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Orthotropic Hyperelastic Model of Concrete Deformation
Under Combined Multiaxial Loading
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Abstract. A mathematical model is proposed to describe nonlinear deformation of concrete under uniaxial and multiaxial loading.
The material model takes into account the difference in the material's resistance to tension and compression. Accounting for
orthotropy reflects the directional nature of concrete microcracking. The model accounts for the nonlinearity, multiaxiality, and
anisotropy of concrete deformation using a locally orthotropic hyperelastic material model with orthotropic axes coinciding with
the principal stress directions. The orthotropic material model takes into account all seven possible joint invariants of the strain
tensor and anisotropy tensors. The case of a piecewise quadratic approximation of the elastic potential is studied in detail. Due to
the existence of the potential, this model has improved convergence in the numerical solution of nonlinear boundary value
problems. A comparison of the results of the proposed locally orthotropic hyperelastic deformation model with experimental data
and calculation results using N.I. Karpenko’s orthotropic model demonstrated good prediction accuracy under uniaxial (difference
from experiments less than 1%) and multiaxial (difference from experiments less than 15%) loading.

Keywords: concrete, modeling, orthotropic hyperelastic material, tension-compression anisotropy, non-linear concrete behavior
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Annorauus. [Tpeanoxena MaTeMaTHuecKas MOJEIb JJIsl ONMCAHUS HEIMHEHHOro aeOpMHpPOBaHUS OETOHA MpPU OJHOOCHOM M
MHOTOOCHOM HATPYKEHHH C YYETOM Pa3HOCOMPOTHBISIEMOCTH MaTepHalia MpH PacTSHKCHHH/CXKATHH. YUeT OPTOTPOIIMU OTpaXKaeT
HalpaBJICHHBIH XapakTep MHKpPOpAcTpECKHUBaHUs OeToHa. Mojenb YYHUTBIBAET HEIMHEHHOCTh, MHOTOOCHOCTh U aHH30TPOIHIO
nedopMupoBaHus OETOHAa Ha OCHOBE MCIIOJIb30BAHUS MOZEIH JIOKAJIbHO-OPTOTPOITHOTO TUIIEPYHPYroro Marepuaiia ¢ OCSIMUA OpTO-
TPOIUH, COBIMAJAIOIIMMHU C HANPABICHUSIMH INIABHBIX HANpsDKEHUH. B OpTOTpOMHON Moze n Marepuana yYUTHIBAIOTCS BCE CEMb
BO3MOJKHBIX COBMECTHBIX HHBAPHAHTOB TEH30pa Je(OpMaIMK U TEH30pOB aHM30TpoIuH. [t ynoOcTBa HACHTU(DUKALNN eTalb-
HO HMCCJICZIOBAH Cly4yaid KyCOYHO-KBaJPAaTUYHON armpoOKCHMAIMU YIPYroro MoTeHIrana. PaccMarpruBaemas MOJEb B CHITY CYIIe-
CTBOBaHMsI NMOTEHIIMANA 00JIa/IaeT YAYUIIEHHOH CXOAUMOCTBIO IIPU YMCIICHHOM PELICHUN HEJTMHEHHBIX KpaeBbIX 3a1a4. CpaBHEHHE
PE3yNIbTaTOB MPEJIOKEHHON JIOKAIbHO-OPTOTPOITHON THIIEPYNPYroi Momeiu AeGOpMHUPOBAHUS C JAAHHBIMH SKCIICPUMEHTOB H
pe3yasTatamu pacdera no oprorpornHoil monenn H.U. Kaprienko mpomeMoHCTpHpOBaIl XOPOIIYI0 TOYHOCTh MPOTHO30B MPH OII-
HOOCHOM (OTJIMYUE OT HKCIIEPUMEHTOB MeHee | %) 1 MHOrOOCHOM HarpyeHuH (OTJIMYHE OT IKCIIEPUMEHTOB MeHee 15 %).

KnioueBble ciioBa: 6eTOH, MOAEIUPOBAHUE, OPTOTPOIHBIN THIIEPYIPYTHi MaTepya, pasHOCONPOTUBIIAEMOCTh IPU PACTSHKEHUN/
COKaTuM, HeNMHEHHOe NoBeieHHe OeToHa

Brunanx aBropoB. benun A.B. — KOHUENLUS MCCIENOBaHMS, aHATN3 JINTEPATyphl, pa3padoTKka MaTeMaTHYeCKOW MOJIEIH, aHAIIU3
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1. Introduction

The main causes of nonlinear behavior of concrete are microcracking under tension and failure
(microcracking and crushing) under compression, as well as concrete creep. The need to take nonlinear
properties of concrete into account [1] arises when solving various problems related to the evaluation
of strength of reinforced concrete structures. Therefore, in 2003, instead of SNiP 2.03.01-84' building
code introduced in the USSR, new design standards for concrete and reinforced concrete structures —
SNiP 52-01-2003>— were approved and put into effect. For the first time in the Russian Federation, these
standards declare the analysis based on a nonlinear deformation model using stress-strain diagrams for
concrete and reinforcement as the primary analysis method. This approach, based taking nonlinear
deformation into account, was preserved in the updated version of SP 63.13330.2018°, accepted in 2019.

I'SNiP 2.03.01-84. Concrete and Reinforced Concrete Structures. State Committee for Construction (Gosstroy) of USSR.
Moscow: Central Institute of Standard Designs of Gosstroy of USSR; 1985.

2 SNiP 52-01-2003. Concrete and Reinforced Concrete Structures. Basic Provisions. Moscow: Concrete and Reinforced
Concrete Research Institute of State Committee for Construction (Gosstroy) of Russia; 2004.

3 SP 63.13330.2018. Concrete and Reinforced Concrete Structures. Basic Provisions. Moscow: Ministry of Construction,
Housing and Utilities (Minstroy) of the Russian Federation, 2018; Available from: https://www.minstroyrf.gov.ru/upload/iblock/
d40/SP-63.pdf (accessed: 25.12.2025).
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When describing the behavior of concrete in triaxial stress state, nonlinearity can be taken into account
either in terms of nonlinear elasticity theory [1; 2—9] or plasticity theory [1; 9-25], as well as using material
models that account for damage [9; 26—50]. Detailed reviews of models of elastic and inelastic deformation
of concrete are presented in [1; 51].

A number of critical elements in reinforced concrete structures (near-support zones of box-section
members of bridge superstructures, anchorage zones of prestressed reinforcement in bridge superstructure
beams, joints between columns and slabs and beams, diaphragms of bridge superstructures, pylons of cable-
stayed bridges, etc.) are subjected to multiaxial stress. The development of a three-dimensional, nonlinear,
anisotropic model of concrete deformation remains an unresolved problem. Existing models of nonlinear
deformation of concrete [10—13; 19; 31; 40; 52, etc.] are generally limited to the consideration of isotropic
material. Orthotropy, which reflects the nature of microcracking in concrete, is taken into account, for
example, in the model proposed by N.I. Karpenko [3]. A shortcoming of this model is the absence of elastic
potential. In this study, the nonlinearity, multiaxiality, and anisotropy of concrete deformation are taken into
account by using a model of locally orthotropic hyperelastic material with orthotropy axes coinciding with
the directions of the principal stress axes. Due to the presence of potential, the model under consideration
offers a number of advantages in the numerical solution of boundary value problems, such as symmetry of
stiffness matrices and improved convergence of iterative procedures for finding nonlinear solutions. It
should be noted that the hyperelastic model also possesses the property of thermodynamic consistency.

Under uniaxial tension, the initiation and propagation of cracks during microcracking occur in the
plane orthogonal to the direction of the applied stress. In a combined multiaxial stress state, the initiation
and propagation of cracks during microcracking occur predominantly in the plane orthogonal to the
direction of the maximum principal tensile stress. When there are two (or three) positive principal stresses,
cracks form in two (or three) mutually orthogonal planes, the orientation of which is determined by the
principal planes of the stress tensor [1]. The formation of a system of identically oriented microcracks leads
to a change in the mechanical properties of concrete. Its stiffness in certain directions decreases. It can no
longer be considered an isotropic body, and an appropriate approximation of its anisotropy is, in general, an
orthotropic material.

Local orthotropy is attained as the load increases due to a non-uniform stress state resulting from the
directed, depending on the orientation of the principal stress planes, development of internal microcracks. In
accordance with the principle of symmetry formulated by P. Curie — “the symmetries of the causes are to
be found in the effects” [53] — the constitutive equations of the material must account for the elements of
symmetry in the microstructure of concrete. Orthotropy has been taken into account using an elastic
material model in [2; 4; 6-8, etc.], and when using plasticity and damage models in [41; 4749, etc.], but it
should be noted that elastic potential was not introduced in any of the cited works.

The second factor contributing to the accuracy of the nonlinear solution, along with the consideration
of anisotropy, is the choice of a function that approximates the uniaxial experimental curves under
compression and tension. Various empirically motivated analytical approximations of stress-strain diagrams
of concrete have been proposed in [54—63, etc.]. A detailed review of research in this area is presented in
[51; 60; 62]. Examples of such relationships for describing stress-strain curves for short-term uniaxial

compression 6_ (€ ) include:
® Eurocode recommendation (EN 1992-1-1%)
2
(9 € €
X _ c c 1
e el (M
o 1+(k=-2)-*=
€

c

4 EN 1992-1-1:2004: Eurocode 2. Design of concrete structures — Part 1-1: General rules and rules for buildings. 2004. 225 p.
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where 6. = R), = f.;, 1s the peak stress (strength) of concrete in compression; €. is the strain corresponding
to the peak stress 6.; k = 1.05E.,,€/fem; Ecm 1s the initial (secant) modulus of elasticity of concrete,
determined at the stress level of 0.4f.,,.

® N.I. Karpenko's approximation [1]

g = S : )

2
E)| V. t(vy—7.),[1-o, G —(1_@1)(?]

c

Q

where Eis the initial modulus of elasticity of concrete in compression; . = E /E° =6 /(¢ _E’) is the
value of the rate of change coefficient of the secant modulus v, =E /E’ =c_ /(g E.) at the top of the

diagram; for the ascending branch v, =1, o, =2—-2.5V_, and for the descending branch — v, =2.05V,,
o, =195V, -0.138.

In expression (2), the plus sign corresponds to the ascending branch of the stress-strain diagram of
concrete, and the minus sign corresponds to the descending branch.

® Exponential-power approximation of G.V. Murashkin [60]

o, = Ag’ e, (3)

. . .. aGa 0 ach A

where coefficients 4, b, c are determined from conditions 8_ =K, 8_ =0,0,| _. =0,
var SXX :0 Sxx SXX :éC h ‘
B A.V. Benin's approximation [59]
2 3
€ € €

R S CA e
(ixx — 86 sc sc (4)
G, c C,.—O

res + crc res sxx > Scrc

60 é\sc-"_d(sxx_((-;crc)EAvc ’

wherek =E°/E. =E’_/6,=1/%,, o,,is the residual strength, . =0.756, and €, are the stress and

C
strain at the beginning of crack formation.

Along with uniform analytical relationships for the entire diagram or a portion of it (1)—(4), etc.,
piecewise-linear approximations have become widely used in numerical analysis. The simplest variants
are bilinear and trilinear approximations. With a large number of data points, multilinear approximations
provide highly accurate description of the analytical relationship or experimental data (which are typically
obtained in tabular form). A piecewise-linear approximation of the stress-strain diagram allows a
mathematical representation

N
Gxx = z Aigxx [H(gxx - 8i+1) - H(gxx - Si)] > (5)
i=1

0, x<0; . .. . .
) >0 is the Heaviside function; 4; are the constants determined based
, x=0.

on the slopes of stress-strain diagrams for tension and/or compression.

where H(x)= %[sign(x) +1]= {
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The aim of this study is to develop a general orthotropic hyperelastic model of nonlinear deformation
of concrete under uniaxial and multiaxial loading, with the ability to simplify the identification of material
parameters based on piecewise-linear approximations of the stress-strain diagram.

2. Methods

2.1. Constitutive Equations of Orthotropic Hyperelastic Model

The development of a general three-dimensional nonlinear anisotropic model of concrete deformation
under combined multiaxial loading has not yet been fully resolved. Existing models of inelastic concrete
deformation are limited to the case of isotropic material. Orthotropy, which reflects the nature of directional
microcracking in concrete, is taken into account in the model by N.I. Karpenko [1-3]. One of the
shortcomings of this model is the absence of elastic potential. This study attempts to account for the
nonlinearity, multiaxiality, and anisotropy of concrete deformation by using a model of locally orthotropic
hyperelastic material with orthotropic axes coinciding with the directions of the principal stresses.

In general case, when analyzing the combined multiaxial stress state of reinforced concrete structural
members, it is necessary to use the general three-dimensional form of the constitutive equations, which
represents the relationship between the six components of the stress tensor and the six components of the
strain tensor, which becomes nonlinear at high stress levels. One of the rational material models for
describing physically nonlinear deformation of concrete is the orthotropic hyperelastic material.
Hyperelasticity implies the possibility of introducing scalar potential  (free energy, Helmholtz
thermodynamic potential) for the strain tensor, which allows the stress tensor to be defined as its derivative

a\V(gij)

i )
v de,;

or in the form of direct tensor calculus used hereinafter

o )

o (6)

Introduction of a convex potential ensures the existence, uniqueness of the solution, and the possibility
of using efficient finite-element methods to solve (elliptic) boundary value problems.

For isotropic material, the potential can be considered as a function of the invariants of the strain
tensor. For linearly elastic material, the potential is a quadratic function of the first and second invariants.

The symmetry group of orthotropic material includes reflections with respect to three orthogonal

planes, characterized by the normals to the microcrack growth planes m,, n,, n;. For cracked concrete,
these directions correspond to the directions of the principal stresses and may vary depending on the
combined non-proportional loading program. It is assumed that elastic potential y for an orthotropic
material is a function of the invariants of the strain tensor and the second-rank tensors characterizing the
anisotropic properties of the material [64]:

M, =n, ®n,; (7a)
M, =n,®n,; (7b)
M; =n; ®n,, (7¢)

where symbol represents dyadic (tensor) product of vectors.
When solving specific problems, it is sufficient to consider only two anisotropy tensors M, and M,,

since the following relationship holds: M, + M, + M, =1, where is a unit tensor. Given this, 7 invariants
can generally be the arguments of the elastic potential:
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J =tre=1--¢, Jy=te’=¢--g, [, =detg; (8)
J,=tr(M,-£)=M, g, J5=tr(M1-82)=M1“82; 9)
Jo=tr(M;-g)=M, &, Jo=tr(M,-&)=M,-& (10)

In the orthotropic hyperelastic material model, the definition of the elastic potential
\ljz\v(s:MlaM})zW(J1,J2,[3’J49J55']6’J7) (11)

fully determines the form of the constitutive equations and the elastic moduli tensors.
In the case of small strains, the simplest representation of elastic potential y is the quadratic form of
the components of the strain tensor:

v= %Uf +ut, + %ale + %%Jj +20,J +20,J, + 0 J, + a0, (12)

where A and p are the Lamé parameters; a,,...,0, are the material constants. Isotropic material corresponds
to the case when o, =a, =0, =a, =a; =0, =a, =0.

Elastic potential (12) is a generalization of the variant proposed in [65], which takes into account
invariants J; and J,.

To take into account the physical nonlinearity of concrete behavior, it is proposed to generalize (12) by
introducing nonlinear functions of the invariants:

1
v =wa +ut, +a,(J,)+a,(Jg)+ay, (Js)+a, (J;)+as (N J,)+ag (. Jg)+a, (J,Jg) s (13)

wherea,,...,a, are twice differentiable piecewise-continuous functions.

The constitutive equation, which expresses the relationship between stresses and strains, is obtained
by substituting (13) into (6):
o=\, 1+2ne+
+aM, +a,M, +
+ay(M,-e+&-M,)+a;(M, -e+&-M,)+
+aiy (M, +J,1)+a; (JM, +J 1) +a,(J,M; +JM,). (14)

Diftferentiating this expression yields a quasi-linear relationship between the stress rates and strain
rates:

6="C(e,M,,M,) &, (15)
where the tensor of tangent elastic moduli of rank 4

‘C _Jo _ o’y (e)
og  0g’

(16)

can be expressed as:
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=AM ®1+2u1 X1+

+a/M, ®M, +a; M, ®M, +

+a; (M, X1+1KM, ) +a;, (M, K1+1KM,)+
+aj(M,-e+&-M)®(M,-g+&-M,)+a;(M;-g+&-M;)®(M, -£+&-M,)+

+ai(M, ®1+1®M,)+a;(M; ®1+1®M,)+a, (M, ®M; + M, ®M, ) +

+al(JM, +J,1)®(J M, +J,1)+

+al (M, +J1)®(J M, +J 1) +a) (J,M; +IM,)®(J,M,; + I M,). (17)

The symbols for direct and cross dyadic (tensor) products are used here:
(A®B), =4B,, (ARB) A =4(4,B,+4,B,). (18)

In the case of piecewise-linear approximation of stress-strain diagrams (5), a’=const for i=1,2;
a’; = const for j=3, 4,...,7 and, as a consequence, @; =a; =a, =a; =a; =0, which leads to substantial

simplification of expression (17):

fC=M1+2u1 X1+
+a/M, ®M, +a) M, ®M, +
+a; (M, X1+1XM, ) +a; (M, K1+1KM, )+
+a, (M, ®1+1®M,)+a, (M, ®1+1®M,)+a. (M, ®M, +M, ®M, ). (19)

In this case, the tensor of tangent moduli will be piecewise-constant. As follows from (19), the nine
independent components of the tangent tensor of elastic moduli *C are associated with (along intrinsic

anisotropy axes n,,N,,Nn, ) the elastic potential constants introduced in (12) by the relations

C, =A+2n+a+2a; +2a;; C,,, =h+2u; Ch,=n+a;/2;
Ciip =h+ag; Coys =h+ag; Cyp =n+ay, /2
Ciyw=Ata;+a;+a; Cigy =A+2u+a) +2a;, +2a;; Cyy=n+(a;+a’), /2. (20)

The elastic potential constants can be expressed in terms of the components of the tangent tensor of
the elastic moduli as the solution to the linear system of algebraic equations (20):

n=Cpy, +Chs —Cipaps

rA=C,,, — 2(C1212 +Chips — G54 );
a'=Cy, +Crpy —2C, 5, —4C,,05
a) =Cyyp3 + Cppy —2Cp —4C,5555

a; = Z(le —C2323);

a, = Z(le _sz);

a;=C 1 —Cyy +2(C1212 +Cs55 —le);

ay =C,yp3 —Cyooy +2(C1212 +C,s5 —le);

a;=C 133 = Ciip — Crpzs + Copny —2(C1212 +Css05 _C3131)~ 2D
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Taking (20) into account, expression (15) can be written in matrix form:

[A+2u+a+2a,+2a, A+al \+al+a,+a, 0 0 0

5, A+ a; A+2n A+a; 0 0 0 &,

6, A+ag +a, +a; A+ag  A+2p+ay+2a, +2a; 0 0 0 €y

G _|0 0 0 u +% 0 0 & . (22)
Gy ' 2Ep

5y |0 0 0 0 m +%4 0 2¢,,

Gan a; +a, 2

0 0 0 0 0 u+%

The structure of the matrix in (22) allows to clarify the physical significance of the introduced material

"

constants. Constants « and a) characterize the influence of microcracking processes on the relationship
between normal stresses (acting along n, and n,) and coaxial longitudinal strains. Constants a; and q;

characterize the influence of microcracking processes on the relationship between shear stresses (acting in
planes with normals n,and n,) and the corresponding shear strains. Constants a!,q, and «, characterize

the influence of microcracking processes on the relationship between the normal stresses and transverse
strains.

The reciprocal form of constitutive equations (22), which allows the strain rates to be expressed in
terms of the stress rates, is as follows:

L R

El E2 E3

o Lo vy g
€ E, E, E; Gy
é22 VsV L 0 0 0 Gy
é33 _ E, E, E, G , (23)
2%'2 0 0 0 L 0 0 O
2¢,, M Oy
20 1o 0 0o o L o [

Mo

M3y |

where the introduced coefficients in the tangent compliance matrix (23) (which represent the tangent
Young's moduli E,, E,, E; in the three directions along orthotropy axes n,, n,, n,, three Poisson’s ratios

Viys Va3, V5, and three shear moduli p,,, p,,;, py, ) are expressed in terms of the elastic potential coefficients
using the relations obtained by inverting the upper-left 3x3 block of the matrix of elastic moduli from (22):

E, =D/[(a}+2d,)(A+2u)+a; (4n—ag) +4n(A+p)];
E, :D/[(al"+ 2a;)(k+2u)+ag(4p—a5’)+4p(7\+p)];
E, :D/[al"(a;’ +2a) +2a; +h+2p)+a) (2a; + 2a; + A+ 2p) + 2a; (24, + 2a; +k+2p)+

+2a;(2a;+k+2p)+a;(4u—a;+2ag—2a7’)+ag(4p—a;—2a§)—a§(27w+a§)+4u7»(7~+u):|;
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:(ag+2a2)(7»+a5')+a5’(2p+aé)—a(’,2 —a;(M+ag)+20
2 (@) +2a})(M+2u)+ag(4p—ag)+4p(rh+p)
—asay +2p(as +ag )+ a; (h+p)+2uk

= (a/+2a})(A+2p)+a; (4u—a§)+4u(k+u);
:(al"+2a§)(k+aé)+aé(2u+a;)—a;2—a;(?»+a5')+27»u‘

. (@) +2ay)(M+2u)+a; (4p—ag)+4pi(r+p) ’

W, =pn+a;/2;

My =M+a,/2;

Wy, =p+a;/2+a,/2;

n_r "n_r n_r

D=ala)(h+2p)+2aja,(h+2pn)+ajag (4p—a; )+ 4au(A+p) + 2a5a; (M +2p) + ajal (4p —al) +
+4ayp(h+2p) +4aia, (M +20) + 2asa; (4p —ag )+ 8asp(h + )+ 2aal (4p —al )+ 8aju (A +p) +
+4ain(2u—ai +a; —a))+ 2ataial +4aip(2p—ag ) —dasp(h+al ) —ar’ (M +2p) +4p” (Bh+2p).  (24)

In this respect, the symmetry conditions for the compliance matrix (23) are assumed to be satistied:

vV V. V. V. V. V,
12 _ Yai » _ Vo 3 _ Vs
Ty _ Vs (25)

" EE

E

3 E2

2.2. Identification of Material Parameters and Functions

In general case, to determine the 9 material parameters A,l,q,,...,a, that appear in the elastic potential

expression (13), it is necessary to conduct 6 experiments for hard or soft loading: 3 for uniaxial tension/
compression along 3 different axes of orthotropy and 3 for shear in different orthogonal planes. Such
methods for determining material parameters in full-scale or computational experiments are typical for
composites and materials with technologically induced orthotropy and are unlikely to be applicable to
concrete and similar brittle materials. At the same time, it is necessary to take into account the specific
nature of the difference in resistance under tension and compression (sensitivity to the type of stress state).

The simplest case of parameter identification, where tension and compression curves are only
available for uniaxial loading, along with data on transverse strain, is considered further.

For uniaxial tension along the x-axis, the principal stresses are determined as follows: ¢,=c_ >0,
6,=0,=0,=06_=0. Normal n; to the plane with the maximum principal stresses is oriented along

the x-axis. It is clear that under uniaxial tension, the transverse strains will be negative and equal to each
other: ¢ =¢_=-v(¢,)e,. Function v,(e,) is assumed to be known based on experimental data.

The expressions for the invariants for the case of tension are the following:

2 2 _ 2 _ o2 _ — o2
Jy=¢, +2¢e_, Jy=e +2e_, I,=¢_¢ J,y=¢, Js=¢, Jo=¢_, J,=¢,. (26)

Considering the assumptions made, the system of nontrivial equations (22) in the case where the
normal to the plane of maximum principal stresses I, is oriented along the x-axis, and n, lies along

the z-axis, is transformed into:

6, =[A+2u+a]+2a;+2d; —v](20+ 24} + a) + a)) |&,, =h,(e,,)E,,,
6, =[A+al—v/(2h+2u+a})]é, =0, (27)

G.. =[7»+a§ +ag+a, —v, (2 + 2+ a; + 24 +3ag)]éxx =0,
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where #,(c_ ) is the piecewise-constant function of the tangent moduli, determined from the stress-strain

curve for uniaxial tension.
Due to symmetry (indistinguishability of axes y and z under uniaxial tension from the natural state

along the x-axis, corresponding to m,) in addition to (27), the following conditions should be added:

Cyrry = Cizzs> Crizs = Cli335 Cap = Giyyy, which lead to equalities

” i r_N.
a, +2a, +2a, =0;

a; +a, =0, (28)
a, =0.

Eyw, E, . .
Parameters A = and are determined based on the initial values of the

(v (1=2v) 0 F 7 2014w

Young’s modulus and Poisson’s ratio of an initially isotropic body at zero strain. Due to the limited
availability of experimental data, the lack of equations is compensated by making assumptions about
approaching the isotropic case in the form of a; =a; =0. Then, from equations (27) and (28), all the basic

material constants for the tension case are found:

al=h —2u(1+2v = 2v7) + A1 - 2v')’;
a; =2y, —M1-2v)); )

[ A A A A
a,=a,=a,=a,=a,=0.

For uniaxial compression along the x-axis, the principal stresses are determined by the following
equations: ¢; =0, <0,0,=06,=0, =c_ =0. Normal n; to the plane with the minimum principal stresses
is oriented along the x-axis. Under uniaxial tension, the transverse strains will be positive and equal to each
other: ¢, =¢_=-v(¢, )¢, . Function v (e, ) is assumed to be known based on experimental data. The

expressions for the invariants under compression are the following:

Jo=e +2¢_, Jy=c. 42, L=e ¢, J,=¢_, Jo=¢. J =g, J,o=¢.. (30)

Considering the assumptions made, the system of nontrivial equations (22) in the case when the
normal to the plane of minimum principal stresses N, is oriented along the x-axis, and m; — along the

z-axis, transforms into:

G, :[—v;(2X+2u+al"+ 24} +3a.)+\+a} +a; +a;]éﬂ =0,
S, =[-vi(2h+2u+al)+h+a; ¢, =0, (31)
GXX :[_VL"

xx

(2 +a} +2a] +a))+ A+ 2u+a; +2d, + 2a; |, =h,(e,,)E

where £ (e ) is the piecewise-constant function of the tangent moduli, determined from the stress-strain

diagram for uniaxial compression.
Due to symmetry (indistinguishability of axes y and z under uniaxial compression along the x-axis,

corresponding to n;) in addition to (31), the following conditions should be added: C,, =C,,,,

Ci133 =Chyy3, Csspy = Cy5,, which lead to equalities

a'+2a; +2a; =0,
a; +a;, =0, (32)

'_
a, =0.
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Due to the limited availability of experimental data, the lack of equations is compensated by making
assumptions about approaching the isotropic case in the form of g =a; =0. Then, from equations (31) and

(32), all the basic material constants for compression are found:

=h = 2u(1+2v = 2v*)+ M1-2v")%;
al =2 —M(1-20); (33)

"
a=ay=a,=a;,=a,=0.

The nonzero coefficients «/, a;, a;,a; obtained in (29) and (33) are piecewise-constant functions.
Invariants J,, J,, J, serve as the parameters that define the interval within which the coefficients remain

constant:

N

a'(J,)= Z{h("’ 2u[1+2v'(k) (v(k)) }+k[1—2vt’(k)]2}[H(J4 ~ ¢ = H(T, =T [(7,);
d\(J,J,)= Z{zwﬁ“ M1-20® W[ H T, =T = HIT, =TT ()
k=1
N 2
a;'(Jé):Z{h“‘) 2u[1+2v'(k) 2(v ) }+k[l—2v;(/‘)] }[H(J6 —JENY = H(J, =T (=, );
k=1

aé(Jle) =i{2w};(1\») [1 2‘/(1\) }|:H(']1J6 _Jl(k+1)Jék+1))_H(J1J6 _Jl(k)Jék)):I<_J6>’ (34)
k=1

where H(x) is the Heaviside function, (x} =max(0,x) are the Macaulay brackets.

The proposed model of orthotropic hyperelastic material was implemented in CES version 5.26
(Constitutive Equation Studio) [66], using which the results presented below were obtained.

3. Results and Discussion

The integration of the constitutive equations in the case of rigid loading is performed directly based on
(22). In the case of soft loading, when the components of the stress tensor are specified and the components
of the strain tensor need to be determined, it is necessary to invert the matrix of tangent moduli. The
structure of the tangent modulus matrix (22), which contains a large number of zero components,

corresponds to a representation in the coordinates of the axes of intrinsic anisotropy n,,n,,n,. They are

governed by microcracking processes and are not directly related to the directions of the principal stress
axes. Therefore, in the general case of arbitrary multiaxial loading, solving these problems requires
preliminary determination of the principal axes of the stress tensor.

Along the axes of intrinsic anisotropy, the tangential components of the stress tensor are absent, and
for a simplified set of constants (see Section 2.2, (29), (33) and (34)) when o, >0 and o,; <0, the

following representation is obtained:

6, A+2u+a/+2a; A+a; A+ai+a, €,
Gy ¢ =|A+a; A+20 A+a €y f- (35)
Gy, A+a;+a; AMa; A+2u+a)+2a; ||€5;

In the considered case of piecewise-constant coefficients a/, a), ai, a; (34), equation (35) can be easily

integrated. This results in piecewise-linear approximations of the stress-strain diagram (5).
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3.1. Uniaxial Loading

Figure 1 shows a comparison of the results calculated using the orthotropic hyperelastic material
model (6)—(35) with experimental data [59] for uniaxial compression and tension of B25 and B40 concrete.
The results were obtained for the case of hard loading, for which it is possible to get both ascending and
descending (post-peak) branches of the stress-strain diagram.

A total of 32 points were specified as input data for generating a complete stress-strain diagram,
including both the compression curve and the tension curve, taking into account the ascending and
descending branches. In this case, it is possible to obtain a design curve with a good degree of accuracy. The
characteristic values of the parameters for B25 and B40 concrete [59], used in the calculations, are
presented in Table.

q 0
0 5]
5 B25: Calculation B Experiment .4-.
B40: Calculation @ Experiment 1 ~—@—N=24
1 6 N=12
< -10 S o] —e—N=6
E | E 87 —e—N=3
-10
-154 -
<) o ]
1 12N (P
220 1] R /
254 -16
-18 a =
-30 T v T r T . T . : . T T T T T T
025 020  -015  -0.10  -005 0.00 -0,35 -0,30 -025 -020 -0,15 -0,10 -0,05 0,00
€,% €%
Figure 1. Comparison of calculation results a
for the orthotropic hyperelastic material model 0
with experimental data under uniaxial compression 5]
and tension for B25 and B40 concrete -]
S ource: made by A.S. Semenov. -4
Experimental data obtained by A.V. Benin [59]. 6 ] —QO—N=24
- N=12
< -8 —8—N=6
Values of parameters [ | —e—N=3
of B25 and B40 concrete used in calculations = 10
O 2N /
Concrete parameters B25 B40 Ll R
-1 q
GC = Rba MPa 18.5 29.1 —16-.
6; = R., MPa 1.55 2.1 -18 3 =
T T T T T T
§67 % 0.199 0.201 -0,35  -0,30 -0,25 -0,20 . -0,15  -0,10 -0,05 0,00
€,%
g, % 0.0123 0.0124 b
0 30000 36000 o
Ec, MPa Figure 2. Stress-strain diagrams for B25-concrete under:
EC, MPa 9343 1455 a — tension; b — compression, obtained on the basis
of the orthotropic hyperelastic material model
E ts MPa 12602 16934 with a different number of segments N
of a piecewise linear approximation
S ource: made by A.V. Benin, A.S. Semenov. S ource: made by A.S. Semenov.

Depending on the number of segments N, the stress-strain diagram yields approximations with varying
degrees of accuracy. Figure 2 shows multi-segment approximations of the stress-strain diagram for B25
concrete in tension and compression for various values of doubling number of segments.
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A comparison of the calculation results for B25
concrete in compression using the hyperelastic orthotropic
model (6)—(35) with N.I. Karpenko’s orthotropic model
(2) and experimental data [59] is shown in Figure 3.

On the ascending branch of the diagram, both models
demonstrate high accuracy in describing the curve; how-
ever, on the descending branch, a systematic deviation is
observed for the N.I. Karpenko’s model. The use of a
multi-segment piecewise-linear approximation of the stress-
strain curve ensures high accuracy in approximating the
hyperelastic orthotropic model. A 16-point approximation
was used to construct the compression curve.

3.2. Multiaxial Loading

Here, monotonic triaxial compression of concrete
with varying degrees of transverse confinement is examined.
The ratios of the three axial components of the stress
tensor took the following values:

¢ 10%-confinement with
6,:0,:0, =—1:-1/10:-1/10;

e  6.9%-confinement with
0,:0,:0, =—1:-1/14.5:-1/14.5.

Experimental data corresponding to the specified
loading conditions are presented in the paper by
Yu.N. Malashkin [67].

The stress-strain diagrams for the concrete under
consideration are taken from [1]. A comparison of the
results calculated using the hyperelastic orthotropic model
(6)—(35) with N.I. Karpenko’s orthotropic model (2) and
experimental data [67] for various degrees of confinement
is shown in Figures 4 and 5. Both orthotropic models
demonstrate satisfactory predictive accuracy (deviation
from the experiment of less than 15%) compared to the
experiment.

4. Conclusion

As an alternative to the currently dominant empirical
approach to formulating the constitutive equations for
concrete, a thermodynamically consistent, locally ortho-
tropic, hyperelastic model is proposed to describe the
nonlinear deformation of concrete under monotonic multi-
axial load, taking into account the tension-compression
anisotropy. Local orthotropy develops as the load in-
creases due to the growth of internal microcracks, the
direction of which is determined by the orientation of the
principal stress planes. Hyperelastic potential was defined
based on a piecewise quadratic approximation using
7 joint invariants of the strain and anisotropy tensors.
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-54 —@— Hyperelastic model
M- N.I. Karpenko's model
<
[a W)
= -107
g
2154
: SRR - Y
-20 T T T
-0,3 -0,2 -0,1 0,0
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Figure 3. Comparison of results calculated using
the hyperelastic orthotropic model with the orthotropic
model of N.I. Karpenko and experimental data
for uniaxial compression

S ource: made by A.S. Semenov.
Experimental data obtained by A.V. Benin [59].

0 Py
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—@— Hyperelastic model
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=20
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Figure 4. Comparison of results calculated using
the hyperelastic orthotropic model with the orthotropic
model of N.I. Karpenko and experimental data
for multiaxial loading o, :0, :6, =-1:-1/10:-1/10

S ource: made by A.S. Semenov, A.V. Benin.
Experimental data obtained by Yu.N. Malashkin [67].
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Figure 5. Comparison of results calculated using the
hyperelastic orthotropic model with the orthotropic
model of N.I. Karpenko and experimental data
for multiaxial loading o, :0,:0, =—1:-1/14.5:-1/14.5

Source: Source: made by A.S. Semenov, A.V. Benin.
Experimental data obtained by Yu.N. Malashkin [67].
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In general case, the model contains 9 material parameters. A method is proposed for simplified
identification of material parameters based on experimental stress-strain diagrams for compression and
tension, with measurements of longitudinal and transverse strains.

The obtained results allow to draw the following conclusions:

1. A comparison of the results obtained using the proposed orthotropic hyperelastic deformation model
with experimental data for B25 and B40 concrete demonstrated good prediction accuracy under uniaxial
loading (deviation from the experiments of less than 1%) and multiaxial loading (deviation from the
experiments of less than 15%).

2. The proposed model allows to describe both the ascending and descending branches of the concrete
stress-strain curve.

3. When describing the behavior of concrete on the descending branch of the strain diagram, the
proposed model demonstrated higher accuracy compared to N.I. Karpenko’s model of orthotropic elastic
material.

