocrasb- OtHocu- Yep6 OcraB-
TeJIbHAsL | ceficMOBO3- | masics TeJIbHAasl | OT BTOPMYHBIX masicst TeJIbHAsA | celicMOBO3/1eiicTBUS masicst
CTOMMOCTE | JIeficTBHSI OTHOCH- |CTOHMOCTH MOKapPOB OTHOCH- (CTOMMOCTH| €O BTOPHYHBIMH OTHOCH-
[Relative [Seismic TeJbHasA [Relative | [Damage from | TenbHasi | [Relative noxkapamMu TeJbHasA
value] damage| | croumocTb value] |secondary fires] | croumocTs | value] | [Damage seismologist | croumocTb
[Remaining [Remaining with secondary fires] | [Remaining
relative relative relative
value] value] value]
0,02 0,011 0,009 0,02 0,016 0,004 0,02 0,017 0,003
0,20 0,30 0,170 0,20 0,08 0,120 0,20 0,150 0,050
0,30 0,009 0,291 0,30 0,012 0,288 0,30 0,150 0,150
0,12 0,012 0,108 0,12 0,018 0,02 0,12 0,034 0,086
0,05 0,008 0,042 0,05 0,020 0,030 0,05 0,26 0,024
0,10 0,025 0,075 0,10 0,04 0,060 0,10 0,052 0,048
0,05 0,005 0,045 0,05 0,008 0,042 0,05 0,020 0,030
0,1 0,002 0,098 0,1 0,002 0,098 0,1 0,085 0,015
0,6 0,033 0,027 0,06 0,048 0,012 0,06 0,051 0,010

5. ®u3nyeckas yCTOMYUBOCTD
3J1eMeHTOB NpeANPUATUS

CoctaBuM Ta01. 2 U XapaKTEPUCTHKH (hU3UYC-
CKOH YCTOHYHMBOCTH 3JIeMEHTOB mpemnpustist. C 3Toi
LIEJIBIO OTIPENICIIUM YIIepO, MPUYMHEHHBIN 3JIEMEHTaM
TPSIIPHUATHS, U KOXKON CTEIIeHN Pa3pyILCHUs! CTPO-
UTENBHBIX KOHCTPYKIUI B 3lIaHUM B IIpeleiax BepX-
Hel 1 OMDKHEH TpaHUIl [rara3oHa TATbHOCTH PacIIpo-
CTpaHEHMsI aCTIMPAIMOHHBIX MOTOKOB (ciiabast, cpea-
Hss, cuibHas) [5; 13; 15; 20].

Brramcinenus: OpUIH TpOJIETIaHbl ¢ TIOMOITBIO (hop-
MyJIbI

n

G= . G,G, (AR),

J=1
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rae G — OTHOCHTENbHAS BEJIMUMHA yliepoa, MpUIHHse-
Masi He TOJIBKO 37IaHUSM U COOPY>KCHHSIM, HO U TeXHOJIO-
TUYECKOMY IIpolieccy MpeNIpHuaTHs celicMo- U TepMO-
BO3/IelicTBIEM; G, — OTHOCHTENBHAS CTOMMOCTD j-TO

dIIEMEHTA IPEATIPUATHS, Gly. (AF{b) — OTHOCUTEJIbHAS BEJIU-

YypHa yiep0Oa, TPUUMHAEMOrO JIEMEHTY NPH 3a1aHHOM
CECMOBO3ICUCTBUU CO BTOPUUHBIMU NOKapaMu APy,

ITo mosny4eHHBIM pe3ynbTaTaM B KOOpIAMHATaX
G x APy ctponM rpaduK HAHOCUMOTO yiepda OT COB-
MECTHOTO BO3JIEHCTBHSA CecMO- M MOKapOoOMacHOTOo
(axTopoB.

[Tomyyennast KpuBasi HOCUT Ha3BaHUE KPUGOU 3a-
xona nopadxcenust (puc. 6). BBumy toro, 4yto 3Hade-
HUE ceiicCMOBO3/IeCTBHSA CO BTOPUYHBIMHU IOKapaMH
SIBJISIETCSl BETMYMHON CITy4aifHOM, Bce BUIBI yiiepOa Bbl-
YHCITIOTCSI KaKk MaTeMaTuaeckoe oxkumaane M [13; 18].

DYNAMICS OF STRUCTURES AND BUILDINGS



Cyneitmanos A.A. n ap. CTponTensHas MexaHuka MHKEHEepHbIX KOHCTPYKLMA u coopykeHni. 2019. T. 15. Ne 3. C. 219-228

Tabnuya 2

Ype3BbluaiiHble CHTYAlHH U MOKAPBI
JJ151 KATErOPHPOBAHHBIX TOPO/IOB
[Table 2. Emergency and fire categorized cities]

Tabauya 3

MaremaTHueckoe o:kuaHue yuiepda
OT 4pe3BbIYAHHBIX CHTYyal Ui (CeicMO- U I0KAPO0NACHOI0
(akTopoB) 11 KaTeropUpPOBaHHBIX FOPO/IOB
[Table 3. Mathematical expectation of damage
from emergency situations (seismic and heat-hazardous

Krifcdl’wz factors) for categorized cities]
(AP, 0,1-0,2 | 0,2-0,3 | 0,3-0,5 | 0,5-1,0 | 1,0-2,0 | 2,0-3,0 AP,
kgf/cm?] Kre/em?
Al 08 022 0.9 | 0.19 022 0.03 (AP 10 0,110,1-0,210,2-0,3|0,3-0,4{0,4-0,5|0,5-0,6|0,6-0,7
0,5 0,15 0,08 0,08 0,27 0,04 kgf/em?|
B-1 0,21 A-1 | 097 0,02 | 001 0 0 0
) 0,063 | 0,101 | 0,255 | 0,510 | 0,725 | 0,875 b1 0 008 | 022 | 0,19 | 0,11 | 0,08 | 0,05
0,134 0,03 | 0,046 | 0,134 | 1,188 | 0,306 | 0,434 | 0,531

1 e
0,8

0.6

0’4 /

0 0,1 0,2 0,3

04 0,5 0,6 0,7

AP kr/cm2

—o— OOpaTHasi 3aBMCHMOCTD OT yIrepba

Puc. 6. I'padux oOpaTHOI 3aBUCHMOCTH YIIep0a OT COHANIPABJIEHHOI0 CeCMO- M TEPMOBO3/IeliCTBHS
NpH BTOPHYHBIX M0Kapax IocJie 3eMiIeTpsiceHuii
[Figure 6. Graph of the inverse dependence of damage on co-directional seismic and thermal effects
in secondary fires after earthquakes]

Jnst onpeneneHuss MaTeMaTHIeCKOTO OXHIAHM
BEIIMYMHBI yIIep0a, MPIYUHEHHOTO MPEIPHUSITHIO, HC-
noJss3yeM opmyiy

M :Z;Gn/(ARh)AMﬂ
=

rie G, (AP,) — yumep0, HAHOCUMBIH OOIIEMY TEXHOJIO-

THYECKOMY TIPOIIECCY TPEIIPHUSTHS TIPH 3aIaHHOM 3Ha-
uennu APy; AM ; — 1071 TUIOMAU rOPOJIA UITH 30HBI

BO3MOXKHBIX pa3pylleHUH, HA KOTOPBIX OXKUAACTCS 3HA-
yeHne APy, B3STOe W3 YTOYHEHHBIX BapUaHTOB BO3-
JNEUCTBHSL.

3akioueHne

AHanu3 TpeCTaBICHHBIX PE3yIbTaTOB JAeT BO3-
MOXHOCTh OKOHYATEIBHO OICHUTH YINEpO, MPUINHCH-
HBIA 3JIEMEHTaM MPEANPUATHUSA, A7 KaKI0H CTENEeHU
pa3pylLIEHUs] CTPOUTENIBHBIX KOHCTPYKIMIA B TIpeesiax
BEepXHEH U OJIMKHEW rpaHull quarna3oHa u30bITOYHO-
rO JaBJICHHUS:

LVHAMUKA KOHCTPYKLIWIA 1 COOPYXXEHUM

1) mns xkareropupoBaHHBIX TopooB: A-I1 — 0,363;
b-1-0,438;

2) UIsl KaTerOPUPOBAaHHBIX O0BEKTOB, PACIIONO-
JKEHHBIX B MaJbIX TOPOAAX U CEIbCKOW MECTHOCTH:
A-I-0,031; b-1 - 0,349.

CHmxeHue yiep0a npsMo MponopIuoHaIbHO
CHIDKAET PUCKH Ha MPEIPUATHSIX TPOMBIIUICHHOCTH
B YPE3BBIYANHBIX CHTYaIWsX, PH STOM BO3MOXKHO JI0-
CTHYb COCTOSIHHS f1 + f» — min(f; + f2), TorAa
t3 = max(t3) [15-17].

B cBot0 oueperns co3matoTes yCIoBHA ISl BHEAPE-
HUS JIOTIOJIHUTEILHOTO MEXaHU3Ma 00ecreyeHus 0e3-
OMACHOCTH TPOMBIIUICHHBIX MPEANPUSATUN KakK MpU
MIPOEKTUPOBAHNH, TaK M TIPH Pa3pabOTKe pEeKOMEH[a-
LU TI0 TEXHOJIOTHH MPOU3BOJICTBA PEKUMHOTO XapaK-
Tepa. Kpome Toro, yyer acnupaioHHBIX TOTOKOB CO-
JEWCTBYET MCIOIh30BAHUIO JIOTIOHHUTEIBHOTO MeXa-
HI3Ma o0ecriedeHus 0€30MacHOCTH TIPH OITePaTHBHO-
TaKTUYECKUX JIEUCTBUAX MOAPA3AECICHUN NPHU 4Upe3-
BBIYAaHBIX, KPU3UCHBIX U IKCTPEMAITbHBIX SBJICHHSX,
BO3HUKAOIINX BO BpeMsl 3eMIIETPSICEHUH, OCOOEHHO
C COITYTCTBYIOITUMH TIOKapamHu.
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Abstract

Aims of research. Research and analysis assessing the risk of hazards (in par-
ticular earthquake hazardous) at hazardous industrial and classified sites industry.

Methods: analytical, mathematical, operational-tactical, mechanical-statistical,
study of deformation of seismic diaphragms.

The analysis of risk through seismologist at hazardous production facilities
of the industry in conjunction with the secondary fires. This circumstance, which
often coincides with the joint vector, is proposed to be used as a mechanism to
ensure the safety of industrial facilities from seismic fire hazard, including aspi-
ration flows as an impact factor. Risk analysis is viewed taking into account the
algorithm to ensure the safety of complex technical and social systems, which
shows the degree of universality of the algorithm. This security mechanism is
most important to take into account for architectural General plans of buildings

and structures, as well as in operational and tactical actions of units in the after-

seismic and fire hazards at hazardous industrial
and classified sites industry. Structural Mecha-
nics of Engineering Constructions and Buil-
dings, 15(3), 219-228. http://dx.doi.org/10.
22363/1815-5235-2019-15-3-219-228 (In Russ.)

math of emergencies, crisis and extreme events.
Results. The analysis is accompanied by the necessary mathematical calcu-

lations and experimental assessments of the security process.
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AHnnomayus

I]enu. B craTse omnmcaHbI HCCIEOBAHNUS 110 OIPEICIICHHIO BIMSHUS PACCTOSHHSA
MEXJy CBasMHU B KYCTe IPU BEPTUKAILHBIX KOJIeOaHMSIX (PyHIaMEHTOB HA BEIHUUHY
JIMHAMITIECKOH KECTKOCTH U CPABHUBAIOTCS PE3YIIBTAThI, HOTYYeHHBIE TIPH HATYPHBIX
UCIIBITAHMSX, B PAMKaX BOJIHOBOM Mojienu 1 cornacHo CIT26.13330.2012.

Memoodwl. Paccuuranbl coOCTBEHHbIE 4acTOThl kojeOaHuil gyHIaMeHTOB
U3 JICBATH CBail JUaMeTpoM d ¢ BEICOKUM POCTBEPKOM B 3aBUCHMOCTH OT PacCTOsI-
HUI Mex1y cBasMU — 2d, 3d u 5d. IlomyueHHble pe3yIbTaThl CPABHEHBI C JaHHBIMHU,
MOTyYEHHBIMH TIOCJIE CEPUH MMITyIbCHBIX TMHAMWYECKUX HArpy KeHHH, BBIMOIN-
HEHHBIX B [OJTYHAaTYPHBIX YCJIOBUSIX HA MOJESIX (QyHAAaMEHTOB. 3HAUEHUS CKO-
pocTeit onepevHbIX BOH ONPEeIeHbl HEIOCPEACTBEHHO Ha ONBITHOM IOJUTOHE
110 pe3yabTaTaM U3MEPEHUI.

Pe3ynomamer. Y CTaHOBIIEHO, YTO YBEIHYEHHE PACCTOSHHSA MEXKIY CBAIMH
B KyCT€ NPUBOJUT K IOBBIIIECHHIO YaCTOT COOCTBEHHBIX KoJeOaHuil cBallHbIX
¢bynnamenToB. [Ipy M3MEHEHHH PACCTOSHUS MEXy CBassMu ¢ 2d 10 Sd npu Bep-
THKaJbHBIX KoJIeOaHUsAX (yHIAMEHTOB yacToTa Bo3pacraeT B 1,32 pasa. Iloka-
3aHO MPEUMYIECTBO PE3yIbTATOB PACYETOB B PAMKAX BOJHOBOH MOJENH IO
cpaBHeHHto ¢ MerogoM u3 CII 26.13330.2012 u ux BBICOKOE COBIAJCHUE C Be-
JIUYNHAMH, TIOTyYeHHBIMH B XOZ€ KCIIEPHMEHTOB, UTO IIO3BOISIET JOCTOBEPHO
OIIpEEeNATh AMIUIUTYIHO-4YaCTOTHBIE XapaKTepUCTUKU (yHAaMeHTOB. [lokasa-
tenn, onpexnensiembie cormacHo CIT 26.13330.2012, uMeroT 3HaYUTENBEHO Ooliee
HHM3KHME 3HAUCHUS 4acTOT COOCTBEHHBIX KOJICOAHUI C MaKCUMAaJIBHBIM PacXO-
JIeHHEeM C 3KCIIepUMEHTAIbHBIMI JAaHHBIMH B 2,7 pas3a M HE B IOJHOI Mepe OT-
paXkaroT U3MEHEHHE PAaCCTOSHUS MEX/Y CBasIMU.