Further development of the model involves explicit consideration of damage accumulation during
loading and development of methods for identifying material parameters based on experimental data
obtained under multiaxial loading.
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Annotanus. L{enp ucciaeoBaHus — CO3AaHUE METOIMKH HOPMHPOBaHHS HanOolee OMacHbBIX Ne(EKTOB CBAPHBIX ATFOMHHUEBBIX
KOHCTpYyKIUH. MeTonnka pa3paboTaHa Ui CBAapHOTO IIBa M 30HBI TEPMHUYECKOTO BIUSHHUS W YUUTHIBAET HAIPSHKEHHO-
ne(OpMUPOBAHHOE COCTOSHIE M CBOWMCTBAa MarepHalia B MecTe pacmonoxeHus nedekra. [IpemnokenHas MeToquka 0a3upyercs
Ha MOCTYJaTax JUHEHHON MEXaHUKH pa3pyLIeHUs U KIaCCHYECKHUX MOAX0HaX YCTaJOCTH MeTauloB. Onpenensorcs A0ImyCTUMbIE
napaMeTpbl 1e()eKTOB MPH MPHUIOKESHUU CTATHUYECKOW UCTBITATENIBHON U UKIMYECKON 3KCIUTyaTalldOHHOW HArpy3ku. Pacuersl
MO TMPEIOKEHHOMY QJTOPUTMY METOAOM OOOOIICHHOrO MPUBEACHHOTO TIPaJMEHTa IMOKa3aliH, YTO NPH SKCIUTyaTallMOHHOU
Harpyske JOIyCKaeTcsi MeHbIIUi pa3mep nedekra. Ha 6ase mpoBeneHHBIX 3KCIIEPUMEHTOB M JAHHBIX JHTEpaTypHOro ob63opa
ObUTH CPOPMYTHPOBAHBI (PYHKIMOHAIBHBIC 3aBHCUMOCTH MOPOTOBOTO 3HAYCHUS KO3()(DUIMEHTa HHTEHCUBHOCTH HANPSDKSHUH OT
npezena TeKy4ecTH MaTepuaia Al TpeX IPYI ATIOMHHUEBBIX CIUIABOB C PA3IMYHBIM XHMHUYECKUM M CTEXHOMETPHUYECKHM CO-
CTaBOM KOMITOHEHTOB. AHANN3 MOMYYEHHBIX (YHKIMOHANBHBIX 3aBUCHMOCTEH IOKa3all, YTO MpPU YBEIHMUCHUH IIpenea TeKyde-
CTH aJIOMHUHHEBBIX CIUIaBOB ITOPOTOBOE 3HaUeHHE K0I((HUINEHTAa HHTEHCUBHOCTH HANPSDKEHUH TaKoke BO3PACTAET B OTIIMYUE OT
cTasel, y KOTOpPBIX MOBBIIIEHHE Mpe/ielia TEKYYECTH MPUBOAUT K CHUIKEHHUIO TOPOTOBOTO 3HAYEHUS KOA(PPHUIIMEHTa HHTEHCUBHO-
CTH HalpspkeHHH. MeToiiKa MpOMILTIOCTPUPOBAHA PACUeTOM JIOMYCTHMBIX MapaMeTpoB Ae(EeKTOB B MOHTA)XKHBIX IIBaX BEPTH-
KaJIbHOTO pe3epByapa u3 cmasa 1915T. PaccMoTpeHBI 30HBI, B KOTOPBIX CYIIECTBYET BEPOSITHOCTh BOSHUKHOBEHHS J1€()EKTOB —
LEeHTp IIBa U J[BAa YYaCTKa 30HBI TEPMHUYECKOTO BIHMSHHS, OTIIMIAIOMINXCS IO CBOMM MEXaHWYEeCKUM CBOHCTBaM. B nmanmpHeimem
MIPEATONIaraeTcs MPOBeeHNE YKCIEPUMEHTAIBHBIX HCCIIEI0BAHUI CBAPHBIX IIBOB B AIIOMUHHEBBIX KOHCTPYKIHSX, IOTYyYSHHBIX
Pa3IUYHBIMU TEXHOJIOTHAMH CBAPKU M PACIINPEHHE HOMEHKIATyPhl HCCIEAYEMBIX CILIaBOB.

KuioueBble cji0Ba: HaNpsHKEHHO-A€(OPMUPOBAHHOE COCTOSIHUE, IMCTOBBIE KOHCTPYKINH, MOZIENH 1e(EKTOB, 30Ha TEPMUIECKOTO
BIIMSIHUSA, Ne(EKTHl CBAPHOTO IIIBA, HOPUCTOCTH CBAapKH, MIOBEPXHOCTHAs TPEIIMHA, MOAMOBEPXHOCTHAs TPELIMHa, Ta30Bas Iopa,
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Rationing of Defects in Mounting Welds and Near-Seam Areas
of Vertical Tanks made of Aluminum Alloys
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Abstract. The purpose of the study is to create a methodology for standardizing the most dangerous defects in welded aluminum
structures. The methodology is designed for the weld and the heat-affected zone and takes into account the stress-strain state and
material properties at the location of the defect. The proposed methodology is based on the principles of linear fracture mechanics
and classical approaches to metal fatigue. The methodology determines the permissible parameters of defects under static test and
cyclic operational loads. Calculations using the proposed algorithm based on the generalized reduced gradient method have shown
that a smaller defect size is acceptable under operational loads. Based on the conducted experiments and literature review data,
functional dependencies of the threshold value of the stress intensity factor on the yield strength of the material were formulated
for three groups of aluminum alloys with different chemical and stoichiometric compositions of the components. The analysis of
the obtained functional dependencies showed that as the yield strength of aluminum alloys increases, the threshold value of the
stress intensity factor also increases, in contrast to steels, where an increase in the yield strength leads to a decrease in the thresh-
old value of the stress intensity factor. The methodology is illustrated by calculating the permissible parameters of defects in the
installation seams of a vertical tank made of alloy 1915T. The zones where defects are likely to occur are the center of the weld
and two sections of the heat-affected zone that differ in their mechanical properties. In the future, it is planned to conduct experi-
mental studies of welds in aluminum structures obtained using various welding technologies and to expand the range of alloys
under study.

Keywords: stress-strain state, sheet metal structures, defect models, heat-affected zone, weld defects, porosity in welding, surface
crack, subsurface crack, gas pocket, stress intensity factor threshold
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1. Beeaenue

OCHOBHBIM HalpaBIEHUEM CTPAaTETUU YCKOPEHHOIo pa3BuTus teppurtopuil Kpaitnero Cesepa sBisier-
csl poBenieHne (pyHIaMEHTaIbHBIX W MPUKIAJHBIX HAyYHBIX HccienoBaHuid. ViMmynbce pasButhio uHppa-
cTpykrypsl Kpaitnero CeBepa MOXeT JaTh paclIMpeHHe IPUMEHEHUs alFOMUHHEBbIX CIUIAaBOB, B TOM UHUCIIE
JUIS CTPOUTEIBCTBA BEPTUKAIBHBIX PE3epBYapoB i XpaHeHUs: HeTu U HedTenpoaykToB. B [1] mpoBenen
0030p JIUTEpaTypHBIX UCTOUHUKOB M COOCTBEHHBIX SKCIIEPHUMEHTAIBHBIX HCCICIOBAHHMA, MTOKA3aBIINN, YTO
UCIIOJIb30BaHUE AJIFOMHHUEBBIX CIUIABOB CYLIECTBEHHO CHMXKAET TPAHCIOPTHBIE M HKCILTyaTallMOHHBIE pac-
XOJIbl BO BpEMsI BCETO KU3HEHHOTO IUK/IAa 00bekTa. Koppo3noHHast CTOMKOCTh aIFOMUHHUEBBIX CIUIaBOB I103-
BOJISIET YBEITMUMBATH CPOK CITY>KOBI OOBEKTOB JI0 6 pa3 Mo CPaBHEHUIO CO CTATLHBIMU KOHCTPYKITHSIMHE [2—4].

C ToukM 3peHMs TEXHOJOIMU BO3BEIEHMs pe3epByapoB A KiuMmarndeckux ycnosuil Kpaitnero Ce-
Bepa HanboJee MepCreKTUBHBIM SBIISETCS METO/l PYJIOHUPOBAaHMs KaK HanboJiee SKOHOMUYECKH BBITOJHBIN
U aBTOMaTHU3UpOBaHHBIN. [Ipy 3TOM MeToAe 2MEeMEHTHI pe3epByapoB (CTEHKA, JHMILE, IUIABAKOLIasl KpPbIIIa,
MOHTOH, HACTUJI CTallMOHAPHOM KPOBJIM) U3rOTABIMBAIOT B 3aBOJICKUX YCJIOBHSIX, CBOPAUYMBAIOT B PYJIOHBI U
JOCTABJISIOT HA MOHTAKHYIO IIIOIIAAKY. MeTox UMeeT LeNbli psija MPeuMyLIeCcTB Mepe/] TPaAULMOHHON To-
JUCTOBOM COOPKOH, IMUPOKO TIPUMEHSIEMOM, HarpuMep, B cTpaHax [lepcumckoro 3anmsa. [Ipu pynonupoBa-
HUH BBIIIE CKOPOCTh BO3BEACHUS, MUHUMH3UPYETCS] BEPOATHOCTh A€(PEKTHOCTH, TaK Kak Je(eKThl KaTaH-
HBIX JINCTOB BHIOPAKOBBIBAIOTCS ITPU BBIXOHOM KOHTPOJIE HAa MEeTaJUTyprudeckoM npeanpustuu. Hanpumep,
cBapka TpeHueM ¢ nepememuBanreM (CTII), mpumensemas Ha 3aBOJie-U3TOTOBHUTENE, TPAKTUIECKH HE BHO-
cuT 1e(eKToB B CHIy OCOOCHHOCTEH TEXHOJIOTMYECKOro mporecca. llpu cTpoutenscTBe pesepByapoB U3
QJIFOMUHMEBBIX CIUIABOB METOJOM PYJIOHHPOBAaHUS HauOOJIee OMACHBIM 10 BEPOSTHOCTH HAIUUYUS AE(PEKTOB
SIBIISIETCS MOHTAKHBIH CBApHOW IIOB, BBHIMOJHAEMBIN aproHomyroBoi cBapkoit (AZIC), u ero oKoIomoBHas
30Ha — 30Ha Tepmuueckoro BausHus (3TB). CormnacHo Poccuiickomy rocynapctseHHomy crangapty [OCT
P UCO 6520-1-2012', nedexThl cBapHBIX IIBOB B METaJLIaX (B TOM YKCJIE B ATIOMMHHEBBIX CILIABAX) pas/e-
JIEHBI HAa IECTh OCHOBHBIX I'PYMI: 1-s1 — TpeIuHsl; 2-1 — IOJIOCTH; 3-51 — TBEpJble BKIIOUYCHHUS; 4-9 —
HECIUIAaBIIEHHE M HENpOBap; 5-1 — OTKIOHEHUE (QOpMBI U pazMmepa; 6-1 — mpouune aedektsl. B paborax
B.B. [Tanacroka [5; 6], B.B. MocksuueBa [7-9], A.M. Jlenuxuna [8] u apyrux o00cHOBaHa HEOOXOAUMOCTh
NPUPABHUBATh TEXHOJIOIMYECKUE NE(PEKThl CBAPHBIX IIBOB K TPEIIMHONOJOOHBIM Je(eKTaM (HEeCIUIOIIHO-
CTSIM HISHTHYHOTO pa3Mepa IMpH OIeHKe pabOoTOCIIOCOOHOCTH CBApHBIX cOeAMHEHWH ¢ aedexramu). Ilo-
IBITKA peaTU3alMy TaKoro MoaxoAa K 1e(eKTHOCTH CBapHBIX IIBOB IpeanpuHsra B pabore E.M. Encykoa
[10], B KOTOpO# MOCTYAUPYETCS, YTO MPOYHOCTH CBAPHOTO COSAMHEHUS JOCTUTAETCS 3a CUET 00eCIIeueHNUs B
Marepuaie IIBa BBICOKMX 3HAYEHHUI yIapHON BSI3KOCTH W OTHOCHUTEIBHOTO CyxeHus. B pabore ommcana
CBSI3b IPEIEIIbHBIX Pa3MepoB Ae(PEeKTOB ¢ BETMYMHON HOMHUHAIBHBIX HAIIPSDKEHUN B CTEHKE pe3epByapa s
nByx crajeit Cr3cn u 091'2C, ocHOBaHHas Ha JeHCTBYIONMX B MOMEHT Hanucanus pa6ots! 15 03-381-007,
TeMm He MeHee HEKOTOpBIE OMMOOYHBIE MOJIOKEHUS JAHHOM pabOTHI HE MO3BOJIMIIM aBTOPY MOIYyYUTH a/IeK-
BaTHBIE pe3yiabrarbl. Kpome Toro, pabora orpaHnueHa JeeKTaMu B CTaIbHBIX KOHCTPYKIHUSX.

B [11] npuBenens! nedexTsl, HaNOOIEE YaCTO BOSHUKAIOIINE B CBAPHOM LIBE, BHINOJIHAEMOM Pa3HbIMU
BUJAMHU CBapOuYHBIX TexHOnorui, u 3TB mpu cBapke amoMuHHEBBIX cruiaBoB. Kitaccudukamus cooTBet-
ctByer 'OCT P UCO — 2012. U3 Bcex nedexros, permamentupoBanHbix [OCT P UCO 6520-2012, B nan-

'TOCT P ISO 6520-1-2012. Csapka u cMexHble nporecchl. Knaccudukanus reoMeTpruueckux Ae(peKToB B METALTAYECKHUX
Matepuanax. Yacts 1 : Capka maBnennem. URL: https://docs.cntd.ru/document/1200095143 (nara oopamienus: 22.03.2026).

2116 03-381-00. TIpaBuna ycTpoicTBa BEPTHKANBHBIX IMIMHAPUIECKUX CTAIbHBIX PE3€pBYapoB i HeGTH W HedTenpo-
nykroB. URL: https://docs.cntd.ru/document/1200007380 (nata obpamenus: 22.03.2026).
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HOW paboTe paccMoTpeHbl Hanbomee onacHble nedekThl (Tabm. 1), IMeroIye MOTSHINANl «CTParuBaHUs 1
pocCTa IO KPUTEPHSIM MEXaHUKH pa3pyleHus. [IpuHaTo, 4To Ae(eKThI THNA «HECIIIABICHUE» U KHETIPOBap)
(0o603nauenue no CO 6520-1-401, UCO 6520-402) B mBe pezepByapa HEAOILYCTHUMBI.

Coracro Ilpukasy®, B HacTosiee BPEMs MPUMEHSIOTCS HOPMATHBHBIE JOKYyMEHTBI 1O JOITYCTUMON
Ne(EeKTHOCTH CBapHBIX COEAMHEHUI BEpTHKAJIbHBIX pe3epByapoB. OIHAKO 3TH JOKYMEHTHl KacaroTcs
CTaAJIbHBIX PE3€pPBYapOB U HE YUUTBIBAIOT PeaJbHOE HANpPSKEHHO-1e()OPMUPOBAHHOE COCTOSTHUE KOHCTPYK-
UM B paifone mBa. IIpu Takom moaxone HEKOTOpbIE Ne(PEKTHI MPU3HAIOTCS HEJOIMYCTUMBIMU HE3aBHCUMO
OT UX PacCHoIoKeHHs U pa3MepoB. KpoMe Toro, ¢ pa3BUTHEM METOIOB U BUOB HEPA3PYILAIOLIEr0 KOHTPOIS
(HK) BbIaBissieMOCTb €(EKTOB MOCTOSIHHO BO3pacTaeT U MPHU3HABaTh HEJOIMYCTUMBIMH A€(EKThl JIF0O0ro
pasMepa U pactolIOoKeHHs B KOHCTPYKIIMU CTAHOBUTCS SKOHOMUYeCKH HeaddexkTuBHO. [IpoBeneHHblil 0630p
HOPMAaTHBHOM M TEXHUUYECKOHN JIUTEpATypbl HE BBISBHI OAHO3HAYHON METONMKHU OINpPENENICHHs JOITyCTUMO-
cTH Je(eKToB (HOpMUpPOBaHMs Ne(EKTHOCTH) B cBapHbIX mBax U 3TB pe3epByapoB U3 amtOMHHUEBBIX
CIUIABOB B 3aBUCHUMOCTH OT TeoMeTpuH Je(eKTa, HOMUHAIbHBIX HANpsDKEHUH M MEXaHMYECKHUX CBOWCTB
MarepHaja B 30HE ero oOHapyxeHus. B cBs3u ¢ 3TM Obla copMyIupoBaHa Ii€Ib HACTOSIIETO MCCIEN0-
BaHMsI — CO3JJaHHUE€ METOJUKU HOPMUPOBAHMsI HanOOJIee ONACHBIX 10 BEPOSTHOCTU pa3pyllIeHHs] KOHCTPYK-
1K J1eeKToB cBapHbIX MBOB U 3TB ¢ yueToM HanpskeHHO-/1e()OPMUPOBAHHOTO COCTOSHUS U CBOMCTB Ma-
TepHuaja B 30HE pacroyioxkeHus Aedekra. OObEKTOM HUCCIEI0BaHUs SIBISIETCSl BEPTHKAIbHBINA pe3epByap U3
AJIFOMUHHEBOIO CIUIAaBa, BBIIIOJHEHHBIN METOAOM PYJOHUPOBAHHUS, YAaCTh CBAPHBIX IIBOB KOTOPOT'O BBIMOJ-
HeHa CTII, a monTtaxkHele mBbl Ha muomanke AJIC. 3agauamu HMcclenoBaHUs SBISETCS HOPMUPOBAaHUE
HanboJee ONacHbIX 110 BEPOATHOCTH Pa3pylleHUs 1e(EKTOB MIBOB, BEIOIHEHHBIX AJIC IIpU CTPOUTENILCTBE
BEPTUKAJIILHOTO pe3epByapa METOIOM PyJIOHUpPOBaHus B ycioBuax Kpaitnero Cespa.

Tabnuya 1. lepeKThI CBAPHOT0 MOHTAKHOI'O IIIBA BEPTUKAJILHOIO pe3epByapa
Table 1. Defects in the welded mounting seam of the vertical reservoir

HaumenoBanue nedexra / CxemaTtnueckoe nzoopaxenue nedexra/ | O6o3nayenue corsiacio FOCT P UCO 6520-1-2012 /
Name of the defect Schematic representation of the defect | Designation according to GOST R ISO 6520-1-2012

B meramne mBa / In the weld metal

HCO 6520-1011 /ISO UCO 6520-1011

Ha rpanuue cnasnenus / At the boundary of the fusion
HCO 6520-1012 /ISO 6520-1012

B 3TB / In the heat-affected zone

HCO 6520-1013 /ISO 6520-1013

B ocHoBHOM MeTaiuie / In the base metal

HCO 6520-1014 /ISO 6520-1014

IIpoaoabHas Tpemmna /
Longitudinal crack

B metamne mBa / In the weld metal
HCO 6520-1051 /ISO 6520-1051

B 3TB / In the heat-affected zone

HCO 6520-1053 /ISO 6520-1053

B ocnosuom metae / In the base metal
HCO 6520-1054 /ISO 6520-1054

Pa3posHeHHbIe TpeIMHBI /
Group of disconnected cracks

BoiTsiHyTas noJocts /

Elongated cavity HCO 6520-2015 / ISO 6520-2015

3 [Ipuxka3s Pocrexnamzopa ot 23.08.2023 Ne 305. O6 yreepxacHun Pykosonctsa o 6e3omacHocTn «PeKOMEHIanH 110 TeX-
HUYECKOMY JIMarHOCTUPOBAHHIO CBAPHBIX BEPTHKAIBHBIX [IJIMHAPHUECKUX PE3EPBYapOB sl HEPTH U HETEPOLYKTOBY.
URL: https://www.gosnadzor.ru/industrial/rukovodstva-po-bezopasnosti/IIp-305 %200t %2023.08.2023.pdf (mata obparue-
Hus: 27.12.2025).
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Oxonuanue maban. 1/ Ending of the Table 1

HaumenoBanue nedexra /
Name of the defect

CxemaTnueckoe n3odpazkenne gedexra /
Schematic representation of the defect

Oo6o3nauenue corinacio 'OCT P UCO 6520-1-2012 /
Designation according to GOST R ISO 6520-1-2012

JluneiiHasi HOPHCTOCTH /
Linear porosity

NCO 6520-2014 / ISO 6520-2014

Cxomienne mop /
Clustered (localized)

porosity

HCO 6520-2013 / ISO 6520-2013

PaBHOMepHasi HOPHCTOCTS /
Uniformly distributed

porosity

HCO 6520-2012 / ISO 6520-2012

I'azoBas mopa /

HCO 6520-2011 / ISO 6520-2011

Gas pocket

Ceum / HCO 6520-2016 / 1SO 6520 -2016
Worm hole

Honpes / HCO 6520-5011 / ISO 6520-5011
Undercut

M ¢ 1o 4HuK: BeinonaHeHo B.A. EpmakoBbiM / S o ur ¢ e: made by V.A. Ermakov.

2. MeToabl, 000py1oBaHHe U MATEPHAJIbI

B [1] ¢ moMomIbI0 HHTErpaIbHOTO ONTHUMU3ALUMOHHOIO KPUTEPHUsl ONPENENIEHO, YTO JIyUIIMMU CBOM-
CTBAMHU CpEIH PacCMOTpPEHHbIX MaTepuanoB obnanaet cmas 1915T. [losTtomy B naHHOM paboTe Bce MILTIO-
CTpPaTUBHBIEC PACUETHI BELYTCS AJIS 3TOTO CIUIABA.

[Ipu HOpMHpOBaHUM TOMYCTUMBIX AedekToB cBapHbIX mBoB THna MCO 6520-1011, UCO 6520-1012,
NCO 6520-1013, ICO 6520-1014, UCO 6520-1051, UCO 6520-1053, UCO 6520-1054, UCO 6520-5011
MIPUHSTHI MOJIETIN TUHEHHON MexaHuKH paspymeHus (JIMP) ¢ monpaskoit MpBuna [12].

AHAIUTUYECKVE W YACHEHHBIE METObI PACHETA KOHCTPYKLIIA
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3amaya 1o ONpeaeNieHHI0 JOMyCTUMBIX Ae(ekToB, Moaennpyembix B JIMP kak TpemuHsl, s pesep-
ByapoB pa30HTa Ha JBE YacTH.

e OnpezneneHne IOMYyCTUMBIX A€(EKTOB UCIBITATEILHONW CTAaTUYECKOW Harpy3kod (IPUHATO PaBHOM
1,25 oT cymmapHOii 3KCIUTyaTallMOHHON Harpy3ku). [IpuHSTO, 4TO JOMyCTUMBIMU HapaMeTpaMu objanaer
nedeKT, y KOTOPOro MpH MPUII0KEHUN UCIIBITATeNIbHOM HArpy3ku 3HaueHue ko3 uimeHTa UHTEHCUBHOCTH
Hanpsokeanit (KMH) BOnu3u Bepumabl nedexra MeHblne uian paBHO Kj. (BS3KOCTH pa3pylICHHs B 30HE
dbopmupoBanus nedexra):

K, <K,.
e OnpezneneHue IOMYyCTUMBIX Ne(EKTOB NpPH HKCILTyaTallud pe3epByapa (Harpys3ka LUKIHYEcKas).
[TpuHATO, YTO JOIYCTUMBIMH IapaMeTpaMu oOsanaeT Ae(eKT, y KOTOporo Mpu MpUI0KEHUH Harpy3KH 3Ha-

yeHue ko3¢ (UIMEeHTa HHTEHCUBHOCTH HaNpsDKEHUM BOIM3M BepIIMHBI 1edexTa MeHble/paBHO Ky, (1opo-
rOBOI'O 3Ha4Y€HUs B 30HE (POpMUPOBAHUS e(heKTa) — YCIOBUE «HE CTParuBaHUs»:

K, <K,.

[Tpu HOpMHpPOBaHUH JE(PEKTOB MPUHITO MUHUMAJIBHOE M3 JIBYX IOJyYEHHBIX 3HAUYCHHWH (TIpU CTaTH-
YECKOW HMCHBITATEIbHOW NEeperpy3ke) U NpH LHUKIMYECKOM HArpyKeHMH JKCIUTyaTallMOHHON Harpy3kou ¢

* 3
ydetoMm TonpaBku VpeuHa Ha ruactuyHocth [12] [ =/ +0,5rp, rae #, — pasMep IUIACTHYCCKOH 30HbI
BOJIHM3M BEepIIMHBI Je(eKTa, 3aBUCAIINNA OT TOTO, KAKOE COCTOSHHE pean3yercsi — IUI0CKoe J1e(hOpMHpO-
K2 2

BanHoe (IIJIC) 7, = p L 5 mim wiockoe Hanpspkenroe (ITHC) 7, = 2—’2, 6, — Ipeaen TeKy4eCTH Mare-
o o
T T

puana B mecte ¢opmupoBanus aedexra, MIla. [TpunsaTo, yTo BOMM3M BEpPIIMHBI TPEIIUHBI PEaTU3yeTCs
2

T1JIC npu BBIMONHEHUH yenoBus: tol > 2,5 —< | [13].
Go,

J71s ony3JUIMNTUYECKUX TPEIMH B BEPTUKAJIBHOM CBapHOM IBe U ero 3TB mpuHuMaeTcss Mojenb,
npeanoxkeHHast B padore [14]. Cxema MOBEpXHOCTHOTO MOMYIUIMIITHYECKOTO AedeKTa mokazaHa Ha puc. 1.
Taxoi#l monxon As peuieHus MpakTUYeCKOW 3aauyu peain30BaH IPU ONpPEAEICHUH JOMyCTUMbIX MapaMer-
POB TPEIIMH B OCHOBHOM MeTajlie KPYITHOTo rabapuTHOTO METAJLTYPTUYeCcKOoro 000pya0BaHus MOCIIE IEpU-
ola JUIMTeNnbHOM sKkcrutyararmu [15]. Ans HopmupoBanus nedexroB cBapHbix mBoB U 3TB mpu npumene-
Huu AJIC amoMuHUEBOTO CIUIaBa MPUMEHsIeTcsl BiepBble. B npuHsATON cxemaruszauuu ock Z — o0pasyroias
IIMHApUYECKOl yacTu pesepByapa. Koaddunment nnrtencuBnoctu Hanpspkenuit (KMH) cornacuo [14]:

%

2—0,821—
K - o Jr, (1)
1-10,89-0,57 e
c t

£
rae [ — s¢deKxTuBHas IIHHA TPEIIUHBI (C y4eTOM NompaBku VpBrHA Ha MIIACTHYHOCTS ).

2

s Touku A cnpaBeymBo: @ =|1,1+0,35 l— l—; G =0,646+0,360,.
t c
Jlist Touku D:
R l l l
®=1; o :0,111(GA+5($B+3G)—0,4—(0,176A+0,2IGB—0,386D)+0,28; 1—-.|— (GA—GD).
c c
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B Belpakernn (1) mpuHATHI ClieAyronre o0o3HadeHus: [, ¢, ¢t — N
reoMeTpuyeckre mnapamerpsl aedekra (puc. 1), TonIMHA JNHCTA, M; -
A

G ,, O, G, — pacTArHBarolxe HaNpsKeHUs (10 ocH ¥ — cyMMapHbIe \53

KOJIBbLIEBbIC HANPSDKEHHsI OT BCEX THIIOB HArpy30K Ha pe3epByap, MOIy- \5,0\5
geHHble pacdyeToM MKD), MIla; ¢* — KombleBble pacTATHBAIOIINE A |8 |D
HanpsDKEHUS B KpallHUX Todkax (4 u D), Mlla, ® — ko3 dunuent, 3a- /2 X
BUCAIINN OT TE€OMETPUUYECKUX IMapaMEeTPOB TPEIIUHBI, Oe3pa3MepHBIi. /

Beipaxenue (1) cipaBeiBo st [ <c u [<0,7¢.

IIpu pacderax HPHUHATO, YTO TPELUIMHA PACTET B HAIPABICHUU t
MaKCUMAaJIbHOTO 3HaYEHHs KOA(PPHUIUCHTA HHTCHCUBHOCTH HANPSKCHHIA
IIPY 3a/laHHOM CXE€Me Harpy»KeHHs U IapaMeTpoB TpelluHbl. B nepByro
odepenb, HEOOXOMMMO CPaBHHUTH 3Ha4deHUs KOA()(OUIIMEHTOB WHTCHCHB-
HOCTHU HamNpsDKCHUH MO JIByM THIOTETUYECKH BO3MOXKHBIM HAIpaBIICHH-
M pOCTa, TaK KaK pealu3yercs BapHaHT MUHHMAIBHBIX JHEpreTHYe-
CKHUX 3aTpar. ITo crarucTuyeckum JaHHBIM IIPHUHATO, YTO Hauboiee 4a- 2
CTO TIPH TEPBUYHOM OOCIEIOBAHWU MONYIUIHITHYCCKHE TPEIINHBI /

UMEIOT cooTHoImIeHne [ =c (T.e. OONbIIas Moayoch B JBa pasa OoJbIie

n1yOuHbI 1eeKTa). A y2
Hns pacuera KMH npu MoaenrpoBaHUM NOBEPXHOCTHBIX MOy~ /

JUNTHYECKHUX TPEIIMH B 30HE OKOJIO KPYIIIOTO OTBEpCTHUs (30Ha Marpyo-

Ka) CTaHJapTHBIM PEIICHUEM CYHUTAOTCS Toaxoasl Heromana — Pamky Puc. 1. Cxema

[16]. ®opmynbl, nomydyeHHbIE B [16], yUUTHIBAIOT MPaKTHYECKH BCE Ma- Hcfgzy;ﬂ”ifrﬁigfgZpglsﬁzl::;m

paMeTpbl, BIUSIOUINE Ha POCT MOBEPXHOCTHON HECKBO3HOMN TPEIIMHBI Y Figure 1. The scheme

OTBEPCTHUS, OJHAKO OHH I'POMO3OKH, COACPIKAT MHOTOYICHBI BBICOKHX of a semi-elliptical crack

CTENEHEN, CIIOKHBI B NMPAKTHYECKUX pacyeTax. [103ToMy B JaHHOM pa- Source: made by V.A. Ermakov.

6ote ucnomb3yerca ynpomeHHbd noaxox [a (Shah) [17], xoTtopsrit

paccMaTpuBaeT TPEUIMHBI KaK YacTh JJUIMIICA B HEOTPAHUYEHHOM Telle, HO C MOMPAaBKO Ha KOHIICHTPALIUIO

HanpspkeHU oT oTBepcTHss. COrmacHO JaHHOMY HOAXOMY, KpUTHYECKasl TIIyOMHA TPEIIUHBI MO0 KPUTEPHUIO

«HE CTparuBaHUs OMPENEIAETCS CASAYIONIM 00pa3oM (C Y4ETOM IIIaCTUYHOCTH):

2

SR @
® n\ Yo
e Y — 00606mennsiii ko3 uieHT Gopmel, cornacHo [16] nmpuHsaT 1,2; 6 — JOKaAIbHOE HOMUHAILHOE
HanpsDKEHHE B 30HE KOHIICHTPAIMU HAIPSDKEHUH, MTOJTy4eHHOE METOJJIOM KOHEUHbIX dnieMeHToB (MKD).
Hedexrsr B cBaprom mBe tuna MCO 6520-2015, UCO 6520-2016 (Tabn. 1) B KOHTEKCTe JaHHOH pa-
0OTBI paccMaTpPUBAIOTCS Kak Ne()EKThI, KOTOPbIE IMHUTHPYIOT TOAIIOBEPXHOCTHYIO HECIUIOMHOCTb. J[7s 1me-
PEUNCIICHHBIX BBINIE Me()EeKTOB B JAHHON paboTe MPHUHSITA CXeMAaTH3aIUsl B BUJIE MIUTHNITUYSCKON TPEIIUHBIL.
Jliis nepekToB ATOrO THIA MPUHSATA MOJIENb, PEeIIoKeHHas B padote [18]. Cxema moAnmoBepXHOCTHOTO AJI-
JUNTHYECKOTO NeeKTa Mmoka3aHa Ha puc. 2. Mojaenb NMpUMEHEHa JUIsl pacdyeTa JUIMITHYCCKUX e(eKToB
BEPTUKAJILHOTO IIBa pe3epByapa.
Koa¢unment MHTEHCHBHOCTH HarpsbkeHui cornnacHo [18]:

*

1,79—0,661—

K, = ¢ oI, 3)

18 0,54

—r L
b
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* *

! bY . 1 11
B touke 4: F=1-0,4—-|0,5-—| ;06 =—(0,+0,)+——(406,-36,—0G,, ).
¢ zj 2(A 2 300( 47305=05)

* 0,4
[ b\ 1 11
B touke D: F=1-0,4—-0,8/ 0,5-— | ;06 =—(0,+0,)+-——(40,-30,-0,).
c t 2 30c
B BeIpakenuu (3) mpuHATHI cieqyromue 0003HaYeHus: [, ¢, b — reoMeTpudecKne mapameTpsl nedex-
* v
Ta, M; G ,, O, G, — HanpsbkeHus (1o ocu Y), MIla; 6 — HanpsbkeHus B KpailHuX Toukax (4 u D), MIla,
F — ko3¢ ¢uimenT, 3aBUCAIIUi OT TEOMETPUYESCKUX MapaMeTPOB TPEIIMHBI, Oe3pa3MepHbIid. BripakeHue
(3) cnpaBennuBo npu BeIMoONHeHNH yenoBus [ < ¢,/ <0,9hu b <0,5¢.

MonenupoBaHue MOBEPXHOCTHBIX HECKBO3HBIX OSJUTUITHYE-
CKUX TpemuH B cBapHOM IBe ¥ 3TB Bokpyr marpyOka CIMBHOTO
y OTBEPCTHSI pe3epByapa MPOBOAMIOCH cortacHo [17]. s gomyctu-
A MOTO pa3Mepa MajIol TMOJIyOCH SIIIUIICA TIPUHSTO

5, 1_9( K,
Al B| D n| Yo

; (4)

rae O — ko3hHULKEHT, YUUTHIBAIOIIMNA UIUITUYHOCTD U TJIACTH-
b YEeCKylo 30HY, npuHHMaeTcs 1,5, Y1 — momnpaBka VpBuHa (31€Ch
1,12).

£ Haunbonee c1oxHBIM 11 MAaTEMaTHYECKOTO MOJICIMPOBAHUS SIB-
JSIeTCSI IOPUCTOCTD CBApHBIX BOB U 3TB, KoTOpast Mo MexIyHapoI-
P HoMy cranmapty [SO 6520-2012 knaccudunupyercs mo pazmepam,
b dopMe U xapakTepy pacrpenesieHus B Metauie mBa (cM. Taom. 1).
[TopucTocTth paznensercs Ha 00IIy0 (MICTHHHYIO) U 3aKpbITyt0. Mc-
Al Bl D TUHHAs (0011asl) MOPUCTOCTh — OTHOILIEHUE 00beMa OTKPBITHIX U

\ / X 3aKpBITHIX MOP K 001IeMy 00beMy MarepHalia, BRIpaXKEHHOE B IPO-

2¢

neHTax. ConmacHo [19], momycTumelii ypoBeHb OOIIEH MOPUCTOCTH
PEKOMEHIYETCS ONPEIEIIATh O COOTHOLICHUIO

2f

Il = (A'Kxaq 'Kromu)

100 ’ ©®)

Puc. 2. Cxema 3JuIMOTUYECKON TPELIMHBI
W c1ouHuk: BemonaeHo B.A. EpmakoBeiM.

rae I1 — ucturnas nopucrocts, %; A — 6a30Boe 3HaUEHUE MOPH-

Figure 2. The scheme of elliptical crack ooy s mpumsiToro knacca xawecrsa, %; K, — koddduin-

S o urce: made by V.A. Ermakov.
ent kasectsa (0,5-1,0); K,
na (0,8-1,2).

Onnako ¢opmyna (5), kKak ¥ OOJBIIMHCTBO 3aBUCUMOCTEH, BXOSAIINX B HOPMATUBHBIC M PEKOMEH/1a-
TEJIbHbIE TOKYMEHTBI, KACAETCsl CBAPKU M3AEJIMKA U3 YEPHBIX METAJUIOB U TUTaHa. Kpome Toro, HU B 0OqHOM
U3 HUX JIOMYCTUMBIE apaMeTphl edeKTa He CBSA3aHbl C HAIPYKEHHOCThIO M MEXAaHUYECKUMHU CBOWCTBAMU
Marepuana. J[is ycTpaHeHHs 3TOTO HEIOCTaTKa MpH OmpeAesieHuH nomyctumoctu aedekxtoB tuna MCO
6520-2012, UCO 6520-2013 u UCO 6520-2014 B paboTe mpeIosKeHbI TIOAXOAbBI, pa3padoTaHHbIE IS T10-
PHUCTBIX MaTepHaJIOB. BBIIM pacCMOTPEHBI 3aBHCHMOCTH, CBSA3BIBAIOLINE IPOYHOCTHBIE XaPAKTEPUCTHKU
KOMITaKTHOTO, MIOPUCTOTO MaTepUajIoB U MapaMeTpoB MOPUCTOCTH, npeanoxkenubie b.Y. Ilunecom, E. Poi-
xoBuyeM u B. JlakBoptom, H.P. Bacgoprom u C.B. TBuccom, M. Onwe, B.T. Tpomenxo, K.K. Humiepom
u A.M. Kpacosckum, B. T'annunoit u I. Mannone, E. lynaposoii u P. XeiinecoMm. Ho Bce 3Tu 3aBUCHMOCTH

— KO3 (UIMEHT TONIUHBI METaJI-

YUUTBIBAIOT PsIJl CIIOKHO ONPEAEISAEMbIX U TPAKTYEMBIX B IIPAKTUYECKHX MHXKEHEPHBIX pacueTax Kodddu-
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ueHToB. [loaTomy B maHHOU pabote Obina mpuHATa Kiaccudyeckas Gopmyna M.IO. bansmmna [20], cBs-
3pIBaroas mapaMmerp nopucroctu Il (B moisiX OT eAMHMIIBI), TPOYHOCTH (BPEMEHHOE CONMPOTUBIICHUE
pa3phIBy) KOMIIAKTHOTO Oy U IIOPUCTOIO MaTepuaia Gpy:

6, =0, (1—H)3. (6)

IMopucrocts Il oneHuBaeTcst Kak OTHOLIEHHE OObEMa ydacTKa IIBa C MOpPaMU K O00BEMYy 3TOTO ke
ydacTka B O6e31edekTHoM cocTosHuu. [IpuHATO, UTO €ciii HanpsKEHHUs Ha yYacTKe CBapHOTO I11Ba ¢ Jeek-
tamu UCO 6520-2012, UCO 6520-2013 u UCO 6520-2014 nocTuraroT npezesia TEKy4eCTH MPU CTaTHYE-
CKUX UCHBITAaHUSX TOJ JaBJICHUEM, TO JaHHAs MOPUCTOCTH SBISETCS HENOMyCcTUMO. B mpoTuBHOM ciyyae
BO3MOKHO YaCTUYHOE «CXJIOTBIBaHWE» Top W oOpazoBanue nedekra MCO 6520-2015 (BeITSHYTas 10-
noctb). Ecnu HanpsiKeHus Mpu CTaTHYECKUX MCTIBITAHUSX HE JIOCTUINIM Mpesesa TeKyueCcTH MaTepuania, TO
IpY MUKINYECKOM Harpys3ke HEoOXOIMMO CPaBHUTH MpeEJeN yCTAaJOCTH MaTepuaia (IIBa M JBYX Y4acTKOB
3TB) npu ko3 punrente acummeTpuu 0 MaKCUMaJIbHBIMH HAIPSHKCHUSMU IMKIIA HATPY>KEHHSI, TOTy4YeH-
HBIMH pacueToM uncieHHbIMU MeTogamu (MKD). Eciin HanpspkeHus BbIlie, 9eM Mpesien BBIHOCIUBOCTH, TO
MOPUCTOCTh C TAKUMU MapaMeTpaMH Ha JaHHOM y4acTKe HEJOIyCTUMa (JOCTUIIAa OpPaKOBOYHOIO MapaMeT-
pa). DTOT yuacTOK IIBa CIIEyeT ePEBAPUTb.

Onunounas nopa (nepexr MCO 6520-2011 no xnaccudpukauun MCO 6520-2012) npeacrasuser co-
0o0ii ra3oBy10 pakoBuHYy B cBapHOM ImBe W 3TB. Ilpu monenupoBanuu Takoro nedexra oObeMHAs MOJIOCTh
OMMCHIBAETCS B BUJIE Chepouaa U BUPTYyaJIbHO PACIONaraeTcsl Ha PaBHBIX PACCTOSIHUSX OT Kpast IucTa (OauH
U3 JIMaMEeTPOB COBIMAJACT C LIEHTPaJbHOU JuHUEH). Eciu monocTh «BCKpBIBAETCS» Ha MOBEPXHOCTh, OHA
npruoOperaeT B NOITycheprudeckoil BHITOUKH, e KoHneHtpanus Ha 10-20 % Beime. JlaHHBIN citydail B
pabote He paccmarpuBaiica. Bo Bce pacueTsl 3aJ10KeHbl OTPaHUYESHHSI, HE JOMYCKAIOIIHe N3MEHEHUs BHUIa
nedekra. Teopernuecknii ko3ddunmeHT xkoHIEHTpauu s cheponna cormacHo [21; 22] ompenensercs

27-15u
2(7-5p)

1915T). D10 BbIpakeHHE C MONPABKOW HA KOHEUHBIE pa3Mepbl MPpUHUMAET BUA [21]

CJIEAYIOIIUM 00pa3oM: 0O, = rae u = 0,33 — ko3 dunment Ilyaccona marepuana (yist CrraBa

3

d

24+ 1-—
6227—15u t ’ )
2(7_5”) 3 1_i
t

rae d — IuameTp BHPTyalbHOTO chpeponaa, MM; ¢ — rabapuTHBIN pa3Mep CEYeHHUs, B KOTOPOM pacrioiara-
ercs AedeKT, MM (B ITaHHON cXeMaTHU3alui — TOJIIIMHA CBAPHBAEMOTO JIUCTA).

B pacuerax (B cuily OTCYTCTBHUSI TOUHBIX JaHHBIX O KOA(P(PUIUEHTaX UyBCTBUTEIBHOCTH K MOApPE3aM
Marepuana mBa u 3TB) mpunsAto nomyuieHue, 4To Martepuan aOCOMIOTHO YYBCTBHUTENEH K Haape3am
(T.e. >ppexTuBHBINA KOIPPHUIMEHT KOHLIEHTPALMU paBeH TeopeTuyeckomy). [IpuHsTOE AOmMylieHue UaeT B
3anac npoyHocTu. CTaTuuecKue HANpPsHKEHHs ONpeiesieHbl KaK MPOU3BEIeHNE TeOpEeTHIecKoro koadduuu-
€HTa KOHUEHTpAllMu Ha HOMUHAJIbHbIE HANIPsDKEHUs B 30HE oOHapyskeHHoro nedekra. [lopa sBusercsa Heno-
MyCTUMOM, eclii CTaTHYeCKHE HAIPsDKEHUS Ha ydacTke cBapHoro 1mBa ¢ aedexrom MCO 6520-2011 goctu-
raroT npejesa TeKy4ecTd IPpHU CTaTHYECKUX HCTIBITaHUIX. ECIi HanpspKeHUs: Ipy CTaTUYECKUX MCTIBITAaHUSX
HE JIOCTUIIIM TpeJieNia TeKy4eCcTH MaTepHralia, TO Ipy HUKINYECKOM Harpy3Kke CpaBHUBAIOTCS MaKCUMAaJIbHbIE
HaMpsDKEHHs LIMKJIA B 30HE KOHLIEHTPALMU C TIPEAESIOM yCTaOCTH MpH kodpduirente acummerpuu 0. Eciu
OHHM 0O0JIbIIIe, YeM IPEeIT YCTAIOCTH, TO IOpa ¢ TAKUMHU NapaMeTpaMH Ha JAHHOM Y4acTKe HeIOMyCTUMA.

Jns ompeneneHusl mapamMeTpoB TPELIUH, YAOBIETBOPSIOMIMX YCIOBUSM (OTCYTCTBHE MIHOBEHHOTO
pa3pylIeHus NP MPUIOKEHUN CTaTUYECKON HCIIBITaTeIbHON HArpy3KH, «HE CTparuBaHue» Ne(eKToB Mpu
AKCIUTyaTallMOHHON HarpysKke), MCIIOJIb30BajICsl METOa 0000IeHHOTo ipuBeaeHHoro rpaguenta (OI) —
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YHCIJICHHBIA METOJ HEIWHEWHOW ONTHUMHU3ANUH. J[JIsI MOCTPOEHUST PErPECCUOHHBIX MOJIENIE PUMEHEH Me-
ton bpannona [23].

BrlmenpuBeieHHbIN 101X0/] NMPOMJIIIOCTPUPOBAH HOPMHUPOBAHHEM HauOojee ONacHbIX Ie(PEKTOB B
pe3epByape, BhIoHEHHOM 13 ciutaBa 1915T no tunoBoMy mpoekTy (puc. 3).

tI!aca.,tL / Facade MonTaxxHBIH cTRIK / Mounting joint
,  +lemg 129

-11.820 ‘\?/_\lr N N +12050 411930
A +9,950 2
g
+1,130
. +1,150
- - -
+4750 S
+2,350 ]
g
+0.245 0,000 -0,066 =3
:l/ 11-. L 1 L
I \ | [loE ECTBIE € IOMHBIM IPOBAPOM /
e 0 ~ .
TIpHenEo-pasIaTouHELT HaTpyEoK / Butt-welded seam with full
Feceiving and distributing pipe penetration

ITpueMHO-paznaTo4dHslil natpy0ok / Receiving and dispensing pipe

VeHTHEZROmES EOMELD [
Reinforcing ring

L_.' Jreme pesepeyapa /
Tank bottom

Tpyba 273x6 /
Tube 273x6

Puc. 3. BepruxanbHslil pe3epByap ULl XpaHeHHs He(hTH U HEQTEPOLYKTOB
W ¢ 1o04HuK: BemonaeHo B.A. EpmakoBbiM.

Figure 3. Vertical reservoir for oil and petroleum products storage
S ource: made by V.A. Ermakov.

208 ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS



Kopxes O.A. u dp. CTponTenbHasi MexaHuka WHXEHEPHbIX KOHCTPYKLMA 1 coopyxeHui. 2026. T. 22. Ne 3. C. 199-221

Jlns pacyera HanpsHKEHHO-AS(POPMUPOBAHHOTO A: Static Structural

SKBMBANEHTHbBIE HanpaxeHWa

COCTOSIHHSI Pe3epByapa HCIONb30BAIICS MAKET HPH- e fquvalent fonhises) Sress - Top
kiagHbix nporpamMm ANSYS. s monenupoBaHust Tirme: 13

OCHOBHOW Harpy3kv HpPUHHMAJOCh, YTO pe3epByap 120,64 Max

HAIOJHEH KMIKOCTBIO ¢ TIOTHOCTBIO 0,9 r/em’. Jlua- 0

MeTp pe3epByapa coctariser 15,18 M, a BeicoTa — i

11,92 M. AHanu3 pe3ynsTaToB pacyera MoKasall, u4To A
HanpsbkeHHO-1epopmupoBannoe cocrosare (HIC) fgggﬁ

CTEHKHU (popMHUpPYETCS B OCHOBHOM 3a CUET JCHCTBUS 0 Min

naBieHus pabouelt xxunkoctu (puc. 4). bazoas mo-
Jensb copepxut 65 115 snementoB un 58 857 y3mnos.
Monenb COCTOUT U3 MJIACTUH U CTepXKHEH (TOKpHI-
tHe). MunuManbHbIi pazmep snementa 0,43 MM B
30HaX CTYMIEHUSA. JTO OMOPHBIE YIACTKH TMOKPHITHS

. - 78483 )

Ha OTIOPHOE KOJbIIO0 pe3epByapa. Pacuer nmpoBoaui

Csl UTEPAIIMOHHO, CXOAMMOCTh ObLiIa JOCTUTHYTA Ha

5-i uTepanum. Puc. 4. DKBUBAICHTHEIE HATIPSKEHHUS
MuKpoCTpyKTypa CBapHOTO 00pasia Obljia Hc- B CTeHKe pesepByapa, Mlla

W ¢ 1o04HuK: BemonaeHo B.A. EpmakoBbiM.

CJIeZIOBaHA TOCJE TOJIMPOBAaHUSA U TPABIECHUS PEak-
TUBOM Kennepa C IMOMOIIbIO MHBEPTUPOBAHHOT'O HC-
cienoBarenbckoro Mukpockoma Olympus GXS51 B
OTpakeHHOM cBeTe. J[J1s uccieqoBanust TBEpAOCTH OCHOBHOIO Marepuaina, Matepuania msa 1 3TB no Buk-
kepcy (HVS) ucnonp3oBalics ToBepeHHbBIN YHUBepcanbHbIH TBepromep KB3000.

Figure 4. Equivalent stresses in the tank wall, MPa
S ource: made by V.A. Ermakov.

3. Pe3yabTarsl U 00CyxKAeHNE

3.1. Onpeodenenue xapakmepucmuk mpewjuHoCmouKocmu mamepuana céapruozo wea u 3TB

B [24] yxa3biBaeTcs Ha CYLIECTBEHHYIO CTOXaCTHUYECKYIO HEOIHOpOoAHOCTh cBoicTB 3TB mpu cBapke
paHee PYJIOHUPOBAHHBIX JIMCTOBBIX MAaTEPHUANIOB ISl CTPOUTENBLCTBA PE3EPBYapPOB. DTO MOATBEPKIACTCS
U UCCIJIEJJOBAHUSMU MUKPOCTPYKTYpPBI cBapHOro coequHenust AJIC, npoBeleHHBIMU B paMKax JaHHOM pa-
60TBl. MuUKpOCTpYyKTYypa cBapHoro mBa u 3TB nokazana Ha puc. 5. BungHo, uro crpykrypa mBa (puc. 5, a)
COCTOUT U3 KPYIIHBIX JEHAPUTOB O-TBEPAOI0 pacTBOpa (CBETJIBIE 30HBI), MEJIKOAUCIIEPCHONW 3BTEKTUKH U
MHTEPMETAJUTMIHBIX (pa3 (TEMHbIE 30HbI). DTO COOTBETCTBYET JINTOM CTPYKType MaTepHaia mBa. B nenrpe
1Ba HaOIIOJAINCh Oosiee MeNKue ACHIPUTHI, pa3Mep KOTOPBIX YBEIMUYMBAJCS Npu npubmkeHuu k 3TB,
YTO OOBSICHAETCS TPAAMEHTOM CKOPOCTH OXJIQXKJICHHS MOCTe MPOXOKICHUS METALTyPTHYeCKUX MPOIECCOB
cBapku. B crpykrype 3TB (puc. 5, 6) 1 ocHOBHOTO MeTayuia (puc. 5, 8) UeTKO ONpeAesieTCsl HallpaBIeHNe
IpoKara JInCTa 00pa3iia ¥ CTOXaCTHYECKU PACIIOJIOKEHHbIE MHTEPMETaJIU/IHbIE BKITIOUECHUS.

st onipenenieHys COOTHOIIEHUM MeXaHMYeCcKux cBoucTB 3TB, cBapHOro mBa 1 OCHOBHOTO MeTajuia
OblTa M3MEpeHa TBEPIOCTh B TONEPEYHOM CEYEHHWH METOAOM BuHKkepca Ha CHelHMagbHO M3TOTOBICHHBIX
cBapHbIX oOpa3uax. Ilpu uccienoBanuu TBEpAOCTH ObLIA pacCMOTpeHa MoNoBUHA 1Ba ¢ 3TB B cuity cuM-
METpuH 3a/1auu (rpadudeckas HHTEPIpPETANs SKCIIEPIMEHTABHBIX TAHHBIX MIPUBEACHA Ha pHC. 6). DKcre-
pPUMEHTAJIbHAS 3aBUCUMOCTH (pUC. 6) anmmpOKCUMHUPYETCS MOJIMHOMHAIBLHBIM BbhIpakeHHEM (8) ¢ koahdu-
ueHToM aerepmuHanuu 0,94. 3a HOJIb IO TOPU30HTAILHONW OCH IIPUHAT LIEHTP 1IBA:

HV5( %)=-28,052x" —291,14x° —1191,4x" —2424,10x" —2528x” —1250x 143,95, (®)
rae HV'5( %) — TBepaocTh Mareprana B 3TB B mpoueHTax 0T TBEPAOCTH OCHOBHOTO MaTepHasa BHE 30HEI
TEPMHUUYECKOTO BIUSHUSA ( HV5( %)z%loo), HVS5 — wusmepenHas BenuunHa TBEPAOCTH 10 Bukkepcy,
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MlIla B 3TB, 90 — cpennee 3HadeHHE TBEPAOCTH OCHOBHOTO MaTepuania; X — OTHOIIEHUE PACCTOSHUS OT
[IEHTpa CBApHOTO I1IBa K IIMPUHE IIBa (IIMPHUHA IIBa MPUHATA 12 MM Kak cpeiHee 3HaueHHe Mo 00pasiy).

B pabote npunsATO cremyromiee I0MyIeHHe — H3MEHEHHE MEXaHUYECKUX CBOWCTB, B TOM YHUCIIE TIpe-
JieJia TeKy4eCTH, TIOMUUHIETCS TOMY K€ 3aKOHY, YTO M JropameTpus (cormacHo, Hampumep, [25]). B coot-
BETCTBHHU C 3THUM BBIICTICHBI YETHIPE PEMEPHBIC 30HBI, B KOTOPHIX OMPEACISUIUCH JTOMyCTUMBIE TTapaMeTphl
TpemuH (ueHtp mBa — 0, nanee 1 U 2 — OTHOIIEHUH PACCTOSHUM OT LIEHTpA IIBA K €ro IIUPHUHE U 30HA
OCHOBHOTO METaJuIa) JIsl KaKIOTO0 YPOBHS KOJIBLIEBBIX HANPSDKEHUN MO BBICOTE 00pa3yromiei NMiInHApuIe-
CKOHM 4acTu pe3epByapa MpH NPUIOKECHUN UCIBITATEIbHOM (CTAaTUYECKOI) U SKCIUTyaTallMOHHOH (IIMKITNYe-
ckoif) Harpy3ku. Ha puc. 6 mokazaHo, 4To npu JTOCTHKEHUHU PACCTOSHUS OT IIEHTpa IIBa, PABHOTO TPEM €ro
TOJIIIIMHAM, TBEPJOCTH (KaK MPUHSTHIN MHAUKATOP MEXaHUYECKUX CBOWCTB) CTAHOBUTCS PAaBHOW TBEPAOCTH
OCHOBHOTO MaTepuala, a COrNIACHO MPUHATOMY AOMYLICHUIO U Tpe/ie TeKyUYeCTH CTaHOBUTCS PaBHBIM IIpe-
JIeNly TEeKY4eCTH, paHee ONpeleIeHHOMY SKCIIEpUMEHTANbHO [1].

a o 8
Puc. 5. MukpocTpykTypa cBapHoro msa 1 3TB:
a — CTpyKTypa cBapHoro mBa; 6 — 3TB; 6 — ocHOBHOrO MeTajuia
W ¢ 1o uHwuK: BemonHeno B.A. EpmakoBeim.
Figure S. Microstructure of the weld:
a — structure of the weld; 6 — the zone of thermal influence; ¢ — the base metal
S ource: made by V.A. Ermakov.
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OTHOUIIEHHE PACCTOSIHUSA OT LEHTPA MIBA K HIMPUHE mBa /
The ratio of the distance from the center of the seam to the width of the seam

Puc. 6. 3aBucumocts uameHenus eepaoctd HVS5 B mse u 3TB (B mporieHTax OT TBEPIOCTH OCHOBHOT'O MaTepUalia)
OT OTHOUIEHUS PACCTOSIHUS TOUYKH U3MEPEHHS TBEpAOCTH OT mupuHbl mBa AJIC
(moka3aHa MoJIOBHHA MONIEPEYHOT0 CEYEHUS])
W ¢ 1o uHwuK: BemonHeno B.A. EpmakoBeim.

Figure 6. The dependence of the change in hardness HV'S in the seam and in the heat affected zone
(as a percentage of the hardness of the base material) on the ratio of the distance of the hardness measurement point
to the width of the seam made by argon arc welding (half of the section is shown)
S ource: made by V.A. Ermakov.
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Jyis peanu3anuu NMpeiokeHHON MeToAUKH HeoOxoaumo noporosoe 3Hauenne KMH. B.I1. KoraeBsim
olpejesieHa Ha/le)KHash (PyHKIIMOHAIbHAs 3aBUCUMOCTH noporosoro 3HaueHust KMH ot npenena tekydectu
Marepuana 1 koddpuunenta acummerpun 0: K, =12,7-6-10"6,,. OnHako 3Ta 3aBUCUMOCTh aJIEKBATHO

INpUMEHNMAa TOJIBKO JUIs cTajel. [Io3ToMy B paMKax JaHHOTO HCCIIEIOBaHUS ObLIO IPOBEIEHO OIpe/eIeHHE
(byHKIIMOHAIBHBIX 3aBUCUMOCTeH nmoporosoro 3HadeHuss KMH ot npenena tekyuecTu aqlOMUHHUEBBIX CIUIa-
BOB. [Ipy 3TOM HCNOIB30BaHbI AKCIEPHUMEHTAIbHbBIE JaHHBIE aBTOPOB M JaHHbIE JIMTEPATYpHOro 0030pa,

CTaTHCTHYECKass 0OpabOTKa KOTOPBIX MMO3BOJIMIIA MONYYHUTh 3aBUCUMOCTH BUIa K, = f(co 2) npu ko3dpdu-

nueHTe acuMMmeTpuu 0 1T pa3HBIX THUIIOB aTOMHUHHEBBIX CIUTaBoB (9)—(11). 3aBucHMMOCTH TIpHBENEHBI B
tabn. 2. na cinasoB rpymmnsl Al-Cu-Mg gyHKIMOHANBHAS 3aBUCUMOCTh CTPOMJIACH MO JaHHBIM BOCHBMU
MCTOYHUKOB (Ta0I. 2), T.e. YCPEAHUIUCH JaHHBIE AKCTIEPUMEHTOB IS K&KJIO0TO U3 BOCBMH 3HAYCHHH mpejie-
Ja TeKydecTH (He MeHee Tpex 3amepoB). s crmaBoB rpymmsl Al-Mg — 1o mecTh, BKIIIoYas COOCTBEHHBIE
9KCIIEPUMEHTANIbHBIE UCCIIEIOBAHUS, Ul CIUIaBOB rpynmnsl Al-Zn-Mg — 1o nsTh, BKJIIOYas COOCTBEHHbIE
9KCTIEPHUMEHTAIbHBIC TaHHBIE.

Tabruya 2. @yHkuuoHaJbHbIE 3aBucuMocTi noporosoro KMH ot npenena tekyuyectu
Table 2. Functional dependences of the threshold stress intensity factor for the yield strength

JluTepaTypHble HCTOYHUKH,
Ko3¢puumnent xoppeasiuuun
I'pynna c 3?;?nepnmeﬂmg£nbmn HCIOJIb30BAHHBIE IPH
Ne | CM1aBOB / K = f ( Gy, ) nanabiv / Correlation (l)OpMyJIPlpOBKf (l)yfmunmlanl,ﬂblx
Group ! . coefficient 3aBucumocrteii / Literary sources
of alloys with experimental data used in the formulation
p of functional dependencies
1 | Al-Cu-Mg | K, =0,0128¢,, +0,6279 ©) R*=10,89 [26-33]
2 Al-Mg | K, =0,03396,,—1,7233 (10) R?=0,78 [34-38]
3 | Al-Zn-Mg | K, =0,00780,,+1,0767  (11) R*=0,86 [38-43]

M ctou4Huk: BeimonHeHo B.A. EpmakoBeiM / S o ur ¢ e: made by V.A. Ermakov.

AHanu3 noiry4YeHHbIX (PyHKIIMOHATIBHBIX 3aBUCUMOCTEH TO-
Kaszajl, 4TO IpU YBEJIMYEHUH IIpeaeia TEKYyUYEeCTH aJIFOMUHUEBBIX
cmaBoB noporopoe 3HaueHne KMH takike Bo3pacTaer B OTIMYHNE
OT CTajiel, y KOTOPBIX MOBBIIICHUE TIPENENIa TEKYYECTH MPUBOIUT
K CHIDKCHHIO K, .

Jns 30Hb1 mBa, BbioHeHHOro AJIC, Henb3sl NpUHUMATH
(yHKIIMOHANBHBIE 3aBHCUMOCTH, HMOCTPOSHHBIE IJIsI OCHOBHOTO
Metama. [IloB — 3TO pacriaBieHHBI B Mpolecce CBapKH U
KPUCTAJJTM30BABIIUNCSA MPU OXJKIECHUH MeTamn (CM. pHc. 5),
B TO BPEMSI KAK OCHOBHOM METaJlI MOJIy4eH ropsue MpOKaTKou ¢
MOCIIEAYIOMAM CTapeHueM. XUMHUYECKUNA COCTaB IBa, COITIACHO
[11], onmpenensercss MOJASIMH y4acTusi B €ro (hOpMHpPOBAHUHM OC-
HOBHOTO U MPUCAIOYHOTO MaTepUasoB U MOTepel 3IEeMEHTOB MIPU
UCIIApPEHUU U OKHUCIIEHUU B 30HE ropeHust 1yru. CienoBarenabHo,
XUMUYECKHI COCTAaB U MEXaHUYECKHE CBOICTBA I1BA HE COOTBET-
CTBYIOT CBOWCTBaM OCHOBHOTO MeTasuia. J{jsi 30HBI CBapHOIo
IBa TIPUHATHI JaHHBIE pabotel [44] K, =2,0 MITaVm. Peskas

Puc. 7. Tpemuna B cBapHOM IIBE y371a
KOHCTPYKIIHUH IICIIEXOHOTO MOCTa

B PE3YJIbTATC NUKINYCCKUX HCIIBITAHUH
W ¢ 1o uHwuK: BemonHeno B.A. EpmakoBeim.

Figure 7. A crack in a welded joint
of a pedestrian bridge structural assembly
resulting from cyclic testing
S ource: made by V.A. Ermakov.

rpanuna mexay 3HadeHusiMu noporoBoro KMH ceapuoro mBa u 3TB omocpenoBanHO MoATBEpKIaeTcs
YCTaJIOCTHBIMU HCHBITaHUAMU MocTa nposietoM 10 M u3 crutaBa 1915T, B pesynbrate KOTOPBIX TPELIMHbBI
00pa3oBaJIuCh UMEHHO B 111BE (puc. 7).
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Tabnuya 3. Kputepuanbhsbie 3Hauennss KUH (cruias 1915T)
Table 3. Criteria values of the threshold stress intensity factor (alloy 1915T)

OTHomenne paccTosinus Hpenen HWO“}?“"&;‘;‘“?‘_"? KHH, | gosocts paspymenns,
. OT LEHTPAa CBAPHOIO 1IBA TeKy4ecTH, th a-vVMm . .
JI:{I‘_O/ K ero mupuHe / The ratio HO;/S, MIla / Yield Threshold stress 14{‘1"1 ac(:l(l(ll'l It\gll;[ahﬁeﬁsé
: of the distance from the center ° strength, intensity factor, 8 Jm ’
of the weld to its width MPa Ku, MPa/m Kie (Kq) MPa-vm
1 0 _ 165 2,0 cornacho [44]/ 12,0 cornacuo [44] /
(LlenTtp mBa / Center of the weld) 2.0 according to [44] 12.0 according to [44]
5 1 70 178 2,5 coracHo (8) / 23,0 cormacho (8) /
(3TB / Zone of thermal influence) 2.5 according to (8) 23.0 according to (8)
3 2 9 235 2,9 cornacHo (8) / 31,0 cormacho (8) /
(3TB / Zone of thermal influence) 2.9 according to (8) 31.0 according to (8)
3 3,2 cormacHo (11)/
4 (OcHoBHoii metam / The base metal) 100 255 3.2 according to (11) 340

M c1ou4Huk: BemoaneHo B.A. EpmakoBbiM / S o ur ¢ e: made by V.A. Ermakov.

3.2. Mooenuposanue deghekmnocmu ceaprHozo MOHMANCHO20 wiéa ¢ npumenenuem JIMP

[Ipu pacueTax mpUHATO, YTO TPEIIMHA PACTET B HANPABICHUH MAKCUMAJIbHOTO 3HAYCHHS KOIPPUIIH-
€HTa MHTEHCHUBHOCTH HANpSOKCHUN TPU 3aJaHHON CXeMe HarpyXeHHsS U MapamMeTpOB TPEIIMHBI (NEpBBIT
IIar Mpy pacdere cpaBHeHUE KO3()(UIIMEHTOB MHTEHCHUBHOCTH HANpPSHKEHUH MO ABYM T'MIIOTETHYECKU BO3-
MOKHBIM HAIIPABJIEHUSIM POCTA), T.€. PEAIN3yEeTCsl BApUAHT MUHUMAJIBHBIX SHEpreTUYecKux 3arpar. [lpuns-
TO, YTO HanOOJIEe YaCcTO MPU MEPBUYHOM OOCIECTOBAHUU TTONYUIMIITUISCKUE TPEIIMHBI HIMEIOT COOTHOIIIE-
Hue [ =c. Pacuer metonom OIII" mokazai, 4T0 HAUMEHBIINN JOMYCTHMBIA pa3Mep aedeKTa MmoaydaeTcs Ipu
HKCIUTyaTallMOHHOM, a HE UCIIBITaTeIbHON HArpy3Ke JJIsl BCeX pacCCMOTPEHHBIX TUNOB AedekToB. Orpanuye-
Hug metoga OIIl' cooTBETCTBYIOT BBILLICIPUBEAEHHBIM orpaHudeHusiM mozaenu. Meron OIIl' umeer onuu
CYIIECTBEHHBIM HEIOCTATOK — OH YYBCTBUTEJICH K HEIMHEHHOCTH OTPAaHUYEHHI, HO BCE HAJIOKCHHbBIC
orpaHuyeHHs Mojeneil muHeiHbl. IMEeHHO MO3TOMY 3TOT MeToX ObUT BHIOpaH B KauecTBe pacyeTHoro. Pe-
3yJIbTaThl PaCYE€TOB MPOMLUIIOCTPUPOBaHbI Ipaduuecku (puc. 8—10).
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Bricora, mm / Height, mm

——3TB 1 / Zone of thermal influence 1

8000

Lentp mBa / Center of the weld

3TB2 / Zone of thermal influence 2 —®— Ocuosnoii metaiu1 / The base metal

Puc. 8. I[OHycTHMBIi/II pasMep NOIYIJUIMITHICCKOT O z[e(beKr a B 3aBUCUMOCTHU OT €ro pacCroJIOKCHU B BEPTUKAIIbBHOM MOHTAKHOM I11BE
W ¢ 1o uHwuK: BemonHeno B.A. EpmakoBeim.

Figure 8. The permissible size of a semi-elliptical defect depends on its location in the vertical mounting seam
S ource: made by V.A. Ermakov.
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Puc. 9. 3aBucumoctb Z[OHyCTPIMOﬁ paC‘IeTHOfI IIomaau MmoJIyS3JuIMnTU4eCKOro zxe(beKTa
BO BHYTPEHHEM KOJIbLIC nany6I<a pe3epByapa OT JJIMHBI JYyT'

W ¢ 1o uHuK: BemonHeno B.A. EpmakoBeim.

Figure 9. Dependence of the permissible calculated area of a semi-elliptical defect in the inner ring of a tank pipe on the arc length
S ource: made by V.A. Ermakov.
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Puc. 10. 3aBUCcUMOCTb JOIyCTUMOM pacueTHBIX ILIOIMIAAEH TPEIUH B IIBE BHELIHETO KOJIbLIA NAaTPyOKa

W ¢ 1o uHuK: BemonHeno B.A. EpmakoBeim.

Figure 10. Dependence of the permissible calculated area of cracks in the weld of the outer ring of the branch pipe
S ource: made by V.A. Ermakov.
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3.3. Onpedenenue 0ORYyCMUMbBIX RAPAMEMPOE ROPUCHOCHU

MexaHndeckre XapaKTepUCTUKH YYaCTKOB, 7€ CYILECTBYET BEPOATHOCTb IMOSABICHUS IOPUCTOCTH B
nporecce AJIC (3To nentp miBa u 18a yyactka 3TB), npusenens! B Tabin. 4. Kak u npu pacdyerax J0IMyCTH-
MBIX HECKBO3HBIX TPEIUH, MPUHATO, YTO U3MEHEHHE BCEX MEXaHMUYECKHX CBOWCTB MOAUYMHACTCS TOMY XKe
3aKOHY, YTO U JIOpPaMeTpusi. YCTaJIOCTHBIE CBOMCTBA LIEHTPA LIBA MPUHSTHI C YYETOM JIaHHBIX SKCIEPUMEH-

Ta, IPOBECACHHOI'O B paMKax JAaHHOT'O UCCICAOBAHUS.

I'padprueckoe mpencraBieHne 3aBUCUMOCTH JOITyCTUMOM OOIIEH TOPUCTOCTH MPH IKCILTyaTalluH pe-
3epByapa B BepTUKAILHOM cBapHOM IBe ¥ 3TB mokazano Ha puc. 11 u 12.

Tabnuya 4. Mexanu4yeckue cBoiicTBa ceapHoro msa u 3TB

Table 4. Mechanical properties of the weld and zone of thermal influence

Hentp mBa/ | 3TB1/Zone | 3TB2/Zone
Mexanuyeckue cBoiictBa, MIla / Mechanical properties, MPa Center of thermal of thermal
of the weld influence 1 influence 2
Ipenen Texyuectu /
Yield strength, o, , 165 178 235
ITpenen BIHOCIUBOCTU NpH KO3 ULIMEHTE aCUMMETPHHU IUKIIa, paBHOM 0 /
Endurance limit at a cycle asymmetry coefficient equal to 0, G, 72 80 101
0,45
< 0,4
PN
=
8 » 035
5%
g g
) % 0,3
>§ ‘_‘—é
% 025
= .2 5
S E
25 0
5 g
5= 015
5
gE 0l
23
52
O 0,05
3
=¥
0 A
0 10 20 30 40 50 60 70 80 90

Hanpsokenust, MIla / Rated stress, MPa

——Ilentp mBa / Center of the weld —#&—3TB1 / Zone of thermal influence 1

Puc. 11. 3aBucuMOCTh TOMYCTUMBIX 3HAYEHUH UCTHHHOI MOPUCTOCTH B AOJSX €AMHULIBI
OT HaNpsDKEHUH U MEXaHUYECKUX CBOWCTB MaTepHaja (BepTHKAJIbHBII 110B)

W c1o04HuK: BemonaeHo B.A. EpmakoBbIM.

Figure 11. The dependence of the permissible values of true porosity in fractions of one
on the stresses and mechanical properties of the material (vertical weld)

S ource: made by V.A. Ermakov.
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Puc. 12. 3aBucUMOCTb JOMYCTUMBIX 3HAYEHUI HCTUHHOM MOPHUCTOCTH
B JIOJISIX €JIMHULIBI OT BBICOTHI pe3epByapa (BepTHKAIBHBIN 1I0B)

W ¢ 1o04HnuK: BemonneHo B.A. EpmakoBbiM.

Figure 12. The dependence of the permissible values of true porosity
in fractions of a unit on the height of the tank (vertical weld)
S ource: made by V.A. Ermakov.

[To pesynsraram pacuera metonoMm bpangona [23] momyueHa JAByXIapamMeTpUUecKas perpecCHOHHas
3aBUCHUMOCTh JIOITYCTHUMOW IMOPUCTOCTH (B JONSAX EAMHUIIBI) OT Ipejesia BBIHOCIMBOCTH Marepuana u
HalnpspKeHUH B MecTe (opMHUpOBaHUs JedeKTa Ipy KodppHuiurueHTe acuMMeTpun 1ukia 0:

I = 1,2(0,00016 ~0,01326+0,5027)(~0,00185; + 0,332295, — 13,839).

Mogzenb ¥MeeT orpaHudeHHs 0 BXOAAMUM B Hee napamerpam 72 < 6,< 101, 7 < o < 82. Koadpdunu-

eHT HeconajeHus Teina 0,17, 4To yka3bIBaeT HAa BBICOKOE COBIAJIEHHE MOJEIBHBIX JAHHBIX C JaHHBIMHU
pacyeTHOTrO HKCIIEPUMEHTA, [0 KOTOPOMY OHa ObliIa MocTpoeHa. YacTHbIN k03(h(PUIIUEHT 3TaCTUYHOCTH MO-
JIEJIN 110 TIPeiely BBIHOCIMBOCTU MaTepuaia 2, o HanpsbkeHusM — 1,5. DTo 3Ha4MT, 4YTO IIPU YBEIMYEHUU
npeJesia BBIHOCIUBOCTH Ha 1 % 3HaueHue JOMyCTUMOM MOPUCTOCTU yBEIMUYUBaeTCs Ha 2 %, IpH yBeIude-
HUU HanpspkeHui Ha 1 % JOmyCTUMBIN apaMeTp NOPUCTOCTH yMeHblnaeTcs Ha 1,5 % mpu npounx paBHBIX
ycnoBusax. CrenoBaresibHO, MOXKHO CJIEJIaTh BBIBOJ O MPEBAIUPYIONIEM BIUSHUU Ha JIOIyCTUMBINA ITapaMeTp
MOPUCTOCTH MEXAHUYECKUX CBOMCTB Marepuana. OTo BiusHHe Ha 30 % Bpllle, YyeM BIHSHHUE YpPOBHS
HaNpsHKeHUH. AHAJIOTMYHO OBUIM MOJy4Y€HBbl 3HAYE€HHUs AOMYCTUMOM MOPUCTOCTU IJI 30H CBApHOIO ILIBAa U
3TB n1s BHENIHETO U BHYTPEHHETO KOJIEI] MaTpyOKa pe3epByapa.