BBenenue

B Hacrosiiiiee BpeMs pH OLIEHKE XapaKTEPUCTHK
KoyieOaHWi CBAaHBIX (DYHIaMEHTOB TOJ{ MAIIHHBI C
JMHAMUYECKAMU HArpy3kaMmu CyIIeCTBYIOT TpeOoBa-
HUS K TOYHOCTH TOIydaeMbIX pe3yisTaToB [1]. Ju-
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HAMHYECKHH OTKJIMK CHUCTEMBl «MallMHa — (yHOa-
MEHT — TPYHT» OIpeAessieTcss ee COOCTBEHHOW 4a-
CTOTOM M aMIUIUTYIOM KoyieOaHUH MPU HOPMaJIbHBIX
YCIOBHAX paOOThl MAIIMHBI, SBISIOMIMMHUCS ABYMS
HanOoJiee BaXHBIMM IapaMeTpaMu, KOTOpbIE HE0O-
XOAMMO OIPEAEIUTh IPU NPOEKTUPOBaHMU (GyHAA-
MeHTa. Ecim Ui yBenmueHHus: COOCTBEHHON Y9acTOTHI
1 yMEHBIIEHHS aMIUIUTYIbl KosleOaHui GpyHnamenTa
TpeOyeTcs UCIOoIb30BaHUE CBa, TO AJs TAKOIO pac-
4yeTa He0OXOAUMO ONpeziesieHHe KECTKOCTH U IeMII-
(upoBaHUs CBAfHOTO OCHOBAHUS C MCIIOJIB30BAHUEM
TEOPHUH KOJICOAHMA.

CBau MouTH BCEra UCTIONB3YIOTCS B BUJE KYCTOB
W TPYMI, ¥ 3QPEKT UX B3aUMOICHCTBUS CYILIECTBECH-
HO BJIMSIET HA IWHAMUYECKUE XapaKTEPUCTHKH (yH-
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naMeHTOB. B3aumojeiicTBrue cBaitHOTO (hyHIaMeHTa
C OKPYKAroIlIM TPYHTOM IPENICTaBIsIeT cO00H oHYy
W3 HarMeHee W3y4YeHHBIX 3a7a4 AMHAMUKH (yHIaMeH-
TOB [2]. JanpHeilee ycinokHEHHE 3TOW 3a/1aud Mpo-
WCXOJUT OT B3aUMOJICHCTBHSI MEXy CBasIMH B TPYyII-
ne. Ecnm paccTosiHne Mexay cBassMH OYeHb BEITHKO,
JKECTKOCTh TPYIIIBI MOXKET OBITh OIICHEHAa MPOCTO
MyTeM CYMMHPOBAHUS >KECTKOCTEH OT OJMHOYHBIX
cBaii. CBan, Haxopsmuecs Ha OIU3KOM PacCTOSHHUH
JIPYT OT Apyra, OyIQyT OKa3bIBaTh 3HAYUTEIHLHOE B3a-
MMHOE BJIMSIHUE MPHU JMHAMUYECKOM HarpyKCHUU 3a
CUET BOJHBI, PACIIPOCTPAHSIONIEHCS 110 TPYHTY OT KaX-
noii cBan. B pesynbrare rpymmoBoit a3dhdexT mpu au-
HaMHUYECKOM BO30YKICHUH MOXKET CHIBHO MEHSITHCS,
a OTCYTCTBHE OIICHKH B3aHMMOJICHCTBHUS CBas — TPYHT —
cBas MOXXET CHeNlaTh Pe3yJbTaT pacyeTa CBAiHOTO
¢yHaaMeHTa abCOTIOTHO HETOUHBIM [3].

Konrermms B3anMoeiCTBHS MEXKITy CBassMH ObLia
BBeJieHa B [4]. B [5] B pemeHun 11t Tpymimbl cBail yka-
3aHO, YTO TpH OJM3KOM PACCTOSIHMH CBAail CMEIEHHE
OJIHOM CBaW YBEJIWYMBACTCS 3a CUET CMEIICHHS BCEX
JIPYTHX CBaii, a )ECTKOCTh U AeMII(pUpPOBAHUE TPYII-
MBI YMEHBIIAIOTCSA. B OTCYTCTBHM aHATMTHYECKOTO pe-
IICHUS JJISI JHMHAMHUYCCKOTO B3aMMOJCHCTBHS CBai,
OBUTO TPE/IONIOKEHO, YTO (haKTOPBI B3aUMOICHCTBUS
MOT'YT OBITh OIIPENENICHBI U3 CTATUYECKOTO perTeHs [4].
OpnHaxko, B crangapTe AMEpPUKaHCKOTO MHCTUTYyTa Oe-
TOHA [6] yka3zaHO, 4TO JWHAMUYECKHUI TPYIIIOBOH (-
(heKT 3HAYUTENHHO OTIMYAETCS OT CTATHYECKOTO IPyYTI-
moBoro 3ddekra, a rpynIoBas THHAMUYIECKas KEeCT-
KOCTh U JeMI(UPOBAHUE MOTYT OBITh YMEHBIICHBI
WIH YBEIHYEHB B3aMOJACHCTBUEM CHUCTEMBI CBas —
TPYHT — CBasl.

TouHoe TeopeTndeckoe perieHne TMHAMHYECKOTO
B3aUMOJICICTBUS CBaU C TPYHTOM 3aTPYJHEHO, MOATO-
MY UCHOJIB3YIOTCS pa3IMYHbIe TTPUOIKEHHBIE Me-
Toxml [5; 7-13]. OmHako CymecTByeT HECKOIBKO JI0-
CTOBEPHBIX ITOITBEPKICHHUIA TPEIIaracMbIX METOJIOB
pe3yNbTaTaMy JMHAMAYECKUX UCIIBITAaHWM KakK Ha Ma-
JoMacImTabHBIX Tpymmax cBait [5; 14—17], Tak u Ha
rpymnmnax nojHoMacmTaOHbIx cBaii [18; 19], mostomy
JANBHEHTIINE UCCIIeIOBAHUS SBIISIOTCS aKTyaIbHBIMU
Y TIOJIE3HBIMH.

B [13; 20] Obuta paccMoTpeHa MaTeMaTHIECKas
MOJIEJIb U €€ PEUICHHS, OTUCHIBAIOIINE JUHAMUYECKOE
B3aWMO/IEHCTBUE CBaM C TPYHTOM NPU BEPTUKAIHHOM
C/IBUTE B 3aBICHMOCTH OT €€ PACIOJIOKEHHUS B COCTaBE
cBaifHOl Tpymnmbl. U3 mpencTaBieHHBIX Pe3yJIbTaTOB
CIIeITyeT, 4TO JAWHAMHYECKAs JKECTKOCTh TMPU B3aUMO-
NeHcTBUU OOKOBOM ITOBEPXHOCTH CBAaW C TPYHTOM MO-
JKeT M3MeHAThes 6oree yeM Ha 20 Y% B 3aBHCHMOCTH OT
€€ PacIoNOKEHUSI B TPYTITNE ¥ PACCTOSHUS O COCEIHUX
cBaif. OTHAKO KaKOTO-TH0O0 KCIEPHIMEHTAILHOTO TTOI-
TBEPKIICHNS TTOJYICHHBIX PE3YJILTATOB HE MPUBOTUTCSL.
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Hecmotps Ha pacmmpsironieecs pacopocTpaHeHue
KOMITHEOTEPHBIX TEXHOJIOTHH C MIPUBIICUYSHUEM OOJTBIIIIX
MIaKEeTOB MPOTPAMM TIPH OIIEHKE XapaKTePUCTHK KO-
neOaHuil cBalHBIX (h)yHIaMEHTOB, HA MPAKTUKE MPHU
WH)KEHEPHBIX pacueTax >KelnaTeJhbHO MOTydYarh Ha/IexK-
HBIE PE3yJbTAThl C UCIOIB30BAaHUEM IPOCTHIX BBIpa-
skeHu#t [21]. B cBs3HM ¢ 3TUM 1ENBI0 HACTOSAIIETO HC-
CJICJIOBAHUS SIBISCTCS M3YYCHHE JTUHAMHUYECKOTO TO-
BeZICHUS TPYIIBl CBall TIPU BEPTUKAILHOM BO30YXKIe-
HUHM U TIPOBEPKA JOCTOBEPHOCTH MOJICIIH, PACCMOT-
pennoit B [13; 20], ans onucaHus B3aUMOJECHCTBUS
BHCSYMX CBail B KyCT€ C YYETOM HX B3aUMHOTO pac-
noJjoxkeHusi. J{jst peleHus: NoCTaBIeHHON 3a1a4u Mpo-
BE/ICHO KOMILJICKCHOE HCCIIEIOBaHME (C TIPUMECHECHH-
€M TEOPEeTUYECKOT0 aHalln3a), BKIIF0Ualoliee onpee-
JieHNe COOCTBEHHBIX YAaCTOT MPH BEPTUKAIBHBIX KO-
ne0aHusX CBalHBIX (DYHIAMEHTOB B XOJIE SKCIIEPUMEH-
TOB Ha OIBITHOM TOJIUTOHE. VICTIBITaHNS TPOBOIMINCH
Ha MOJIENBHBIX TPYIIaxX CBail 2X2, NpeaCTaBISIOIIUX
co0OH CTaNbHBIC TPYOBI, YTO CHIDKAIO BEIHUHHY CO-
MIPOTUBJICHHS TPYHTA IOJ] UX HHXXHAM KOHIIOM M T03-
BOJISUIO O0Jiee TOYHO OLIEHWBATH KECTKOCTh OOKOBOI
MTOBEPXHOCTH BEPTUKAIHHOMY CABHTY. DKCIIEpPUMEH-
TaJbHO OTpECIeHbl COOCTBEHHBIC YaCTOThI (yHIa-
MEHTOB JIJISl PA3JINYHBIX PACCTOSHUN MEXKY CBasIMHU.
[TomydeHnHbIe pe3yabTaThl CPAaBHUBAINCH C TEOPETH-
YECKUMHU PEIICHUSIMHU.

1. MeTtoauka uccJex0BaHui

C 1enbro OLEHKH B3aUMOBIIMSHUS CBail B POCTBEp-
K€ Ha COOCTBEHHBIE YacTOTHI MPH BEPTUKAJIBHBIX KOJIe-
OaHmsIX (yHIAMEHTOB OBUTH TPOBEICHBI SKCIIEPUMEH-
TaJbHbIE MCCIIEIOBAHMSA, CXeMa KOTOPBIX IPeACTaBie-
Ha Ha pHc. 1. McObITEBANKCH TPU CHELUAIBHO H3TO-
TOBJICHHBIX CBalHBIX ()yHIAMEHTa C BEICOKHM POCTBEP-
KOM C Pa3IMYHBIMU BapUaHTaMHU PACCTOSHUH MEXIy
IEBSTHIO CBasiMH B KycTe: pyHnament ®-1 — paccro-
STHHE MEXIy CBassMH 2 nuameTpa, pyHnameHT O-2 —
paccTostHIEe MEXIY CBasMHU 3 nuaMmerpa, QyHIaMeHT
@®-3 — paccTosHUE MEXIY CBasMHU 5 IHMAMETPOB.

Bce ombitabie hyrnamentsr O-1, ©-2, @-3 6pum
BBINOJIHEHBI B BUJIE MOHOJIUTHOTO K€J1€300€TOHHOTO
pocTBepka ¢ rabaputHeiMH pasmepamu 1,0x1,0 M u
TOMIIUHOHN 20 cM, ONMpAaIoIIerocs Ha JIEBSITh JKECTKO
3aKpeIUICHHBIX CBail nuameTpoMm d = 76 MM ¢ pabo-
yel JUIMHON 1,4 M, M3rOTOBJIEHHBIX U3 METAIIMYECKUX
TpyO ¢ TommuuHON cTeHku 3,5 MM. OnaryOkoi mpu Oe-
TOHUPOBAHHUH OMBITHBIX QyHIameHToB D-1, O-2, -3
CIIy’)KWIN BBIPOBHEHHBIE CTE€HKH KOTJIOBaHa. I'pyHT
OTBITHOTO TIOJIUTOHA JI0 TITYOUHBI 9,3 M COCTOSIT U3 Jiec-
COBUJIHOM MAJIOBIIAYKHOW TBEPAOU CYIIECH C ILIOTHOCTBIO
p = 1,70 /™ u Mmomynem nepopmanuu E = 14 MIla,
MOJCTHIIAEMON TMOJIyTBEPABIMHU CYTJIMHKaMu. [ pyH-
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TOBBIE BOJIBI HA IUIOLIAKE OTCYTCTBOBAIM. Macca Kax-
Joro u3 (hyHIaMeHTOB paBHsIIach 690 kr.
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Puc. 1. Cxema 3kcnepuMeHTATBHBIX HCCIe0BAHMIA
ONBITHBIX pyHAaMeHTOB -1, D-2, D-3:
m — KOJINYECTBO AUAMETPOB CBail d
[Figure 1. Scheme of testing foundations
F-1, F-2, F-3 experimental researches:
m — quantity of pile diameters d|

[o oguHakoBOI MeTOMKE HA KaKIOM (yHIaMeH-
Te @-1, @-2, ®-3 BBHINOIHAIUCH CEPUU UMITYJIHCHBIX
BEPTUKAIBHBIX TMHAMUYECKUX HarpyxeHui (mo 20 pas3).
NmmynscHOE HarpyskeHue NpOU3BOAMIOCH CTAIBHBIM
rpy30M, UMetronM (GopMy TapaJuieNienuIeia Maccoi
6 KT, KOTOPBII CBOOOHO TIafal Ha TTIOBEPXHOCTh KaX-
JIOT0 UCTIBITyeMOoro (hyHaaMeHTa ¢ BeICOTHI 0,5 M.