I'padmueckoe mpencTaBiIeHne 3aBUCUMOCTH JIOMYCTUMBIX JHAMETPOB OAMHOYHBIX MOP MPH KCILTya-
TalMK pe3epByapa Mmop npuBeeHbl Ha puC. 13 (BepTUKATLHBIH 1IOB).

30HBI, I1e rpaduK OTCYTCTBYET, O3HAYAIOT, YTO HA JAHHBIX BBICOTAX ILIBA MOPHI MOJHOCTHIO HEOIY-
CTUMBI.
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Puc. 13. 3aBrcHMOCTD JOIMYCTUMBIX JUAMETPOB OAUHOYHBIX MOP OT BBICOTHI MECTA UX PACHOJIOKCHUS
B BEPTUKAJIBHOM IIBE IIPU IKCIUTyaTalluy pe3epByapa
W cTouHuk: BeinosnHeHo B.A. EpMakoBbIM.

Figure 13. The dependence of the permissible diameters of single pores on the height
of their location in the vertical weld during tank operation
S ource: made by V.A. Ermakov.

4. 3akjrouenune

1. JlokazaHa mpuHIMNHAIBHAS BO3MOKHOCTh TPUMEHEHUS TUHEHHON MEXaHWKH pa3pylIeHus it 00-
JaCTH CBApHOIO IIBA, 30HBI TEPMHUYECKOTO BIMSHUS U OCHOBHOI'O METajlla JUCTOBBIX KOHCTPYKLIMH W3
AJIOMHHMEBBIX CIUIABOB, HO C YY€TOM IONPABKM Ha IUIACTUYHOCTh MaTrepuaja, 4To IO3BOJWIO CO3/aTh
OPUTHHAJIBHYIO METOIMKY K HOPMHUPOBAHHIO J€(PEKTOB CBApHOro IBa, BhimosHeHHOTo AJIC, U 30HBI Tep-
MUYECKOIO BIMSHUS IPU CBAPKE aJJIOMUHHUEBBIX CIIJIABOB.

2. JIoka3aHo, YTO NP YBEIMYEHUH IpeeNa TeKYUECTH aJlOMHUHHUEBBIX CIUIABOB IIOPOrOBOE 3HAYECHUE
K03 puUIIMEeHTa HTHTEHCUBHOCTH HAIPSKEHHUI TakKe BO3PAcTaeT B OTIMYME OT CTajel, y KOTOPBIX MOBbI-
[ICHUE TpeJieNia TeKy4eCTH NMPUBOAUT K CHIDKEHHIO MTOPOTOBOTO 3HaueHUs ko3(dduuneHta MHTEHCHBHO-
CTH HanpspkeHuid. Ha 6a3e mpoBeeHHBIX KCIIEPUMEHTOB M JaHHBIX JIMTEPaTypHOTro 0630pa OblH chop-
MYJUPOBaHbl (DYHKIIMOHAJIbHBIE 3aBUCUMOCTH IOPOrOBOTO 3HauY€HUs Ko3((duiMeHTa HHTEHCUBHOCTH
HanpspKeHU OT Ipejierna TeKy4ecTH MaTepuaia JJis TPeX Pyl alFOMUHUEBBIX CIUIABOB C Pa3IMYHBbIM XH-
MHYECKAM H CTEXHOMETPHYCCKHM COCTaBOM KOMIIOHCHTOB K, =0,01280,, +0,6279 (UL CIUIABOB CHCTEMBI

Al-Cu-Mg), K, =0,03390,, —1,7233 (111 cinasos cuctembl Al-Mg), K, =0,0078-c,, +1,0767 (115 criiaBoB

cuctemsl Al-Zn-Mg).

3. IIpoBeneHo uccienoBaHue MUKPOCTPYKTYpbl cBapHOro mBa AJIC ¥ 30HBI TEPMUYECKOIO BIUSHUS,
KOTOpPOE BBISIBUIIO, YTO CTPYKTYpa IIBa COCTOUT M3 KPYMHBIX JEHIPUTOB O-TBEPJOTO PacTBOPA, MEIKO-
JUCTIEPCHON BTEKTHKH M HHTEPMETAJUIUIHBIX (a3, 9YTO COOTBETCTBYET JINTOW CTPYKTYpe MaTepuaa IiBa.
B nentpe mBa pacmnonoxeHsl 0ojiee MEJKHE IEHAPUTHI, pa3Mep KOTOPBIX YBETUUHUBAJICS IPU MPUOIMKEHUN
K 30HE TEPMHUYECKOTO BIMSHUS, YTO OOBSICHIETCS TPAJAUEHTOM CKOPOCTH OXJIAXACHUS MOCTE TPOXOXKICHUS
METaJUTypruyecKuX MpoLeccoB CBApKU. Pa3inuus B CTpyKType Marepualia BIUSAIOT Ha €ro MPOYHOCTHbBIE
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cBoiicTBa. [lomydeHa moaMHOMHANIbHAS 3aBUCHMOCTh M3MEHEHUS MEXaHMUYECKHX CBOMCTB Marepuana OT
OTHOILIEHHS PACCTOSHUS OT LIEHTPA I1IBa K €ro IIUpPUHE.

4.]Insa HauOosee ONMacHBIX AE€(PEKTOB CBAPHBIX IIBOB M 30HBI TEPMHUYECKOIO BIMSHUS NPEIIOKEHBI
MozenH, 0a3upyroIuecs Ha JIMHEMHOM MeXaHUKe pa3pylIeHus], C 00g3aTesIbHbIM yU4eTOM IONPaBKU Ha IUIa-
CTUYHOCTB. J{71s1 1e(heKTOB MOHTAXHOTO IIBA TUIIA MPOJOJIbHAS TPEIUHA, Pa3PO3HEHHBIE TPEIINHBI U MOA-
pe3 IpHUHATA MOAENb MOTYJUIUNTHUYECKON MOBEPXHOCTHOM TpeuiuHbl. i MOAENINpPOBaHUs MTOBEPXHOCT-
HBIX MOTY3JUIMITHYECKUX TPELIMH B 30HE OKOJIO KPYIJIOro OTBEPCTHs (30HA MaTpyOKa pe3epByapa) Ipeio-
’KeHo npuMeHats noaxon Lla (Shah), koTopslil paccMaTpuBaeT TPEIIMHBI KaK 4acThb JIMIICA B HEOTPaHU-
YEHHOM TeJlle, HO C MOMNPaBKON Ha KOHLIEHTPAIUIO HAIPSKEHU oT oTBepeTus. [ neeKToB TUIa BEITAHY-
Tas MOJOCTh U CBUIIL NPEII0KEHA MOZENb MOANOBEPXHOCTHON JIMIITUYECKONH TPEeIUHbL. J{JIs1 OLleHKH Io-
pucTtocTu mpuHATa Kiaccuueckas ¢opmyna M.IO. banbimmnza, cBs3piBarolias napamerp MOPUCTOCTH U
HPOYHOCTH KOMIIAKTHOTO U TIOPUCTOTO MaTtepuasa. s neeKkToB THIla ra30BoOi MOpHI pa3paboTaHa MOAEINb,
0a3upyronascs Ha KIACCHUECKUX IMOAXOAAX YCTAJOCTH METAJUIOB C yYETOM KOHIIEHTpAlUU HaNpsKeHUH.
WinmtocTpaTuBHBIE pacdyeThl 0 IpeularacMbIM MOAEISAM OKa3aJld, YTO JIOMYyCTHMBIE ITapaMeTpsl Ae(eKToB
OoJIbIIIE 3aBUCAT OT MEXAHUUECKUX CBOWCTB MaTepuasa B 30HE €r0 BO3HUKHOBEHMS, YEM OT HaNpsDKEHUN B
3TOM 30HE.

5.l Hauboree CII0AKHO MOAEIMPYEMOro Tuna Je()eKTa — MOPUCTOCTH MOJIyueHa JByXIapaMeTpu-
YyecKasl perpecCUOHHAas 3aBUCUMOCTD JIOIyCTUMOM MOPUCTOCTH OT MpeJelia BHIHOCIMBOCTH Marepuaia (Go)
U HampspkeHuil B Mecte ¢opMmupoBaHus aedexra (o) mpu kodpduumeHte acuMmerpuu nukia 0:

= 1,2(0,000102—0,013zc+0,5027)(—0,001803+ 0,332290, —13,839). Moyenb UMeeT OrpaHHyYeHHUs IO

BXoAAIMM B Hee napamerpam 72 < 6,< 101, 7 < ¢ < 82. HacTHbli K03()(UIMEHT 31aCTUMHOCTH MOAEIH 110

Ipeaelly BBIHOCIMBOCTU Marepuaia 2, no HanpsbkeHusm —1,5. CrenoBaresbHO, IPU YBEIMYEHUH Npeena
BBIHOCIMBOCTH Ha | % 3HaueHWe AOMYyCTUMOW MOPUCTOCTH YyBeluuuBaeTcs Ha 2 %, MpU yBEIMYECHUU
HanpsbkeHuit Ha 1 % AomycTUMBIM mapaMeTp NOPUCTOCTH yMeHbInaeTcs Ha 1,5 %.

B nanpHeiimeM mnpenmnonaraeTcs MPOBEACHHE SKCIEPUMEHTANBHBIX HCCIEAOBaHUN Je(EeKTHOCTU
CBapHBIX IIBOB B aJIIOMHUHHUEBBIX KOHCTPYKUUSAX, MOJTYUYEHHBIX PA3IMUHBIMU TEXHOJIOTUSIMU CBapKH, U pac-
HIMPEHUE HOMEHKIIATYPbl UCCIIEAYEMBIX CIIJIaBOB.
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Abstract. Coastal erosion in the Mekong Delta has intensified due to climate change and rising sea levels, necessitating robust
protective structures. This study evaluates the stability of a coastal revetment in Duyen Hai, Vinh Long province, using both two-
dimensional (2D) and three-dimensional (3D) numerical simulations. Vinh Long, following its 2025 administrative merger, faces
significant pressure from the East Sea’s irregular tidal regime and monsoon-driven wave energy. The stability analysis was
conducted using the Simplified Bishop Method within the Limit Equilibrium Method (LEM) framework via the GeoStudio
software suite (SLOPE/W and SLOPE3D). Results indicate that the safety factors (FS) for all considered load combinations, basic
and extreme, comply with the Vietnamese national standard TCVN 9901:2023. Notably, the 3D simulations yielded FS values
approximately 11.2% higher than the 2D counterparts, with the 3D model providing a more realistic representation of soil-
structure interaction by accounting for lateral resistance and interaction forces between cross-sections. Furthermore, under an
extreme loading combination representing the rainy season, where upstream discharge artificially elevates the landside water level
by 1.5 m, the safety factors decrease due to increased pore water pressure within the embankment. This research demonstrates that
while 2D analysis remains a conservative and safe approach for design, 3D modeling offers critical insights for cost-effective
design refinement and a more accurate understanding of complex failure mechanisms in soft-soil coastal foundations.
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Mekong Delta
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YeToitunBOCTH 0€peroBoro yKpemJjieHus ¢ ucnojib3osanneM 2D- u 3D-monesmmpoBaHust:
HCCJIe0OBaHUE HA TpuMepe Bunbiionra, Bbetnam

X.®. Tpan'”, H.T. ®am?”, B.T. JIe*”, B.®. Janr?™

! CoBeT 1o YIIPaBIECHHUIO CENbCKOXO3IHCTBEHHBIM IIPOEKTOM IIPOBUHIMK Bunbionr, Jlonz Yay, Bunvione, Bvemuam
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3 MucturyT npubpeskHol U MOpCKoii utkenepuu, Yo Kyan, Xowumun, Boemnam
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Ioctynuna B pepakuuio: 4 amnpens 2025 r.
JHopabotana: 28 mas 2026 r.
ITpunsra x my6iaukanun: 3 uroHst 2026 .

AHHoTanud. Opo3us mobepexss B JeIbTe MeKoHTa yCHImIach M3-3a H3MEHEHHs KIMMaTa ¥ MOBBIICHUS YPOBHSI MOpS, YTO Tpe-
OyeT BHEIpPeHMs HAAEXKHBIX 3AIUTHBIX COOPYKCHUH. ABTOpaMu NpPOBEJCHA OLIEHKA YCTOMYMBOCTH OEpPEroBOro YKpEIUICHUS B
paiione [lyenxail, npoBuHIUs BUHBIOHTL, ¢ ucnonb3oBaHueM JIByXMepHoro (2D) u tpexmepHoro (3D) uucineHHOro Moaenuposa-
Hus. Ilocne agMuHuCTpaTHBHON pedopmbl 2025 I. BUHBIOHT HCHIBITHIBAECT 3HAYUTENBHOE JABJICHUE CO CTOPOHBI HEPETYNISPHOIO
IPUIMBHOIO pekuMa BocTouHOro Mopsl 1 3HEpruu BOJIH, BBI3BaHHBIX MyCCOHaMU. PacueT Ha ycTOHYMBOCTD BBIIOJIHEH YIIPOLIEH-
HBIM MeToJioM bumona B pamkax meropa mpenenbHoro pasHoBecus (MIIP) ¢ momomsio nporpammuoro xomiuiekca GeoStudio
(SLOPE/W u SLOPE3D). Pe3ynbrarsl MoKa3bsiBaoT, 4to Kod(pduuuents 3anaca (K3) mast Bcex paccMarprBaeMbIX COYCTaHUN
Harpy30k — KaK OCHOBHBIX, TaK M OCOOBIX — COOTBETCTBYIOT TPeOOBaHMSIM HallMOHANIbHOro cTaniapra Beernama TCVN
9901:2023. IIpumeuarenbHo, 4To 3HaueHus K3, nomaydenHsle npu pacuere 3D-Monenu, okaszanuch IpuMepHo Ha 11,2 % Beiie,
yem y 2D-mozpenu. TpexmepHas Mojelnb AaeT 0osee pealTuCTHYHOE MPEACTaBICHUE O B3aUMOICHCTBUU TPYHTA M COOPYIKCHUS
3a cueT ydyeTa OOKOBOIO CONPOTHUBICHUS U B3aUMOMAEHCTBUS CUI MEXIY cedeHussMH. Kpome Toro, nmpu coueTaHuu Harpy3ok C
0COOBIMH BO3JEHCTBUSAMH, COOTBETCTBYIOIINMH CE30HY JOXKAeH (Korma cOpoc BOIBI HCKYCCTBEHHO IOBBIMIAET YPOBEHBb BOMIBI C
BHYTpPEHHEIl CTOPOHBI YKpeIuleHus Ha 1,5 M), k03¢ GUIUEHTH] 3aaca CHUXKAIOTCS U3-3a YBEIMUECHUS! IOPOBOTO JABIECHUS BOJBI B
Tene Hachmu. MccnenoBanne IeMOHCTPHpYeT, 9To 2D-pacueT ocraeTcs MOAX0A0M A 6e30MacHOTO IPOSKTHPOBAHMUS C U30BITOT-
HBIM 3allaCOM IIPOYHOCTH, OAHAKO 3D-MozenupoBaHue MPEAOCTaBIIET KPUTHUECKU BaXKHBIE CBEACHUS JUISI 3KOHOMUYECKON ONTHU-
MH3aIMi KOHCTPYKIUH U O0ee TOYHOTO MOHMMAHHS CIOXKHBIX MEXaHH3MOB pa3pyIIeHus (GyHZaMEHTOB B MATKHX IPHOPEKHBIX

rpyHTax.
KuroueBble c10Ba: yCTOMUMBOCTE 3aIMTHBIX COOPYKEHMH, METOJ| MpeebHOro paBHOBecUs, 2D-monenupoBanue, 3D-monenupo-
BaHUE, yIpOLIeHHbIN MeTox bumona, nensra Mekonra
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1. Introduction

Coastal erosion driven by climate change and sea-level rise represents a critical threat to low-lying
deltaic regions globally. In Vietnam, particularly within the Mekong Delta, this dynamic is exceptionally
severe. Currently, nearly 40% of the Vietnamese Mekong Delta’s 744.0 km coastline experiences severe
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erosion, with hotspot retreat rates reaching alarming levels of up to 50 to 95 meters annually [1]. The
underlying drivers of this catastrophic erosion are complex, involving climate-induced sea-level rise,
localized subsidence, and a critical reduction in sediment supply; the sediment load of the Mekong River
has plummeted from historical highs to an estimated 42 million tons per year due to extensive upstream
damming and sand mining [1]. Vinh Long province is highly vulnerable to these compounding factors.
Following the July 2025 national administrative reform, which consolidated Ben Tre, Tra Vinh, and Vinh
Long into a single provincial unit under Resolution No. 60-NQ/TW, drastically expanding its coastal
administrative boundary [2], the region faces unprecedented pressure from the East Sea’s irregular semi-
diurnal tidal regime (with amplitudes up to 3.5 to 4.0 meters) and monsoon-driven wave energy.

To counteract these existential threats, provincial governments have implemented structural protective
measures covering approximately 68% of the affected shorelines in the Mekong Delta [3]. Structural
engineering interventions, including traditional sea dikes, Busadco breakwaters, semi-circular breakwaters,
and centrifugal pile-rock systems, have been widely deployed [3—11]. Empirical monitoring demonstrates
the physical efficacy of these structures; for instance, breakwaters in the region achieve a 62% reduction in
wave transmission heights, facilitating rapid sediment storage and creating alluvial offsets at rates up to
3.1 cm per month. However, while these structures effectively mitigate hydrodynamic forces, their
placement on the highly cohesive, low-bearing-capacity soft clays characteristic of the Mekong Delta may
cause significant potential slip failures.

Despite extensive documentation regarding the hydrodynamic performance and wave-reduction
efficiency of these physical coastal defenses, a critical analytical gap persists regarding the computational
modeling of their geotechnical stability. In engineering practice, stability analyses of protective structures
and coastal embankments are overwhelmingly performed using two-dimensional (2D) Limit Equilibrium
Methods (LEM) [12—15], treating the slope as an infinite plane-strain condition. While computationally
efficient, contemporary geotechnical advances demonstrate that 2D plane-strain assumptions systematically
yield a highly conservative factor of safety by artificially assuming the shear resistance along the lateral
boundaries (end effects) of the finite sliding mass is exactly zero [16]. Modern variational limit equilibrium
frameworks prove that for slopes comprised of highly cohesive soils, the magnitude of this 3D spatial effect
increases approximately linearly with soil cohesion [16]. Therefore, relying exclusively on 2D methodologies
systematically underestimates safety margins and can lead to the specification of over-engineered, excessive
physical reinforcements, necessitating the adoption of advanced 3D spatial modeling to accurately capture
realistic failure mechanisms.

Therefore, the specific object of this research is the 900-meter-long Long Huu — Hiep Thanh coastal
revetment system, constructed on highly cohesive soft-soil foundations in Duyen Hai, Vinh Long province.
The primary aim of this study is to evaluate the structural stability and identify the complex spatial failure
mechanisms of the revetment under dynamic, monsoon-driven hydrological loading conditions. To fulfill
this aim, the specific objectives of the study are: (1) to execute comparative steady-state seepage and limit
equilibrium stability analyses using Bishop’s Simplified Method in both 2D (SLOPE/W) and 3D (SLOPE3D)
computational environments; (2) to quantitatively assess the safety factor variance generated by the
inclusion of lateral shear resistance inherent to 3D space in cohesive clays; and (3) to rigorously validate the
structural integrity of the revetment against the threshold criteria mandated by the TCVN 9901:2023
national standard under both basic and extreme loading combinations.

2. Research Methods

Slope stability is one of the most important and challenging problems in geotechnical engineering,
directly related to the safety of infrastructure projects such as dams, roads, and mining areas [12; 13].
Mechanically, a slope is considered stable when the anti-slip forces of the soil mass are large enough to
resist the sliding forces caused by gravity or external influences. In the history of soil mechanics, the Limit
Equilibrium Method (LEM) has become a dominant tool due to its high practicality. Among the LEM
methods, the Bishop method, specifically the simplified Bishop method, plays an important bridging role
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between less accurate classical methods and complex modern methods. Bishop’s simplified method is based
on key mechanical assumptions to address the static indeterminacy of the problem [12]. First, this method
applies only to slip surfaces in the shape of a circular arc. Second, Bishop assumes that the shear forces
between blocks (X) are zero, meaning that the interaction forces between the soil blocks consist only of
horizontal normal forces (£). Third, the safety factor is calculated based on the overall moment equilibrium
condition with respect to the center of the circular slip surface and the vertical force equilibrium for each
individual block. Although this method does not satisfy the horizontal force balance condition for the entire
mass, experimental and verification studies have shown that Bishop’s safety factor results are often very
close to those of more accurate methods, such as the Spencer or Morgenstern-Price methods. This makes
Bishop the commonly adopted method in engineering practice for analyzing circular slip surfaces.

In slope stability analysis, the two-dimensional (2D) simulation method is the most popular in
engineering practice due to its convenience and long history of development. 2D simulations are based on
the assumption of plane deformation, in which the sliding mass is divided into vertical slices [12; 13].
2D analysis has a distinct advantage in terms of computational efficiency. Solving a 2D problem typically
takes only a few seconds to a few minutes, allowing engineers to perform a series of sensitivity analyses
of geological and hydrological variables. Furthermore, 2D methods (such as simplified Bishop or
Morgenstern-Price) often yield lower (conservative) safety factors than observed in reality, due to the
omission of resistance at the edges of the sliding mass [16]. This inadvertently creates a safety margin for
the structure design. The primary technical constraint of 2D analysis is its inability to describe complex
geometric conditions. For embankment sections with horizontal curvature, abrupt changes in embankment
crest elevation, or heterogeneous geology along the alignment, the plane deformation assumption becomes
unsuitable. In addition, 2D analysis does not account for lateral resisting forces, which are crucial for
stabilizing finite-sized sliding masses.

To address the limitations mentioned above, three-dimensional simulation has become increasingly
attractive. In which the Slope3D module extends the capabilities of GEOSTUDIO by applying a method
of columns instead of slices, allowing for the simulation of sliding masses in real three-dimensional space
[16—19]. This provides a highly suitable analytical framework for complex geotechnical systems that cannot
be fully covered by 2D models. The advantages of 3D modeling lie in its ability to fully consider boundary
effects and slope curvature. Studies have shown that for highly cohesive soils and large depth-to-surface
landslides. Slope3 allows direct integration of 3D geological models from software such as Leapfrog,
enabling accurate depiction of weak points, faults, and changes in subsurface layers. The ability to search
for landslide surfaces using the Cuckoo algorithm or automatic optimization helps to determine a more
representative failure mechanism in complex space. 3D analysis requires a much larger amount of
geological and topographic survey data than 2D analysis [20]. The modeling process and problem-solving
time are also more expensive, sometimes requiring powerful computing systems and a significant
investment in software and personnel training. The introduction of Slope3D into the GeoStudio ecosystem
represents a leap forward in the ability to capture realistic three-dimensional failure mechanisms. Instead
of considering only a single cross-section, Slope3D allows for the simulation of the entire potential slip
mass, thereby accounting for side resistance, a factor that often increases the safety factor compared to
2D analyses. Comparative studies show that 3D safety factors are typically 15 to 30% higher than 2D under
symmetrical conditions. Still, they may be lower if the geology has localized weak areas that a 2D cross-
section cannot fully cover.

Slope3D extends Bishop’s theory by replacing 2D slices with vertical 3D columns, as shown in
Figure 1. The potential sliding mass in 3D space is discretized into a network of columns with cross-
sections (dxxdy) [21]. Each of these columns becomes a basic computational unit, subject to a more
complex system of forces in three-dimensional (x, ), z) space. For any given column in Slope3D, the forces
involved include its own weight (W), the pore water pressure at the base of the column (U), the normal
force at the base (N), and the mobilized shear force at the base (S) [19; 22]. Similar to 2D, the lateral
interaction forces between columns play a crucial role in establishing equilibrium.
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Soil column (j, k)

Failure surface

Figure 1. Forces acting on the soil column
S ource: made by H.P. Tran.

In GeoStudio’s Bishop 3D method, the following simplification assumptions are applied [17; 20].
First, side shear forces between columns in the vertical direction are ignored (total equal to zero). Second, it
is assumed that normal interaction forces between columns are horizontal. Finally, the direction of slip of
the entire mass is determined uniformly, usually the one with the greatest tendency toward instability.

The Bishop 3D safety factor equation, Eq. (1), can be expressed as an integral over the entire projected
area of the sliding block [19]:

_ ZRj,k (cj,kAj,k +Wj,k (l—ruj’k )tal’l@j’k )/maj’k

FS
LWk [Rj,kmz + keqej,k]

(1

The coefficient m, j for each column (j, k) now depends on the normal vector of the slip surface at
the bottom of that column and the assumed slip direction. A subtle point in Slope3D is the handling of the
normal force (N). Because N depends on FS, the problem in 3D becomes more sensitive to boundary
conditions and slip surface shape, especially when the slip surface is not a perfect sphere.

3. Case Study

The construction site is located at Duyen
Hai Town, Vinh Long Province, Vietnam, as
illustrated in Figure 2. This is a 900 m long
construction line that is going to be constructed
: ? to protect the shoreline in this area. The cross-
Existing section of the coastal revetment and the soil
g ‘ 3 properties of the soil at this construction site
are presented in Table 1 and Figure 3. Two
distinct loading combinations were established
for the numerical simulations, i.e., basic and
extreme loading combinations. Basic loading

Figure 2. Location of the construction site o . o
Source: made by H.P. Tran. combination represents the high-probability,
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everyday operational conditions of the coastal defense system with the landside water level at +1.00 m and
the seaside water level at —2.57 m. Extreme loading combination simulates a low-probability, critical stress
event representative of the monsoon rainy season. Under this condition, heavy upstream discharge
artificially elevates the landside water level by 1.5 meters relative to the normal level. Thus, the landside
water level is at +2.50 m, and the seaside water level is at —2.57 m. This differential creates a severe
hydraulic gradient, drastically increasing pore water pressures within the embankment body and foundation,
thereby representing the most severe threat to slope stability in this area.

Table 1. Soil properties

Item Symbol Unit Embankment Layer 1 Layer 2 | Concrete | Crushed stone
Unit weight Y kN/m® 18.9 18.9 16.5 24.0 22.0
Saturated unit weight Ysat kN/m? 19.1 19.1 16.6 24.0 23.0
Friction angle 0] Degree 22.03° 22.03° 4.10° 35° 40°
Cohesion c kPa 6.9 6.9 6.0 1000 5
Hydraulic conductivity kx, ky m/s 6.74e-06 6.74e-06 | 5.94e-08 - -

S ource: made by H.P. Tran.

Color Name Unit Effective  Effective
Weight Cohesion Friction
(KNm*) (kPa) Angle (°)
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Figure 3. Cross-section of the coastal revetment and soil materials
S o urce: made by H.P. Tran.

4. Results and Discussion

4.1. Seepage and Stability Results

The analysis results from SLOPE/W 2D and SLOPE3D are shown in the figures below for three load
combinations: the basic load combination and the extreme loading combination. First, the seepage analyses
were carried out for these two load combinations as presented in Figure 4 to Figure 7. It is obvious that both
the 2D and 3D simulations provide the same results of the piezometric line from the landside to the seaside
and also the same of the pore-water pressure contour. The seepage flow mostly occurs at the embankment
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and soil layer 1 to the toe of the embankment. It can be observed through Figure 8, which is a plot of the
water rate at the toe on the right side of the embankment, the water rate at Point 2 is higher than that of the
others. Additionally, the water rate at Point 2 obtained from the 3D simulation is higher than that of the 2D
simulation by around 40%. Thus, there is a structure placed at the embankment toe to collect the water and
to prevent the erosion caused by this flow.

Water Pressure
O = 60--30kPa

O 30-60kPa
O 60- 90 kPa
O a0- 120 kPa
0 120-150 kKPa
O 150- 180 KPa
0 180-210 kPa
O 210- 240 kPa
O =240 kPa

Elevation [m]

| | | | | [ 210 e | | | | \ | |

0 5 10 15 20 25 30 35 40 45 S0 55 60 65 70 IE] a0 85

Distance [m]

Figure 4. Seepage analysis using 2D simulation for basic loading combination
S ource: made by H.P. Tran.
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® -30.000 - 0.000 kPa
® 0.000 - 30.000 kPa
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®60.000 - 90.000 kPa
= 90.000 - 120.000 kPa
H 120.000 - 150.000 kPa
= 150.000 — 180.000 kPa
H 180.000 — 210.000 kPa
= 210.000 — 240.000 kPa
“ > 240.000 kPa

Figure 5. Seepage analysis using 3D simulation for basic loading combination
S ource: made by H.P. Tran.
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Figure 6. Seepage analysis using 2D simulation for extreme loading combination
S ource: made by H.P. Tran.
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Figure 7. Seepage analysis using 3D simulation for extreme loading combination
Source: made by H.P. Tran.
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Figure 8. Seepage analysis using 3D simulation for extreme loading combination
S o urce: made by H.P. Tran.

Next, the stability analyses were conducted for both loading combinations using both the 2D and
3D simulations. The results are presented in Table 2 and Figure 9 to Figure 12. In general, the structural
stability was evaluated against the safety thresholds prescribed by the Vietnamese National Standard
TCVN 9901:2023 (Sea dike structures — Require-ments for design) [23]. This standard utilizes a limit state
design approach, mandating minimum allowable factors of safety, [K], that reflect the reliability index
required for coastal infrastructure in soft-soil environments. For the basic load combination, the standard
requires [K] > 1.10. For extreme combinations (incorporating a simulated 1.5 m storm surge), the threshold is
adjusted to [K] > 1.05 to account for the low probability of such events. These values align with global risk-
based engineering frameworks, such as Eurocode 7’s partial factor logic, which balances economic material
allocation with a low probability of structural failure. As presented in Table 2, the deterministic stability
analysis reveals that the revetment is safe under the basic and extreme load combinations according to the
Vietnamese National Standard TCVN 9901:2023. It can be seen that the basic load combination yields the
higher safety factor, while the special load combination yields the lower safety factor. This can be explained
by the fact that, for the extreme loading combination, the water level on the landside is 1.5 m higher than in
the basic loading combination. This results in a higher piezometric line, increasing pore water pressure in
the embankment body, thereby reducing the stability of the coastal revetment.

Table 2. Safety factor from stability analysis

Loading Combination 2D 3D [K] Check
Basic loading combination 1.311 1.459 1.10 OK
Extreme loading combination 1.252 1.389 1.05 OK

Source: made by H.P. Tran.
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Figure 9. Stability analysis using 2D simulation for basic loading combination
Source: made by H.P. Tran.

F of $=1.459
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b

Figure 10. Stability analysis using 3D simulation for basic loading combination:
a — Front view; b — 3D view
Source: made by H.P. Tran.
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Figure 11. Stability analysis using 2D simulation for extreme loading combination
Source: made by H.P. Tran.
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Figure 12. Stability analysis using 3D simulation for extreme loading combination:
a — Front view; b — 3D view
S ource: made by H.P. Tran.
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4.2. Discussion on the 3D Spatial Effects

Comparing the results between 2D and 3D simulations, it can be seen that the safety factor in the 3D
simulation is higher than in the 2D simulation (approximately 11.2%). The observed 11.2% increase in the
FS obtained from 2D plane-strain to 3D spatial frameworks is consistent with the established performance
of LEM in cohesive soils. This variance is fundamentally driven by the mobilization of lateral shear
resistance and interaction forces along the z-axis of the finite sliding mass, which are mathematically
omitted in 2D models. Our findings align closely with the empirical benchmarking conducted by
Shoffiana, A. et al. (2022) [24], who reported 3D/2D FS ratios ranging from 1.09 to 1.397 (a 9 to 40%
difference) for embankments on soft foundations. While some studies, such as those by Bahsan and
Fakhriyyanti (2018), have reported higher ratios reaching 1.44 [25], the 11.2% increase in this study is
theoretically consistent with the specific geotechnical properties of clay layer 2. According to the variational
limit equilibrium frameworks established by Zhang et al. (2024), the magnitude of the 3D effect is highly
sensitive to soil cohesion; in purely frictional soils, the 3D effect vanishes, whereas it increases
approximately linearly with the dimensionless cohesion parameter c¢/(y.H.tan®) [16].

Furthermore, the study by Xue et al. (2025) utilized a 3D Finite Difference Method (FDM/FEM) and
reported a relatively small safety factor increase, from 1.27 in the 2D analysis to 1.311 in the 3D analysis,
for their reinforced slope [26]. This narrower margin of increase is mechanistically attributed to the
fundamental differences between FEM/FDM and LEM. Finite Element and Finite Difference frameworks
inherently calculate complex stress-strain redistributions, localized volumetric yielding around structural
reinforcements (such as piles), and capture massive reductions in spatial displacement. These strain-based
mechanics often result in more conservative scalar safety factors for reinforced structures. In contrast, the
3D Limit Equilibrium Method (LEM) utilized in this current study focuses purely on statics, directly
integrating the lateral boundary resistance of the highly cohesive natural clay matrix into the force-balance
equations. By recognizing these distinct mechanical functions and methodological behaviors, the 11.2%
variance is validated not as a numerical inconsistency, but as a mathematically precise evaluation of spatial
confinement within a pure LEM framework.

As of 2026, the majority of engineering design standards in Vietnam still require a 2D simulation to
verify the stability of the coastal revetment. However, the 2D simulation seems to underestimate the
stability of the protective structure system compared to reality. It implies that using 2D simulation in
practice design can be safer but inefficient in terms of the economic aspect. The question of using 2D or 3D
simulation in practice design should be discussed more in future research.

5. Conclusions

This paper conducted the stability analysis for the coastal revetment, which aims to protect the
shoreline located in Vinh Long province, Vietnam, from erosion, using 2D and 3D simulations. The results
can be stated as follows:

1. The implementation of the Long Huu — Hiep Thanh revetment geometry successfully mitigates
macroscopic slope instability on highly cohesive, low-bearing-capacity foundations. Deterministic analyses
confirm that the structural configuration maintains safety factors of 1.252 (2D) and 1.389 (3D) under extreme
conditions featuring a 1.5-meter simulated water level increase. These values strictly satisfy the high-stress
threshold requirements ([K]> 1.05) mandated by the Vietnamese national standard TCVN 9901:2023,
validating the design's resilience against severe climate-induced storm surges.

2. Three-dimensional slope stability modeling, utilizing the column method framework, yields safety
factors approximately 11.2% higher than equivalent 2D plane-strain simulations for the same critical slip
surfaces. This numerical divergence is theoretically sound and mechanistically attributed to the mobilization
of lateral shear resistance and interaction forces along the z-axis of the finite sliding mass, which are
artificially omitted in 2D assumptions but become highly pronounced in the cohesive clays characterizing
the Mekong Delta.
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3. For linear coastal infrastructure lacking complex concave or convex topographical geometries, 2D
and 3D numerical seepage models exhibit negligible variance in calculated piezometric flow lines and pore
water pressure distributions. Under these specific, straight-axis longitudinal conditions, 2D steady-state
seepage analyses remain quantitatively robust, indicating that computationally expensive 3D groundwater
flow modeling is unwarranted unless significant lateral foundation inhomogeneities or sharp coastal
curvatures are present.

4. While traditional 2D Limit Equilibrium Methods serve as a highly conservative benchmark ensuring
maximum structural safety, the routine mathematical omission of lateral boundary effects systematically
suppresses the perceived structural capacity of the slope. Consequently, this over-conservatism inevitably
leads to the specification of over-engineered, excessive physical reinforcements. The application of 3D
spatial stability analysis presents a mathematically validated pathway for cost-effective design refinement,
allowing engineers to safely optimize material allocation in massive, capital-intensive coastal infrastructure
projects without compromising regulatory safety thresholds.
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AnHoTanus. DPYEeKTUBHOCTh HCIOJIB30BAHUS KOMIIO3MLIMOHHBIX MaTepUallOB B Pa3iIMYHBIX KOHCTPYKUUSIX B HEPBYIO OYepeidb
3aBHUCUT OT COBEPUHICHCTBA PACUCTHBIX METOAOB U TOYHOCTH MPOCKTUPOBAHUSA. YuuteiBas HIMPOKOE NMPUMEHCHHUE MJIACTUH U3 KOM-
TIO3UIIMOHHBIX MaTepHAaIOB B MHXKEHEPHBIX KOHCTPYKLUIX, 3a]Ja4H, CBI3aHHBIE C MX M3THOOM IOJ JefiCTBHEM Harpy3KH, peraroT-
Cs1 C UCTIOJIB30BAHUEM PA3JIMYHBIX MAaTCMAaTUYCCKUX METOAOB. PaCCMOTpeHa TOHKas MPsAMOYTOJIbHAsA IJIACTUHKA IIOCTOSIHHOM TOJI-
IIMHBL. MaTepuai IUIaCTUHKM YIIPYTUil U OPTOTPOIHBIA. B KauecTBe MCXOMHOTO ypaBHEHHs UCIIONb3YETCsl ypaBHEHUE KilacCHde-
CKOM Teopuu u3ruda TOHKMX aHHU30TPOIHBIX IUIACTHH, B OCHOBE KOTOPOH JIEXKUT U3BECTHAS TMIIOTE3a HeleOPMHUPYEMBIX HOpMa-
neii. TlocraBneHa 3agada MOCTPOCHUS aHAIUTHYECKUX PEIICHUN Ul TOHKOH OPTOTPOITHOW IUIACTHHKH, IIAPHUPHO ONEPTOH IO
BCEM CTOPOHAM M HaxXOJAIIEiCs MO NeHCTBUEM CTaTHYECKOI HAarpy3Kku, NPUIOKEHHOH Ha orpaHudeHHol ooOnactu. [Ipencrapie-
HBI JIBa BapyUaHTa HarPy>KeHHs: IEPBBIH — EHCTBUE MOJIOCOBOI HArpy3KH, BTOPOH — AEHCTBUE HArpy3KH, MPHIOKEHHOH B Tpe-
Jienax npsiMoOyrojibHOM obnactu. J{iist pemeHust ypaBHEHHs CTaTHYECKOro U3ruba IiacTUHKY IPUMEHSIETCsl OTIePallMOHHOE HCUHC-
JIeHue, CBsi3aHHOe ¢ mpeobpasoBanueM Jlamaca. [IpuBeneHs! IpiuMepsl pacueToB. B kauecTBe TECTOBBIX 3a[a4 PacCMOTpEHa Iria-
CTHHKA M3 yIJIETJIaCTHKA O/ IeHCTBUEM HArpy3KH, paBHOMEPHO NPUIIOKEHHOM 10 MPsIMOYTOIbHOW 00nacTu. YucieHHble pacye-
ThI BBINOJTHEHBI C UCIIOIB30BaHUEM MakeTa KommbloTepHor anreopsl MathCAD. IIpoBeneHbl CpaBHUTEIbHBIE UCCIICAOBAHUS ISt
[IPOBEPKHU JIOCTOBEPHOCTH ITOJYYEHHBIX PE3YJIBTATOB.

KuiroueBble cjioBa: psAMOYTOJIbHAA MJIaCTUHKA, KOMITO3UITHOHHBIN Marepual, YInpyrocrb, CTaTHieCKas Harpyska, I[I/I(b(l)epCHHI/I-
AJIBHOC YPAaBHCHHUE, OIICPAITMOHHOC UCUYNUCIICHUEC, AaHATUTHYICCKOEC PEIICHUEC

Bxuaanx aBropoB: [[lacusanees K.@. — KOHLENIHS UCCIIC0BAHNUS, pElICH3UpOBaHue U BoIBobI; Cyprun /[.A. — pacdert, 00paboT-
Ka pe3yJbraroB, Hanucanue tekcta; Cypuuna E.K. — 0030p nuteparypsl, peiakTUpoBaHue. Bee aBTOphI cenany SKBUBAJICHTHBIN
BKJIa/l B TIOATOTOBKY ITyOJIHKaIK. ABTOPBI O3HAKOMJICHBI C OKOHYATEJILHON BepCHEl CTaThbU U OJI0OOPUIIH €e.

3asiBienue o KOHq)ﬂHKTe HHTEPECOB. ABTOpI)I 3asABIIAIOT 00 OTCYTCTBUHU KOH(l)J'II/IKTa HUHTCPCCOB.

3asiBjienne 00 HCIOJbL30BAHMHU TEXHOJOTHi HCKYCCTBEHHOI0 HHTE/JIEKTA. l'[pn CO31aHuH HaCTOHHIGﬁ CTaTb TCXHOJIOTHUH
T€HCPATUBHOT'O HCKYCCTBEHHOI'O MHTCIIJICKTA HE UCIIO0JIb30BAJIHCh.
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Abstract. The effectiveness of using composite materials in various structures primarily depends on the sophistication of the
calculation methods and design accuracy. Considering the widespread use of plates made of composite materials in engineering
structures, problems associated with their bending under load are solved using various mathematical methods. The present study
considers a thin rectangular plate of constant thickness. The plate material is elastic and orthotropic. The underlying equation is the
equation of the classical theory of bending of thin anisotropic plates, which is based on the well-known hypothesis of non-
deformable normal lines. The objective is to construct analytical solutions for a thin orthotropic plate, simply supported on all
sides and subjected to a static load applied over a limited area. Two loading cases are considered: the first is the action of a strip
load, the second is the action of a load applied over a rectangular area. To solve the equation of static bending of the plate,
operational calculus associated with the Laplace transform is used. Examples of calculations are given. A carbon fiber plate under
the action of a uniformly distributed load over a rectangular area is considered as a test problem. Numerical calculations were
performed using the MathCAD computer algebra software. Comparative studies for verification of the reliability of the obtained
results were carried out.

Keywords: rectangular plate, composite material, elasticity, static load, differential equation, operational calculus, analytical
solution

Authors’ contribution: Shagivaleev K.F. — conceptualization, review and conclusions; Surnin D.A. — analysis, processing of
results, writing; Surnina E.K. — literature review, editing. All the authors have made an equivalent contribution to the preparation
of the publication. The authors read and approved the final version of the article.

Conflicts of interest. The authors declare that there is no conflict of interest.

Statement on the use of artificial intelligence technologies. No generative artificial intelligence technologies were used in the
creation of this article.

Data availability. All data obtained during this study are included in the article being published.

For citation: Shagivaleev KF, Surnin DA, Surnina EK. Bending of an orthotropic thin plate simply supported on all sides.
Structural Mechanics of Engineering Constructions and Buildings. 2026;22(3):235-252. (In Russ.) http://doi.org/10.22363/1815-
5235-2026-22-3-235-252 EDN: LFEAKE

1. BBenenue

CoBpeMeHHbIe KOMIIO3UIIMOHHBIE MaTepualibl Oarofapsi CBOei BBICOKOHM y/IeJIbHOM IPOYHOCTH U KECT-
KOCTH IIO3BOJISIIOT CO3/1aBaTh JIETKUE, IIPOYHBIE U JOJITOBEYHbIE KOHCTPYKLUHU, KOTOPBIE UCIONB3YIOT B pa3-
JMYHBIX OTPACISX MPOMBIIUIEHHOCTH. B OT/IM4Me OT M30TPONHBIX MaTepHajioB (CTajb, ATIOMUHHIA), CBOM-
CTBa KOTOPBIX OJJMHAKOBBI BO BCEX HANPABICHUAX, KOMIO3UTHl YACTO UMEIOT TPU B3aUMHO MEPIEHIUKYIISIP-
HBIE€ IIJIOCKOCTH YIPYIOMl CHMMETPHH, TO €CTh SIBISIOTCS OPTOTPONHBIMU MarepHallaMU. IJTO MO3BOJSET
MaKCUMaJIbHO 3 (QEKTUBHO UCIIOJIF30BATH MPOYHOCTH BOJIOKOH B HAINIPABICHUHU IIABHBIX HampspkeHui. Op-
TOTPOIIHAS NMPSAMOYTOJIbHASI TUIACTUHA CUUTACTCS KJIACCUYECKUM NMPUMEPOM IMPUMEHEHHUS] KOMITO3UIIMOHHBIX
MaTepuasoB B MalIMHOCTPOEHUH, IPaXJaHCKOM CTPOUTENILCTBE, CyA0CTPOCHUHU, He(hTEra30BOM U aBUAKOC-
MUYECKON MPOMBIIIIEHHOCTH. [10aTOMY MCClle0oBaHus MOBEAEHHSI OPTOTPOIHBIX IUIACTHH O] AEHCTBUEM
pa3HBIX BUJOB HAarpy30K BBHI3BIBAIOT HEOCIA0EBAIONINN HHTEPEC YUCHBIX U HHKCHEPOB Ha MPOTSHKEHUH YKe
MHOTI'HX JIET.
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O0630p nuTEpaTypHl MOKA3BIBACT, YTO JJISI UCCIIEIOBAHUS HANPSHKEHHO-1e()OPMHUPOBAHHOTO COCTOSHUS
TUTACTHH IIUPOKO MPUMEHSIOTCSl YHCICHHBIE METO/bI, TAKME KaK METOJl KOHEUHBIX 3JIeMEHTOB [1; 2], MeTox
KOHEYHBIX pazHocTeil [3], MeTon rpaHMyYHBIX 3y1eMeHTOB [4], GecceTounslii MeTox [5] U Ap., ¢ MOMOIIBIO
KOTOPBIX MOXKHO TPOAHAIM3UPOBATh M3TUO IIACTUH C PA3IMYHBIMU KpPAaeBBIMH YCIIOBHUSMH, CXEMaMH
HarpykeHust 1 cBoicTBamMu marepuana. OJHAKO, XOTS BbIIIEYTIOMSIHYTbIE YUCIEHHBIE METO/bI YIOBIETBO-
PAIOT UHXKEHEPHBIM TPEOOBAHUSAM C MPUEMIIEMOI MOTPEIIHOCTIO, OHU JAIOT NPUOIMKEHHOE pelIeHHe, YTO
SIBJISIETCS MX TJIABHBIM HEJJOCTATKOM.

[TosTOoMy HcciieoBareny MpoIODKAIOT U3ydaTh aHATUTUYECKHE U MOTyaHATUTHYECKUE METOABI JJIs
Oosiee TOCTOBEPHOIO aHalM3a paccMaTpUBAeMOM 3ajadyd M pa3pabOTKU TOYHBIX AaHATUTHUECKHX pelIeHUi
JUTS IPOBEPKU YHCTICHHBIX (MTPUOJIMKEHHBIX) pereHnii [6—21].

Jnst aHanu3a u3ruda MpsIMOYTOJBHBIX TOHKUX IUIACTHH NMPHMEHSIOT KJIACCHUYECKUE TPaJUIIMOHHBIC
nojyoOpaTHble METO/Ibl, Takue Kak perienne Hasbe u pemienue JleBu [6], ¢ MOMOIIbIO KOTOPBIX MOKHO pe-
[I1aTh TOJBKO CTAaTUYECKHUE 3a/1a4M M3TH0a MIACTUHBI C ABYMS MPOTUBOMOJIOKHBIMHU IIAPHUPHO-OTIOPHBIMU
kpasimu. [lomyoOpaTHbiif MeTO] OOBIYHO HE MO3BOJISET MOMYYUTh CIUHBIN aJTOPUTM PELICHHUS, TTOCKOIbKY
TpebyeT nondopa NpoOHBIX QYHKIMH I KaXI0To ClIydas, YIOBIECTBOPSIOIIUX KaK pa3peliaieMy ypaB-
HEHUIO, TaK ¥ TPAHUYHBIM yCcIoBHAM. [ nccienoBanus MIACTUH UCTIONB3YIOT TAKXKE METOJ CYIepIio3u-
uuu [7; 8], meton cumiuiekTuueckoi cynepno3uiuu [8—10], pacuupennsii Mmeton Kantoposuua [11; 12],
METOJl KOHEUHOTO MHTETpaIbHOTO TIpeodpazoBanus [13—18] u mp.

Meton cumriuiekTrueckoi cymneprno3uiu [8—10] mupoko ucnonb3yercs Uis pelIeHus 3a1ad u3ruoa
riacTiH. OHAKO METOJ BKJIIOYAaeT B ceOs CIOKHBIE MaTeMaTHYEeCKHe Olepaliy, TpeOyromne KBaIupuIm-
POBaHHBIX CHENUAIHUCTOB B 00JIACTH MaTEMAaTHKH U MEXaHUKH.

MeTon KOHEYHOTO MHTErpajbHOro nmpeodpazoBaHust — 3()PEeKTUBHBIN MaTeMaTHUYECKHI METOJl, KOTO-
PBII yCTIEUIHO MPHUMEHSETCS AU peIIeHHs 3ajad M3ruda ¢ pa3InyHBIMH TPAaHUYHBIMH YCIOBHAMHU. DTOT
METOJI TIO3BOJISICT MOJMyYUTh aHAIMTHYECKOE PEHICHHE HANPSIMYIO U3 T depeHINaIbHOTO YPaBHEHHUS U3-
ru6a mnactusbl. B [13] mig uccnenoBanus u3rnba miacTHH C Pa3InYHBIMU CIOKHBIMU TPAaHUYHBIMH YCJIO-
BUSIMU aBTOPBI PUMEHSIOT JBOMHOE MHTETpajbHOE KOHEYHOE cuHyc-TipeoOpazoBanue dypre. B [14] uzy-
YalOT M3TUO OPTOTPOIHBIX TUIACTHH C KOMOWHUPOBAHHBIMU TPAHUYHBIMU YCIOBHSMH, UCTIONB3YsI ABOMHBIE
oOure uHTerpaibHble npeoOpa3oBanus. ABTOPHI paOboThl [17] UCMONB3YIOT IBYMEpHBIH 000OIICHHBIN Me-
TOJ] KOHEUHOTO WHTETPAIBHOTO MPEoOpa30BaHus IJIs MOTYyUEHUS] HOBBIX aHATUTUYECKUX PEIICHUH M3ruda
OPTOTPOITHBIX MPSAMOYTOIBHBIX TOHKUX (pyHIaMEeHTHBIX IIHT. B [18] mmst u3ydenuns noseneHus npu n3ruode
NPSIMOYTOJIBHBIX TOHKUX IUIACTUH C JMHEMHO M3MEHSIOLIECHCS TONIMHON, pacloiIOKEHHBIX Ha JBYXIapa-
METPUYECKOM OCHOBAaHUH, aBTOPHI MTPEIaraloT 0000IIEHHBI METO HHTETPATBHOTO MPE0Opa30BaHusI.

L]env uccnedosanusi — ¢ UCIONB30BAaHUEM METO/Aa WHTETPAIBHOTO TMpeoOpa3oBanms (mpeodpazoBa-
Hus Jlammaca) mponoDKUTh MCCIIEN0OBAaHMs MU3TM0a OPTOTPOITHBIX TOHKHUX NPSMOYTOJIBHBIX IJIACTHH, Haya-
ThIE B [19].

3aaun UCClIe0BaHU:

— MOJTyYUTh aHAJTUTHYECKUE PELICHHUs M3rn0a OPTOTPOIHBIX MPSMOYTOJbHBIX TOHKUX TUIACTHH, IIap-
HUPHO OMEPTHIX MO BCEMY KOHTYPY U HAaXOISALIMXCS MO ACWCTBUEM MOJOCOBON PaBHOMEPHO pacIpeesieH-
HOW Harpy3Kd ¥ Harpy3KH, PAaBHOMEPHO paCIpeeIEHHON O MPSMOYTOIBHON 00JIacTH;

— MCCIIEA0BATh HANpPsHKEHHO-e(OPMUPOBAHHOE COCTOSHHE TUIACTHHBI MPH JICHCTBUU HArpy3KH, paB-
HOMEPHO pacIpeIe]IeHHO 10 NPSIMOYTOJIbHOM 001acTH;

— NMIPOBEPUTH JOCTOBEPHOCTh M TOYHOCTH IOJyYAeMBIX IO 3TOMY METOAY pPEe3yJbTaTOB Ha OCHOBE
CpaBHEHHSI UX C IaHHBIMH, OITyOIMKOBAaHHBIMH B HAyYHOU JINTEpaType.

2. IlocTaHoBKa 3a1a4M U METOJ PelIeHUs

B [19] BeIBeneHb!I pemieHus i OPTOTPOIHONW MPSIMOYTOJIbHOM IIACTUHKH, CBOOOJHO ONEPTOH IO

"V (puc. 1).

BCEM CTOPOHAM P JEHCTBUU HArpy3KHU, pacIpeieIeHHOM 0 10JI0Ce 10 ¢, sin >
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v C T Sinﬂ
W oo e
0 X é _
E\*é
=] 'E =]
, |

Puc. 1. Cxema IIaCTUHKY IIPH AEHCTBUM MOIOCOBOM Harpy3Kku
W c1ounuk: Bemonneno K.®. [larusaneessm u ap. [19].

Figure 1. Diagram of a plate under the action of a strip load
Source: by K.F. Shagivaleev et al. [19].

[Ipu pacuere MIACTUHKUA HCIONB30BAIOCH AM(GEpeHIMATbHOE YPAaBHCHHUE KIACCHUYECKOW TEOpHUH
aHMU30TPOIHBIX MIIaCTUHOK [20]:

0, npu 0<x<c;
o*w otw o'w . nmy
D +2D +D =4 goSin—=—, TpUCc<X<C+T; 1
Yoxt T axtayt oyt | b M
0, npuc+t<x<a,
3 3 3
e D, E h ) E,h h

= Dy=——F*——; D,=G—; D;=Dpn,+2D;; E,, E, — MOIylIHU yIpyrocr;
2 k 3 =LK, k
12(1-py 1) 12 (1-pypy) 12 1 ’

i, u, — Ko durmentsl [Tyaccona; G — Moy ciBura; 7 — TONIIMHA INIACTUHKY; n = 1,3,5....

Jiia pemenus quddepeHnnanbHoro ypasHenus (1) npuMeHm M onepanruoHHOe UCYUCIICHUE, CBA3aH-
Hoe ¢ npeobpazoBanuem Jlarmaca.

Pemenus muddepennnansaoro ypaBHenus (1) UMeroT BU:

" npu 7> S

4o
2s4yDl
—[2y+1’2zchP1 (x—c—r)—P{zcth (x—c—t)]n(x—c—r)—

— PlgshPx+ BkyshPyx }siny,

w(x,y)= {[27+Pzzch1’1 (x—c)—Plzcth (x—c)]n(x—c)—

)
_ chB(a—c)-chR(a—c-1) _ chP,(a—c)—chP,(a—c—1)

rie k oy ; s oy=rt-st; P =\r+v;
1

shP a

nm
P, =r’ -v; r?= %7&; st :%x‘; XZT; T](X—C) — eAuHUYHAs QYHKIHUS, KOTOpas IPU X = C paB-
1 1

Ha lu nmpu X <C pasna 0; n(x—c—r) — eauHuYHas QYHKIMA, KOTopas Mpu X = € + T paBHa 1 u npu
X<C+T pasna 0.
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OOparraeM BHIMaHHUE HA TO, YTO SIUHUYHBIC (DYHKIIHH T](x—c) u n(x—c—r) MPUHSATHI TOJTBKO JJIS

COKpallCHHUs 3alliCu BI)Ipa)I(eHPIfI. Onu YKa3bIBalOT, C KAKOT'O 3HAYCHUS KOOPAMWHATHI X IMOSABJISICTCA B BbIpa-

JKCHHHU JaHHOC CJ1aracmoc.

® Jlpu r =s:
()= {[ l—chr(x—c)+%r(x—c)shr(x—c)}n(x—c)—

{ l—chr(x—c—T)+%r(x—c—t)shr(x—c—r)}n(x—c—t)+

+hyshrx +kyrxchrx }Sinky ,

T7e
ky = 2sh12ra{(2shra+rachra)[chr(a—c)—chr(a—c—r)]—

—rshra[(a—c)shr(a—c)—(a—c—r)shr(a—c—r)]} ;

1
ky=— 2Shra[chr(a—c)—chr(a—c—r)].

mJIpu 7 < 5 :

S (R [2 — 2y, + 28, ) n(x—c) -
w(x,y) 254, 1.D) (Yﬂz Y25y +7 4)“(" c)

_(271Y2 _2717271"‘ ”ZZ) n(X—c—r)+

+(—”2T]1 "‘27172112))(2 +( r’n, +2Y1an1)X3 }sin?»y,

1 = /%(SZHZ); Ys= /%(Sz_ﬁ);

rac

X, =cosy,xchyx; Y, =cosy, (x—c)chy,(x—c);

X, =siny,xchyx; Y, =siny, (x—c)chy, (x—c);

Xy =cosy,xshyx; Y, =cosy, (x—c)shy, (x—c);

X, =siny,xshyx; Y, =siny, (x—c)shy,(x—c);

Y, =cosy, (x—c—1)chy, (x—c—1); Y, =cosy, (x—c—1)shy, (x—c~1);
Y, =siny, (x—c—1)chy, (x—c—1); Y, =siny, (x—c—1)shy, (x—c—1);

Ny :[A2(34 ~Cy)+ 4(B, _Cl)](AZZ +A32)_1 ;
N2 =|:A2(Bl _Cl)_A3(B4_C4)](A22 +A32)_1;
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A, =cosy,achy,a; B =cosy,(a—c)chy,(a—c);

A, =siny,achvy,a; B, =siny, (a—c)chy,(a—c);

Ay =cosvy,ashya; By =cosy, (a—c)shy,(a—c);

A, =siny,ashy,a; B, =siny, (a—c)shy,(a—c);

C =cosy,(a—c—1)chy,(a—c—1); Gy =cosy, (a—c—1)shy,(a—c—1);
C, =siny, (a—c—1)chy,(a—c—1); C, =siny,(a—c—1)shy,(a—c—1).

B [19] 6bu10 OTMEUYEHO, YTO MOTYYEHHbIE PEIIEHUSI MOXKHO HCIIONB30BaTh PU MCCIIEA0BAaHUHN U3rnda
OPTOTPOIHOM TIACTUHKU MIPH JCHCTBUM HATPY3KH, PACIIPEICIIEHHOM BIOIb OCH ) 10 JIFOOOMY 3aKOHY.

B nanHoili paboTe mocraBieHa 3aja4a MOMyYeHUsI aHATUTUYECKUX BBIPKEHUH Ui ONpenesIeHus Te-
peMelIeHnH, YCUIIMI 1 MOMEHTOB B MPSIMOYTOJILHON TOHKOHM IIacTHHKE (a *b), CBOOOAHO OMEpTOl MO BceM
CTOpPOHAM M HaXOAsLIeWcs MoJ JeHCTBUEM CTaTUYECKOW Harpy3KH, IPUIOKEHHON Ha OrpaHHYeHHON o0na-
CTH: TIOJIOCOBOM paBHOMEPHO pacmlpeielieHHOW Harpy3ku (puc. 2) W Harpy3Kd, ACHCTBYIOIICH IO OTPaHU-
YCHHOH MPSMOYTONILHOM 00macT (puc. 3). Marepuai IIacTUHKHA yIPYTHH OPTOTPOTTHBIH.

0 y 4 x 0 x
v

b EW/J
/

Cc T
7

,
y 5 y

z

Puc. 3. Cxema ninacTUHKY NPH IEHCTBUH CIIONTHON HArpy3KH
HWHTEHCUBHOCTBIO ( , PABHOMEPHO pacrpeieleHHOM
I10 TIPSIMOYTOJILHUKY CO CTOPOHAMH T M &
M cto4Huk: BeinonHeHo JI.A. CypHHHBIM.

Puc. 2. Cxema ninacTUHKY NMPH IEHCTBUH ITOJIOCOBOM
PaBHOMEPHO pacHpeneIeHHON Harpy3Ku
W cTounuk: BemonseHo JI.A. CypHUHBIM. . . .
Figure 3. Diagram of a plate under the action
of a continuous load of intensity q,, uniformly distributed
over a rectangle with sides T and &
S ource: made by D.A. Surnin.

Figure 2. Diagram of a plate under the action
of a uniformly distributed strip load
S ource: made by D.A. Surnin.

B nepeom cnyuae paccMOTpeHa NpsMOYTrojbHasi OPTOTPOIHAs IUIACTUHKA, HA KOTOPYHO JAEHCTBOBaja
MI0JI0OCOBAasi PABHOMEPHO paclpeiesieHHasi Harpy3ka HHTEHCUBHOCTBIO ¢, (puc. 2).
Harpy3ky pa3noxuian B TPUTOHOMETPUYECKHAM PSIL 110 IEPEMEHHON Y

0, mpu 0<x<c;
4 &1 .
q(x,y)=4 qy— 2, —sinky, npu c<x<c+T1; (5)
T35.1
0, mpu c+1<x<a.

Hcnonb3yst npuBeaeHHbIE perieHus (2—4), MONyYHIN BBIPAXEHHS IS ONpeieseHHs MepeMeleHus,
YCUJIMH U MOMEHTOB IIPHU JIEHCTBUU paccMaTpuBaeMoi Harpysku (5).

240 ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS



Ulaeusanees K.®., CypHun [1.A., CypHuna E.K. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMiA U coopykeHuit. 2026. T. 22. Ne 3. C. 235-252

= [Ipu 7 >S:

w(xy) =2yl

D 7[135S Yn

—[27 + P}chP, (x—c-1)- B*chP, (x—c- r)} n(x—c—1)- P}l shPx + Plzkzsthx} sinAy,

o*w o*w
M =-D { +1, J_
ox’

{[2y+ll’22 chPl(x—c)—Plzcth(x—c)]n(x—c)—

0y
2°& 1
=—qg,— -2 +Q,chP Q.chP (x— —-c)-
%TEMZS yn{[ Yk 2C 1( ) 1€ 2(x c)}n(x C)

—{—2}/ +Q,chR (x—c—1)— lcth(x—c—t)}n(x—c—I)—szlshf{x+Qlklsthx}sin?uy;

28 1 2
=—q, — > —{ {—2ys—4+Q4chPl(x—c)—Q3cth(x—c)}] (x—c)—
3.5.

22
ow  Pw
M =-D -
y 2(8)} Ml 8)6 J
£
E 1 'Yn
2

_{—2yx—4 +Q,chB (x—c—1)—QychP, (x—c— T)}n(x —c—1)—Q,kshPx +Q3k,shP,x} sin Ay;
s

3w 3w
ox 0x0y

:]Il\)

12 . n{ [ sthPl(x—c)+Plsth(x—c)]n (x—c)—

~| BshR(x—c—1)+PRshP(x—c—1) |n(x—c—1)—BkchRx—RkychPyx |sin)y;

Sw Sw
Ox“0y oy

:—qO— {[ 2+chB(x—c)+chP(x—c ]nx c
T35 M0

~[ —2+chR(x—c—1)+chP(x—c—1) |n(x—c—1)—kshBx—k,shPx }coshy;

2
H, =-2D, OV -
! 0x0y
=—q 2 i ! ,,2 —u s” {[P shB,(x—c)—PshP, (x—c)]n(x—c)—
OT[135 ’Y)\.I’l 1)\, 2 1 1 2
—[PzShP1 x—c—t)—Plsth(x—c—r)}n(x—c—r)—szlcth+Plkzcthx}cosky, (6)

2 2
p u A A
e Ql=1——x§P12; szl__képz2§ Qg=u1——S4Pf; Q4=u1——S4P22-
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" lpn r = g :

w(xy)=

:1|-l>

4o
D,

2 {{l—chr(x—c)+%r(x—c)shr(x—c)}n(x—c)—

—{l—chr(x—c—r)+%r(x—c—r)shr(x—c—r) }n(x—c—r)+k3shrx+k4rxchrx} sinAy;

M, :—qoﬂ i %{ [—M;—z(l—chr(x—c))+%§25 r(x—c)shr(x—c)}n(x—c)—

T3s. 7 n

_{_M;—z(l—chr(x—c—r))+%§25 r(x—c—r)shr(x—c—r)}n (x—c—1)+

+Qkeyshrx +(2shrx + erxchrx)k4} sinAy ;

M, =q0%l§;71n{ {I—Chr(x—c) +%£25 r(x—c)sh r(x—c)}n(x—c) -

{1-6»/1 r(x—c—‘c)+%Q5r(x—c—t)shr(x—c—r)}n(x—c—r)+

2
+Q5k3shrx—[ 2 %Shrx—flsrxchrx]k4}sin7»y ;

4 & 1 :
S ;132;‘E{[shr(x—c)]n(x—c)—[shr(x—c—r)]n(x—c—r)+2k4chrx}smky;
0, :‘Ioi i %{[l—chr(x—c)]n(x—c)—[l—chr(x—c—t)]n(x—c—t)—2k4shrx}cosky;
T135. A0
H_ =—¢q 4 i LQ {l[—sh r(x—c)+r(x—c)chr(x—c)]n(x—c)—
* 07‘5135.7'7\.}’1 ] 2
——[ shr(x c—r)+r(x c—r)chr(x c—r}nx c—r)+
+k3chrtx+(chrx+rxshrx)k4}cos?»y, (7

2
e Qg=1-p 5

o
" Jlpn r<s:

Go 2 & 1 [ 5
WX,y —1 (2v,V, —2VV, Y, +7°Y, | n(x—c)—
wley) = 3| (2t 2w+ ()
_(2Y172_2Y1Y2Y1+’”2?4)T|(X—c—1:)+
+(—r21]1 +2Y1'Y2n2)X2 +(r2n2 +2Y1Y2n1)X3 :|sin)\‘y’
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2& 1
M, =-q,— -Q(1-Y)+QY, In(x—c)-
0“1,3,5..Y1Y2”{[ 6( 1) 54] ( )
_[—Qé(l—ﬁ)+QSY_4}n(x—c—r)—QS(anz—n2X3)—Qé(n2X2+n1X3)}sinky;
My=—%g 51 [, (1-%)+ ¥, n(x—c)-
T135. Y1720
—[—97(1—71)+ng]n(x—c—r)—Qg(sz—ana)—Q7(anz+n1X3)}Sin7uy;
25 1
O =—qy— {[ng11’2+§210y21’3]n(x—c)—
T135. Y1720

_[Qg "y, + QloYzZ]n(X == 1)+ Qo (VMo X — M) — Qo (2 X + 7m0 X, )}sinky;

4 & 1 =
Qy=q0—Z—[(l—Yl)n(x—c)—(l—Yl)n(x—c—r)+n2X2+n1X3}cos?»y;
T35 An
2. 1 r s
H, =-gq,= w2 [ (n =y X ) n(x—c)—
Y 01t1,3,5.. Y1V hn {sz MIX2J[(Y12 "2 3)n(x C)
—(vlz—vzﬁ)n(x—c—fﬁ(vzmﬂmz )X = (v = 7o, )XJCOS?‘)’, )
2 2 2 2 2
e Qg=u, W;lez; Q; = };3272; nguz_;—z; Q9:1_:—2; Qlo=1+£—2-

[TonoxuB BO BCEX MPUBEACHHBIX BBIPAKECHUAX E; = E, = E U =, = , MOKHO HOJIYYUTh PEIICHUS
JUIsl U30TPOITHOM IUTACTUHKU.

Bo emopom cnyuae Ha npsMOYTOJIBHYIO OPTOTPONHYIO IUIACTUHKY JIefiCTBOBaJa CIUIOLIHAs Harpyska
MHTEHCUBHOCTBIO (, PABHOMEPHO PACHpPEAEICHHAs 110 MPSMOYTOJIEHUKY CO CTOPOHaMH t u & (cM. puc. 3).

Pa3noxunu Harpy3Ky B TPUTOHOMETPUYECKUH PsAJl IO IEPEMEHHOM Y-

0, npu 0<x<c;
4 &1 . & . _
q(x,y)=4 go— D, —sinA2sink&; sindy, mpu c<x<c+71; )
Ti35.7 2
0, npuc+t<x<a,

rae &l:d+%.

Hcnone3yst npuBeneHHble pelieHus (2—4), Moaydymin BbIPAXEHUS Ul ONpEAeSeHUs IepeMeleHus,
YCWJINH ¥ MOMEHTOB IpU ACHCTBUU paccMaTpuBaeMoil Harpy3ku (9).

mIIpn r > g

_d 2y
w(x,y) D, n1§s4yn

—[2y+PzzchPl(x—c—t)—Plzcth(x—c—r)]n(x—c—r)—

{[2y+l’22 chPl(x—c)—Plzcth(x—c)]n(x—c)—

P kyshPx + Pl hyshPyx | sin X%sin AE sind y
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244

2 2
M:_D(a an 02
TE

5 2+“2W ISZ; {[ k +chhP(x c)- Qlcth(x—c)}n(x—c)—
—[—2y%+chhR(x—c—r)—Qlcth(x—c—r)}n(x—c—r)—

—Q,kysh Px + Q,k,sh Pyx }sin X%sink&l sinhy ;

’w - dtw E,2 & 1 5
M, =- 2(6y2+u18x2]:_q FT;HZ;‘ YH{{ 2y 4+Q4chPl(x c)- Q3chP2(x—c)}n(x—c)_
22
—{—2*{—4+Q4ch}’1(x—c—‘c)—Q3cth(x—c—r)}n(x—c—r)—
s

-Q,kish Px+ Qskysh Pyx }sin k%sinkél sinA y ;

o'w ow 2 1
0, :_(Dl Py +D; axayzj_— ;l;E{[PzShE(x—C)"‘PlShPZ(X—C)]ﬂ(X—C)—

—[ PyshP,(x—c—1)+ BshP, (x—c—r)]n (x—c—1)=Pkich Px — Pkych Px }sink%sinkél SInA y;

Qyz—(D3 ow +D. a3wj=—qozi ! {[—2+chPl(x—c)+cth(x—c)]n(x—c)—

0x’0y ’ 0y’ 7151,3,5..E
:—qOz i L{[—2+chPl()c—c)+cth (x—c) |n(x—¢)-
T135. A0

—[ —2+chP(x—c—1)+chP, (x—c—r)]n(x—c—r)—klshPlx—kzsthx }sink%sink&l COSA Y ;

) 1 2 2
o (%—uli—zj{[g shPl(x—c)—Rsth(x—c)]n(x—c)—

Y
—[sthPl(x—c—r)—Plsth x—c—r)]n(x—c—r)—

2
-, o'w
! 0x0y

2
=—q,—
(LB

3.5..

—Pykych Bx + Bkych Pyx} sink%sinkél cosh . (10)

" Ilpu y = g :

wxy)=doty L

Dyoni5srtn H I_Chr(x_c)+%”(X—c)shr(x—c)}1(x_c)_

_[ l—chr(x—c—t)+%r(x—c—r)shr(x—c—r)}n(x—c—r)+

S

+hyshr x +kyr xchrx | sinkgsinmlsin Ay;
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0 2
M, =-gq, %lgi{ [—ul %(1 —chr(x—c)) +%Q5 r(x—c)shr(x—c)}n(x—c) -

_{_M;—i(l—chr(x—c—r))+%§25 r(x—c—r)shr(x—c—r)}n (x—c—1)+

+Qskyshrx +(2shrx + Qgr xchrx)k, } sin k%sinkélsin A

45 1 1
M, :%;1’;’“%{ [l—chr(x—c) +EQS r(x—c)sh r(x—c)}n(x—c) -

—[1—,:;1 r(x—c—t)+%§25r(x—c—t)shr(x—c—T)}n(x—c—T)+

2

+st3shrx—£ 2u1%shnx—S)erchrxJk4}sinK%sink}glsinky;

Z %{[sh r(x—c)]n (x—c)—[sh r(x—c—t)]n(x—c—r)+

4 >
Qx:_‘]o_
T

1,3

W

+2kych rx | sink%sin?@lsinky;

Qy = %%12,,i{ [ 1—ch r(x—c)]n (x—c)—[ 1-ch r(x—c—r)]n(x—c—r)—
—2kysh x| smkisin?@lcos s
H_  =—q 4 i : Q {l[—sh r(x—c)+r(x—c)chr(x—c)]n(x—c)—
Ty On1’3’5__r7»n > 2

—%I:—Sh r(x—c—r)+r(x—c—T)chr(x—c—t)]n(x—c—r)+
+k3chrx+(chrx+rxshrx)lg}sin?»%sin AE cosAy . (11)
= Ilpu r < 5:
g 4a* (b)Y & 1 _
w(x,y)zFO—S(—j Z—5[(l—Yl+QY4)11(x—c)—(1—Yl+QY4)11(x—c—r)+(—in+n2)X2+
» T aj 135 n

+(Qn,+ ) X5 ] sinx%sinxalsinxy :

4a (b & 1
M, =—gy——| ZF{[—Q6(1—YI)+Q5Y4]T](X—c)_
1,3,5..

_[_96 (1—?1)+QSZ}1](x—c—r)—QS (m X, =M, X3)—Q4 (M, X, +1 X3)}sinkgsinkélsinky;
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M, =—q 43“2 (éjzli %{ [, (1-%) + Y, [n(x—c¢)-

TY3\4d/) 135. 1

_[_97 (1_?1)+Qsz] ﬂ(x_C—T)_Qs(ﬂle -1, X3)_

Q. (7, X, +n, X,) }sinlgsinﬂfl sind y;

4 b <1
0, Z—%ZL(_j IZ _2{ [ QG Y, +Q 515 ]n(x—C)—

Y3 a 35.1
_[ Q9C1Z+910C2?3 ]n(x—c—T)+QgC1(an1 -mXy)-

—QC, (M X+, Xy) } sin k%sin A& sinhy;

da( b
Qy =4 ?(_

] i Lz [(l—Yl)n(x—c)—(l—yl)n(x—c—r)ﬂ]z)(z +1,.X;, }xsink%sin)@lcosky;
ai

J3.5.