Jns onpenenennss cOOCTBEHHBIX YacTOT KoieOa-
HUM HcToJib30Bajack ammaparypa ABM-1, Bkitouda-
I0IIasl AT TPEXKOOPAWHATHBIX JAaTYMKOB BUOPOAK-
cenepomerpoB Mapku Analog Devices, anaigoro-mug-
poBoii ipeoOpazoBarens (ALII) 1 nepcoHaNbHBIN KOM-
MBIOTE, MO3BOJISIONIAsT PETUCTPHPOBATH KOJICOAHUS U
OJTHOBpPEMEHHO 00pabaThIBaTh MoyyaeMmyto HH)Op-
MaIuio.

Bubpomatiark npenacTaBisit co00H METaITMICCKHIA
KyO C YCTaHOBJICHHBIMU BHYTPU MHTETPAJbHBIMU JIBYX-
KaHAJIbHBIMU aKCeJIepOMETpaMK, UMEIOIIHNA BO3MOXK-
HOCTB 3aKpeTIeHHsI Ha BepXHEH rpaHu (pyHmIaMeHTa.
OCHOBHBIE XapaKTEPUCTUKU BHOpOAKCEIepOMeTpa clie-
JYIOIIMe: U3MEPUTENBHBIN qUana3oH +5g, CeKTpab-
Hasl IUIOTHOCTH Iryma 250 ug/\/Hz rms. JlaT4uKy noa-
kmodanuch K ALl ¢ momMomipo coeUHUTEIBHBIX
kabeneii. B kauectBe ALIII ncnonp3oBaiics BHEIIHUH
Moayns L-CARD E14-140. [uana3zoH u3MepeHui
MPUMEHSIEMOH alnapaTyphl MPeJICTaBJICH Ha pUC. 2.

JlaHHbIe M3MEpeHMid I KaxIoro u3 (GyHmaMeH-
T0B @-1, ©-2, ®-3 cpaBHUBAIUCH C pe3yabTaTaMHU
pacueToB, MOyYEeHHBIX MPHU HCIIONB30BAHNN aHAIH-
THUYECKHUX BBIPKEHUH, MpeIoKeHHbIX B [1; 13; 20].

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

AR a1 3
A A o Pk 8 ) N

2nfA,
M/t

ATATALNA

02

_— ] f?zz—f,mA
s !

107! 1 10 10 0 10*

Puc. 2. /Iluana3on nu3MepeHuii NpuMeHsieMoOii annapaTypsl:
N — 001aCTh U3MEPSAEMBIX 1aPAMETPOB; s — BUOpOMeTp ABM-1
[Figure 2. Measuring range of the vibration equipment:
B - area of measuring parameters; s — vibrometer AVM-1]

CobcTBeHHBIE YacTOTHl KojeOaHUi ¢yHIaMeH-
TOB A, TIpU BEPTHUKAIHHBIX KOJCOAHUAX (yHIaMCH-
TOB OTIPEJIEIISIOTCS COTIIACHO

rae K — BepTHKaIbHasH )KeCTKOCTb (pyHIaMeHTa; 711 —

Macca BCei yCTaHOBKH.

BeprukanmpHas jKeCTKOCTh He3arTyOJIeHHBIX OITBIT-
HBIX (DYHIaMEHTOB OMPEACIASTCS CYMMHPOBAaHHEM
JKECTKOCTEH Ka)kHoH M3 JEBATH CBAll B OCHOBAHWH C
YYETOM MX BOJTHOBOTO B3aHMOICHCTBHUS B 3aBUCHMO-
CTH OT PACCTOSIHUSI MKy UX OCSIMH:

1
K. =a'Y K, (1)
i=1

rae O.— ko3 UIIEHT B3anMHOTO BIUAHUA cBaif; K —

BEpTHUKAJIbHAS )KECTKOCTh OJMHOYHON cBau, [ = 9.
Koaddumnuent BzanMHOr0 BIUSIHAS CBail O OII-
penensiercs mo hopmyie

o=2H0, 2)

rae S,,, — K03 HUIUUEHT XKECTKOCTH OJUHOYHOM CBaH

0e3 yuc€Ta B3aUMHOI'O BJIUSHUSA Swlj — CpeaHee 3Ha-

geHue K03 PUITMEHTa )KECTKOCTH CBail B KyCTe.

Koaddumuent xectkoctn 0JMHOYHON cBan 0e3
y4deTa B3aMMHOI'O BIMSIHUSI OTIPEEIsieTCs coraacHo [12]
o gopmye

Jo(ap)J (a,) + Y, (ay)Y (ay)
Iy (ay) + ¥y (a,) .

S,10(ay) =2ma,

Cpenaee 3HaueHHE KOI(PUIMCHTA KECTKOCTH CBai
B Kycrte, cornacHo [13; 20], cBsa3aHo ¢ Oe3pa3MepHOit
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4acTOTOH KoyneGaHui @, M pacroloKeHHEM CBai B

pOCTBEpKE.
Hanpumep, 1151 paccMatpuBaeMoro B JaHHOH pabo-

Te (yHIaMeHTa W3 JCBSITH CBall S

wlj OonpeaAcsICTCA UC-

XOJISl I3 CXEMBI pacIioiioXKeHus cBaii (puc. 3) rmo hopmyre

Jo(ay)J,(a,) + Y, (a,)Y (a,) _Ena Jy(ay)J,(ma,) +Y,(a,)Y, (ma,) C

S.5(ay) =2ma
) )+ @)

Jo(ay)J,(ay) + Y, (a,)Y (a,) —ETE(J

S..(ay) =2ma
) a1 @)

Jo(ay)J(a) + Yy (ay)Y (a,) —Zﬂ:a

S.1s(a,) =2ma
) v @)

T _ 45,1.(a))+48S,,5(a)) +S,:(ay)

wlj 9 4

e S, 5,9 ,459,15 — KO3(QQHIMEHTBI )KeCTKOCTH, IpH-

BezieHHBIC B [20], 1 paBHBIC

b

2 J2(ay) + Y (a,)

Jy(ay)J,(may) + Y, (a,)Y,(ma,)
4" Jo(a,)+ Y, (ay)

C,

Jo(a,)J (may) +Y,(a,)Y (ma,)

C,
g " J2(ay)+Y; (a,)

Z (@) [an—z (a,)-Y,, (ao)] -Y,., (ao)[Jzn—z (a))—J,, (ao)]

C _ n=l

Z Sy (ay) [an—z (ma,)-Y,,(ma, )] -Y,.(a) [J2n—2 (may)—J,,(ma, )]

rae a, =or, /V ; o — yrioas 4acToTa KoneOaHHii;
V. — ckopocTh momnepeuHsIX BOJH B TPYHTE; M — KO-

JIMICCTBO AUAMETPOB cBai MCXKAY HUX OCIMU; J no Yn -

¢ynkuun beccens mepsoro u Broporo poga, N = 2.

Puc. 3. Cxema k03¢ (PpUIHEHTOB KECTKOCTH
ONBITHOI'0 CBaHHOI0 yHIaMeHTa
[Figure 3. Scheme of stiffness ratios of
the trial pile foundation]

BeprukaneHas ecTKOCTh OJMHOYHON cBan K
ompezensieTcs cornacHo [22] no ¢popmyne

K _ EPAP
zi 18,1°

P

B kotopoii £, =2,1- 10° MIa — momyns ynpyrocta

Marepualia CBau, Ap — IUIoMaab MonepeyHoro cCeuc-
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HHsI MCTAJUTMYECKOil CBaH-TPYOBL; 7, — BHCLIHWA pa-
JWMycC cBau; fig, — KOOOUIMERT, onpeiensemMblii 1o
Taba. 1, cormacHo [23], 3aBUCSIINNA OT COOTHOIICHUN
L/}"pI/I Ep/G, roe L — niuuHa cBaw, GzVSZp -
MOJIyYJIb CABHIA TPYHTA, P — IUIOTHOCTb I'PYHTa, KO-
TOPBIHA MPOpE3aeT CBasl.

Tabauya 1

Ko dpuuunenrn! BepTUKAILHOI kecTROCTH f, |

IJISE BUCAYUX CBai
[Table 1. Vertical stiffness coefficients f

151 for friction piles]

E |G
L/r
P

10,8696 0,0021 | 0,0052 | 0,0104 | 0,0187 | 0,0332
21,7391 0,0031 | 0,0083 | 0,0166 | 0,0301 | 0,0509
32,6087 0,0042 | 0,0104 | 0,0218 | 0,0364 | 0,0571
434783 0,0042 | 0,0125 | 0,0260 | 0,0405 | 0,0582
46,7391 0,0052 | 0,0135 | 0,0270 | 0,0416 | 0,0582
54,3478 0,0052 | 0,0145 | 0,0281 | 0,0416 | 0,0582
652174 0,0062 | 0,0166 | 0,0291 | 0,0416 | 0,0582
76,0870 0,0062 | 0,0177 | 0,0301 | 0,0416 | 0,0582
86,9565 0,0073 | 0,0187 | 0,0301 | 0,0416 | 0,0582
100,0000 | 0,0083 | 0,0197 | 0,0301 | 0,0416 | 0,0582

10000 | 2500 1000 500 250

2. Pe3yabTaThl HCCJIeI0BAHUI

Pe3ynbTarhl H3MEpEHU U PacueTOB YacTOT COO-
CTBEHHBIX KoJeOanui ¢pyHaameHToB @-1, O©-2, @-3
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NpUBEACHHI B TaON. 2 U 3 cOOTBETCTBEHHO. J[yist Kax-
JIOTO HCTIBITYeMOro (hyHIAaMeHTa TPOU3BOIMIIACH PErH-
CTpamys 9acTOT COOCTBEHHBIX KOJICOAHWI W OTHOBpE-
MeHHBIH pacdeT 1o ¢popmyrnam (1), (2) u cormacuo [1]
JUTSL pa3iIMYHBIX BApUAHTOB pa3MEIICHHUs CBail B POCT-
Bepke m =2, 3, 5.

Heo6xomuMo 0TMETHTb, 4TO TIPH pacueTax UCIOIb-
30BAJIUCh 3HAYEHHS CKOPOCTEHl MOIEPEUHbIX BOJIH V,

P
OTIpEJIETIEHHBIX HETMOCPEICTBEHHO Ha ONBITHOM IOJH-
TOHE COIJIaCHO METONY, OMHCaHHOMY B [22]. bbuin uc-
TIOJTF30BAHBI JIBE TIOTPYKEHHBIE B TPYHT Ha PaccTos-
HUU 2 M JpyT OT JApyra MeTaNIH4ecCKHe CBaM «HC-
TOYHUK» U «IIPUEMHHUK» TUAaMETpoM 76 MM U UIH-
Hoi 1500 MM, UMerollle Ha BEPXHUX TOPIAX METall-
JMYECKHe TUTACTUHBI C 3aKPEIUIEHHBIMU TPEXKOOPIU-
HaTHBIMU BUOponaTunkamu. [Ipy BepTHUKaIbHOM yna-
pe 10 CBac-MCTOYHUKY PETUCTPUPOBAIHNCH UMITYIIBCHI
Ha Hell U Ha cBae-nipueMHuke. [1o BpeMeHu npoxox-
JICHHS] UMITyJIbCa MEXKIY CBasMU BBICUHTHIBAJIACH CKO-
POCTB TIOTIEPEYHBIX BOJH B TPYHTE. 3HAYEHHE CKOPO-
CTH TIOTIEPEYHBIX BOJH JJISl TPYHTa ONBITHOTO TIOJH-

TOHA COCTaBUIIO VS =146 m/c.

Tabnuya 2

YacToTbl cOOCTBEHHBIX Kosledanmii pynaamenToB @-1, @-2, -3
[Table 2. Natural frequencies of the foundations F-1, F-2, F-3]

dynpa- M3mepennas Pacuernas yacrora, I'ny
MEHT gacroTa, ['1g [Calculated frequency, Hz]
[Foun- [Measured CI1 DopmyJibl
dation] frequency, Hz] | 26.13330.2012 1), (2)
|SP [Formulas
26.13330.2012]] (1), (2)]
O-1 [F-1] 76,90 29,39 89,22
D-2 [F-2] 91,02 33,73 96,80
®-3 [F-3] 101,69 41,15 100,13
Tabruya 3

Ko PpuuneHTs B3aMMHOro BJAUSTHUS
cBaii pynnamentos ®-1, -2, -3
[Table 3. Coefficients of the piles mutual influence of
foundations F-1, F-2, F-3]

®yHpa- H3smepennplii | PacueTHblil K03 PuIMeHT, o
MEHT K03 dunu- [Calculated coefficient, o]
[Foun- €HT, O CII26.13330.2012 | dopmy.a (2)
dation] [Measured |[SP 26.13330.2012]| [Formula (2)]
coefficient, o]
®@-1 [F-1] 1,32 1,41 1,30
D-2 [F-2] 1,11 1,22 1,10
®-3 [F-3] 1,00 1,00 1,03

U3 pe3ynbTaToB DKCIIEPUMEHTOB, MPOBEACHHBIX
Ha ONBITHOM IIOJIUTOHE, CIIEYET, YTO YMEHBILEHHUE Pac-
CTOSTHUSI MEXKIy CBasMU B POCTBEPKE MPHBOIUT K I10O-
HIDKEHHIO YacTOT COOCTBEHHBIX BEPTHUKAIBHBIX KOJIE-
OaHMii CBalHBIX (YHIaMEHTOB M KO3(HIMeHTa B3a-
UMOBIUSIHUSA (pUC. 4). YMEHBIICHHE PACCTOSHHS MEXK-
Iy CBasIMHU B KyCT€ C 5 JUaMETPOB 110 2 CIIOCOOCTBY-

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

€T YMCHBILICHHIO YaCTOT BEPTUKAJBHBIX KOJIEOaHUH B
1,32 paza, ipu 3ToM KO3(p(HUIMEHT B3aNMHOTO BIHSHUS
YBEINYUBACTCSI OT CBOETO CaMOI'0 MUHMMAJIBHOI'O 3HA-
yenus1, pagHoro 1,00, mo 1,32. M0oXHO OTMETUTH, YTO
yBEJIMYEHUE PACCTOSHUS MEXIy CBasMU ¢ 2 10 3 1ua-
MeTpOB 0oJiee 3HAYUTEIIBHO BJIHAET Ha yBEJIUUCHUE
YacTOT COOCTBEHHBIX KOJIcOaHUii U KO pUIEHTa B3a-
HWMHOTO BIMSIHUSL M COCTaBJIsIeT 0koJio 19 % B 0boux
cnyyasx. [lanpHelee yBenuueHUe PacCTOSHUS MEX-
NIy CBasiMH MPUBOJUT K MEHEE CYIIECTBEHHOMY yBe-
JMYEHUIO YaCTOTHl COOCTBEHHBIX BEPTHKAJIBHBIX KO-
nebanuit 1 ko3 punreHTa B3aMMHOTO BIUSHUS CBail
u paBasercs 11 %.

100- -
] _ Oo--"
80 o -~
N
<
60+

401 o
/A

20— r v r

1,41

Puc. 4. 3aBUCHMOCTH PE30HAHCHOI YACTOTHI A (a)
" K03 ¢unueHTa B3aUMHOI0 BIMSIHUS O (0)
OT PacCTOSIHUSI MEXKIYy CBAsIMU mi:
wmpuxoswle 1uHUY — JaHHbIE U3MepeHuit aBTopoB (I ));

cniowHble IuHUY — Pe3yIbTaThl pacueToB o Gopmynam (1) u (2) (H)
u cornacuo CIT 26.13330.2012 (&)
[Figure 4. Correlation of the resonant frequency A (a)
and the piles mutual ratio o (6)
from the distance between piles m:
dashed lines — the results of measurements of the authors ([]);
solid lines — the results of calculations according to
formulas (1) and (2) (M) and SP 26.13330.2012 ()]

[puBenennsie B TabI. 2 1 3 pe3yNbTaThI, TOTYYeH-
HBIE COTJIacHO [1], IEMOHCTPUPYIOT 3HAYUTEIHLHO OoJiee
HU3KHE (B 2 pa3a) 3HAYEHMsI PACCUMTAHHBIX YacTOT CO0-
CTBEHHBIX KOJIeOaHUI B CPaBHEHUH C JAHHBIMH OIIBIT-
HBIX 3aMepoB. OIIHAKO MOTy4YEHHBIE B pe3yJbTaTe pac-
YeTOB 3HAYCHHs KOI(P(PUIIMECHTOB B3aMHOIO BIUSHHS
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MPaKTHYECKH MOJHOCTHIO COBIAAIOT C OTBITHBIMU JJaH-
HbIMH. 13 wero ciemyer, 9to 3(¢eKT B3auMHOTO BIIUSI-
HUSI CBail B KyCTe COTVIaCHO BRIpayKeHWsM [ 1] my1st ompe-
JICTICHUsI KEeCTKOCTH CBalHBIX (PyHIAMEHTOB YUHTHIBa-
€TCsl JOCTaTOYHO MOJHO, HO CYIECTBYIOT HEKOTOPHIE
HPOOJIEMBI TIPH OTIPE/ICNICHHH SKECTKOCTH.

B Tabmn. 2, 3 u Ha puc. 4 0TOOpaKEeHHBI pe3yJIbTa-
THI IPOBEJICHUS] HH)KEHEPHBIX PAacUeTOB C HCIIOIB30-
BaHHEM (HOpMyIIEI (2) A onpeeNeHus KeCTKOCTeH
CBaifHBIX (QYHIAMEHTOB C Pa3IMYHBIM PACCTOSHHUEM
MEXIY CBasMU — Cllydad pacnonoxeHus 2d, 3d, 5d.
[Ipy BBIMHCIIEHHH YAacTOT COOCTBEHHBIX KOJEOaHWUIt
CBalHBIX (PYHIAMEHTOB C PA3IMYHBIM Pa3MEIICHUEM

cBaii B poctBepke (puc. 3) kodhHuIueHTH SWU TUTSt
Pa3HBIX CIIydaeB pa3MelleHus cBaii B rpymre ( j=3,4,5)
onpenemsumick cornacHo [20]. [peacTapieHHbie 3Haue-
HUS YacCTOT TOATBEPIKIAIOT, YTO PacyeThl B paMKax Hc-
TMOJTE3YEMBIX MPHOJIMIKEHUH TO3BOJISIFOT TIOTYYUTh XO-
poIIIee COBIAJICHUE C SKCIICPUMEHTAIBHBIMU JIAHHBIMH.

PaccmarpuBast pe3ynpTarhl, HOIyYEHHBIE C HCIIOTh-
3oBaHreM (hopMyel (1), pa3nudre ¢ ONBITHBIMH JTaH-
HBIMH orieHrBaeTcs ot 2 10 16 %. boibiast Beanau-
Ha PacXOXKACHWs 3a(MKCHPOBAHA TPY PACCTOSTHUA MEX-
ny cBasimu m = 2 i pyHamamenta @-1 kak cirencTue
HETOYHOCTH M3TOTOBJICHUS ONBITHOIO POCTBEPKA B
MOJIEBBIX YCIOBUAX. M3 OIEHKU pe3ysbTaToB, MOITY-
YEHHBIX C HCIIONIb30BaHUEM (OpMYIEI (2), clemyer,
YTO Pa3JIMYMil C ONBITHBIMHU JaHHBIMU MPAKTHYSCKH
HE CYyIIECTBYET, pa30opoc [Jisi ciiydaeB mnpu m = 2, 3,
5 coctaBnseT ot 1 1o 3 %.

BriBoabl

HccnenoBanne mokasano, 4To cooTHomeHus (1)
u (2), yUUTHIBAIOIINE B3aNMHOE BIIMSHHE CBail B KYCTE,
MOJTyYEHHBIC B paMKaX BOJHOBOM MOJEIU U MPUMCHSI-
eMble I pacdyera TWHAMHYECKUX KECTKOCTEeH IpH
pacCMOTPEHNH BEPTHKAILHBIX KOJICOAHWHA CBaHHBIX
(yHIIAMEHTOB, JatOT 00JIee TOYHBIC Pe3yIbTAThI IIPU
OTIpeIeNICHNH PEe30HAHCHBIX YacTOT 10 CPABHEHUIO C
METOJIOM, TIPEIIOKEHHBIM B [1], 9TO TTOATBEpKAACT-
CA CpaBHCHHEM PE3YJILTATOB C JaHHBIMH SKCIICPUMEH-
TaJBHBIX UCCIICIOBAHUM, BBIMOJHEHHBIX B IMOJYHAa-
TYPHBIX YCITOBUAX. YacTOTHI KoneOaHN, HalIEeHHBIC
C HCTIOJNIb30BaHHEM PAacCMOTPEHHBIX (QOpMYJI, TIOKa-
3BIBAIOT JIy4lllee TPUOIMIKEHUE K YacTOTaM, Onpe/ie-
JICHHBIM OIIBITHBIM ITyTeM, [0 CPaBHEHHIO C CYIIe-
CTBYIOIIMMHU METOAAMH ACHCTBYIOMINX HOPM.
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Abstract

Aims of research. Studies to determine the effect of the distance between
the piles in group with vertical oscillations of pile foundations on the value of
dynamic stiffness are carried out and the results obtained in full-scale tests, with-
in the wave model and according to SP 26.13330.2012 are compared.

Methods. The eigenfrequency changes of the foundation of nine piles
with a diameter (d) with a high pile cap are calculated depending on the dis-
tances between the piles — 2d, 3d and 5d. The obtained results are compared
with the data obtained after a series of pulse dynamic loads performed under
semi-natural conditions on foundation models. The values of the transverse
wave velocities were determined directly at the test site.

Results. 1t is found that the reduction of the distance between the piles
in the bush leads to a decrease in the natural vibration frequencies of pile
foundations. Reducing the distance between piles from 5 to 2 diameters of piles
leads to reduce the frequency of vertical vibrations of pile foundations by
1.32 times. It is shown the advantage of the results of calculations in the frame-
work of the wave model in comparison with the method of SP 26.13330.2012.
Also shown their high coincidence with the values obtained in the course of
experiments, which allows to accurately determine the amplitude-frequency
characteristics of the foundations. The results determined according to
SP 26.13330.2012 have significantly lower values of natural frequencies and
do not fully reflect the change in the distance between the piles. The maxi-
mum discrepancy with the experimental data is 2.7 times for the vertical
oscillations of the pile foundation.
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AHnnomayus

Axmyansnocms. B niponecce skcrutyaTanuy (B IEpBYO O4epeab IMpU IJIH-
TEIBHOMN 31<cru1yaTau1/m) TUJIPOTEXHUYECKUX COOPY>KEHHH BO3HHUKAET HEOOX0au-
MOCTb YCUJIEHHUS UX JKEJIE300€ TOHHBIX KOHCTpyKUui. B mocneanue roasl B mpo-
MBIIUIEHHOM M TPaXIAHCKOM CTPOMTEJILCTBE HAXOAUT IIPUMEHEHHE YCHJICHHE
KeJIe300eTOHHBIX KOHCTPYKIUH CHCTEMaMH BHEIITHETO apMHPOBAHUS M3 KOMIIO-
3UTHBIX MaTepHanoB (HaIpHUMep, YIIepodHbix). [Ipi 3ToM B IHAPOTEXHHYECKOM
CTPOUTENBCTBE UMEIOTCS TOJIBbKO €IMHUYHbIE IPUMEPBI TAKOTO YCUIICHUS.

IJenu. TlpencraBieHHBIE B CTaThe DKCIIEPUMEHTAIBHBIE UCCIIEIOBAHUSA JKelle-
300€TOHHBIX KOHCTPYKIHIT THAPOTEXHUUECKUX COOPYKEHUH, yCHUICHHBIX BHEII-
HUM apMHPOBAHUEM U3 YIJIEPOIHBIX MaTEpHaNoB, IPOBOJUINCH B LEIIX 000C-
HOBaHMs IPUMEHEHUs] BHEIIHETO apMUPOBAHUSI HA OCHOBE YIJIEPOJHBIX MaTepU-
aJloB (JIEHT M JlaMelei) Al YCHIIEHUs JKele300€TOHHBIX KOHCTPYKIMH I'MApO-
TEXHUUYECKUX COOPYKEHHH.

Memoodpl. DKCIIEPUMEHTHI 10 YCUIECHHIO THAPOTEXHUYECKUX COOPYXKEHHH
BHELIHUM apMUpPOBAHHEM U3 YIJIEPOJHBIX MAaTE€pUAlOB OCYLIECTBIISUIUCH C HC-
MONTB30BAHUEM CIEIMATbHO M3TOTOBIECHHBIX JKEJIe300€TOHHBIX MOAeNel THApO-
TEeXHHYECKHX KOHCTPYKIHi 6anodroro tuma. [Ipu 3ToM TS MOZETMpOBaHUS TIPH-
HHUMAJIMCh JKETe300€TOHHBIE KOHCTPYKI[HH, MMEIONINE XapaKTepHBIC MPU3HAKH
TMJPOTEXHUYECKUX COOPYKEHHMH, TaKhe KaK HEBBICOKHME KJIACChl OETOHA U IpO-
LEeHTHl apMHupoBaHus (MeHee 1 %). YcuneHne xkene300€TOHHBIX Mojeneil BbI-
HOJHANOCH YIVIEPOIHBIMU JIEHTAMHU U JaMelsIMU. DKCIEPUMEHTAJbHBIE UCCIIE-
JOBaHUS NPOBOJUINCH IIPU AEHCTBUM U3rHOAIOLIEr0 MOMEHTA 110 CTaHJAPTHBIM
MerogukaM. OINpenesuioch MOBBIIEHUE IIPOYHOCTH HKEJIE300€TOHHBIX KOHCTPYK-
LU 33 CUET UX YCUJICHUS YIIIEPOAHBIMHU JIECHTAMU U JIaMEIISIMU.

Pezynvmameot. I1omydeHbl JaHHBIE O IPOYHOCTH KEJIE300ETOHHBIX KOHCTPYK-
Uil TUIPOTEXHUUECKUX COOPYXKEHHN 0€3 YCHJICHHS U YCHIICHHBIX yIJIEPOIHBIMU
JICHTaMU U JIaMeJsIMU IIpH AeiicTBuu u3rudarorero MoMmenTa. Ha ocHoBe mpose-
JIEHHOTO CPaBHEHHS OITIPEJIEICHO TOBBIIIEHHE MPOYHOCTH XKeNe300eTOHHBIX KOH-
CTPYKLIUH 32 CYET UX YCUJICHHS YIJIEPOJAHBIMU JIECHTAMHU U JIAMEIISMHU.

BBenenue

B HacToAIICC BPEMA HAXOAUT NMPUMCHCHHUE YCU-
JICHHE >Kee300€TOHHBIX KOHCprKI_II/Iﬁ MIPOMBIIIJICH-
HOT'O U I'paXXJaHCKOI'0 Ha3HA4YCHHSA BHCIIHUM apMH-

1
r
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OKCMEPUMEHTANLHBIE UCCNEROBAHMA

pOBaHHEM M3 KOMIIO3UTHBIX MaTepuanoB. YTto kaca-
€Tcs [IPAKTUKU OTE€YECTBEHHOT'O IMIIPOTEXHUIECKOTO
CTPOUTENBCTBA U IKCILUTYyaTaIlliH THIPOTCXHHUYCCKHX
COOPY>KEHHH, TO UMEIOTCSI OTIEJIbHBIE IPUMEPHI HC-
[I0JIb30BaHUS TaKOTO ycwieHus. [loaTomy Bo3HUKaeT
HEOOXOAUMOCTh 00OCHOBAHHUS MPUMEHEHUS YCHIICHUS
BHEIIHUM apMHPOBaHHEM W3 YIJIEpPOJHBIX MaTepHa-
70B (JIGHT W JIaMeJiel) IJIs yCHIISHUS JKeIe300eTOH-
HBIX KOHCTPYKLUI THAPOTEXHUYECKUX COOPYKEHHUM.