S

4a* (b =]
ny:% 3a (;j Ts 2_3 [(C1Y2_C2Y3)n(x_c)_

txy
)
&
[

S

~(6Y G )n(x—e 1)+ (&ny +Emy ) X, = (Emy— G, )X4]xsinx§sinx&1cosw, (12)

2
1 1 E, (D 1 1
rie vl=,/§(sz+r2) =My v2=,/§(sz—r2) =Ms; Y3 = ﬁ—(ﬁj; V=565 Vs =[5 Qs
1 1
D

3

2 N 2
. D, r D 2y
Q= =—L Qi=l-p—=1-w—= Qo= =uy;
27172 T 5 173 1 D1 6 1 )2 113
2
2v17, _ r_ D;
Q = = N Q - - i — __)
7 7\‘2 Y3 g =My 7\,2 125) D]
D D
2 2
D D D E D E
Qg:l_r—zzl— El ; Q 1+l 2 ; Q=—"—- |2, Q==+ [Z;
S

E " S E, D, \E D, \E
E, E
1( [E, D, I [E, D)) D, G
== 2243 =~ 2223 B 2(l-pmp,)—.
G 2[ E DJ G 2[ E D, D, 125 ( Uﬂlz) E

[Tpu GonpImMX 3HAYEHUSIX HEOOXOIMMO MEPEUTH OT THIEepOOTHMUECKUX (DYHKIUH K TOKa3aTeIbHBIM.
Pemenns (10—-12) nmonydenst B o0mieM Buie. OHU MO3BOJISIFOT PACCUUTATh OPTOTPOITHYIO MPSIMOYTONb-
HYIO TUIACTUHKY, CBOOOTHO OMEPTYIO MO BCEM CTOPOHAM, MPH JCHCTBHH CIUIONIHOW HArpy3KH WHTEHCUBHO-

—_

CTBIO ¢ , PABHOMEPHO paclpeesIeHHON MO MpsSMOYTOJIbHOW 00JacTh MpH Pa3HBIX pa3Mepax IJIOLIAKU
Harpy>XeHusl, Ipy JTI0O0M PACMOJIOKEHUH IUIOINAAKH HAarpy»XeHUsI Ha MOBEPXHOCTH IUIACTHHKH, IPU Pa3-
HBIX pa3Mepax IpsIMOYTOJIbHOM IUIACTUHKH, IIPU Pa3HBIX YIIPYTUX XapaKTEPUCTUKAX MaTepuaa IIIaCTUHKH.
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3. Pe3ysbTarhl U 00CyXKICHUE

B kauectBe npuMepa il HUCCICOOBaHUSA HaprI)KCHHO-I[e(I)OpMI/IPOBaHHOFO COCTOAHHMA ITIIACTHHKH
pacCMOTpEHA OPTOTPOIIHAA MPAMOYIOJIbHAA IUIACTUHKA CO CIICAYIOIMUMU T€OMETPUICCKUMMU TTapaMeTpaMu:

b
OTHOILIEHUE CTOPOH IUIACTUHKU —=1,5.
a

Harpy3ka WHTEHCHBHOCTBIO ¢( PAaBHOMEPHO pachpesielieHa MO MNPSIMOYTOJbHUKY CO CTOPOHAMHU
1=0,2a 1 £=0,2a LleHTp mIomaaKu HArPy>KEHUS COBMAJAN C CEPEAMHOMN TUIACTUHKHU.

Marepuat naacTUHKA — YIIIETUIACTHK, UMEIOIIHH CIIEAYIOIINE XapaKTepUCTUKH [24]:
E, =1,4-10% xH/cm?; E) = 0,097 -10% xH/cm?;
G =0,55-103kH/cM?; p; =0,29; p, =0,02. (13)

I'maBHBIC HaITpaBJICHUA YIIPYTOCTH COBIIaJaJId C HAIIPABJICHUAMMN CTOPOH IIJIACTUHKH.

Tabauya 1. PesyabTaThl pacyera OPTOTPONHOM MJIACTHHKHA NPH JeACTBUH CILIOMIHOA HATPY3KH HHTEHCHBHOCTBIO ¢ ) ,
PaBHOMEPHO pacnpe/eJeHHO 110 NPSIMOYT0JILHUKY CO CTOPOHAMH T U §

Table 1. The results of the calculation of an orthotropic plate under the action of a continuous load
with an intensity g evenly distributed over a rectangle with sides T and &

b b b b b b

x w[x,zj M. [x,gj M, (x,EJ QX(X’EJ Qy(x,EJ Hx’y(x,ij

0 0 0 0 0,0331649 0 0
0,1a 0,0000285 0,0027625 0,00061233 0,0349372 0 0
0,2a 0,0000550 0,0058880 0,00125763 0,0410292 0 0
0,3a 0,0000774 0,0098894 0,00195391 0,0540592 0 0
0,4a 0,0000931 0,0156032 0,00264889 0,0788915 0 0
0,5a 0,0000989 0,0190189 0,00298238 0 0 0
0,6a 0,0000931 0,0156032 0,00264889 —0,0788915 0 0
0,7a 0,0000774 0,0098894 0,00195391 -0,0540592 0 0
0,8a 0,0000550 0,0058880 0,00125763 -0,0410292 0 0
0,9a 0,0000285 0,0027625 0,00061233 —0,0349372 0 0

a 0 0 0 -0,0331649 0 0

N ctouHuk: BemonHeHo J.A. CypuaussiM / S o ur ¢ e: made by D.A. Surnin.

Tabruya 2. MakcumalibHbIE 3HA4YE€HHS NepeMelleHHsl, MOMEHTOB U Nepepe3biBalouleii CHIIbI
B OPTOTPOIHOIi IVIACTMHKeE NPU PA3HOM YMCJIe YIeP:KUBAIOIIUX YJIEHOB psijia
Table 2. Maximum values of displacement, moments and shear force in an orthotropic plate
for different numbers of holding row members

Yucio 4ieHos psiga / b b
Number of row n?eri]nbers Winax (Mx )max (MJ’ )max (Qx )Imx 9 (X’EJ H,, (X’EJ
1 0,0000682 | 0,0110209 | 0,00051772 0,025891 0 0
3 0,0000930 | 0,0159260 | 0,00159281 0,045363 0 0
5 0,0000989 | 0,0177488 | 0,00226380 0,059084 0 0
7 0,0001006 | 0,0186042 | 0,00257293 0,068530 0 0
9 0,0001013 | 0,0190189 | 0,00284236 0,074444 0 0
11 0,0001013 | 0,0192012 | 0,00294444 0,077631 0 0
13 0,0001013 | 0,0192605 | 0,00298238 0,078891 0 0

W cTouHuk: BeimosnHeHo JI.A. CypuunbiM / S o ur ¢ e: made by D.A. Surnin.
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Pesynbrarer pacuera mokazanu (cM. Tabi. 2), 9TO MPH BEIYUCICHUN MPOTHOa JOCTATOYHO B3STh 5 dIle-
HOB DPsi/1a; IIPY BBIYUCIICHUH MX — 6 4ICHOB Psi/a; IPU BBIYUCICHUH My 51 Qx — 7 4JIEeHOB psja.

bein BhIMOIHEH pacucT OpTOTpOHHOﬁ HpHMO}’FOJ’ILHOfI IUIACTUHKU C HUCXOAHBIMH ITapaMCTpaMu I10

dbopmyre, npuBeneHHoM B padore [20] (¢ MpUMEHEHHEM JTBOWHOTO TPUTOHOMETPHUYECKOTO psina). Makcu-
4

a
MaJIBHBIA MPOTHO Wy, = 0,00011 19q0D— . [Ipu Berancnennn 6bu10 B3sTO 10 WneHoB psana. Pacxoxnenne
2

2
cocraBuwio 9,5 %. MakcumansHoe 3nauenne M, =0,0186623g,a” . Ilpu BeMUCICHUH OBLIO B3STO
32 unena pspa. Pacxoxnenue cocrasuio 3,1 %.
ITonoxus Bo Bcex MpUBENEHHBIX Bhlpakenusax £, =F, =F (D,=D,=D;=D) n p; =, =

, OJYUHIIU PCIICHUA OJIA H3OTp0HHOﬁ IIJIaCTUHKH (r:S :7\«) .

w(x,v)= D“nb:é L {{1—chk(x—c)+%k(x—c)shk(x—c)}n(x—c)—

—[ l—chk(x—c—r)+%k(x—c—r)sh)»(x—c—r)Jn(x—c—t)+
Hhyshhx + kg Axchhx }sinx%sinwgl sinhy;

M, = qo%bzli % { {—u(l—ch?»(x—c)) +%§k<x—c)sh7u(x—c)}n(x—c) -

35. 1

—[—u(l—chk(x—c—I))+%Q_5X(x—c—r)shk(x—c—r)}n (x—c—t)+

+Qkyshh x + kg (25hh x +Qgh xchh x)}sinx%sinxalsin W

Myzqoniflg L {[1 ik (=) + %Qk(x—c)shk(x—c)}n(x—c)—

—[l—ch k(x—c—r)+%§57» (x—c—1)shh (x—c—r)}] (x—c—1)+

+O kshax—ky 2pshxx—§xxchxx)}sinx%sinxgl sinh;

4b
Qx =—q40—~

2 Lz{ [ sh k(x—c)]n (x—c)—[ sh k(x—c—x)]n(x—c—t)+

. n

(%3]
()]

o

+2k_40h AX } sin?% sinAg,; siny ;

Qy=6]04b © {[1 ch AM(x—c) ]n (x—c) [l—chk(x—c—r)]n(x_c_r)_
n 135 n’

~2leysh hox | sin?% SinAE, coshy;
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4 & 1 —
H.,=—qy— > —5%
y 7:3 “ n3

1
2

{ —[—Sh K(x—c) +k(x—c)chk(x—c)]n(x—c) —

—%[—sh K(x—c—r)+k(x—c—t)chk(x—c—t)]n(x—c—t)+

+hychhx + kg (chhx +hxsh xx)}sin x%sinxglcos W,

e
— 1
3 :—2
2sh“ha

{(2Sh7»a+7yach7»a)[ch?»(a—c)—chk(a—c—t)]—

—?»sh?»a[(a—c)shl(a—c)—(a—c—r)shk(a—c—t)]};

B 1
2shha

£

[chk(a—c)—chk(a—c—r)]; QZI—},L.

(14)

[To noiy4eHHbIM B JTaHHOW paboTe BHIPAKEHUSIM ObLIT BBIMOJIIHEH PACYEeT U30TPOITHOM MPSMOYTOIBLHON
IJJACTUHKH C UCXOIHBIMU T'€OMETPHUECKUMU NIapaMeTpaMu U L =0,3.

Pesynbrarel pacuera npeacTaBiaeHsl B Ta0M. 3.

Tabnuya 3. MakcuMaJbHble 3HAYeHHUs lepeMellleHUsl, MOMEHTOB M Nepepe3bIBalomeil cHibl
B M30TPOINHOM NJIACTHHKE MPH JeHiCTBUM CIUIOUIHON HATPY3KH MHTEHCHBHOCTBIO ¢

PABHOMEPHO pacnpe/eJeHHOli 10 NPSMOYT0JILHUKY €O CTOPOHAMM 1 U §

Table 3. Maximum values of displacement, moments and shearing force in an isotropic plate under the action
of a continuous load with an intensity ¢, uniformly distributed over a rectangle with sides : and &

o et | | 0 [ 00| @0 | 0[sd) | s
1 0,0005163 0,0070022 0,0041930 0,0228609 0 0
3 0,0005614 0,0086516 0,0063553 0,0371292 0 0
5 0,0005791 0,0093023 0,0074014 0,0463640 0 0
7 0,0005815 0,0095962 0,0079490 0,0522046 0 0
9 0,0005822 0,0097304 0,0082323 0,0556913 0 0
11 0,0005825 0,0097873 0,0083651 0,0575396 0 0
13 0,0005825 0,0098057 0,0084120 0,0582680 0 0
W cTouHuk: BeimosHeHo JI.A. CypuunbiM / S o ur ¢ e: made by D.A. Surnin.
4

3 611. 3, HEOG s W 4. M 2.
Ha4YCHUAA, HpI/IBeI[eHHBIe B TAOJI. 5, HCOOXOAHUMO y'MHOH(I/ITB. I Ha QO D , AJIsd X Ha qu N

2
ms M), ma goa® ; ana Q) Ha qpa.

2

Pesynbrarel pacdyera Talnm. 3 MOJHOCTHIO COBHANAIOT C JaHHBIMHU, NPHUBEICHHBIMH B pabore [25,

c. 163-164].

Amnanms PE3YIbTATOB BBINIOJIHCHHBIX paCd€TOB IOKa3aljl, 4YTO IIpHU pacueTax OpTOTPOHHOﬁ IpAMOYTOJIb-

HOH IIJIACTUHKH II0 IMMOJTY4YCHHBIM Q)opMynaM npu HeﬁCTBHH CILIOIIHOM Harpy3kKd MHTCHCHUBHOCTBKO () ,

PaBHOMEPHO PACIIPEICIICHHOMN 110 MPSIMOYTOIBHUKY CO CTOPOHAMHU T W &, moiy4aercs Oonee ObICcTpast CXo-

JUMOCTD PEIICHUH U 3HAYUTETHFHO YMEHBIIACTCS BBIUMCIUTEIbHAS paboTa 0 CPaBHEHHUIO C paHee ImpuMe-

HACMBIMH MCTOJaMH.
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4. BuIBOabI

1. ITomydeHsl aHANUTHYECKUE PEIICHHS HM3TH0Aa OPTOTPONHBIX MPSMOYTONBHBIX TOHKHX ILUIACTHH,
HIAPHUPHO OMNEPTHIX MO BCEMY KOHTYPY M HaXOJAIIMXCS MOA ACHCTBHEM MOJIOCOBOW HArpy3KH U Harpys3ku,
JIEHCTBYIOIICH IO MPSMOYTOIBLHON 00JIacTH.

2. UccnenoBaHo HampspKeHHO-E(OPMHUPOBAHHOE COCTOSIHUE IUIACTUHBI NMPH JCHCTBUH HArpy3KH,
PaBHOMEPHO pacHpeieICHHON IO MPSMOYTOIBHOM 00IACTH.

3. IlpencraBieHHbIe PE3yNIbTaThl MMOKA3bIBAIOT, YTO NPU pacyeTax OPTOTPOMHON MPSIMOYTOJIbHOM Iia-
CTHHKH 10 MOJTYYEHHBIM (OpMyIIaM MpH JEHCTBUH HOPMAIILHO MPUJIOKEHHON HArpy3KH IO MPSIMOYTOJIBHOM
oOnacTu momy4aercst 6osee ObICTpasi CXOAUMOCTh PEIICHUH U 3HAYNTEIFHO YMEHBIIASTCS BBIYUCITUTEIIbHAS
paboTa Mo CpaBHEHHUIO C paHee MPUMEHIEMBbIMUA METOJJAMH.

4. IlomyueHHbIE pe3yabTaThl, KAK OKUAAETCA, MOCITYKAT TOYHBIM PEIICHUEM JUIsl POBEPKH YHCIICH-
HBIX (TPUOJIFKEHHBIX ) PEIICHUH.
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Abstract. Reinforced timber structures, particularly continuous beams, offer a number of advantages that contribute to their
widespread use. The economic benefits of rational reinforcement of the cross-section of multi-span reinforced timber beams in
terms of material consumption, as well as the lack of similar known contemporary works, determine the relevance of the research
topic. The object of the study is a three-span reinforced timber beam with equal spans, loaded with a uniformly distributed load.
To achieve the goal of the study, the following tasks were solved: a review of existing methods for calculating flexural reinforced
timber elements and the selection of a calculation methodology for the studied structure; an analysis of the distribution of bending
moments along the beam length and the development of design solutions; and the selection of a rational option, with the relative
consumption of reinforcement serving as the efficiency criterion. Design solutions with symmetrical and asymmetrical
reinforcement with the placement of bars along the entire length of the beam and part of its length were considered. It was found
that the difference in bending moments in the middle span and the design moments at the supports allows to have no reinforcement
in a part of the middle span. Furthermore, it is possible to reduce the cross-section dimensions. The most efficient reinforcement
option for a three-span beam is symmetrical reinforcement, with the reinforcement placed along part of the beam's length.
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AHHOTaUUsA. APMUPOBAHHBIC JICPEBSIHHBIE KOHCTPYKIMH, B YACTHOCTH HEpa3pe3Hble Oaliku, 00IaJaroT psoM JOCTOMHCTB, CIIO-
COOCTBYIOIIUX HUX IIUPOKOMY MPHUMEHEHHI0. DKOHOMUYECKHN 3(PQEKT OT pallMOHAIBHOTO apMUPOBAHHS CEUCHHS MHOTOIPOJIET-
HBIX apPMHUPOBAHHBIX JCPEBSIHHBIX OAJIOK C TOYKH 3PEHHS MATEPUATIOEMKOCTH, a TAK)KE OTCYTCTBUE aHAJIOIMYHBIX COBPEMEHHBIX
M3BECTHBIX pabOT 0OYCIIaBIMBAIOT aKTyaJbHOCTh TEMATHKH HcclienoBaHus. OOBEKTOM HMCCICIOBAHHS SBIISETCS TPEXIPOJICTHAS
apMHUpOBaHHasl JIepeBsHHas 0aJika ¢ paBHBIMHU IPOJIETaMU, 3arpyKEHHasi pABHOMEPHO paclpeesieHHOH Harpy3Koit. s qocTuke-
HUS 1[EJTH UCCIIEIOBaHMsI PEUICHBI CICIYIOUINE 3a1a4K: 0030p CYIIECTBYIOIIMX METOJ0B pacyeTa M3ru0aeMbIX apMUPOBAHHBIX Jie-
PEBSIHHBIX 3JIEMEHTOB M BBIOOP METOJHMKH pacyeTa MCCIIEAYeMO KOHCTPYKIIMHU; aHAIM3 XapaKTepa pacupeneieHus] H3rudaromumx
YCHIIMHA 1O JUIMHE 0ajKu U (GOpMHpPOBaHHE BAPHAHTOB KOHCTPYKTHBHBIX PELICHHUHN; BHIOOpP PAllMOHAIBHOTO BapHaHTa, KPUTCPUEM
3¢ GEKTUBHOCTH NIPHU 3TOM SIBJISUICS OTHOCHTENBHBIA Pacxo]] apMarypbl. BelIM paccMOTpeHbl KOHCTPYKTHBHBIE PEIIEHUS C CHM-
METPUYHBIM U HECHMMETPUYHBIM apMHUPOBAHHEM C pa3MEIlEHHEM CTEpXKHEW Mo Bcel JUIMHe OallKu M Ha YacTH ee JJIMHBL. YCTa-
HOBJICHO, YTO pPa3sHMLA M3rMOAIONIMX YCUIIMHA B CpEIHEM IIPOJIETe W PACUETHBIX YCHJIMH Ha OMOpax MO3BOJISET BBHINOIHATH YacTh
cpeaHero mpoieta 6e3 apMupoBaHus. Kpome Toro, CyiiecTByeT BO3MOKHOCTh YMEHBIIATh Tra0apuThl ceueHus. Hanbonee panmo-
HAJIBHBIA BapHaHT apMHPOBAHUS TPEXIPOJIECTHOH OaJKH — CHMMETPUYHOEC apMHPOBAHUE C pa3MEICHHEM apMaTypbl Ha 4acTh
JUIMHBI OAJIKH.

KiroueBble cii0Ba: HepaspesHble ACpEeBSIHHbIE OAlKH, apMHUPOBAHHbBIE IEPEBSHHbIC KOHCTPYKIHHM, HOBBILICHHE HNPOYHOCTH H
JKECTKOCTH, PallMOHAIBHOE MTPOSKTHPOBAHHE

Bkuan aBropoB: Penun B.A. — KOHLENIMS HUCCIIEAOBaHUS U pa3paboTka METOIAUKH pacyera; Mapmuinoe B.A. — TONTOTOBKA,
penaktupoBaHne U opopMIIeHHE TeKCTa cTathl; [lonosa M.B. — aHaIH3 IUTEpaTyphl U UHTEPIPETALHs Pe3yabTaToB; Yubpuxun
J[.A. — BBINIOJIHEHHE PACYETOB M aHAJIN3 PE3YJIBTAaTOB. ABTOPBI 03HAKOMIICHBI C OKOHYATEIbHOW BEPCUEH CTaThH U OOOPHIIH €e.

3asiBiieHHE 0 KOH(UIMKTE MHTEPECOB. ABTOPHI 3asBISIOT 00 OTCYTCTBHU KOH(INKTA HHTEPECOB.

duHaHcupoBaHue. PaboTa BHINONIHEHA B paMKaX TOCYAapCTBEHHOTO 3aJ[aHus B cepe HaydHOH JesTeabHOCTH MUHUCTEPCTBA
HayKH U BbIcIIero oopasosanus Poccuiickort denepanunu (tema FZUN-2024-0004, roc3ananue Bal'y).

3asiBjieHre 00 HCHOJb30BAHUM TEXHOJIOTHI HCKYCCTBEHHOI0 HHTE/JIEKTA. HpI/I CO37ITaHUW HACTOSIIECH CTaThbM TEXHOJIOTHH
TCHEPATUBHOI'O UCKYCCTBCHHOI'O MHTCIVICKTAa HE UCIIOJIb30BAINCh.

3asBieHne 0 AOCTYITHOCTH JaHHBIX. Bee JAAaHHBIC, MOJYYCHHBIC B XOA€ 3TOI0 UCCICA0BaHUs, BKIIFOYCHBI B Hy6J'II/IKyeMy}O CTaTblO.

Jasi wurupoBanusi: Penun B.A., Mapmuvinos B.A., Ilonosa M.B., Yubpuxun /[.A. PanmoHanpHOE apMUpOBaHUE Hepa3pe3HBIX
TPEXIPOJIETHBIX AEPEeBsHHBIX 0anok // CTpouTenbHas MEXaHWKa HMHKEHEPHBIX KOHCTPYKIMH M coopyxeHuid. 2026. T.22. Ne 3.
C. 253-266. http://doi.org/10.22363/1815-5235-2026-22-3-253-266 EDN: LGPSQE

1. Introduction

Load-bearing timber structures are widely used in buildings due to their unique physical and mechanical
properties [1; 2].

Continuous multi-span beams have more economical cross-sections compared to single-span beams
[3; 4]. In most cases, the cross-section of a multi-span beam is determined by ultimate limit states, and
checking such structures against serviceability limit states is not considered relevant.
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Due to their substantial dimensions, continuous structures should be divided into pre-fabricated
elements in accordance with transportability requirements, and then assembled on-site into a single unit [5].
The connection between the elements can be either rigid or hinged, depending on the nature of the forces
acting on it [6].

In the study by Kliger R. et al. [7], when considering the history of development of strengthening
methods for timber beams, it is noted that one of the first solutions in this area was the application of steel
bars glued into wood at different angles by H. Granholm in 1944. Research conducted in South Korea
(Jung H.J. et al.) demonstrated the high effectiveness of using high-strength fiberglass plates in the
reconstruction of damaged load-bearing timber elements [8]. In the work by Italian scientists [9], it was
established that steel-reinforced timber beams require special measures to ensure flexibility in bending,
because irregularities in the material cause brittle fracture of the wood in tension before the steel bars can
deform. The article by Polish researchers [10] presented the results of tests conducted on solid timber beams
made of new and old wood, which were subjected to bending after being reinforced with steel plates and
epoxy glue. Scientists from China [11] describe an experimental testing program and theoretical analysis
examining the reinforcement of glued-laminated timber beams in bending using fiber-reinforced polymer
and steel materials. The focus of this study was to evaluate the influence of reinforcing materials,
reinforcement ratio, and arrangement on the bending behavior.

Currently, there are numerous design solutions for beam splices using various types of joints [12].
In Russia, the development of this concept has proceeded along two lines of research. The first is the work
of S.B. Turkovsky on methods and technologies for gluing inclined bars, which ensured the combined
resistance of the layers of glued beam elements in building structures (TsNIISK system) [13; 14]. Currently,
this system is widely used in prefabricated long-span timber structures. The technology progressed further
in [15] through the development of methods for increasing the shear strength of timber structures using
inclined glued connections. The second line of research, implemented in the works of V.Yu. Shchuko and
S.I. Roschina [16; 17], is related to the application of longitudinal reinforcement bars in wood [18; 19] by
the creation of grooves in the tension and compression zones of beams, followed by gluing of hot-rolled
ribbed steel rebars into them [20; 21]. In their patent, V.I. Skribo, G.M. Shutova, and E.B. Shalkevich
propose a design solution for a timber beam with reinforcement of glued laminated timber, the longitudinal
grain of which is oriented perpendicular to the beam axis; this approach allows for the use of low-grade
timber in load-bearing structures [22]. E.N. Aleksashkin, V.V. Veselov, and V.V. Egorov examined a repair
method and a design solution for a timber beam, in which the rebars are arranged along a path corresponding
to the principal normal stresses in the beam [23; 24]. Due to the placement of the reinforcement deep within
the body of the timber beam, this technology is used in strengthening and fabrication of glued-laminated
structures. No particular difficulties arise with the large-scale assembly of such structures.

The aim of this study is to determine the rational reinforcement arrangement for a three-span timber
beam, such that the rigidity and strength of the structure are increased, while the amount of reinforcement
used is minimized [25; 26]. This will ensure the most efficient utilization of the strength properties of
reinforcement material [27-29].

To achieve this aim, the following objectives were addressed:

— develop design options for beams based on the arrangement of reinforcement, taking into account
the distribution of bending moments along the length of the structure;

— define a criterion for evaluating the effectiveness of the considered options;

— identify the most effective options based on the bending strength condition by solving the problem
in a general parametric form.

The following assumptions have been made:

— all options have the same strength;

— the cross-sectional dimensions and strength properties of timber (wood species, grade) are assumed
to be the same for all options;
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— reinforcement break in asymmetrically reinforced structures is assumed without accounting for the
length of anchorage zones, i.e., without overlap of compression and tension bars at their break point.

The use of reinforcement in timber results in savings in the base structural material, increased strength
and rigidity of the beams, and improved operational reliability. The economic benefits of rational cross-
sectional reinforcement in terms of material consumption, as well as the lack of similar contemporary
studies on this topic, determine the relevance of this research [30; 31].

2. Methods

The research process was conducted according to standard methodology. The first stage involved a
review of existing methods for calculating flexural reinforced timber members, based on which a
calculation method for the structure under study was selected. The next stage involved analyzing the
distribution of bending moments along the length of the beam and developing various layout options for the
structure. The third stage involved selecting the rational option.

The intensive development of experimental reinforced timber beams and their application in pilot
construction projects [32—-34], as well as further research into their stress-strain behavior, necessitates the
refinement of design methods for such structures [35; 36].

Currently, the following analysis methods are primarily used in the design of reinforced timber
elements in bending [37]:

— based on transformed geometric characteristics of the cross-sections;

— taking into account the elastic compliance of the adhesive bond between the reinforcement and the
wood;

— taking into account the elastic properties of the materials and the compliance of the steel-wood
adhesive bond.

The first method is based on the idealized diagram of elastic-plastic behavior of wood, assuming the
hypothesis of plane sections and that the steel-wood adhesive bond ensures joint action (gw = &) throughout
the entire service life of the structure, up to failure.

The second method is a modification of the transformed-section analysis method. The following basic
design assumptions were adopted in developing the method:

—the wood subjected to tensile and compressive forces along the grain is treated as an isotropic
material;

— anisotropy and flexural rigidity of the reinforcement are not taken into account;

— the materials of the composite structure operate within elastic limit, assuming the plane-sections
hypothesis;

— the compliance of the adhesive bond between the reinforcement and the wood is expressed by the
difference in displacements Br and Bw.

The third method is based on the following premises and assumptions:

— all materials in the composite structure, including the adhesive, obey Hooke’s law;

— Poisson’s ratio of the rebars is zero;

— flexural rigidity of the rebars is not taken into account;

— the rebars are placed strictly along the axes of the channels;

— in the base material (wood), the law of plane sections is not violated, with the exception of the zones
surrounding the rebars;

— shearing angles y. for the adhesive layer and y» for the base material in the zones adjacent to the
rebars in the section under consideration are assumed to be constant;

— the zones of warping of the wood cylinders must not intersect.

A common shortcoming of the considered analysis methods is the assumption that the influence of
shear forces on the strength and deformability of timber structures is not taken into account. An attempt was
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made to account for the combined effect of normal and shear stresses on the stress state of structures;
however, the accepted theory did not account for the strength anisotropy of glued laminated timber, which
affects the stress state of flexural timber elements [38; 39].

The object of this study is a three-span reinforced timber beam with equal spans, subjected to a
uniformly distributed load. The model of the structure is shown in Fig. 1. The cross-section is assumed to be
rectangular. The reinforcement is to be provided by steel bars of grades A400 and A500.

q
V2070 A2 A2 AV RV
[ [ [

7 7 7

Figure 1. Model of the studied structure
S ource: made by V.A. Repin.

To calculate the three-span continuous beam under study, the analysis method based on transformed
geometric characteristics will be applied. The transformation factor for the reinforcement material relative
to the base material is defined as the ratio of the moduli of elasticity of the reinforcement (£r) to that of the
wood (Ew). It is a constant value:

E 2-10°MPa
E 10°MPa

w

Thus, the geometric characteristics of the transformed cross-section will take the form:
® area:

Fu = Fy + nFy; )
® moment of inertia:

Inr = L+ nly; 3)
® first moment of area:

Slr = Sw + nSr. (4)

Expression (2) can be written as follows:

Fu :Fw(l + nFr/Fw) :Fw(l + l’lu), (5)

F
where 1= F’ is the reinforcement ratio; Fw = bh is the unreinforced cross-section area of the element;

F, = n-md,*/4 is the cross-sectional area of the reinforcement (n, is the number of rebars; d- is the rebar
diameter); I is the moment of inertia of the unreinforced cross-section; /: is the moment of inertia of the
reinforcement; Sw is the first moment of area of the unreinforced cross-section; S- is the first moment of area
of the reinforcement.

Reinforcement of timber members is typically placed in the tensile zone of the wood fibers. This
approach is commonly referred to as asymmetric reinforcement (Figure 2, a). However, symmetric
reinforcement of the cross-section (Figure 2, b), in which reinforcement is also placed in the compression
zone, is equally effective.
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The geometric characteristics of an asymmetrically reinforced cross-section (see Figure 2, a) are
determined taking into account the fact that the neutral axis does not coincide with the axis of symmetry of
the cross-section, and the position of the cross-sectional center of gravity relative to an arbitrary axis z” is
calculated using the following formula:

bh| == |+nF (=h
_Ey,+tnky, ( 2) nh (h) _h+2nph,

Yeo TR SaE bh(lvmn)  204mp) ©)
y)l\ a y /?\
e i
! z' A 4
! ! he
Yeg. | Yw [ he I
h ho AL - _{.
h AN A - N > I i ?
" I I z | h
ho | hy !
T ® .
p | a |
b b
a b

Figure 2. Cross-sections of reinforced timber beams:
a — with asymmetric reinforcement; » — with symmetric reinforcement
S ource: made by V.A. Repin.

From this, the dimensions of the compression and tension zones of the section, /. and A: respectively,
can be determined:

+2
_ h+2nph, h o= _h_h+2nua

b=y |= b =h—p =l
¢ 2(1+np) ’ "~ 2(1+np)

Vee| (7
The coordinates of the centers of gravity of the unreinforced cross-section and the cross-section of the
reinforcement:

ﬁ—h _nu(h,—a) P— h,—a

= = ; h, —a=—2>—.
T T ey T T T 2 ®)

The transformed moment of inertia of the asymmetrically reinforced cross-section relative to the
neutral axis:

3 2 3 2
, - - 2
=1+ Fy? i =2 gy MmO | g homa bR 3nw (2R, ©)
12 2(1+np) 2(1+np) 12 I+np\ h

where 7, 1s the transformed moment of inertia of the asymmetrically reinforced cross-section relative to the

neutral axis.
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The transformed section modulus of the asymmetrically reinforced cross-section relative to the neutral
axis:

h bk 3np (2h, Y
=1, o= 1+ [ —1]. (10)

ror 6 l1+npl A

The transformed first moment of area of the sheared part of the asymmetrically reinforced cross-
section relative to the neutral axis at Awunc= hc: where huune is the height of the truncated part of the section
from the top edge of the element to the neutral axis.

oo _ DI _b( h2nph, © b (1+2np(h, I h)Y .

"2 20 2(1+np) 8 1+np ’ (1
h —a)nF. b’

S =nFh, :m=% 4y %_1 , (12)
2(1+mp) 8 \(A+np) &

where S is the transformed first moment of area of the sheared part of the asymmetrically reinforced cross-
section relative to the neutral axis; S, is the transformed first moment of area of the reinforcement of the

asymmetrically reinforced cross-section relative to the neutral axis.

The symmetrically reinforced cross-section (see Fig. 2, b) is characterized by the fact that its center of
gravity coincides with the center of gravity of the unreinforced cross-section. In this case, its geometric
characteristics are as follows:

® transformed moment of inertia:

, Y bR hY
I =1 +nF|—=>| =—|143nu| = |;
® transformed section modulus:
ho bi h Y
=] (—=——1+3 =1 |
tr 124 6 “’[hj (14)

® transformed first moment of area of the sheared part of the cross-section:

, h, _bi’ h
S, =8, +nF,—>="—|1+2np—=|.
tr w 7 4 8 ( th (15)

® transformed first moment of area of the reinforcement:

h, bk’ h
S =nF = =2""| 2pp—2 |,
=, S(nuh] (16)

where 7 is the transformation coefficient of the reinforcement material to the base material (1); /o is the

distance between the centers of the cross-sections of the rebars in the tension and compression zones; b is
3

. . . : . bh’ .
the width of the cross-section; W is the reinforcement ratio; 1, ZEIS the moment of inertia of the

2

unreinforced section; S, = ? is the first moment of area of the unreinforced section; F’ is the total cross-

sectional area of the reinforcement.
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For timber structural members, including beams, the reinforcement ratio is generally determined as
follows:

— for asymmetric reinforcement i = 0.012...0.025 (1.2...2.5 %);

— for symmetric reinforcement pL = 0.012...0.035 (1.2...3.5 %).

The expressions in formulas (9) and (13) enclosed in square brackets can be denoted as:

3np (2h, Y
=1+ ~—1] .
Bbear 1+nu( h J ) (17)
h 2
Pym =1+3nu(7"J . (18)

Expressions (17) and (18) reflect the increase in rigidity and strength of the flexural element, which is
achieved by the reinforcement.

In that case, the geometric characteristics of the cross-section of the reinforced timber structure can be
expressed as follows:

Itr = B'lw; VVvtr = B'Ww N (19)

where Iy, I,» are the moments of inertia of the reinforced and unreinforced sections, respectively;

Wi, Wy are the section moduli of the reinforced and unreinforced sections, respectively.

Based on the results of the calculations, the increase in the beam rigidity due to reinforcement will be
approximately:

— for asymmetric reinforcement — by a factor of 1.3...1.9;

— for symmetric reinforcement — by a factor of 1.5...2.8.

It should be noted that, in some cases, the rigidity and strength of the reinforced beam can be up to
twice that of the unreinforced beam; this holds true for reinforcement ratio W = 2%. This fact determines the
rationality of reinforcing timber structures.

Since the reinforcing bars essentially serve as the primary load-bearing fibers located in the most
stressed areas of the cross-section, it is possible to use 3rd-grade timber in the construction of reinforced
timber structures instead of the more expensive 1st- and 2nd-grade timber without compromising structural
performance.

The analysis of such structures subjected to normal stresses in the reinforcement and wood, and shear
stresses in the wood and adhesive joint, as well as the check for deformability, is performed in accordance
with the requirements of SP 64.13330.2017" using the formulas of strength of materials.

The bending moment diagram shown in Fig. 3, a, demonstrates that:

— the maximum moments are observed at the intermediate supports (Msuwp = 0.1¢/%);

— in the end spans, the moments are close in magnitude to the support moments (Mena = 0.08¢7);

— in the middle span, the moment is one-fourth that of the end spans (Mmia = 0.025¢/).

Based on this, it is necessary to identify characteristic regions within which the moments act in the
same direction, which allows to assign a specific type of reinforcement to each individual region.

The boundaries of these regions are defined by points where the moments are zero. It is reasonable to
design reinforcement breaks and longitudinal joints of pre-fabricated structural elements at these specific
points.

The minimum bending moment (four times lower than the design value) occurs in region III, which
allows to consider a scenario without reinforcement in that region.

'SP 64.13330.2017. Timber structures. Revised edition of SNiP II-25-80. Scientific Research Center “Stroitelstvo” —
V.A. Kucherenko Central Scientific Research Institute for Building Structures. Moscow, 2017.
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In this regard, the following beam reinforcement options have been developed:

— symmetric along the entire length (see Figure 3, b);

— symmetric along part of the length (see Figure 3, ¢);

— asymmetric along the entire length in tension zones (see Figure 3, d);

— asymmetric along part of the length (see Figure 3, e).