Kenezo0eToHHBIE KOHCTPYKLIUH THAPOTEXHUYE-
CKUX COOPY)KEHUH NPUHUWIHAIBHO OTIMYAIOTCA OT

, MHDKEHEP, 3aMECTUTENb IEHEPAIbHOIO JAUPEKTOpa I0
HaY4YHO-TIPOCKTHOH JIeATeIbHOCTH; COMCKAaTeNlb YUEHOH cTeneHu, Kadeapa ruapo-
TEXHUYECKHX COOpykeHHH, MHCTUTYT Menropaniy, BOAHOTO XO35HCTBA U CTPOUTEITb-
crBa umenn A.H. Kocrsakosa, Poccuiickuii rocyapcTBeHHbIH arpapHblii yHHUBEpCH-
TeT — MCXA nmenn K.A. Tumupszesa, frolovke@gidroogk.ru
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Kene300eTOHHBIX KOHCTPYKUUH TPOMBILUICHHBIX U
TPaXIaHCKUX COOPYKEHHIA.

Jnst xene300eTOHHBIX KOHCTPYKITUH THAPOTEX-
HUYECKHUX COOPYKEHUI XapaKTepHBbI:

— 3HAYHTEIbHBIE TA0APUTHI, B TOM YHCIIE BBICOTA
CeYeHns KOHCTPYKIwH Oomee 1 Mm;

— HEBBICOKHE Kiaccel 0eTona (B10-B25);

— HEBBICOKHE Kiacchl paboueir apmarypsl (A-11,
A-IIl, B mocneanue roAsl HAXOAUT NPUMEHEHUE ap-
Matypa kinacca A500);

— HEBBICOKHE MPOLIEHTHI apMHpoBanust (MeHee 1 %);

— Oompime auamerpsl apMatypsl (mo 70 mm A-I1,
1o 40 mm A-III);

— HaJTM4Ke MEXOIOYHBIX CTPOUTEIBHBIX IIIBOB;

— 0COOEHHOCTH XapakTepa AeHCTBUS HArPy30K
(BKJTFOYAst MPOTUBOAABIIEHNE BOJBI B PACKPBIBIIHXCS
[IBaxX W TPEIINHAX ).

BeImonHeH aHanu3 0TeYeCTBEHHOIO M 3apyOeKHOTO
OITBITA YCHJICHUS YKeNe300eTOHHBIX KOHCTPYKIIMIA BHEIII-
HUM apMHPOBAHKEM W3 YTJIEPOMHBIX MaTepuasioB [1-7],
MOKa3aBIIMH, YTO HanboJee 1enecoo0pasHo YCHIMBATD
JKeIe300€TOHHBIE KOHCTPYKIIMMA CUCTEMaMH BHEIITHETO
apMHUPOBAHUS U3 YTIIEPOTHBIX JICHT U JIAMEJIeil.

1. dean uccyienoBaHuii
B nensx skcnepuMeHTaTbHOr0 000CHOBAHUS TPH-

MCHCHHUA BHCHIHCTO apMUPOBAHNSA U3 KOMIIO3UTHBIX Ma-
TCPHUAJTIOB OJId YyCHUJICHUS TUAPOTECXHUYCCKUX COOpY-

iFadi) ]

JKCHHI OBUTH ITPOBEICHBI IKCIICPUMEHTAIBHBIE UCCIIC-
JIOBaHUS MIPOYHOCTH JKEIEe300€TOHHBIX KOHCTPYKITUI
THAPOTEXHUYECKUX COOPYKEHUH, YCHIIEHHBIX yTJiie-
POIHBIMU JICHTAMHU U JIAMEIISIMHU, TIPH NECHCTBUM U3-
ru0aroIero MOMeHTA.

2. MaTtepuaJjbl 4 METO/bI MCCJIEIOBAHUM

JJ1s SKCTIEpUMEHTOB Ha ICWCTBUE M3THOAIOIIETO
MOMEHTa OBbLIM M3TOTOBIICHBI JKeJIe300€TOHHBIE MOjIe-
J1 OaJIOYHOro TUIa JIUHOU 215 cM, BeicoTOM 30 cM
u mmpuHO# 15 cMm (puc. 1).

ITpu 3TOM CO3MABATHCH MOJIENTU ABYX CEPUIA, OTIIU-
YarOIHecs] apMUPOBAHUEM M KJIacCOM OeToHa, MpHCY-
[IMX KOHCTPYKIUSAM THAPOTEXHUIECKHUX COOPYKEHHIA.

Mopenu ofHOM cepur UMENY apMUPOBaHUE 2 Jua-
merpa 10 MM kitacca AS00C (TipolieHT apMHpPOBaHUS
0,39 %) u m3roraBnuBazach u3 OeToHa Kiacca B15
(puc. 1, a).

Monenu npyroit cepun UMeNM apMUpoBaHue 3 ua-
Metpa 12 MM knacca A500C (mipoueHT apMUpOBaHUS
0,83 %) u u3roraBnuBanach U3 OeroHa kiacca B25
(puc. 1, 6).

B kaxmyro cepro BXOAWIIM: IBE OaIKU-ONHM3Hena
0e3 ycuneHust; e Oanku-Onm3Hena, yCUIeHHbIe yriie-
POIHBIMH JIEHTaMU; BE OAJIKN-OMM3HEeIa, yCUICHHbBIE
YIJIEPOAHBIMH JIaMeJsIMU. TakuM 00pa3oM, ObLIO H3-
TOTOBJICHO JIBCHA/ILIATH JKEJIE300€TOHHBIX MOIeNei Oa-
JIOYHOTO THIIA.
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Puc. 1. KoHcTpyKuus ke1e300e TOHHBIX MojeIeil
[Figure 1. The reinforced concrete models construction]

JUtst ycueHus #erne300€TOHHBIX MOJIeNel NCIOIb30-
BaJIHMCh yriiepoaHble eHTsl Trma FibArm Tape 230/300
tormuHon 0,128 MM M yriaepoJHble JaMenu THIla

238

FibArm Lamel 12/50. lllupuna JieHTH TpUHUMANACh

paBHOH mupuHe Moaenel — 150 mm. TonmuHa name-
Jiell mpuHUMaack paBHo# 1,2 MM, mupuHa — 50 MM.

EXPERIMENTAL RESEARCHES
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JIeHThl HaKIEUBAINCH HA HWKHEW PACTSAHYTON IPAHU
Mozenel B ABa ciod. Jlamenu Takke HaKJICHBaIUCh
Ha HIKHEN pacTAHyTOM rpanu mojenu. Ha onopHbix
y4acTKax MpPOJOJIbHBIE YTIEPOIHBIE JEHTHI U JaMeIu
3aKPEIUBUIUCh 3aMKHYTBHIMU XOMYTaMH U3 YIiepoa-
HO#t neHTs FibArm Tape 230/300 mmpunoit 300 MM
(puc. 2 u 3).

FibArm Tape 2307150

FibArm Tape 230/150 D

180 | 150 L?‘Sﬂ 1190 150 \, 150 | 180 \,150 |

ke L r L e

Puc. 2. Cxema okleiiku :ke1e300eTOHHBIX MoJe1eil
YIJIepOHbIMH JIEHTAMH
[Figure 2. The reinforced concrete models
pasting with carbon tapes scheme]

FibArm Tape 230/ 150

FibArm Lamel-12/50
o ) 150 ), 10 .
50

Puc. 3. Cxema oxuieiiku kej1e300eTOHHBIX Mo/eJIei
YIJ1ePOIHBIMH JIAMeJISIMH
[Figure 3. The reinforced concrete models
pasting with carbon lamellas scheme]

—

80 150 [ 150 %430
+

B nensix onpenenenns GakTHUECKONW TPOUYHOCTH
OeToHa MojeNieil Ha C)KaTHE U PacTSHKCHUE, a TaKKe
MoIyJsl teopManii OJHOBPEMEHHO ¢ MOJIENSIMH Oe-
TOHHPOBAINCH CTAHIAPTHBIE KOHTPOJIBHBIE 00pa3IIbl:
kyOouku pazmepoM 100x100x100 mwm; mpu3msl pas-
MepoM 100x100%x400 MM ¥ HWIMHAPHI THAMETPOM
150 MM u BBICOTOM 150 MM.

Jns mpoBeeHUs UCIIBITAHUI HA IEVCTBUE U3TH-
0aroIero MOMEHTA JKeNe300eTOHHBIE MOETH JUTHHON
2,15 M ycTaHaBJIMBAJIUCh Ha CIIEIMATILHOM CTEHJIE Ha
JIBYX OIOpPax, PacCCTaBJICHHBIX HAa paccTostHUH 1,95 M
Ipyr oT apyra. OHa U3 ONOp — HEMOJABIKHAL, APY-
rasi — KaTKOBasl.

st npritoskeHusl BEpTUKAIbHOW Harpy3KH IpHU-
MEHSJICS TUAPOAOMKPAT, PACIONIOKEHHBIN B IICHTPE
nposera. Harpyska nepenaBaiach Ha KOHCTPYKLHIO
Yyepe3 pachpeeNIUTeNIbHYI0 TpaBepcy CUMMETPHYHO
B JBYX TOYKaxX Ha PacCTOSHUAX 45 c¢M OT IIEHTpa
mposera u 52,5 cm ot onop (puc. 3).

B xozne mcnbiTaHmii xene300€TOHHBIX Mozeneit
ONBITHAS HArpy3Ka MPUKIAABIBANIACH CTYIEHSIMU, CO-
crasidromumMu 10 % oT paspyaromeil Harpy3kH.
[Ipu noctmxennu 80 % oT paszpymaromiei Harpyska
MPUKIIABIBATIACE OOJIee MEIKKUMHU CTyneHs Mu (1o 5 %
0T Harpysku paspywenus). [locae npunoxeHus: co-
OTBETCTBYIOUIEH HAarpy3Kd Ha Ka)KJIOM 3Talle Ipou3-

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

BOJWJIACH BBIACPIKKA, COCTABIAOMAasn 15 MuH, mocie
ATOTO PETUCTPUPOBAIHCH TTOKa3aHsI IPHUOOPOB.

Bun ucribiTanms x&ene300eTOHHBIX MOJIETICH TIpe-
CTaBJICH Ha puc. 4.

Puc. 4. UcnibITaHMe Kej1e300€ TOHHBIX Mo/IeJIeii
[Figure 4. The reinforced concrete models testing]

DKCIepUMEHTAITbHBIE HCCIIEOBAHMS TIPOBOINITUCEH
C Y4ETOM OIBITA UCCIIENOBAHNH THIPOTEXHUUECKUX CO-
opyxeHnuil [8—13]. Pe3ynbTaTsl 3KCIEpUMEHTATBHBIX
HCCIIEIOBaHNH JKEIe300€TOHHBIX KOHCTPYKLMWH THA-
POTEXHHUYECKUX COOPYKEHH, UMEIOIINX MEKOII0U-
HBIE CTPOHUTENBHBIC IIBbI, IIPOBEACHHBIX C YYaCTHEM
aBTOpAa, MpeacTaBiIeHbI B [14].

3. Pe3yabTaThl HCC/Ie10BAHUI

B pesynbTare MpoBEICHHBIX UCIIBITAHHUIN JKENIE30-
OETOHHBIX MOJIENIel, B TOM YHCJI€ YCHJICHHBIX yTJe-
POJIHBIMU JICHTAMH M JIAMEJISIMH, Ha JCUCTBUE M3THU-
0aroIero MOMEHTa OBUTH TOJIyYEHBI CISAYIONINE Pe-
3yJbTATHI.

JKene300eToHHBIE MOIEIM-0JIN3HELBI, U3TOTOBJICH-
Hble 13 Oetona B15 ¢ apmupoBanuem 0,39 %, ne nme-
IOIIHE YCHICHHS, pa3pyIIMIIICh TIPH BeJIMIWHE HArpy3-
ki 83,0 u 88,0 xkH.

JKene300eToHHBIE MOIEIH-0IN3HELBI, H3TOTOBJIEH-
Hble U3 OetoHa B15 ¢ apmupoBanuem 0,39 %, ycunen-
HBIE YTJIIEPOTHBIMHU JICHTAMH, Pa3pyLIMINCh IPH Ha-
rpy3kax 159,2 u 191,0 xH.

JKene300eToHHEIE MOAETH-OIHU3HELBI, H3TOTOBJICH-
Hble u3 6etoHa B15 ¢ apmupoBanuem 0,39 %, ycunen-
HBIE YTIEPOAHBIMH JIAMEIISIMH, Pa3pyIIINCh IPH Ha-
rpy3kax 161,1 u 160,0 xH.

Kene3o0eToHHBIE MOAETN-ONM3HEIIBI, H3TOTOBJICH-
HbIe U3 6eToHa B25 ¢ apmuposanmem 0,83 %, He nume-
IOIIUE YCUJICHUS, Pa3pYIIUIUCh IPH BEIMYMHE Ha-
rpy3ku 165,8 kH.

YKene3o0eToHHBIE MOAETN-ONM3HEIIBI, H3TOTOBJICH-
Hble U3 Oetona B25 ¢ apmupoBanuem 0,83 %, ycu-
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JICHHBIC YTIICPOJHBIMU JICHTAMH, Pa3pyIIUINCh IIPU
Harpy3kax 232,0 u 257,0 xH.

Kene300eToHHBIE MOIEIU-0IM3HELBI, H3TOTOBJICH-
Hble U3 OetoHa B25 ¢ apmuposanuem 0,83 %, ycu-

JIEHHbIE YTJIEPOIHBIMU JIAMENAMH, paspyLIMINCh TIPU
Harpy3kax 250,6 u 238,7 kH.

Pe3ynpTaThl IpOBEAECHHBIX SKCIEPUMEHTAIBHBIX
HCCIIeIOBaHNH MPHUBEJCHEI B TaOIHIIE.