The criterion for effectiveness when selecting the most efficient option is the relative consumption of
reinforcement:

UL = H'Lreinf/Lbeam, (20)

where K =Fais the reinforcement ratio; Lreinf is the total length of regions with reinforcement (I, II, IV
0
and V); Lbeam = 3/ is the total beam length.
The shape and dimensions of the cross-section, as well as load ¢, are specified to be the same for all
options.
In the first step, the required reinforcement ratio is determined based on the bending strength
condition. Parameter 3, which characterizes the increase in rigidity and strength, is expressed as:

p2 Vem 1)
W,R,

Next, by substituting expressions (17) and (18) into expression (21), the formulas for the required
reinforcement ratios for asymmetrically and symmetrically reinforced cross-sections, at which they will
have equal strength and rigidity, are obtained:

M |
bear VVwa .
ureq 2 W 2 M ’ (22)
3}{ C—1| —n| /-1
h W R,
o 2# (23)
3n ("j
h
2
where Mmax is the design value of the bending moment (in this case Mmax = Mswp = 0.1g2); W,, =—1is the

6
section modulus of the unreinforced section; Rv is the design bending strength of timber; n is the
transformation coefficient (1).

Expressions (22) and (23) can be written in more compact form:

lvlbear 4 . 24
Ay (24)
sym \V
Mg =3 N2 (25)
Mmax 2h(? “ h:ym car sym
where:W:Wwa—l;N%ear: ; —I;Ahsym=7;h: =h—a;h)" =h-2a;a=d,/2-25mm.
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Figure 3. Calculated model and reinforcement options for a continuous three-span timber beam:

a — calculated model; b — symmetrical reinforcement of the section along the entire length;
¢ — symmetrical reinforcement of the section along part of the length; d — asymmetrical reinforcement of the section along the entire length;
e — asymmetrical reinforcement of the section along part of the length

S ource: made by V.A. Repin.
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3. Results and Discussion

The expression for the relative reinforcement consumption for the options with asymmetric and
symmetric reinforcement along part of the length (options No. 2 and No. 4) takes the form:

bear bear L

uL = Mreq reinf /Lbeam’ “;}’m = Miz;nLreinf /l’beam (26)

For cases with reinforcement along the entire length of the beam (options No. 1 and No. 3), the value
of uz will be numerically equal to the corresponding reinforcement ratios:

bear __ bear, sym __  sym _ CHM __  CHM
n, = ureq SHp = ureq n, = MTp

(27)

It follows that the options with partial-length reinforcement (No. 2 and No. 4) are more economical,
since in these cases the ratio Lieint/Lveam 1S less than one; more precisely: Lreint/Lveam = (3/ — 0.421)/(3]) = 0.86.
That is, the effect of this option is approximately 14%.

If necessary, the cross-sectional dimensions in the middle span can be reduced, as the safety factor is
automatically at least 25% (Msup > Mmid by a factor of 4, and B < 3). This further enhances the efficiency of
this design solution.

Since the total length of the reinforced regions Lreint is the same in options No. 2 and No. 4, their
effectiveness will be determined by the value of the reinforcement ratio. This fact can be established from
the relationship between these values:

sym 2 2
W yn (30, —v)  3AR. —y

bear

W ARy 3ARL @8
The expressions for Alvear and Ahsym can be written as:
2% 2(h-a) 2a
Ah, =" 1= —1=1-22; 2
e = p ; 29)
™ h-2a 2a
Ah, =——= =1-—.

It follows from expressions (29) and (30) that the values of Alhbear and Ahsym are equal, and a single
parameter Ak can be used in their place in expressions (24) and (25):

Ahzl—%a. (3

Then, expression (28) will take the following form:

e M-y _. v

WEO3AR 3AR

(32)

By analyzing expression (32), it is clear that the result of the calculation must be non-negative;
otherwise, it would be meaningless. A positive result, however, will be less than one or will approach zero:

0<——<1. (33)
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B bear

This means that, in any case, the value of coefficient 17" will not exceed the value of ", i.e., the

option with symmetric reinforcement will require either less rebar than the asymmetric option or virtually
the same amount:

ny S (34)

It follows that the most rational option is No.2 (see Figure 3, ¢), which features symmetric
reinforcement of the cross-section — with reinforcement placed along part of the beam length, or more
precisely, along its entire length except for region III. The exact value of the efficiency factor is determined
by calculation, as it depends on a number of variables. However, this index does not account for the influence
of shear stresses on the load-bearing capacity of the beams; therefore, when designing three-span reinforced
timber beams, it is necessary to check the support sections against shear forces using formulas (21).

4. Conclusion

1. Theoretical study of continuous three-span reinforced timber beams, focusing on identifying the
most rational reinforcement arrangement, was conducted. The criterion for efficiency was the relative
reinforcement consumption, defined as the product of the reinforcement ratio of the section and the ratio
of the total length of the reinforced regions of the beam to the total beam length: (. = Wlreinf / Lbeam.

2. It has been determined that the difference between the bending moments in the middle span and the
design moments at the supports allows part of the middle span to be constructed without reinforcement. In
addition, it is possible to reduce the cross-sectional dimensions, since the minimum safety factor for the
unreinforced regions is more than 25% — at the maximum reinforcement ratio.

3. The savings in steel when using partial-length reinforcement of the beams (i.e., with an unreinforced
region in the middle span) amount to approximately 14% compared to structures with reinforcement along
their entire length.

4. The most rational way to reinforce a three-span beam is to use symmetric reinforcement, placing the
rebar along a part of the beam length.

5. The results of the study showed that the grade and species of timber do not affect the performance
of the design options, as performance depends solely on the reinforcement ratio of symmetric and asymmetric
cross-sections. However, more accurate performance indices for the best option can be estimated by
analysing the structures using only specific parameter values.

6. A future direction for this line of research is the study of three-span reinforced timber beams
subjected to various loading schemes that may occur over the service life of structure.
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AHHOTAIUsA. AHTEHHO-Ma4YTOBBIC COOPYKEHHS HMIMPOKO MPUMEHSIOTCS ISl pa3MEIICHHs TeJICKOMMYHHUKAallMOHHOTO 000pya0Ba-
Hyst. IIpy MPOEKTHPOBAHUH TAKUX COOPYXEHHH CYIECTBEHHOE BIMSHHE HA Pe3yJbTaThl pacyeTa MOXET OKa3bIBaTh COCTaB pac-
YETHOM MOJZENH U CIIOCO0 ydeTa KOHCTPYKTUBHBIX 2JIEMEHTOB, B YaCTHOCTH padounx miomanok. Ocodylo CIOKHOCTh IPeCTaBIIs-
€T aHaJIM3 KOHCTPYKIMH C BEIPaXEHHOH reoMeTpHIeckoil acuMmerpueil. Llens ncenenoBanust — u3ydeHne BIHSHHA CIIocoda yde-
Ta pabounx IUIOMIAJ0K Ha HaNpsHKeHHO-Ae()OPMHPOBAHHOE COCTOSHME M JWHAMHUYECKHE XapaKTEPUCTHKH aHTEHHO-MadTOBOTO
COOpY’KEHHS, a TAK)Ke OLIEHKa 00IacTH MPUMEHHUMOCTH YIPOIIEHHON pacueTHOH Mozeny. YnciieHHOe MOJIeIMPOBAaHHE BBIITOJIHEHO
METOZIOM KOHEYHBIX AJIEMEHTOB B rporpaMmHoM komiuiekce SCAD Office. PaccMoTpeHbl Tpu pacdueTHbIE MOACIH MauThl, pas-
JMYAIoIUecs cocoOoM ydeTa pabouux IUIOMAL0K: C IBHBIM MOJECIUPOBAHUEM IIIOMAN0K, C YIETOM HAarpy30K OT MJIOIIAA0K U
0e3 ydera IUIOIIAAOK. J[OTIOMHUTENEHO MPOAHATN3NPOBAHB! OAIlIEHHBIE COOPYKEHHUS CO CXOAHBIM aCHMMMETPHYIHBIM PacIoiio-
JKeHHEM IUTONIa0K. BBIONHEH CpaBHUTENBHBIA aHAIN3 paclpelesieHHs MPOONBHBIX YCHINH M U3rHOaoNIMX MOMEHTOB II0
BBICOTE Ma4Thl, TOPH30HTAIBHBIX MEPEMEIICHUH, a TaK)Ke YacTOT U OpPM COOCTBEHHBIX KoJIeOaHUI KOHCTpyKuuu. [lokaszaHo,
YTO croco0 MOAETUPOBAHUS IJIOUIAI0K B HAMMEHBUICH CTEIIEHN BIMSET Ha MPOAOJIbHBIC YCHIIUS Y OCHOBAaHUS M Harpy3Ku Ha
(yHAaMEHT, OJHAKO OKa3bIBAET CYLIECTBEHHOE BIMSHMIE HAa U3rH0arone MOMEHTHI U NepeMEIeHNs] BEpXHEH YaCTH COOPY>KEHNS,
IJie pacroIokKeHbl IIomanku. s oTAeIbHBIX TapaMeTpOB PacXoKICHHE MexXTy MozensaMu npesbimaer 20 %. [lomydeHnHsie pe-
3yNBTaTHl MOATBEPKIAI0T HEOOXOIMMOCTh KOPPEKTHOTO y4eTa aCHMMETPHUYHO PACIIONOKEHHBIX IUTOMIAJ0K MPU pacyeTe aHTeHHO-
MauTOBBIX COOPYKECHHMN.

Ki1roueBble c10Ba: aHTEHHO-MauTOBOE COOPY)KEHHE, YHCICHHOE MOJIEIMPOBAHUE, METOJ KOHEUHBIX 3JIEMEHTOB, TUHAMUYECKHE
XapaKTepUCTUKH, BETPOBAsl HArpy3Ka, aCUMMETPHUsL KOHCTPYKLIUK
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3asiBeHune 0 AOCTYNMHOCTH TaHHBIX. Bcee JaHHBIC, TOJTYYCHHBIC B XOA€ 3TOI0 UCCIIEJOBAHNW A, BKIIIOYCHBI B ny6nHKyeMy10 CTaTbIO.

BaarogapuocTu. ABTOp BbIpaXkaeT OJAroflapHOCTh JUPEKTOPY OOIIECTBAa C OrpaHWYEHHOW OTBeTCTBeHHOCTHhIO «CBSI3b-
CTPOUPEI'MOH» IletyxoBy Cepreto Anekcanaposuuy (T. HbxkeBck, Poccuiickas ®@enepaiust) 3a MpefrocTaBICHUE TEXHUUECKOMH
JIOKyMEHTAIIUH [0 OOBEKTY HCCIIEIOBAHHUS.

Jas uurupoBanmsi: Mapkuna [O./]. BrnusiHue CTENEHH IETalW3allMd PacyeTHOHW MOJETH Ha HaNpsHKEHHO-Ie(hOpPMUPOBAHHOE
COCTOSIHUE aHTEHHO-Ma4TOBOIO COOpyKeHus // CTpouTeNbHAs MEXaHHKA WHKEHEPHBIX KOHCTPYKUuUil U coopyxenuit. 2026. T. 22.
Ne 3. C. 267-282. http://doi.org/10.22363/1815-5235-2026-22-3-267-282 EDN: LIBKAD

Mapkuna FOnus /Imumpueena, KaHanIaT TEXHUYECKUX HAYK, TOLCHT Kadeapbl TEOPUH COOPYKEHHI U TEXHUYECKOH MeXaHUKU, H)KeHEepHO-CTPOUTEIBHBII
(akynbTet, Hukeropoackuii rocyiapCcTBeHHBIH apXUTeKTypHO-cTpoutensHslil yauBepcuret (HHI'ACY), Poccuiickas ®enepanust, 603000, r. Huokuauit Hos-
ropon, yi. Mneunckast, 1. 65; eLIBRARY SPIN-kox: 4203-4240, ORCID: 0009-0006-7167-0652; e-mail: poluektoff@bk.ru

© Mapkuna 10.11., 2026

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License
A https://creativecommons.org/licenses/by-nc/4.0/legalcode

PACYET M NPOEKTVUPOBAHVE CTPOUTENBHBIX KOHCTPYKLM 267


https://orcid.org/0009-0006-7167-0652
https://orcid.org/0009-0006-7167-0652

Markina Yu.D. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(3):267-282

Influence of the Level of Detail of the Computational Model
on the Stress State of a Guyed Mast

Yulia D. Markina

Nizhny Novgorod State University of Architecture and Civil Engineering, Nizhny Novgorod, Russian Federation
P4 poluektoff@bk.ru

Received: April 2, 2026
Revised: June 4, 2026
Accepted: June 5, 2026

Abstract. Guyed masts are widely used for telecommunication equipment installation. In the structural analysis of such structures,
the composition of the computational model and the method of incorporating structural elements, including service platforms, may
significantly influence the calculation results. The analysis becomes more complicated for masts with pronounced geometric
asymmetry caused by the one-sided arrangement of service platforms. The aim of this study is to investigate the influence of
different methods of modeling service platforms on the stress state and dynamic characteristics of a guyed mast. Numerical
analysis was performed using the finite element method in the SCAD Office software. Three computational models were
considered: with explicit modeling of platforms, with equivalent loads from platforms, and without considering the platforms. In
addition, mast structures with similar asymmetrical arrangement of the platforms are analyzed. A comparative analysis of axial
forces, bending moments along the mast height, horizontal displacements, and natural vibration frequencies was carried out. The
results show that the method of platform modeling has a minor effect on axial forces, but significantly influences bending
moments and horizontal displacements of the upper part of the mast, where the platforms are located. For some parameters, the
difference between models reaches 20-22%. The results demonstrate the importance of proper consideration of asymmetrically
arranged platforms in the structural analysis of guyed masts.
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1. BBenenue

MeTobl YUCIIEHHOTO aHAJIM3a MO3BOJISIOT BBIMONHATH PACYET CIOKHBIX WHKEHEPHBIX COOPYKEHUI
C BBICOKOHM CTENEHBIO NEeTAIU3allMd U YUYUTHIBATh IIUPOKUI CHEKTp (PAaKTOPOB, BIMSAIOLUIMX Ha UX paboTy
[1; 2]. BeruncnuTtenpHasi TEXHUKA U POTPAMMHBIE KOMILIEKCHI KOHEYHO-3JIEMEHTHOTO aHaJIN3a CyIeCTBEH-
HO pacCIIUPSIIOT BO3MOKHOCTH MOJEIUPOBAHMS MPOCTPAHCTBEHHBIX KOHCTPYKIMA. OAHAKO MOJydYeHue 10-
CTOBEPHBIX PE3yJbTaTOB YMCJICHHOTO aHAJIW3a HANPSIMYIO 3aBHUCHT OT COOTBETCTBHUS MPHUHIATON pacdeTHOM
CXEMBI peaslbHO# paboTe coopyxerus [3; 4].

OnnuM 13 HanboJee CIOKHBIX JTANOB IMOATOTOBKH MCXOAHBIX JAaHHBIX JUIS YHCIEHHOTO aHAJIN3a SIB-
JSIeTCSl BBIOOP pacueTHOW CXEMBI U OINpPECIICHUE COCTaBa 3JIEMEHTOB, BKIIOYAEMbIX B PACUETHYIO MOJEIb.
HpOI‘leMMHBIC KOMIUICKCHI IMMO3BOJIAIOT CO3/1aBaTh BBICOKOACTAIM3UPOBAHHBIC MOACIIN KOHCprKHHﬁ, OJHa-
KO Ype3MepHast JeTaau3aus IPUBOAUT K YBEIHMUYCHHUIO BBIYMCIUTEIBHBIX 3aTPat, YCIOKHICT HHTEPIpeTa-
LUIO PE3YJIbTAaTOB U MOKET YBEJIMYMBATH MOTPELUIHOCTH, CBSI3aHHBIE C HEOIPEEICHHOCThIO UCXOAHBIX Ia-
pametpos [5; 6].
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B nmxeHepHO MPaKTHKE OTCYTCTBYIOT YHHBEPCAIbHBIC PEKOMEH/IAIIMM OTHOCHTEIBHO CTEIICHHU JIeTa-
JM3aIMY PACUYETHBIX MOJIENIEH U CIOCOOOB y4eTa OTAEIbHBIX KOHCTPYKTUBHBIX 3JIEMEHTOB. 3a/1a4a HHKeHe-
pa 3aKIIIoYaeTcs He B CO3JaHMM MAaKCHMAaJIbHO MOAPOOHON MOJeNu, a B pallMOHAILHOM BbIOOpe (PpakTopoB,
OKAa3bIBAIOIINX CYIIECTBEHHOE BIHMSHHE HA PabOTy KOHCTPYKLMH, C UCKIIOYEHHEM BTOPOCTEIICHHBIX 3JIe-
MEHTOB, HE OKa3bIBAIONINX 3HAYMMOTO BIUSHUS Ha pe3ynbTarhl pacdeta [7; 8]. OCOOCHHO aKTyalbHBIM BBI-
00p cocTaBa pacdyeTHOW CXEMBI SBIISIETCS MPH pacdyeTe YHUKAIBHBIX M BBICOTHBIX coopykeHui [9; 10], k
KOTOPBIM OTHOCSATCSI aHTEHHO-Ma4TOBBIE COOpYXeHHUs. Takne KOHCTPYKIMHU XapaKTEePHU3YIOTCS 3HAYUTEINb-
HOW THOKOCTBIO, BHICOKOW UyBCTBUTEIBHOCTHIO K BETPOBBIM BO3ICHCTBHUSIM M CIOKHBIM IPOCTPAHCTBEH-
HBIM B3aMMOJEcTBHEM 31eMeHTOB. OCOOCHHOCTH KOMITOHOBKH OOOpY/IOBAHMS M BCIIOMOTATEIbHBIX KOH-
CTPYKIIUH MOTYT CYIIECTBEHHO BIIMATH Ha pacmpejieiaeHue Harpy3ok [11; 12], ’KecTKOCTh CUCTEMBI U JIWHA-
MHUYECKHUE XapaKTePUCTUKU coopyskeHus [13—15].

OnHUM W3 HEOTHO3HAUHBIX ACIEKTOB (DOPMHPOBAHUS PACUETHBIX MOJENCH aHTEHHO-MAauTOBBIX CO-
OpYKEHHUil sBIsieTcs crnoco0 ydeTa B pacueTHOM CXeMe BCIIOMOTATEIbHBIX KOHCTPYKTUBHBIX 3JIEMEHTOB:
JIECTHUI], TJIOMIA0K OOCTY)KMBaHUSI M TEXHOJOTHYECKOTO 000pyaoBaHMs. Yalie BCero JaHHBIC 3JIEMEHTHI
3aMEHSIOTCS SKBUBAJIEHTHBIMHU Harpy3KaMu, MPUIOKEHHBIMA K OCHOBHOW Hecyliei cucteme [16—18], uto
MO3BOJIIET YIPOCTUTH PACYETHYIO MOJAEIh W CHU3UTH TPYAOEMKOCTh YHCICHHOTO aHaiu3a. OmHaKo mpo-
CTPAHCTBEHHOE PACIIOJIOKEHHE BCTIOMOTATEIbHBIX KOHCTPYKIIMH MOXET OKa3bIBaTh CYIIECTBEHHOE BIMSIHUE
Ha pacHpeielIeHne Macc U KECTKOCTH CHCTEMBI, a3POAMHAMUYECKNE XapaKTEPUCTUKU U IUHAMHYECKOE TI0-
BezZicHHe coopykeHus [19-21]. B mHanbonbmieil creneHn 3TO BIMSHAE TPOSIBIIICTCS B CITydasx pacroioke-
HUS 2JIEMEHTOB aCHMMETPHYHO OTHOCHUTEIBHO OCH COOPYKEHUS U (OPMHUPYET BHIPAKEHHYIO T€OMETpHYe-
CKYI0 aCHMMETPHIO KOHCTPYKIIHH.

HecmoTps Ha 3HaUNMTENBHOE KOJIMYECTBO HCCIIEOBAHMHN, MOCBAIICHHBIX YHCIEHHOMY aHaIM3y Oa-
IIEHHBIX ¥ Ma4TOBBIX COOPYKEHUI, BIUSHIE CTENCHU JIeTAIN3AIMH PACUETHON MOIEIH, TO €CTh Pa3IHIuil
MEX]y SBHBIM MOJAEIHPOBAHHUEM BCIIOMOTATEIbHBIX KOHCTPYKLHUH, UX 3aMEHOW SKBHUBAJIEHTHBIMH Harpy3-
KaMH ¥ UCKJIIOYCHHEM U3 PacyeTHOW CXEMBI, U3yU€HO B MEHbIIEH cTeneHdu. B wacTHOCTH, B IuTeparype
MPaKTUYECKH OTCYTCTBYIOT MCCJIEOBAaHUS, HAIPABICHHbIE HA KOJUYECTBECHHYIO OLIEHKY BIIHMSIHUS Pa3iIdd-
HBIX CIIOCOOOB ydeTa pabouMX IUIONIaI0K Ha CUJIOBBIE, Ae(pOpPMAIOHHBIE i THHAMUYECKHE XapaKTepUCTH-
K{ @aHTEHHO-Ma4TOBBIX COOPYXECHUH.

L]env uccnedosanus — KOMTMUECTBEHHAS OLIEHKA BIUSHHS PA3JIMYHBIX CIIOCOOOB yueTa aCHMMETPHYHO
pacIonoKeHHBIX PadoYMX IUIOMIAZIOK HAa CHIIOBBIE, Je(OpPMAIMOHHBIE U JUHAMHYECKUE XapaKTEPHUCTUKU
AQHTEHHO-Ma4YTOBOTO COOPYKEHHS, a TAKXKE OIpe/esieHre 00IacTH JOMYCTUMOTO IPUMEHEHHS YIPOIIEHHOMN
pacyeTHON MOJIEH C SKBHBAJICHTHBIMU HArPy3KaMH.

Jln1st TOCTHKEHNS TIOCTaBICHHOH 1M B pPa0OTe pelaroTcs CIEAyIONINe 3a/1a9u:

— pa3paboTaTh HECKOJIBKO PACYETHBIX MOJEIEeH aHTEeHHO-MAuTOBOTO COOPYXKEHHUS C Pa3IHMYHBIM CIO-
co0oM ydera pabouuX IUIOMIAIOK;

— BBITIOJIHUTH HEJIMHEHHBIN pacdeT MpOCTPAaHCTBEHHOH CHCTEMbI METOIOM KOHEUHBIX JIEMEHTOB;

— MIPOBECTH CPABHUTEIILHBIN aHAIN3 paclpeeseHHs yCUINA B CTBOJIC MAYThI;

— OIICHUTH BIMSHHE Croco0a MOJENMPOBAHMSA IUIOMIAJOK HAa TOPU3OHTAIBHBIC TEPEeMENICHUsI KOH-
CTPYKIIHH;

— MCCIIEA0BATh N3MEHEHHE JTUHAMUYECKUX XapaKTePUCTUK COOPYKEHHUs, BKIIIOYAs 4aCTOTH M (HOPMBI
COOCTBEHHBIX KOJIEOaHUIA;

— MPOAHAJIN3UPOBATH BIMSHUE PACUETHON CXEMbI Ha HAarpy3KH, epeiaBaeMble Ha (PyH/TaMEHT.

2. MeTonnl

B kadecTBe OCHOBHOTO OOBEKTa MCCIEIOBaHMS MPHUHITA META/IMYECKas MauTa BBICOTOH 86,625 M,
pacnonoxenHast B Peciyonuke Komu Poccuiickoit @enepanyu (puc. 1). CTBoI MayThl pecTaBiseT coooi
00omouky auameTpoM 1220 mm tommuHON 12 MM ¢ JumHOM cekuuit 11,0 M 110 OCsIM CTBIKOB JUIsl TPOMEXKY-
TOYHBIX M OTTSDKEUHBIX CEKIMWA W JUTMHOW 4 M ans BepxHed cekunu. CTBIKOBKA CEKIMH MEXIy COOOH,
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KpeIJICHUE JIAI]MEHOB M JAPYTHX 3JI€MEHTOB BBIINOJIHEHBI HAa BBICOKOMPOYHBIX OONTOBBIX COEAMHEHHSIX.
BHyTpH cTBONA MauThl MPOXOAMT IO BCEH BHICOTE JICCTHUIA-CTPEMSHKA C IJIOMIAKaMH s oTabixa. Omm-
paHue CTBOJAa MauThl HAa ()YHJAMEHT BBINOJHEHO IIAPHUPHBIM METOJOM. MaduTa Mo BBICOTE PacKperieHa
JIBYMS SIpyCaMH OTTSDKEK, PACHOIOKEHHBIMH IO YETHIPEM HANpPaBICHUSAM B Iu1aHe. OTTSDKKHY, BHITOJTHEHHBIE
U3 OIMHKOBAHHOTO CTaJbHOTO KaHaTa ¢ METAJIMYECKUM CEPJCYHHKOM, KPEISTCS K CTBOJIY M aHKEPHBIM
dbyHIaMEeHTaM ¢ TIOMOIIBI0 MeXaHn4IecKuX naetaneid. O6omouka cTBosa BeimoiaHeHa u3 cranmu 1711C.

[

Puc. 1. O0beKT UcClIeJOBaHUS:
a — o0umii BUJ; 6 — ONOPHBIN y3€l U IUIOMIAIKH
W ¢ T o4 HMUK: BRIOTHEHO A.A. MapKUHBIM.

Figure 1. Object of research:
a — general view of the mast; 6 — service platforms
S ource: made by A.A. Markin.

B 2003 r. Opu1a mpousBeeHa PEKOHCTPYKIUS MauThl 32 CYET HApalIMBaHHs €€ CTBOJA C MOMOIIBIO
JIBYX CEKIMH JUTMHON 2,5 M B BUJE YETHIPEXTPAHHBIX PEIIeTYaThIX Mpu3M ¢ 0azoit 1,1 M, coeaMHEHHBIX
MeXIy coOoit mpu momomy (raHieB Ha OonTax. BHYTpW MOMONMHUTENBHBIX CEKIUN U1 0OCITY)KUBaHUS
AQHTEHH MPEAyCMOTpEeHa JIECTHHIIA-CTpeMsiHKa. Ha BepxHel ceKlnu ObUIO YCTAaHOBJICHO KCILTyaTallHOHHOE
rpy3onoasemaoe ycrpoiicto Q = 0,5 1. Cy1ecTByomue 1 NpoeKTUpyeMble Kabesn OT aHTeHHO-(QUIEPHBIX
YCTPOMCTB JO anmapaTHON WIYyT BHYTPH CTBOJA MAYThl MO CYHIECTBYIOIINM IUTaHKaM. [IepBbIil u BTOpOU
SIPYChI OTTSDKEK PacToNioKeHbl Ha oTMeTKax 33,385 u 66,385 M, pabouwre mionajakiu — Ha OTMETKax 55,385
u 77,385 m.
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Paboune mmomaaku (OpMHUPYIOT BBIPAKEHHYIO T€OMETPHUYECKYIO aCUMMETPUIO KOHCTPYKIUH, YTO
IPHU UX HEKOPPEKTHOM y4eTe MOKET MIPUBOAMTH K MOTPEIIHOCTSIM IPU ONPENEICHUN YCWINN U IiepeMeltie-
Hui. Harpysku OT Mmiiomaaok onpenessuiich ¢ UCIOIb30BAaHUEM aJITOPUTMa pacdyeTa Harpy3ok OoT pabounx
TUTOMIAJIOK aHTEHHO-MA4TOBBIX coopyxeHuid [22]. PacdernHas Harpy3ka OT COOCTBEHHOTO Beca KaXIIOi
momaaku coctaBuna 1062,6 xr. BetpoBast Harpy3ka OT 3J€MEHTOB IUIONMIAIKN Ha OTMeTKe +55,385 M co-
craBuia 266,98 Kr, a JyIs IUIOIIaaKy Ha oTMeTke +77,385 M — 295,12 kr.

UncneHHOE HCCIIEeIOBaHUE BBITOMHEHO B TporpammHOM komruiekce SCAD Office 21, numensus
Ne 17203, pazpadorunk SCAD Soft. SCAD Office npexncrasisier co60i mporpaMMHBII KOMITJIEKC KOHEUHO-
AIIEMEHTHOTO aHaJIM3a CTPOUTENbHBIX KOHCTPYKLMU, IpeJHa3HAYeHHBIN JJIsl pacyeTa COOpYKEHUH Ha cTa-
TUYECKUE U JTUHAMUYECKHE Bo3aeicTBUA. [IporpaMMHBIN KOMIUIEKC COACPKHUT OMOIMOTEKY CTEP>KHEBBIX,
TUTACTHHYATHIX, OOBEMHBIX U CIEIMaIbHBIX KOHEUYHBIX AJIEMEHTOB, a TAK)KE MOIYJIH pacyeTa yCHIIUi, mepe-
MEIICHUH, YCTOMYMBOCTH M IMHAMUYECKUX XapaKTEPUCTUK KOHCTPYKIUH. AHIIOA3BIYHOE OMHMCAHUE IPO-
IpaMMBbl PUBEIEHO Ha OQUIMATLHOM caiiTe paspaboTunka'. PacueTHas cxema MauThl c(hOPMHPOBAHA KaK
MPOCTPAHCTBEHHAs] KOHEYHO-3JIEMEHTHas! Mojiesib. CTBOJI MayThl, JIEMEHTHl pab04YmX IUIOMIAI0K U PEeIeT-
yaTol HaJACTPOMKH 3aJ1aBaJIuCh CTEPKHEBBIMH KOHEUHBIMM 3j1eMeHTamu Tuna 5. Tum snementa 5 «lIpo-
CTPAaHCTBEHHBIN CTEp)KeHBY» oOnazaer mecthio creneHsMu cBobonsl B y3ne (UX, UY, UZ, RX, RY, RZ),
OCHOBAH Ha aNmpoKCUMaluu n3ruba mo moaenu JDinepa — bepHymn ¢ yderom ciasura mo teopun Tumo-
IIEHKO M 00eCreynBaeT KOPPEKTHOE MPEACTAaBICHNE U3TUOHBIX, MPOIOIBHBIX U KPYTHUIBHBIX JeopManunit
TOHKOCTEHHBIX 3JIEMEHTOB. VCIoNbp30BaHNe CTEPIKHEBBIX AIIEMEHTOB MO3BOJISIET JOCTUTATh TpeOyeMoil Tou-
HOCTH pacyeTa MpHU CyIIECTBEHHO MEHbIIEH BBIYMCIUTEIBHON pa3sMEPHOCTH MOJIEIH IO CPaBHEHUIO C IUIa-
CTHHYATBIMU ¥ OOBEMHBIMH KOHEYHBIMHU DJIEMEHTAMH, YTO JIeNaeT JaHHBIN MOAX0[ Hanboiee paluoHab-
HBIM JIJI aHTEHHO-MAUYTOBBIX coopyskeHHil [23]. CTepKHEBBIE 2IEMEHTHI TaKXKe COOTBETCTBYIOT HOPMATUB-
HOI METOJIMKe pacueTa aHTEHHO-MAYTOBBIX COOpYy keHuil>. [IpuMbIkaHue MIIONA0K U HAJCTPORKH K CTBOIY
MOZETHPOBAIICH C UCTIONIE30BAHUEM a0CONIIOTHO TBEP/BIX TeJl, CBA3BIBAIOLINX MEPEMEIICHHUS BEIOMBIX Y3-
JIOB C MEpEMEIEHUIMHU BEAYIIETO y3/1a 10 3aKOHAM KMHEMAaTHKU aOCOJIIOTHO TBEPAOIo Tella, YTO MO3BOJISET
nepeaaBaTh YCHINS OT IUIONMIAJ0K B OCHOBHYIO HECYIIYIO CHCTEMY C YYETOM SKCIIEHTPUCHUTETA COCTUHEHHS
1 0e3 UCKyCCTBEHHOM MOJATIMBOCTU B 30HE NMpUMBbIKaHHs. OTTSKKHU 3a/1aBajUCh CHEIMAIbHBIMA KOHEYHBI-
MU 3J€MEeHTaMU BaHTOBOro tumna 308 ¢ yueToM reoMeTpruueckoil HeTMHEHHOCTH UX paboThl U HAauyaJIbHOTO
HATSDKEHUS], TPUHATOTO B COOTBETCTBUU C TEXHUYECKOW TOKyMEHTaIuei mo oobexTy. PacueTHoil Monenbio
snemenTa tumna 308 sBisercs rHOKas HUTh C MO CTPEJoi MpOBHUCAHMS, paboTaromas TOJIbKO HA pacTs-
JKEHHE M YYUTHIBAIOIasl Ha4aJlbHOE HATSXKEHHE, COOCTBEHHBIN BeC, H3MEHEHUE JJIMHBI XOPJIbl U TEOMETPHU-
4eCKH HEeJIMHEHHbIM XapakTep paboThl kaHaTa. IIpu BBINOJHEHMH NWHAMMYECKOTO aHalinW3a paboTa BaHT
YUHUTBIBAECTCS B JMHEAPU30BAaHHON ITOCTAHOBKE OTHOCHUTEIBHO MPEIBAPUTEIBHO HAMIEHHOIO PaBHOBECHOIO
COCTOSIHUSI KOHCTPYKIMH. OnupaHue CTBOJA MAuThl 337aBaJIOCh 3alpeTOM JIMHEMHBIX NepeMEIeHU orop-
HOTO y3J1a 0 HanpasieHusAM X, Y U Z npu CBOOOAHBIX YITIOBBIX NEpeMENICHUAX. AHKEPHBIE y3JIbl OTTSKEK
MOJEIMPOBAIUCH KaK HEMOJBMKHBIE TOUKHM KPEIJIEHHS: B HUX 3allpeIlaIiCh JIMHEHHBIE EPEMELICHUS 110
HanpasieHusM X, Y u Z. [lepenada ycminii OT OTTSKEK OCYIIECTBIISIACh YEPE3 0CEBOE HATSHKEHUE BAaHTO-
BOro 31emMenTta tuna 308. YioBble cTeneHn cBOOOIbl B aHKEPHBIX y3/1aX HE MCIOJIb30BAIUCH IS Iepeaadn
YCWJINH OT BAaHTOBBIX JIEMEHTOB, IIOCKOJIBKY 37eMEHT THIa 308 mepesacT B paCUeTHYIO CXEMY TOJIBKO OCe-
BOE YCHJIME pacTsKeHMs. PacueT BBINONHSIICSA IIArOBO-UTEPALMOHHBIM METOAOM B T€OMETPUYECKH HENU-
HEHHOW MOCTaHOBKE, YTO OOYCJIOBJICHO HAJIMYUEM BAaHTOBBIX AJIEMEHTOB U HEOOXOAMMOCTBHIO y4eTa HM3Me-
HEHMS WX JKECTKOCTH B Mpollecce HarpyxeHus. HemmueilHble 3arpykeHus BKIIIOYAIM COOCTBEHHBIH BeC
KOHCTPYKIIMM U BETPOBBIE BO3JACHCTBHS B Pa3iIMUHBIX HANPABICHHUSIX OTHOCHUTEIBHO CUCTEMBI OTTSIKEK.
Harpyska npukiaapiBagach MO3TAHO; HA KaXKIOM IIare yTOYHSJIOCh PABHOBECHOE COCTOSIHHE KOHCTPYK-
IIUU ¥ TIEPECYUTHIBAIACH KECTKOCTh BAHTOBBIX 3JIEMEHTOB C YYETOM JIOCTUTHYTOTO YPOBHSI HATSKEHHUS, YTO
MO3BOJIMJIO YYECTh TEOMETPUUECKH HEIWHEHHYI0 PadOTy OTTSDKEK MPH ONpENeIeHUH YCHINH, TepeMerie-
HUW U JUHAMHYECKHUX XapaKTePUCTUK MaduThl. [[1s1 OCHOBHBIX HEIMHEWHBIX 3arpy>KEHUH HCIOJIb30BAIOCH

! MurerpupoBannas cucrteMa NPOYHOCTHOTO aHaW3a M MpoeKTHpoBaHus koHcTpykuuid. URL: scad-soft.ru (nara obpare-
Hust: 28.12.2025).
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JIeCSITh IIar0B pOCTa Harpy3Ku U He OoJiee 1eCATH UTEPAMOHHBIX YTOUHEHHH Ha mare. [1o mpoTokomy pac-
yera TpedyeMasi TOUHOCTh JOCTHranach He 0ojiee YeM 3a ceMb UTEpalnid, 4TO CBUACTEILCTBYET O CXOIUMO-
CTH HEJMHEWHOTO perieHus. Harpy3ku u pacyeTHble coyeTaHus HazHaya uch Mo TpedoBanusM CBopaa mpa-
Bun Poccuiickoit ®eneparuu CIT 20.13330.2016%, a pacyeT cTalbHBIX SJIEMEHTOB BBINOIHSAICSA C y4ETOM
Tpebopanuii Cona npasun Poccuiickoit ®enepanuu CIT 16.13330.2017%. KoppeKTHOCTb pe3ysibTaToB IO
TBEPXKJIAETCsI COMOCTAaBUMOCTBIO C pe3yibraTaMu 0oJjiee paHHUX MOBEPOUHBIX PACYETOB HECyllel crnocol-
HOCTH MAauThl, BHIIOJHEHHBIX B paMKax sKcmepTusbl. Hanbornee HeOmarompuaTHeIM Ui CTBOJIA SIBIISAETCS
BETPOBOE HArPy>KEHHE B IJIOCKOCTH, MEPIEHANKYIAPHON PACHIOIOKEHHIO Pa00YHX IO IOK.