Tabnuya

Pe3yabTaThl 3KCIIEPHMEHTAJNBHBIX HCCIeI0BAHMI Ke1e300eTOHHBIX Mojieei,
YCHJIEHHBIX YTJIePOTHBIMH JEHTAMH M JaMeJIsIMH, TP AeiiCTBUN M3rN0aoero MOMeHTa
[Table. The results of experimental studies of reinforced concrete models,
strengthened with carbon ribbons and lamellae, under the action of bending moment]

Ne Mopeanb YceTaHOBKA 3JIEMEHTOB YCHJIeHUS IIpoyHocTs GeTOHA Paspymaromas Psxeny Ppaca
[Model] [Strengthening elements setting] Ha ckaTue, MIla Harpy3ka, kH [Poper, Pealc]
[Concrete compressive [Breaking
strength, MPa] load, kN]
bemon B15, apmuposanue 20104500C [Concrete B15, reinforcement 20104500C]
1 Bb-115-1 Be3 ycunenus 25,8 88,00 1,14
2 Bb-115-2 [Without amplification] 15,9 83,00 1,09
3 b-115-3 Ycunenue yriepoaHoi JIeHTo! 24.4 191,00 2,50
4 b-N15-4 [Carbon tape einforcement] 24.4 159,20 2,10
5 b-N15-5 Ycunenue yriaepoaHoii 1aMensio 20,5 161,1 2,15
6 B-115-6 [Reinforced carbon lamella] 20,5 160,0 2,13
bemon B25, apmuposanue 30124500C [Concrete B25, reinforcement 30124500C]
7 Bb-125-1 be3 ycunenus 29,5 165,80 1,03
8 b-125-6 [Without amplification] 36,5 165,80 1,03
9 b-1N25-4 VYeunenne yriiepoaHon JSHTO 39,7 257,00 1,57
10 Bb-125-5 [Carbon tape einforcement] 243 232,00 1,42
11 Bb-N25-2 VYcunenue yriiepoaHoi 1amMensio 37,4 250,6 1,53
12 B-125-3 [Reinforced carbon lamella] 37,4 238,7 1,46

CrnenoBarensHO, 3a CYET YCWIICHHS YTIIEPOIHBIMU
JIEHTaMHU MIPOYHOCTH KeJe300€TOHHBIX KOHCTPYKIIUI
u3 6erona B15 ¢ apmuposanuem 0,39 % moBeIcHIach B
cpemHeM B 2,3 pa3za; MPOYHOCTH KENe300€TOHHBIX KOH-
cTpykimii u3 6etona B25 ¢ apmuposarmnem 0,83 % —
B 1,5 pa3za.

3a cuer yCHIeHHS yTIIePOIHBIMHA JIAMEISIMHE, TIPOY-
HOCTB JK€JIe300€TOHHBIX KOHCTPYKIMi u3 OeToHa B15
¢ apmupoBanuem 0,39 % moBBICHIIACH B CPEIHEM B
2,14 pa3a; nIpoOYHOCTD KEeJIe300€TOHHBIX KOHCTPYKLIHMH
u3 Oerona B25 ¢ apmuposanuem 0,83 % — B 1,5 paza.

B pesynprare mpu MEHbIIIEM apMHUPOBAHHUHN U KJTac-
ce OeToHa 3((EKTUBHOCTh YCHIJICHUS JKEJIe300CTOH-
HBIX KOHCTPYKIHH BHIIIIE, YTO IMOATBEPKIAET aKTy-
TBHOCTh JAHHOTO METOJa YCHUJICHUS ISl THAPOTEX-
HUYECKUX COOPYKEHUH.

Cnucok 1uTepaTypsl

1. Jian-he Xie, Ruo-lin Hu. Experimental study on re-
habilitation of corrosion-damaged reinforced concrete beams
with carbon fiber reinforced polymer // Construction and
Building Materials. 2012. Vol. 38. Pp. 708-716.

2. Ehab Hamed, Bradford M.A. Flexural time-dependent
cracking and post-cracking behaviour of FRP strengthened
concrete beams // International Journal of Solids and Struc-
tures. 2012. Vol. 49. Pp. 1595-1607.

240

3. Yinzhi Zhou, Mingkang Gou, Fengyu Zhang, Shoujun
Zhang, Dan Wang. Reinforced concrete beams strengthened
with carbon fiber reinforced polymer by friction hybrid bond
technique: experimental investigation // Materials and Design.
2013. Vol. 50. Pp. 130-139.

4. Ceporox A.U., Yepuasckuu B.JI. OnbIT ycuieHUs
CTPOUTEIbHBIX KOHCprKI_lI/Iﬁ KOMITO3UIIMOHHBIMU MaTCpura-
JaMu 1pu pekoHeTpykunu bakcanckoit I'DC // Tunporex-
Huka. 2013. Ne 3 (32). C. 115-117.

5. Kosvipes /I.B., Cumoxun A.C., Yepnasckuii B.JI,
Ocvmaxk I1.I1. PeMOHT y9acTKOB HAIOPHOTO KOJUIEKTOpa
KOMITO3UTHBIMU MaTepranaMy // MoHTa)KHble M Crelyaib-
Hble paboTel B cTpoutenscTtie. Ne 9. 2009. C. 2-5.

6. Anexcanopos A.B., Pyoun O.[]., Jlucuuxun C.E.,
banazypos B.F. PacueTHOe 000OCHOBaHUE M TEXHHUYCCKUE
pEIICHHS [0 YCHIICHHIO Kele300eTOHHBIX KOHCTPYKLUH
I'DC (T'ADC), nMmermux TPEIUHBI Pa3InIHOTO HampaB-
JIEHUS, TIPH JEWCTBUU KOMIUIEKca Harpy3ok // CTpouTesnb-
Hasl MEXaHUKa MHXEHEPHBIX KOHCTPYKLUH M COOPYKEHHH.
2014. Ne 6. C. 50-54.

7. Pyoun O[], Jlucuuxun C.E., banaeypoe B.b., Anex-
candpos A.B. HoBas texnonorus pemonTa I 'TC nocpenctom
apMHUpPOBaHMS KOMIIO3UTHBIMH MaTepuanamu // V3Bectus
BHUUT'. 2016. T. 280. C. 3-10.

8. Jlucuuxun C.E., Pyoun O.J]., JIanun O.b., Hege-
006 A.B. ViccienoBaHus OETOHHBIX U JKeJIe300€TOHHBIX SHEP-
TeTHYECKUX COOPYXKEeHUH // ' MIpOTEeXHUIECKOEe CTPOUTEITh-
ctBo. 1999. Ne 8/9. C. 22-28.

9. Jlucuukun C.E., Pyoun O.[]., Kamnee H.M. Dxcre-
PUMEHTAIbHOE 00OCHOBAHME Y3J1a PacIpEieUTENs K Harop-

EXPERIMENTAL RESEARCHES



®ponos K.E. CTpontensHas MexaHuka NHXeHepHbIX KOHCTPYKLMA u coopykeHni. 2019. T. 15. Ne 3. C. 237-242

HOMy BozoBoxy 3manus I'DC ruzpoysna Anp Baxnpa /
I'uaporexnuueckoe crpoutenscTBo. 1998. Ne 6. C. 52-56.

10. @ponos K.E. JxcriepiMeHTaIbHBIE UCCIICIOBAHUS
JKEJIe300€TOHHBIX KOHCTPYKLHMH T'MAPOTEXHHYECKHX COOpPY-
JKEHUH C CUCTEMON BHELIHETO apMUPOBAHMSI YIJIEPOIHBI-
MH KOMIIO3UTHBIMH JlamensiMu // TIpupompoo0ycTpoiicTBo.
2017. Ne 1. C. 56-61.

11. Pyoun OJ., Jlucuukun C.E., ®@ponos K.E. Pe-
3yJIBTaThl KCIEPUMEHTAIBHBIX HCCIIEA0BaHMUIl Kee300e-
TOHHBIX KOHCTPYKLUI THAPOTEXHUUYECKUX COOPYKEHUH,
YCHJIEHHBIX YIJIEPOAHBIMU JIEHTaMH, TIPH AEHCTBUU W3THU-
Garontero Mmomenra // CtpouTelibHas MEXaHUKa MH)KEHEp-
HBIX KOHCTPYKIMH U coopyxenuit. 2016. Ne 6. C. 58-63.

12. Pyoun O./]., Cenesnes C.B. DxcriepruMeHTaIbHBIE HC-
CIIe/IoBaHKST COOPHO-MOHOJIMTHBIX KOHCTPYKIMH ¢ Oeccrap-
HBIMH CTBIKaMH // MaTepuaibl KOH(pEpeHIINA 1 COBEIIaHUA
o ruapotexauke. J1.: Dneproarommsmar, 1987. C. 154-158

13. Pyoun O, Jlanun O.F., Hu B.E. YcuneHue 3Kc-
IUIyaTUPYEeMbIX MOAMOPHBIX coopyxenuit // ['maporexHu-
4ecKoe cTpouTenbeTBo. 1989. No 12, C. 42-45.

14. Pyoun OJ1., Jlucuuxun C.E., @poros K.E. Dxcne-
PUMEHTAIIbHBIE MCCIIEIOBAHUS KeNe300€TOHHBIX KOHCTPYK-
M THIPOTEXHUYECKUX COOPYXKEHHH ¢ OJOYHBIMHU IIBAMH,
YCHJICHHBIX CHCTEMOM BHeEHIHero apMmupoBanus // CTpou-
TeNIbHAsT MEXaHWKa MH)XEHEPHBIX KOHCTPYKLIUI U COOpy-
xenuit. 2018. T. 14. Ne 3. C. 198-204.

RESEARCH PAPER

Experimental studies of reinforced concrete structures of hydraulic structures
strengthened with composite materials
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Abstract

Relevance. During the operation process (first of all, long-term operation) of
hydraulic structures, it becomes necessary to strengthen their reinforced concrete
structures. In recent years, reinforcement of reinforced concrete structures has been
used in industrial and civil construction by external reinforcement systems made of
composite materials (for example, carbon materials). In this case, in hydraulic en-
gineering construction there are only isolated examples of such amplification.

Aims of research. Experimental studies of reinforced concrete structures of
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hydraulic structures strengthened with external reinforcement from carbon mate-
rials presented in the article were carried out in order to substantiate the use of
external reinforcement based on carbon materials (tapes and lamellae) to rein-
force reinforced concrete structures of hydraulic structures.

Methods. In order to carry out an experimental study of the strengthening of hy-
draulic structures with external reinforcement, reinforced concrete models of hydraulic
structures of a beam type were made of carbon materials. At the same time, reinforced
concrete structures with characteristic features of hydraulic structures, such as low con-
crete classes and reinforcement percentages (less than 1%), were adopted for modeling.
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Reinforced concrete models were strengthened with carbon ribbons and lamellae. Ex-
perimental studies were carried out under the action of a bending moment using stan-
dard methods. The increase in the strength of reinforced concrete structures due to their
reinforcement with carbon ribbons and lamellae was determined.

Results. The results of experimental studies of the strength of reinforced concrete
structures of hydraulic structures without reinforcement and reinforced with carbon
ribbons and lamellae under the action of a bending moment are presented. On the basis
of the comparison carried out, the increase in the strength of reinforced concrete struc-
tures is determined by their reinforcement with carbon ribbons and lamellae.
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Annomayus

L]ensy viccnenoBaHNS — CPaBHEHHE YKCIIEPHUMEHTAIIbHBIX JAHHBIX C PE3yJIbTaTaMu
KOMIIBIOTEPHOI'O MOZICTIMPOBAHUS PaOOThl YCHICHHOH CTEPKHE-BAHTOBON apKu.

Memoo uccnenoBaHns — 3KCIIEPUMEHTAIbHO-TEOPETHUECKHU.

Pesynomamor. 111 onpeneneHusl XapakTepa paspyLICHHs paccMaTpUBAEMOMN
KOHCTPYKIIMY CHayasa MPOBOAWIINCEH SKCIIEPUMEHTHI Ha HEOOIBIINX HACTONBHBIX MO-
nemsix. B xone Hux ObUIO YCTaHOBJIEHO, YTO PaspyLICHHE apKu MPOUCXOANT U3-3a CKa-
JIBIBAHUST MEJIKOPa3MEpHBIX JIEPEBSHHBIX OPYCKOB MIIM B PE3yJIbTAaTe pa3pbiBa CTANIb-
Horo ycumusaroero anementa. Jlanee B ITK «J IMPA-CATIP» co3naBanack pacueTHas
MOJIENb KOHCTPYKIIMH € HCTIONB30BaHNEM (DH3IIECKH U TeOMETPHYECKH HETMHEHHBIX
KOHEUHBIX 371eMeHTOB. [TomydyeHHast Mozielb 3arpyanach COCpeOTOUEHHON Harpys-
KOH B 30HE KOHBKa TaKHM ke 00pa3oM, KaK U B paHee MPOBEIEHHBIX SKCIIEPHMEHTAIb-
HBIX HCCIEOBaHWAX. B pesyibrate pacuera ObUIM MOJMYYEHbI YUCICHHbBIE 3HAYCHHS
nedopMaIun, KoTopble OTIANYAIOTCs OT IKCIIEPUMEHTAIBHBIX MeHee YeM Ha 10 %, uro
TOBOPHUT O OJIM30CTH KOMITBEOTEPHOM MOJIENH K pealibHOM KOHCTPYKLMH. B xoze nans-
HeHIIero aHaI3a YUCIICHHON MOJIEIH ONPEIeSUINCh HAHOOIBIIINE CKUMAIOIIHE CHITI
B apKe, a TAaKKe PacTArMBAIOLIEe CHIbl — B YCHIMBAIOIMX €€ CTAIbHBIX JIEMEHTaXx.
Io dopmynam CIT 64.13330.2017 u CII 20.13330.2016 BBIMUCIISUIUCH IPEAECIBLHO
JOIYCTUMBIE CKJIBIBAIOIIME M HAMOOJIBIINE PACTATUBAIOIIME YCHIMS. BIsiBiIeHo, 9To
IIpY 33[JaHHOM BHEIIIHEM YCHIUM JEPEBSHHbIE OpPYCKU UMEIOT Oosiee 4eM 7-KpaTHbIi
3amac 1o MPOYHOCTH, A CTAJIBHBIE JICHTHI M0 X BEPXY JIMIIb 1,5-KpaTHBIN, U TIpH yBe-
JIMYEHUH BHEIIHETO BO3JACHCTBHS paspylleHUe apKy IPOM30MIET U3-3a pa3pblBa CTalb-
HBIX LLINPEHrebHbIX JeHT. [1o pe3ynpratam uccneioBaHus ONpeeNeH alropuT™ pac-
yeTa Mojo0HOro posa KoHCTpykumii ¢ ucrons3oanueM 1K «JIMPA-CAIIP». Peko-
MEHJyeTCsl CHauasla TIPOBOJUTH PacieT yCHIICHHOHW CTeprKHe-BaHTOBOM apkw 1o 11 mpe-
JEIIBHOMY COCTOSIHHMIO C JAIbHEUILEN POBEPKOI IEPEBAHHBIX 2JIEMEHTOB Ha CKalIbl-
BaHHUE, a CTAIbHBIX LINPEHIeIbHBIX IEMEHTOB — HA IMPEEIBHO JIOIMyCTUMOE PacTs-
»KeHue. Pacuer ceyeHus uccreyeMoil apky Ha YCTOMUYMBOCTB IUIOCKOH (hopMbl aedop-
MUPOBaHUsI PELIAeTCs TAK JKe, KaK pacyeT KIIEeIEPEBSIHHOM apKH 10 MPUYMHE IUIOTHO-
IO COEAMHEHNS IEPEBSHHBIX OPYCKOB C TUKBUIALMEH UX NOJATIMBOCTH U3 IVIOCKOCTH.

BBenenue

COKpaH_ICHI/IC ITIOJIE3HBIX MCKOITA€MBIX, YMCHBIIC-

CTBYET CO3JaHMIO HOBBIX KOHCTPYKLHMI U3 3KOJIOTHYE-
CKH YHCTBIX MaTE€pPUAJIOB, KOMTUPYIOUIUX CTATUKY U AU~
HaMHUKY OOBEKTOB JKMBOW M HEKUBOM npupoasl [ 1-15].

HHUe OMOJIOTHYECKOT0 Pa3zHOOOpasust M BCEMHPHOE YXYa-
IICHUE HKOJOTUH TIPHBENIO K OBICTpOMY pocTy OHo-
HHUKH — HAyKH O MH)KEHEPHOM MOJICITMPOBAHHUH TIPH-
poabl, ee GIopsl U (hayHbI, pa3BUTHE KOTOPOH crioco0-

! Imumpues Hzops Kumoeuy, xanIunar TeXHHMECKHX HayK, JIOLEHT, Kaepa MeTan-
JIMYECKUX W JiepeBsHHbIX KoHCTpyKuwmii, eLIBRARY SPIN-kox: 6639-7600, AuthorID:
656114, igkd@yandex.ru
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OKCMEPUMEHTANLHBIE UCCNEROBAHMA

OnHoH U3 TaKUX KOHCTPYKLUM SIBJISIETCS] CTEpyKHE-BaH-
TOBasi TUPJISIHIA, [T03aMMCTBOBABIIAs 00pa3 M Xapak-
Tep pabOTHI Y TO3BOHOYHHKA KUBOTHBIX U YEJIOBEKa.

B cratee [1] paccka3bIBasioch O UCHBITAHUAX Pa3-
HBIX MOJIEJIEHl CTE€p’KHE-BAaHTOBBIX apOK, COCTOSIIMX
WX JIEPeBSIHHBIX MEJIKOpa3MEpHBIX OpycKOB, HAHU3aH-
HBIX Ha JBa CTAJbHBIX KaHaTa, IO pe3yJibTaTaM Ko-
TOPBIX ObLIA OmpeneNneHa apka ¢ HauOOJIBIIMMH He-
CYIIUMHU CIIOCOOHOCTSIMU. DTO OKa3ajgach KOHCTPYK-
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L[Usl, YCUJIEHHAs CTaJbHBIMM JICHTAMH 110 BEpXHEH Ipa-
HHM OpYCKOB M 00pasyromas Tak Ha3bIBAeMYyIO LIIPEH-
reNbHY10 apKy. IMEeHHO Tako THTI COCTaBHOM apKK Hau-
0osee OJIM3KO COOTBETCTBYET KIICEIEPEBSIHHOM 110 CBO-
UM HECYILIMM criocoOHOCTSM. B pesyibrate ucnbita-
HHUH 00e KOHCTPYKLIUH NPOJEMOHCTPUPOBAIN IIPHMEP-
HO OJJMHaKOBYIO Ne()OpMaIliio B 30HE KOHBKA, COCTaB-
nsomtyto ~ 1/200 Lopon, mpu 3aiaHHON BHEIIHEW Ha-
rpy3ke. Tpanchopmarust THOKOM cTep KHE-BaHTOBOM
HUTH, HalIOMUHAIOIIEH 3MEeI0, B apOYHYIO YTy OCY-
IIECTBISIACh MyTEM HATSKEHUs ABYX BHYTPEHHHX
CTaJIbHBIX KaHATOB, & LIITYHTOBOE COCIMHEHHE JIepe-
BSHHBIX OPYCKOB IpPYT € APYTOM CO3/aBaJIO IJIOTHOE
MIPUMBIKAHHE JIEMEHTOB U UCKIIOYANO IOJATINBOCTh
KOHCTPYKLUH B y3JIaX U3 MJIOCKOCTH.

o Ny
- w'*"*‘. ——

Puc. 1. Buj crep;KHe-BaHTOBOI HUTH
10 ee TpaHCHOPMALUH B apKy
[Figure 1. View of the brich-cable thread
before its transformation to the arch]

Puc. 2. IlpeBpaieHue HUTH B apKy
nocJie HATSIKeHHs] BHYTPEHHHUX KaHATOB
[Figure 2. Conversion thread to the arch

after the internal cable tension]

Pe3y.]'[l)TaTl)I I/Iccnezlonannii U UX aHAJIN3

Tlepen cozmaHneM KOMIBbIOTEPHOM pacyeTHOM MO-
JIENIA CTEP>KHE-BAHTOBOM apKu, YCUJIICHHON CTalbHBI-
MU JICHTaMH{, HEOOXOAUMO OBLIO BBISICHUTB, B PE3yIIb-
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TaTe Yero NMPOMCXOAUT ee paspylueHue. [ storo Oblia
MpoBeZicHa CepHsl SKCIIEPUMEHTOB Ha HEOONBIION Ha-
CTOJIBHOM apOYHON MOJIENH, COCTOSIIEH U3 MaJIeHbKIX
JEPEBSHHBIX OPYCOUYKOB C Ma3aMU M0 BEPXHEH U HIK-
Hel rpaHsiM, B KOTOPBIX NPOXOIMJIA CTAIBHAS IIPOBO-
JIOKa, CTATMBAIOLIAS 3JIEMEHTH B apOYHYIO KOHCTPYK-
uuto. [lpu ee Harpye€HUHM COCPEIOTOUEHHOW CUIION
B 30HE KOHbKa OBUIO YCTaHOBJICHO, YTO pa3pyLICHHE
apK{ MPOUCXOIUT M3-3a CKAJBIBAHUS ACPEBSIHHBIX
OpYCKOB WJI B Pe3yJIbTaTe pa3pbiBa MPOBOJIOKH, CO-
eauHstomeit ux. [Ipuuem nepeBsHHbIE 3JIEMEHTHI pa-
00TaM TOJIBKO Ha CXKaTUE, a CTAJIbHBIC TOJBKO Ha pac-
TSDKeHHE. B cilyuae BOSHUKHOBEHUS PacTATMBAIOLIMX
yCHJIMH B OpyCKax OHU MPOCTO PACXOIUIUCH B OTOM
MecTe, 00pasys 3a30p MEXIy TOpLaMu.

Co3manme pacueTHON MOJIETIH YCHIICHHOHN CTepKHE-
BaHTOBOM apku mpoBoaunock B [IK «JIMPA-CAIIP» ¢
HCIOJIE30BaHUEM HEMHEHHOro aroputMa pacuera. [Ipu
€ro CO3JaHUHU YUUTBIBAIOCH, YTO JIBA CTAJILHBIX KaHAaTa,
[IPOXOSIIMX BHYTPH AEPEBSIHHBIX OPYCKOB, CIyXaT
TOJIBKO JJIsI INIOTHOTO COEMHEHUSI SJIEMEHTOB U IpHa-
HUSI KOHCTPYKIMH apOvYHOH (POPMBI (Y4TO U OBLIO paHee
JIOKa3aHo B [1] 1o pe3ynpraram mepBoro 3KCIepUMEHTa,
JI0 YCUJIEHUS KOHCTPYKIMH CTATbHBIMU JIEHTAMI).

B pacueTHO# Mozeny AepeBsSHHBIE HIEMEHTH MO-
JEIMPOBAIUCH KaK (hM3MYECKU HEJMHEHHBIE C HCIIOJb-
30BaHMEM rpaduka HapsHKeHUE — aedopmarius, pado-
TaroIHe TOJBKO Ha CXKaTHe, MO3TOMY MX rpaduk pac-
nonarancs B Il yeTBepTH AEKapTOBOM CHCTEMBI KOOp-
muHaT. J[peBecHa OpYCKOB COOTBETCTBOBAJIA 3 COPTY,
HX pacueTHOE COIpPOTHBJIEHHE CXKaThio R./G (—)/, Mo-
Iynb ynpyroctu E/Eo(—+)/ npuHAMaNncs Ha OCHOBaHUHT
HOpMaTUBHOTO JOKyMeHTa [17]. CrajbHbIC JICHTHI I10
BepXy OpYCKOB paccMaTpUBAIUCH KaK T€OMETPUIECKU
HeJIMHEWHBIC 3JIEMEHTHI, pabOoTaloIIMe TOJIBKO Ha pac-
Tspkenue. s Hux BeiOupancs KO 310 — cranbHas
HUTb, WM BAHTOBBIA KaHAT, KOTOPBIA MOXKHO 33aBaTh
U B MPSAMOYTOJIbHOM Buzie. CaM pacyeT MpoBOIMIICS Ha
OCHOBE aBTOMAaTHYECKOTrO BhIOOpa Iiara Jyisi reoMeT-
pudecKy 1 GU3NIecKy HelmMHEHHBIX KO.

Puc. 3. CkanbiBaHne gepeBsHHBIX OPyCKOB
NPU HATPY’KeHUH HACTOJIBHOI MOJeIH apKH
[Figure 3. Splitting the timber bricks
under loading the desktop model of the arch]
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Puc. 4. Ilepea pa3pbiBoM CTAJILHOM NMPOBOJIOKH,
coeUHsIIONIEN GpycKn
[Figure 4. Before breaking the steel wire,
connected the bricks]

Puc. 5. KomnblotepHas Moze/b
YCHJICHHOIi CTepP:KHEe-BAHTOBOH apKH
[Figure 5. Computer model of
the strengthened brick-cable arch]

e =)

Oowenoii narepuan
300 HEMVHERHOT AEEOPIMDODaIIA

MpesensH HanpRE e

Puc. 6. 3ananne ¢pusuyecku HeauHeliHoro K9
NPH MOJIETMPOBAHUY GPYCKOB apKH
[Figure 6. Setting physically nonlinear finite element
during modeling the arch bricks]

KoMmmberoTepHas Mozenp 3arpykaiach yCUIHEM
76,5 krc B KoHbke. Kak mokazanu sKcrepruMeHTalb-
HBIC UCCIICIOBAHUS, TIPU TOM YCHIINU BepTUKAIbHAS
nedopmariysi KOHCTPYKITUH 00pa3yeTrcs mocie OKOH-
YaHUS «PBIXJION nehopMaIumy, MPEAIIeCTBOBABIICH
eif, ¥ BCTyIUICHHUS B pabOTy CTaJIbHBIX JICHT, COCTaB-
nss f,= 1,78 cM, 9to sKkBUBaiIeHTHO ~ 1/185 mponeTa

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

apku, pasHoro 330 cM, a 3To OoJbIIe JOIYyCTHMOH Be-
muauHbl — 1/150 — B COOTBETCTBHH ¢ HOPMATHBHBIM
IokyMeHTOM [16]. B pe3yibpraTe KOMIBIOTEPHOTO pac-
yeTa mporud B KOHbKE OKa3aycs paBeH fy = 1,89 cwm.
Pa3sHuna Mexny 3KCIepUMEHTANbHBIMU JaHHBIMH U
YHCJICHHBIM PaCu€TOM COCTaBUT

A=[(1,89-1,78)/1,89]x100 % ~ 5,8 % <10 %. (1)

[Nomy4yeHHBIA pe3yIbTaT TOBOPHUT O XOPOIIIEM COB-
MIaJICHUH KOMITHIOTEPHOTO pacyeTa M SKCIIePUMEHTaIb-
HOro uccienoanus. Ha cxeme n3onoseil HanpspkeHU
1o Ny BUAHO, 4To B OonbiimHCTBe KO apku Bo3HUKAIOT
CKUMAIOIINE YCUIIHS, OKpAllIeHHbIE B TEMHBIE TOHA, WITH
MPaKTHYECKU paBHBIC HYIIO HAIPSDKEHHS, OKpAIlICHHBIC
B CBETJIbIE TOHA. VIMEHHO B 3THX CBETJIBIX TIPSAMOYTONb-
HHUKaX ¥ BO3HHUKAIOT IIETHA MEXKIY JEPEBIHHBIMU OpycC-
KaMH. 3aMeTHO, 4TO TIPH 3aJJaHHON Harpy3ke pacxox-
JICHHE 3JIEMEHTOB MPOUCXOAMT TOJBKO 110 BHEITHEH
rpaHd KOHCTpyKuuu. [IpocMmarpuBasi 4HCICHHYIO
MO3auKy HanpspKeHUi o Ny MOXHO OIpeNenThb, YTO
MaKCUMaJIbHOE CXKMMAIOIIee HaNpsHKeHHe BO3HUKAET
MPUMEPHO B YETBEPTH NPOJIETA aPKH U COCTABISIET
15,5 krc/cm®. UtoObl HepeiiTH K HOPMANBHON CHIIE,
HYKHO 3Ty BEJIMYMHY YMHOKUTH Ha IIHPHHY apKh (8 cM)
1 BBICOTY 3JIeMEHTapHOro0 IactuHyaroro KO ¢ Hanbob-
mmM HarpspkerueM (1,94 cm). Tak onpenensiercss Hau-
OoJbIIIee CKMMAIOIIEE YCUIINE B JIEPEBIHHBIX dJIEMEH-
TaxX KOHCTPYKIIMH, KOTOPOE COCTABISAET Nyep =—241 KrC.

[IpoBens pparmeHTanno 1 OCTABUB HA DKpaHe
TONIFKO CTAIBHYIO JICHTY TI0 BEpXY OpPYCKOB U 3aTSKKY
U3 JIBYX KaHATOB MEX]Yy OIMOPHBIMH TOYKAMH apKH,
MOKHO TIPOCMOTPETh YCHIIUS, BO3HUKAIOIIUE B HUX,
BKJIFOUYUB MO3auKky NN. XOpoIIo BUIHO, YTO B JICHTE
00pazyercst TONBEKO PacTsHKCHUE ¢ HArOOJIBIIIAM 3HAYE-
uueM Hy, ~ 200 xrc B 1/8 nponera apku. B 3arspkke ycu-
JIe COBCEM HE3HAYUTENBHOE U COCTaBIsieT H,; ~ 27 Krc.
Taxum 00pa3oM, KOMITBIOTEPHBIA pacdeT YCHUICHHOH
CTep)KHE-BaHTOBOM apKy Ha OCHOBE (DM3MYCCKH W I'e0-
MeTpudecku HenmHeHHbx KO mo3BorsieT onpenenuTsb
ycrusl U iepopMaIii BCEX €€ COCTaBHBIX YacTeil ¢
MIPUEMIIEMOM T TIPUKIIATHBIX 32/1a4 TOYHOCTBIO.

J1ns1 mpoBepKu cevdeHHs apKH Ha CKaJIbIBaHUE Tpe-
Oyercs ucnonb3oBath Gopmyiy (7) pasmena 6 m. 6.7
u hopmyrsr (64) u (65) pazmena 8 mm. 8.1-8.3 HOp-
MAaTHBHOTO OKyMeHTa [3]:

= 24 xrclem?. 2)
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Puc. 7. Haubonbumast neopManusi KOHCTPYKLHMH B 30He KOHbKA
[Figure 7. The largest deformation of the construction
at its top zone]

Puc. 8. PactaruBaromue ycuius B CTAJIbHBIX JIEHTaX
10 BepXHeli PaHN apKH
[Figure 8. Stretching forces in steel bands
along the upper border of the arch]

Puc. 9. Pacnipenesienne c;KUMAIOUIMX HANIPSIKEHU I
B JlePeBSIHHBIX OpyCKaX apKH
[Figure 9. The compressive stress distribution
in timber bricks of the arch]

Puc. 10. Mo3anka YHCI€HHBIX 3HAYEHU I
HOPMAJILHBIX HANPSIKeHUi Ny
[Figure 10. Mosaic of numerical values of normal stresses /Vy]
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RAck = 24 krc/em?.

OtxknoHeHue ckanpiBarolent cuisl ot 0°, T.e. yron
CKaJBIBAHHSA COCTaBIAET 3,8° ~ 4° 1 (sin’® 4°) ~ 0.

RACK 2
cp
R =—=10,4 xrc/ s 3
oK Tox Krc/cm 3)
1+p—
e

rae = 0,125 — npu pacyere coeJMHEHUH MW — I1a3;
lcx = 21 cM — pacueTHas JUTMHHA TIOCKOCTH CKaJIbl-
BaHUs; e = h/4 = 8/4 = 2 cM — TIpu pacyeTe CUMMET-
PHUYHO 3arpy’KEHHBIX HJIEMEHTOB.

PacuerHas Hecymast crioCOOHOCTh COEIUHEHHS
omnpezensercs no popmyie

T=RP - Fye = 1747 xre, 4)

rac Foe =2lcem - 8em =168 cm.

MoxHO crenaTh BBIBOJ, YTO pacyeTHas Hecyllast
CITOCOOHOCTD JIEPEBSHHBIX DJIEMEHTOB YCHJICHHOHN
CTEP’KHE-BAHTOBOM KOHCTPYKIIMH, U3 YCIOBHS UX CKa-
JBIBaHUS, BO MHOTO a3 BBIIIC HAUOOJBIIETO CKUMA-
FOLIEr0 YCUIIUS, BOSHUKAIOIIETO B HUX:

T =1747 ke >> Nyep =241 wre 1 T/ N, =7.2. (5)

€p

Pacuer Hecymieil cmocoOHOCTH Bceil apKu HyX-
HO BECTH 10 HeCyIlel CIOCOOHOCTH CTalbHBIX JICHT,
BBITTOJTHSIONIAX POJTb MIMIPEHTeNFHBIX KaHATOB B KOH-
cTpykiun. B cootBeTcTBHIM ¢ (hopmyJoki (5) paszaena 7
nm. 7.1-7.2 HopMaTuBHOTO TOKyMeHTa [17]

N, = AHT "Ry -y, =302 kre, (6)
rme A =A4._-0,8=4-0,05-0,8=0,16 cm; Ayr— 110~
HT CT
manb CTaIbHBIX JIGHT C YYeTOM OcCJIaOjeHus;
2
RY =2100 xrc/cM~ — pacyeTHOE CONPOTUBIICHHE CTAIN

CT 3 (HauMeHbIIas BeJMYMHA JJIsI CTPOUTEIIHHBIX CTa-
nei); v, =0,9;

Ncr =302 kr¢ > Hy; =200 xrc u NCT/HJI =151 (7)

[NomyyeHHble 1aHHBIE TOBOPAT O TOM, YTO pas3py-
IIEHUE KOHCTPYKIIMU MPOU30HIET B pe3ybTaTe pas-
pBIBa CTAIBHBIX JICHT, HATSHYTHIX 110 BEPXY ACPEBSH-
HBIX OpyckoB. Mx BBIOOp mpencTaBisieT coboli Gomee
BO)XHYIO MH)KCHEPHYIO 3aj1ady, 4eM HoI00p JepeBsH-
HBIX OpYCKOB, M3-3a YCIIOBHS MUHHMH3AaLUH TOJIIHU-
HbI OTHUX IOIMMPCHI CJIbHBIX 3JICMCHTOB.
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BoiBoabI

IlomBozas WTOr MPOBENEHHOTO UCCIIEIOBAHUS, MOXK-
HO CKa3aTb, YTO HEJIMHEHHAs KOMIIbIOTEPHASI MOJEIb
YCHJIEHHOH CTEp)KHE-BaHTOBOW apKH MOJIHOCTBIO MOA-
TBEpAMIA CBOIO COCTOSITEIBHOCTD NPH CPABHEHUM pe-
3yJIbTaTOB €€ pacyeTa ¢ Pe3yIbTaTaMH JKCIIEPUMEHTOB.
W3 npuBeAeHHOr0 aaropuT™Ma CIemyeT, 4YTo PacyeT MOX-
HO Ha4unHaTh co I mpenempHOro cocTosHMS, T.€. C OIpe-
JeneHus AeopMaliiy U ee CpaBHEHHUS ¢ HOPMATHBHOM
BeNMUMHOM. Cley oMM 3TaroM sIBJISIETCS pacuer 110
I npenensHOMY cocrosHMro. CHavana npoBOAUTCS MPO-
BEpKa HECYILEeH CIOCOOHOCTH CTANIbHBIX JICHT — IIIPEH-
TeNiei, a 1ajee OMpelelsloTCs CKabIBaIOIINe YCUIIN,
BO3HUKAIOLINE B ACPEBAHHBIX JJIEMEHTAX, KOTOpBIE
CPaBHUBAIOTCA C JIONTyCTUMBIMH 3HAYeHUAMH. Pacuer
KOHCTPYKIIMH Ha YCTOWYMBOCTH IUIOCKOH (OPMBI Jie-
(opMHPOBaHHS MOXHO BECTH TaK ke, Kak U B Cllydyae
KIIEeICpPEBIHHON apKH, MyTeM IJIOTHOTO INITYHTOBOT'O
COETMHEHUS JIEPEBAHHBIX DIEMEHTOB B y3IaX, yCTpa-
HSAIOILIETO UX MOJATIMBOCTD U3 INIOCKOCTH.

CnuHcok 1uTepaTypsl

1. {mumpues U K. ViccnenoBanme aedopMarii CTep)KHe-
BaHTOBOI apku // CTpouTenbHas MEXaHHKa WH)KEHEPHBIX
KOHCTpYKIHUH U coopyxkeHuit. 2015. Ne 5. C. 72-77.

2. Imumpues UK. ViccnenoBanue paboThl CTEpKHE-
BaHTOBOW rupistHAb! // [IpOMBINIIEHHOE W TPaskAaHCKOE
ctpoutenseTBo. 2010. Ne 11. C. 68-70.

3. Imumpues UK., Ilemyxosa K.I'. K Bonpocy B03-
BEJICHUS SKCIIEPUMEHTAIIBHOTO GOJIBIIEIPOJIETHOTO CTEpIKHE-
BAHTOBOTO KyTona // [IpoMBIIITeHHOE 1 Tpa’kKIAaHCKOE CTPOH-
tenbetBO. 2012. Ne 12. C. 18-19.

4. Imumpues M. K. Pe3ynpTaThl UCCIIEAOBAHUS HECYIIEH
CIMOCOOHOCTH CTEp)KHE-BaHTOBOW THPISIHABI U (popMBI 000-

JIOYEK Ha ee ocHOBe // [IpoMBIIITEHHOE U TPKIAHCKOE CTPO-
utenscTBo. 2013. Ne 9. C. 4-6.

5. Imumpues HU.K. DKCTIEpIMEHTAIEHOE UCCIIEIOBA-
HUE apouyHOH TupisHAEI // [IpoMBIIeHHOE W TpakaaH-
ckoe ctpoutenbeTBo. 2014, Ne 10. C. 58-61.

6. Jlebeoes IO.C., Temnog B.I'. IIpocTpaHCTBEHHBIE
KOHCTPYKTHBHBIE CHCTEMBI OMOHHMYECKOTO THIIA: OIIBIT IPH-
MeneHus B crpoutenscTse. JI.: JITHTII, 1980. 26 c.

7. Temnos B.I'. KOHCTpYKTHBHBIE CHCTEMBI B TIPHPOJIE
u ctpoutenbHOi TexHuke. JI.: Ctpouszaar, JleHuHrpaackoe
otneneuue, 1987. 256 c.

8. Jlebeoes FO.C. u Op. ApxutexTypHas OMoHMKa. M.:
Crpoitnzaar, 1990. 268 c.

9. Imuom A.B., Imumpuee I1.A. ATiiac CTpOUTEIBHBIX
KOHCTPYKIIMI 3 KIJICEHOH PEBECHHBI W BIATOCTOWKON (ha-
Hepsl. M.: M3n-Bo Accomparmy CTpOUTENbHBIX By30B, 2002.
292 c.

10. botimemupos @.A. KoOHCTpyKUMH U3 JiepeBa U I1acT-
macc. M.: Akagemus, 2013. 288 c.

11. Bosuecenckuii C., Xanyxos X. O00109KH HOBOTO
tumna // ApxutekrypHas komno3unus. CoBpeMeHHbIE Ipo-
omembl. M.: Ctpoitnznat, 1970. C. 147-149.

12. Kosznos /[.FO. PerynspHsle y31bl U 3alECIICHUS —
CTPYKTYpPHBII IPUHIIMI KHHEMATHYECKHX apXUTEKTyPHBIX KOH-
cTpykimit // Apxutekryprast Oriorrka. M.: [THUDI bxwmia,
1989. C. 72-82.

13. Kozlov D. Dome structures for flexible material //
Roofs. Part 1. Human settlements and socio-cultural envi-
ronment. Paris, UNESCO, 1991. Pp. 27-131.

14. Bocco A., Valcarcel E.C.M., Trovato L. Yona Fried-
man’s Roofs: manuals for simple, low-cost building //
NOCMAT-2015 Proceedings. 2015.

15. Nerdinger W. Frei Otto. Complete works. Light-
weight construction. Natural design. Birkhauser, Architek-
turmuseum, TU Munchen, 2005. 396 p.

16. CIT 20.13330.2016. Harpy3ku u Bo3aeicTBus. AK-
TyamiupoBanHas pepakuns CHull 2.01.07-85*. M., 2016.

17. CII 64.13330.2017. depeBsiHHbIE KOHCTPYKIIUH.
AxtyamusupoBanHas pefgakus CHull 11-25-80. M., 2017.

RESEARCH PAPER

Determination of destructive forces in a rod-cable arch

Igor K. Dmitriev’

Moscow State University of Civil Engineering (National Research University), 26 Yaroslavskoye shosse, Moscow, 129337, Russian Federation

Keywords:

the strengthened brick-cable arch;
computer model,;

physically and geometrically nonlinear
finite elements;

comparison the experimental data with
the results of the computer calculation;
largest splitting and stretching forces;
the calculation algorithm of the construction

! Igor K. Dmitriev, Cand. Sci.(Eng), Associate Professor, Metall and Timber
Department, igkd@yandex.ru

OKCNEPUMEHTANLHBIE UCCNEROBAHMA

Abstract

The aim of research — comparison the results of the experimental data with
the computer modeling the work of the strengthened brick-cable arch.

Methods. Experimental and theoretical methods of research.

Results. Firstly, the tests on a small desktop models were performed,
for the determination the nature of destruction of the construction. During them,
it was discovered, that the arch crash is taking place because of the splitting
the small size timber bricks, or as the result of the breaking its steel strengthening
elements. Further, the computer model of the construction was created with
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the help of physically and geometrically nonlinear finite elements at LIRA-SAPR PC.
The generated model was load by a concentrated force at its top zone, the same one,
as it had been during the experiments before. On the results of the calculation, the ma-
ximum deformation was received, which are different from the experimental one on
a value less then 10%, what suggests the nearness the computer model to the real con-
struction. The highest compressive strengths of the arch and the largest stretching forces
of its steel bands were determined during the further analysis of the model. Maximum
splitting and stretching forces also were calculated theoretically, according to the for-
mulas of SP 64.13330.2017 and SP 20.13330.2016. It was determined that the timber
bricks have more than 7 times reserve of strength, and the steel bands over them — only
1.5 times, and during the growth of external force, the arch will crash because of its
steel sprengel bands breakage.

By the results of the research, the calculation algorithm of such kind construc-
tions was generated, at the base of LIRA-SAPR PC. It was recommended first, to
determine deformation of the strengthened brick-cable arch, with further checking
the timber elements for splitting and steel sprengel elements for maximum permis-
sible stretching. The problem of stability the flat form of deformation for the brick-
cable arch are the same as for the glued one, because of the tight connection the
timber bricks, with elimination their exit from the frontal plane.
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