JIJig OLIeHKH BIMSIHMS crioco0a ydeTra IUIOIA0K ObLIM chOpMUPOBaHbI TPH PacUETHBIE MOJIEIH, Pa3-
JTUYAOIIUECS CTETICHBIO IETaTN3aIlM KOHCTPYKIIHH:

Monens 1: ¢ MogenupoBaHueM pabo4KX IUIOUIAIOK B pacyeTHOU cxeme (puc. 2);

Moaens 2: 6e3 MOAETUPOBAaHUS IUIOMIAJIOK, HO C YYETOM HArpy30K OT X COOCTBEHHOIO Beca U BET-
POBOTO BO3/IEUCTBUS;

Moaens 3: 6e3 ydera rionaiox.

J1J1s OBBILIEHMSI BOCIIPOU3BOAMMOCTH paciyeTa OCHOBHBIE IMapaMeTpbl KOHEUHO-3JIEMEHTHBIX MOJIEIeH
IpUBE/IEHBI B Ta0IMI. 1.
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Puc. 2. Buzyanu3zanus pac4eTHON CXeMbl MauThl ¢ 0003HAYEHHEM )KECTKOCTEH
W ¢ 1o u Hun k: BemonHeno 0. /1. Mapkunoii.

Figure 2. Visualization of the computational model of the mast with the designation of stiffness values
S ource: made by Yu.D. Markina.

2 CIT 20.13330.2016. Harpy3ku u Bo3zeiicTBus. AkTyamusupoBanHas peaakuus CHull 2.01.07-85*, Mocksa : CTanaapTHH-
dopwm, 2018. 154 c¢. URL: https://docs.cntd.ru/document/456044318 (nata obpamienus: 28.12.2025); CIT 16.13330.2017. CranbHble
KOHCTpYKLMHU. AKTyanusupoBanHas pepaxiwms CHull 11-23-81*. Mocksa, 2017. 286 c. URL: https://docs.cntd.ru/document/456069588
(nata obOpamienus: 28.12.2025).
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Puc. 3. Buzyanu3zanus pac4eTHOH cxeMbl OaleH:

a — TpOXKEKTOpHas OarrHs BeicoTor 45,93 M

; 6 — TIpOXKEKTOpHAas OantHs BeICOTOH 35,05 M;

6 — OAaIlIHs COTOBOH CBSI3H BBICOTOM 70 M

W ¢ 1o 4Huk: BemonneHo 10./]. Mapkunoid.

Figure 3. Visualization of the computational model of towers:
a — searchlight tower with a height of 45.93 m; 6 — searchlight tower with a height of 35.05 m;

6 — cellular tower with a height of 70 m

S ource: made by Yu.D. Markina.
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Tabnuya 1. OcHOBHBIE NapaMeTPbl KOHEYHO-)JIEMEHTHBIX Moj1eJIeid
Table 1. Basic parameters of finite element models

IMapametp / Parameter Mogpeis 1/ Model 1 Mogeus 2 / Model 2 Mogaeas 3 / Model 3
Yuco y310B /
Number of nodes 167 131 131
YHcI0 KOHEYHBIX 3JIEMEHTOB / 220 165 165

Number of finite elements

Cnoco6 ydyeta pabo4mXx IIOMAI0K /
Method of platform modeling

SIBHOE MOACTMPOBAHUE
TUIOIIAIOK /
Explicit platform modeling

DKBHBAJICHTHBIC HATPY3KH
OT IUIOIIA/OK /
Equivalent platform loads

bes3 yuera miomaaox /
Platforms excluded

THIT 57IeMEHTOB CTBOJIA MAUTHI /

Finite element type for the mast shaft K3 5/FE 5

Tun s1eMeHTOB PaboYuX MIOIIAI0K / He monmenupyrotcs / He monenupytores /

KO5/FES

Finite element type for service platforms Not modeled Not modeled
Tun s1eMeHTOB peleTyaToi HaACTPoliKy / K35/FE 5

Finite element type for lattice superstructure

Ty 351eMeHTOB OTTSKEK / K3 308 / FE 308

Finite element type for guys

B BUIE SKBUBAJICHTHBIX
Harpy30K B y3IIbl CTBOJIA /
As equivalent loads
applied to mast nodes

Yepes 21eMEHTHI III0IIAT0K
" a0CONIOTHO TBEp/IbIC Teua /
Through platform
elements and rigid bodies

He yuursiBarorcs /
Not included

Cnoco0 nepenayu Harpy30K OT IUIOMIaA0K /
Method of platform load transfer

W c1ounuk: Bemonnaeno 0./1. Mapkunoii / S o ur ¢ e: made by Yu.D. Markina.

CpaBHeHHE pe3ylIbTaTOB MPOBOIUIIOCH TIO PACIIPENCIICHUIO YCHUIINI B CTBOJIC Ma4Thl, TOPU30HTAIBHBIM
MePEeMEICHHUSIM KOHCTPYKITMH, YaCTOTaM COOCTBEHHBIX KoJieOaHUI U HAarpy3Kam Ha (pyHIaMeHT.

JJis OlIEeHKH BO3MOXKHOCTH 00OOIIEHHS Pe3yJIbTaTOB JOMOJHUTEIEHO PACCMOTPEHBI METAITHYECKHE
pOXKeKTOpHBIC Oantau BeicoTOM 45,93 u 35,05 M, pacnionokeHnHbie B SIMano-HeHekoM aBTOHOMHOM OKpPY-
re, MeTaJyTM4eckas OalrHs COTOBOW CBsi3M BbIcOTOM 70 M, pacroyiokeHHas B Hwpkeropojackoi oOmactu
(puc. 3). AHamu3 3TUX 00BEKTOB IMOKa3ajl aHAJIOTHYHBIA XapaKTep PacdeTHON MPOOJIEMBI: aCHMMETPHUIHO
PacToNIOKEHHBIC TUIOMIAIKA (OPMUPYIOT JOKAJIBHBIA AKCIICHTPUCUTET MAacChl M BETPOBOH HArpy3KH, ITO-
ATOMY WX UCKJIIOYCHHE M3 PACUCTHON CXEMbI MOXKET UCKaXKaTh Pe3ybTarhl aHanmm3a. OCHOBHOW OOBEKT pac-
CMaTpHUBAETCsl B CTaTbe€ KaK JETaJlbHBIM pacueTHBIA MPUMEpP, a JONOJHUTEIbHBIE COOPYKEHHS TOATBEp-
JKIAFOT, YTO MCCIIeMyeMast CUTYaIusl He SBIISIETCS 0COOCHHOCTHIO OJHOTO aHTEHHO-MauTOBOTO COOPYIKCHHSL.

3. Pe3yabTarsl U 00CyxKAeHNE

AHanu3 pacrnpeneneHusi ycunnid (puc. 4) mokasani, YTo YPOBHU KPEIJICHUS! OTTSKEK OMPEESIIOT OC-
HOBHBIE MEPEIOMBI AIIOP MPOAOIBHBIX CHJI M M3TUOAIONIMX MOMEHTOB. BlnsiHUE M08 J0K 00CTYKMBaHUS
NPOSIBIISETCS NIPEHMYIIIECTBEHHO B BEPXHEH YaCTH COOPYKEHUSI.

Pacnpenenenune mpoaonbHON CHITBI IO BBICOTE [T BCEX TPEX PACUETHBIX MOJIETIEH UMEET OJIMHAKOBBIN
oOmmii xapakrep (puc. 4, a): MaKCUMalIbHOE C)KaThe HAOIONAeTCsl Yy OCHOBAHMS MAadThI, ITOCJIE YETO MPOo-
JIOJIBHOE YCHJIME MOHOTOHHO YMEHBIIACTCs K BepinuHe. Ha ypOBHSX KPEIUICHUS OTTSKEK (DUKCHUPYHOTCS
BBIPKEHHBIC CKAYKHU MPOIOIBHON CHIIbI. MaKCUMabHbIE 3HAUCHHS TPOJIOIBHBIX CHJI B CTBOJIE MAYThI JIJIS
Mozenei 1 u 2 mpakTU4ecKu coBmagaroT. OTHOCHUTENBHOE OTIMYHE MEXAY pe3yibraraMu monened 1 u
3 BO3pacTaer 1o BBICOTE CTBOMA: OT 3 % B OcHOBaHUHM /10 24 % B BepxHeil yactu coopyxeHus. OgHako ad-
COJIFOTHAs! BEJIMYMHA MPOJOJIBHBIX YCHIMKA B 3TOH 30HE CYIIECTBEHHO MEHbBINE, YeM y OCHOBAaHHS MadThl,
BCJIEZICTBHE YETO BIHMSHUE PAa3IMUMi MEXIy MOJAEISIMH Ha OICHKY HECyIIeld CIIOCOOHOCTH KOHCTPYKLUH
OKa3bIBACTCS OTPAHUYECHHBIM.

Ha ypoBHe kperieHus OTTsKEK HaOogaeTcs epesioM 3Iopsl MOMeHTa (pHc. 4, 6) 1 cMeHa ero 3Ha-
Ka, 9YTO OTpa)kaeT M3MEHEHHE XapakTepa padOThl CTBOJA MadThl. B BepxHel MOJIOBHHE COOPYKEHHS, I
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pacronoxeHsl paboyre MIOMIAKH, PA3THIUs MEXKITY MOACTSIMHA CTAaHOBATCS 3HAYUTEIBHO O0Jiee BBIPAXKEH-
HbIMU. BOnmM3u HwkHEH momankyu Ha oTMeTke 55,385 M pacxokaeHue Mexay Mozaenbio 1 u monensio 3
nocturaet 15-20 %. MakcumanbHOE OTIIMYME HAOIIOMAETCS B 30HE BTOPOTO sSpyca OTTSDKEK, TIe U3rudaro-
UK MOMEHT JJIsl MOJIENH C TUTOIIAIKaMHU COCTABIISIET OKOJIO 29,8 T°M, a Jy1s Mozenu 6e3 MO0 JOK COCTaB-
nseT okoio 23,4 T-M, TO ecTh oTianuaeTcs 6osnee yeM Ha 20 %. Takum 00pa3oM, HCKITFOYCHHE TUIOMAI0K U3
pacueTHON CXeMbl MPUBOIUT K 3aHMKEHHUIO M3THOAIONIMX MOMEHTOB B BepXHEH dactu cTtBoja 10 22 %
(B TOM 4HCIIe MAKCUMAJIBHBIX 3HAYEHUH), YTO MOKET CYIIECTBEHHO IMOBIHUATH HA OIEHKY IMPOYHOCTH KOH-
CTPYKUUHU. ACHUMMETPHUYHO PACHOJIOKEHHbIE IUIOMAJAKUA W3MEHSIOT pPACIpelelleHue Macchl U BETPOBOM
Harpy3Kd OTHOCHUTEIIbHO OCH COOPYXKEHMsI, BbI3bIBasl JOMOJHUTENbHBI M3rH0 CTBOJA MadThl. Mojenb 2
TaKKe He JaeT MOJHOIO COBIAJEHUs PE3YJbTaToB ¢ MOjieNibio 1. MakcumainbHas norpemHocts 11 % Bo3Hu-
KaeT B 30HaX IMEPBOT0 U BTOPOI'O SIPyCOB OTTSXKEK.
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W ¢ T 0 u H u k: Bemonneno 0. /1. Mapkunoii.

Figure 4. Distribution of internal forces along the mast height:
a — axial force; 6 — bending moment
S o urce: made by Yu.D. Markina.

AHanu3 ropu30HTaNBHBIX NepeMEIIeHUH (puc. 5) MoKa3ai, 4To y4eT IUIOAJ0K OKa3blBaeT 3aMETHOE
BIIMSHHUE Ha OOIIyr0 Ae(OpMaTUBHOCTb COOpykeHus. IlepeMelnieHrss MOHOTOHHO BO3pPAacTarOT IO BHICOTE
MayThl ¥ JOCTUTAlOT MAKCUMAJIbHBIX 3HAYECHUH B €€ BEepXHEH 4acTH. MakcHMalbHOE FOPU30HTAIBHOE IIe-
pemeleHue BepliuHel cocrasiser 181 mm uia momenu 1, 159 MM s mogenu 2, 142 mm juia mozpenu 3.
Paszuuna mexny mopensamu 1 u 2 nocturaer 12 %, mexay monensimu 1 u 3 nocruraer 22 %. SIBHOe Mone-
JMPOBAHUE IUIOIIAJ0K YBEJINYUBAET TMOKOCTh CUCTEMBI U MIPUBOIUT K POCTY FOPU30HTAJIBHBIX IEepeMeELIe-
HUM MauThbl. YUYUTBIBAsA, YTO BBICOTHBIE AHTEHHO-MAYTOBBIE COOPYKECHHUS XapaKTEPU3YIOTCS IOBBILICHHON
qyBCTBUTEIBHOCTHIO K TOPH30HTAIBHBIM JIe(OpMaLIUAM, TAKOE PACXOXKICHUE MOXKET CYIIECTBEHHO BIIHSThH
Ha OLICHKY JKCILTyaTallMOHHOM HaJeKHOCTH COOPYKEHHUS.
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W ¢ T 0 u H u k: BemonneHo 0. /1. Mapkunoiit.

Figure 5. Horizontal displacements along the mast height
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S ource: made by Yu.D. Markina.
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Puc. 6. CpaBHeHHe 4acTOT COOCTBEHHBIX KOJIeOaHUH paCUETHBIX MOJCIICH:

W ¢ T 0 4 H un k: BeinosHeHo 10.J1. MapkuHoit.

a — 3HA4YCHHUA 4acCTOT, 6 — OTHOCHUTEIJIbHAS TIOrp€IIHOCTh

Figure 6. Comparison of natural frequencies of the computational models:

a — frequency values; 6 — relative error
S ource: made by Yu.D. Markina
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B pesynprate aHamm3a 9acToT COOCTBEHHBIX KoJieOaHWi (puc. 6) BBIABIEHO, YTO BIUSHHE CIIOC00a
ydeTa IJIOMAA0K Ha TiepBbie (hOpMBI KoieOaHU OTHOCUTENHHO HeBeNlnKo. Pasznmuune mexy moaensmu 1 u
2 "e poxomut 10 1%, pazmuuue mexay moaensimu 1 u 3 — o 7 %. bonee Bricokue hopMbl KoneGaHmit 1e-
MOHCTPUPYIOT CYILIECTBEHHO OOJIBIIYIO0 YyBCTBUTEIBHOCTh K CIIOCOOY MOAEIMPOBaHU Iuomanok. st ae-
BATOU (hOPMBI JIOKATBbHBIX KoseOaHuil (puc. 7) pa3HUIa YacCTOT MEXy MOJCNIAMHU JocTUraer 65-67 %, 4to
0OBSCHSIETCS TepepacipeeieHHeM MacC M KECTKOCTH B 30HE pa3MelIeHus TuIomanok. Hanmmuue nomomHu-
TEJIBHBIX MacC, BBIHECEHHBIX OT OCH MaYThl, IPUBOIUT K U3MEHEHUIO HHEPIIMOHHBIX XapaKTEPUCTUK CUCTE-
MBI U MOBBIIIEHHON YyBCTBUTEJIBHOCTH BBICHIMX (OpM KoiebaHUil K croco0y MOAETHMPOBAHUS KOHCTPYK-
THUBHBIX AJIEMEHTOB.

Ananu3 nepBbIX Aecatu GopM cOOCTBEHHBIX KojeOaHMi (pHc. 7) MO3BOIMUI BBISIBUTh, YTO JUHAMUYE-
CKO€ TIOBE/IEHUE COOPYKEHMs ONpeesIAeTCsl IPEUMYILEeCTBEHHO U3TMOHBIMU (hOpMaMu KoJleOaHUM cTBOJIA
MauThl. [lepBbie 1Be (hOpMBI COOTBETCTBYIOT INIOOAIBHBIM U3TMOHBIM KOJIEOAHUSM KOHCTPYKIIMH, @ MAaKCH-
MaJIbHBIE TTepeMelIeHus] HaOmoatoTesl B BepxHeil yacTi MadTbl. Dopmbl 3—4 XapaKTepu3yrOTCs MOSIBICHH-
€M TOYKH Iepernda B cpeiHeil yacTu cTBoja, GOopMbI 5—6 CBA3aHBI C JIOKAIBHBIMU KOJICOAHUSMH BEPXHUX
Y4aCTKOB KOHCTPYKIMHU U 000pynoBanus. @opmel 7—10 UMEIOT KOMOMHUPOBAHHBIN XapakTep AepopMarimid,
BKJIIOUasl JIOKaJIbHbIE KOJICOaHUs IUIONAI0K, HAOII0ONAeTCsl YaCTUYHOE CMEIIeHHE U3TUOHBIX U KPYTHIIBHBIX
COCTaBJISIIOIIUX KoJeOaHHi, 4TO 00yCIOBICHO ACHMMETPUYHBIM PACIIOIOKEHUEM IIJIOLIAJOK OTHOCUTEIBHO
OCH MauThl.

AHanu3 peakiuil B OCHOBaHMHM MauThl U aHKEPHBIX y3JaxX OTTsDKEK (Tali. 2) mokaszan, uTo BIIHMSHHE
croco0a ydeTa IUIOIIAJA0K Ha CHIIOBBIE (DaKTOPBI B OMOPHBIX Yy3JaX HE3HAYHTENbHO. Pa3znuumne BepTUKAIb-
HBIX U TOPU30HTAIBHBIX PEaKIii B OCHOBAaHUH HE MPeBbIIaeT 6 %.

»\!-
/86,385 iz
Vo135 ] p ’
777,388 ) Fh Y

766,385 | |

65,385 L £ et Wiy I

1%

44385 | " ’ . . o

/33,385 l‘ : . | | | ! | |

/22,385

/11,385

Puc. 7. [lepBbie necatb Gpopm cOOCTBEHHBIX KOJIeOaHUN MayThI:
a, 0— I/I3I‘I/I6HBIC q)OpMLI; 8, 2 — M3TUOHBIC C TOYKOM r[epem6a B cpeuHeﬁ YJacTu CTBOJIA, d, € — JIOKAJIBHBIC; HC—K — KOM6I/IHI/IpOBaHHLIe
W ¢ 1 0 u u u k: Bemonneno 0. JI. Mapkunoii.

Figure 7. First ten natural vibration modes of the guyed mast:
a, 6 — curved shapes; 6, 2— curved shapes with a inflection point in the middle of the shaft; 0, e — local; oxe—x — combined
S o urce: made by Yu.D. Markina.
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Ta6ﬂu1¢a 2. PeaKIII/ll/I B OCHOBAHHUH MAYThI M OIMMOPHBIX Y3JIaX OTTHIKECK
Table 2. Support reactions at the mast base and guy anchor nodes

Peaxuus, T / Reaction, ¢
¥Y3ea / Node Mopean 1/ Model 1 Mopeasn 2 / Model 2 Mopenan 3 / Model 3
RX RY RZ RX RY RZ RX RY RZ

1 0,00 -0,73 65,60 0,00 -0,72 65,58 0,00 -0,74 63,44
152 1,24 1,23 -2,13 1,24 1,23 -2,13 1,25 1,24 -2,14
153 1,75 -1,76 -3,01 1,74 -1,75 -3,00 1,72 -1,73 -2,95
154 -1,75 -1,76 -3,02 —-1,74 -1,75 -3,00 -1,72 -1,73 -2,95
155 -1,24 1,23 -2,13 —1,24 1,23 -2,14 -1,25 1,24 -2,14
156 2,36 2,32 -3.81 2,20 2,16 -3,56 2,40 2,36 -3,88
157 3,74 -3,78 —6,12 3,59 -3,63 -5,88 3,51 -3,55 -5,73
158 -3,74 -3,78 —6,12 -3,59 -3,63 5,87 -3,51 -3,55 -5,73
159 -2,36 2,32 -3,81 -2,20 2,16 -3,55 -2,40 2,36 -3,88

V3en | — omopHsIii y3ei1 CTBOJIa MauThl; Y376l 152—159 — omnopHbIe y311bI OTTSIKEK /
Node 1 — support node at the mast base; nodes 152—159 — support nodes of the guy anchors

W c1ou4Huk: Bemoireno F0.J. Mapkunoii / S o ur ¢ e: made by Yu.D. Markina.

JIONOTHUTENIFHOE PACCMOTPEHNE MPOXKEKTOPHBIX OalieH U OallHu COTOBOW CBSI3H MTOKA3all0, YTO BBI-
SIBJICHHAS! 3aKOHOMEPHOCTh XapaKTepHA HE TOJBKO JJISI UCCIENyeMOW MauThl, HO M JJIsl APYTHX aHTEHHO-
Ma4YTOBBIX coopyxceHHﬁ C AaCUMMETPHUYHBIM PACIIOJIOKCHUEM TIIOIAA0K O6CJIy)KI/IBaHI/IH. KonuuectBeHHbBIE
3HAUEHHS PACXOXKIECHUH MEXIY pacueTHBIMH MOIETSMH HEJb3s aBTOMAaTHYECKH PACIpOCTPAaHATh HA BCE
COOpYXKEHHsI, PH HEOOXOAUMOCTH OHU JIOJKHBI YTOUHATHCS ISl KQXKJOTO OOBEKTa C yUYETOM €ro KOHCTPYK-
TUBHOU CXEMBI U XapaKTepa aCHMMETPHUH.

[TomydeHHBIC pe3yNbTaThl COTIIACYIOTCS C OOIIeH TeH/IEHITNEH, OTMEYCHHON B MCCIIEIOBAHUSAX BETPO-
BOI paboThI TEJIEKOMMYHHKAIIMOHHBIX OAllleH ¢ HaBECHBIMH 3JeMeHTamu. B [11] moka3aHo, 4To IECTHHUIIBL,
Ka0eu U aHTEHHBI, YCTAHOBIICHHBIC HA PEUIeTYaTON TEICKOMMYHHKAIIMOHHOW OalltHe, U3MEHSIOT a3pOu-
HaMU4ecKue KOd(PQHIMEHTH U paclpeesieHne BETPOBOM Harpy3KH Ha COOpPYXKEHHE, YTO IMOATBEPXKIAeT
MCXOJIHOE TIOJIOKEHUE HACTOAIIeH pabOoThl: MIIOMIAIKA OOCITY)KUBAHHS M TEXHOJIOTHYECKOe 000pynoBaHUE
CJIEZlyeT paccMaTpuBaTh HE TOJBKO KaK JIOTOJHUTEIBHYIO MacCy, HO U KaK AJIEMEHThI, U3MEHSIOIINE MPO-
CTPAaHCTBEHHYIO paboTy coopyxeHus. Pesynbrarsl [13; 21] noka3sIBaloT, 4TO yroj BETpa, B3aUMHOE PacIo-
JIO)KeHUE aHTeHH M 3((EKT SKPaHUPOBAHMS CYIIECTBEHHO BIMSIOT HAa BETPOBBIC HATPY3KH, ACHCTBYIOIINE
Ha peleryarsie OallHU CBS3M, YTO COMIACYETCs C MOIYYeHHBIMHU B HAcTOsIICH paboTe NaHHBIMH, 110 KOTO-
PBIM OCHOBHBLIC PA3JIUYUA MEKAY PACHECTHBIMHU MOACIIAMU ITPOSBIAKOTCS B I/ISI‘I/I6aIOHII/Ix MOMCHTAax, ropu-
30HTAJIBHBIX MEPEMENICHUAX U BBICIIUX (opMax KoieOaHWH, TO €CTh B MapaMeTpax, YyBCTBUTEIBHBIX K
MPOCTPAHCTBEHHOMY IepepacipeieieHHIo Harpy3ku. B [24] uncienHo mokaszaHo, 4To (opMa ¥ paBHOMED-
HOCTb Pa3MELICHNs AHTEHH BIIUSIOT HA YyBCTBUTEIILHOCTh BETPOBOM HArPYy3KH K HampasiaeHHo BeTpa. [Ipu
CUMMETPUYHOM PACIIOJIOKEHUH aHTEHH IOTEepevHast Cujia M M3rHOAlomnii MOMEHT CTaHOBSIITCS MEHEE UyB-
CTBHUTEIBHBIMH K U3MEHEHUIO HANPABJICHUS BETPa. DTOT BBIBOJ OJM30K K PE3yNbTaTaM HACTOSIIErO HCCIie-
JIOBaHHUS: aCHMMETPUYHOE PACHOIIOKEHHUE TUIOMIAT0K 00CITyKHBAaHHS TIPHBOIUT K UX 00Jiee BHIPAKEHHOMY
BIIMSTHHIO Ha M3TUOHYIO paboTy u nepemeniennto Maathl. Khazaali u np. [25] oTMedaroT, 9To TOYHAsI OIleHKA
BETPOBBIX HArpy30K Ha TEJIEKOMMYHHKAIMOHHBIE OalTHHU TpeOyeT ydeTa KodQPHUINEHTOB CONPOTUBICHUS 1
UHTEPPEPEHIIMOHHBIX (PAaKTOPOB, & YUCICHHOE MOJCIHPOBAHUE MOXKET MPUMEHSTHCS ISl OLCHKH Pa3lind-
HBIX KOH(UTryparuii OameH W aHTeHH. B maHHOW paboTe aHamormdHas mpobiemMa paccMaTpuBaeTcs Ha
YpOBHE KOHEYHO-DJIEMEHTHON MOJENN: 3aMEHa IUIONIAJOK SKBUBAJICHTHBIMH Harpy3kaMu XOpOILIO BOCIPO-
W3BOJIUT YaCTh OOIIMX IMapaMeTpoOB, HO HE MOJHOCTHIO OTPAXKAET BIUSHUE MPOCTPAHCTBEHHOTO PACIOo-
JKCHUS IUTONIAJIOK Ha JIOKAJIBbHYIO paboTy M ITUHAMHUYECKHE XapaKTePHCTUKU coopyxeHUs. Takum obOpa-
30M, pe3yJIbTaThl HACTOSAIIETO MCCIICAOBAHMS HE MPOTUBOPEYAT JAHHBIM JIPYTUX aBTOPOB, a AOTONHSIOT UX.
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B GonbmmHCTBE PacCMOTPEHHBIX Pa0OT OCHOBHOE BHHUMAHHWE YIIEJIICHO a’pOIMHAMHYECKAM KOA(PPHUIHCH-
TaMm, BETPOBBIM Harpy3kaMm M B3aUMOJICUCTBHUIO OAlllHM C aHTCHHAMH, B JIAHHOW CTaThe aKICHT CIeiaH Ha
pacueTHON CTOPOHE 3aJa4yu: CPaBHEHUH JIETAIM3UPOBAHHOTO M YIPOILIEHHOTO CIIoco0a mepeaadn Harpy3ok
OT aCHMMETPUYHO PACIIONIOKEHHBIX IDUIOIMAM0K B KOHEYHO-3JIEMEHTHYIO MOJIEINb, YTO ITO3BOJISIET YTOYHUTH
00JacTh MPUMEHEHHS YIIPOIICHHBIX PACUETHBIX CXEM MPH aHAIIN3e aHTEHHO-MAYTOBBIX COOPYKCHUI.

4. 3akJroueHue

1. Cnoco0 ydvera Mmomagok o0CITyKUBAHHUS MTO-Pa3HOMY BIIMSIET HAa PACUETHHIE MapaMeTphl aHTEHHO-
Ma4TOBOT'O0 COOPYIKCHUS. Haumenee YYBCTBUTCIIbHBI K ACTAJIM3AIIUA MOJCIIN ITPOJOJIbHBIC YCUJIMA B CTBOJIC
U peakIiy B OMOPHBIX y3nax. J{Jsi 3TUX mapaMeTpoB 3aMeHa IJIOIA/I0K SKBHBAICHTHBIMU HArpy3KaMH MO-
JKET pacCMaTpPUBATHCS KakK JIOMYCTHMOE MH)KCHEPHOE YINPOIICHUE, TIOCKOJIBKY OHAa COXPaHSET OOIIMN Xa-
paKTep mepeaadn BepTUKAIBHBIX YCHIHN B HECYILCH cucTeMe.

2. Haubonee 4yBCTBUTENBHBIMH K CIIOCOOY yd4eTa IUIOMIAJOK SBIISIOTCS MapaMeTphl, CBS3aHHBIE C
MPOCTPAHCTBEHHOM M3rMOHOM paboTOM M AeOPMATHBHOCTHIO BEpXHEH JacTH coopykeHus. [Tpu acummer-
PUYHOM PACIIOJIOKECHUH TUIOMIAIOK MX SIBHOE MOJCIMPOBAHHUE MO3BOJSIET YYUTHIBATH HE TOJBKO JTOMIOTHH-
TENFHYIO Harpy3Ky, HO ¥ H3MEHEHHE TeOMETPUH H JIOKAILHOM )KECTKOCTH pacdeTHOU cxeMbl. [1osaToMy mpu
MOBEPOYHOM PACUETE IKCIUTYaTUPYEMBIX COOPYKEHUI U OIIEHKE paOOThl BEPXHUX YYACTKOB CTBOJIA TIPETIO-
YTUTETHHO IPUMEHSTH JICTATN3UPOBAHHYIO MOJICTIb.

3. B pesynbrare cpaBHEHHsI TOPH30HTAIBHBIX MEPEMEUICHUN BBISIBICHO, YTO YIIPOIICHHAs] MOJECIb C
9KBUBAJICHTHBIMU HArpy3kaMu HE€ IOJIHOCTHIO BOCIIPOU3BOAWUT U3MCHCHHUC I[e(bOpMaTI/IBHOCTI/I COOpPYKCHHUA,
BBI3BAaHHOE HAJIMYUEM IUIOMIAZOK. [103TOMYy Ui MpeaBapUTENbHON OLICHKH OOIIeH pabOThl COOPYKEHHUS
TakKast MOJCJIb MOXET OBITH HCIIOJIb30BaHa, OAHAKO IJId YTOYHCHHOI'O aHajIn3a HCpeMeHIeHI/Iﬁ M1 OILICHKHU DKC-
IUTyaTalMOHHON MPUTOHOCTH BCEX IEMEHTOB MPEAIIOYTHTEIIFHO SIBHOE MOJICIIMPOBAHUE TUIOMIA]IOK.

4. luHaMUYECKHE XapaKTEPUCTUKU TAKKE MMEIOT Pa3IMYHyH 4yBCTBUTEIBHOCTh K COCTaBy pacyer-
HOM Monenu. Husmme GpopMbl COOCTBEHHBIX KOJIEOaHUI, XapaKTepH3yIOIIUe I00aTbHYI0 Pad0Ty COOpYIKe-
HUSI, B MCHBIICH CTENEHH 3aBUCAT OT criocola ydeTa IUIONIa oK. Beiciire U JoKajabHbIe (JOPMBI OKa3bIBa-
I0TCsL OoJiee YyBCTBUTEIBHBIMU K PACHpE/ICICHHI0O MAacChl M T€OMETPUUECKOW KOH(HUTYpaI[ld BCIIOMOTa-
TEJIBHBIX AJIEMEHTOB. JTO OTpaHMYMBACT MPUMEHEHUE YIPOUICHHOW MOJACTH MPU aHAJIH3e JUHAMUYECKOTO
TIOBE/ICHHS] BEPXHHUX YYACTKOB KOHCTPYKIIHH.

5. Peakuuu B OCHOBaHMHM aHTEHHO-MA4YTOBOTO COOPY)KEHHsSI U aHKEPHBIX y3JlaX OTTSDKEK MOTYT HC-
MIOJTE30BAThCSl KaK MapaMeTpbl KOHTPOIIS OOIIeH COrTacOBaHHOCTH PAacCYETHBIX MOJENIeH, OJHAKO OHU HEI0-
CTaTOYHBI JJIsl OLICHKU BIUSHHUS aCHMMETPUYHO PACTIONIOKEHHBIX IJIOMIAJI0K Ha JIOKAJIBHYIO paboTy COopy-
xeHusl. OCHOBHBIE PA3JINUUs MEX]Ly MOJENISIMU MPOSIBISIOTCS HE Ha YPOBHE OMOPHBIX PEaKIUii, a B U3THO-
HOU paboTe, MepeMeIeHUIX U JTOKAIbHBIX JUHAMHUYECKUX XapaKTePUCTHKAX.

[Tony4yeHHbIe pe3yNbTaThl MOKA3BIBAIOT, YTO CTEICHb JETATN3AMHA PACYCTHOW MOJIENN CIIEAYET BHIOU-
parh ¢ y4eTOM IIeTH pacueTa M 0COOSHHOCTEeH KOHCTPYKTHBHOTO perieHus oobekra. J{ist oOmeil oneHkn
paboThl aHTEHHO-MAYTOBOTO COOPY)KEHHSI U TPEIBAPUTEILHOTO aHaM3a JIOMYCKAETCsl HCIIOIb30BaHUE MO-
JIeNTU C SKBUBAJCHTHBIMU HArpy3KaMH OT aCHMMETPHYHO PACMOIOKEHHBIX TUIOIAA0K. J{J1si MpOBEpKH Mpod-
HOCTU U J1e()OPMATHBHOCTH DJIEMEHTOB B 30HAX Pa3MELICHHUs IUJIOMIAJOK, a TAKKEe Ul aHaIM3a BBICIIMX
(dopM cOOCTBEHHBIX KOJIEOaHUI HEOOXOMUMO PUMEHSATH 00Jiee eTaTN3UPOBAHHYIO PACYETHYIO CXEMY.

Hayunast HOBH3HA paOOTHI 3aKIIOYACTCS B KOJHMUECTBEHHOW OLICHKE BIMSHUS PA3JIUYHBIX CIOCOOOB
ydeTa 3J1eMEHTOB, (JOPMHUPYIOIIUX BBIPAKEHHYIO T€OMETPHUYECKYI0O aCUMMETPHIO KOHCTPYKIMH, HA CTaTH-
YEeCKHE U TMHAMHUYECKHE MapaMeTpbl aHTEHHO-Ma4TOBOTO COOPY)KEHHSI, & TAKXKE B BBISBJICHUU Pa3THYHON
YyBCTBUTEIBHOCTH CUJIOBBIX, IE(OPMALIMOHHBIX M TUHAMUYECKIX XapAKTEPUCTUK KOHCTPYKIIUU K CTETICHU
JeTaTu3aliy PacueTHON MOJIEIH.

TeopeTnueckasi 3HAYUUMOCTh paOOTHI COCTOUT B YTOUHEHUU TNPEICTABICHUN O BIUSHHH aCUMMETPUY-
HO PACIOJIOKEHHBIX BCIIOMOTATEIbHBIX KOHCTPYKTHBHBIX JIEMEHTOB Ha MPOCTPAHCTBEHHYIO paboTy W JH-
HAMHYECKOE MOBE/ICHHE aHTEHHO-MAa4YTOBBIX COOPYKCHUH.
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[TpakTHyeckas 3HAYMMOCTD PE3YJIBTaTOB 3aKII0YAeTCsl B 000CHOBAHUH PAIIOHATIBHOTO MOAXoaa K (op-
MUPOBAHUIO PACUETHBIX MOJENEH aHTEHHO-Ma4yTOBBIX cOOpy:keHHMH. [Toka3aHo, 4TO HMCIOIB30BaHUE YIIPO-
HICHHBIX PACYETHBIX CXEM C YUETOM IUIOMAA0K, (JOPMHUPYIOMIUX BBIPAKCHHYIO T€OMETPHUECKYI0 aCUMMET-
PHIO KOHCTPYKIIMHU, B BHJE SKBUBAJEHTHBIX HArpy30K MOXKET OBITH JOIMYCTHMO IPHU OIEHKE MPOIOIBHBIX
YCUIIMH U II00abHBIX TUHAMUYECKHX XapaKTEPUCTHK COOpyxeHus. OTHAKO sl KOPPEKTHOTO aHAJIN3a U3-
ru0arIUX MOMEHTOB, TOPU30HTAJIBHBIX MEPEMEIIEHUI U JOKaJbHBIX (GOpM KoJeOaHUN MPEANOYTUTEIHHO
NPUMEHSTH PACUYETHBIE MOJIENN C SIBHBIM MOAEIHPOBAHUEM IUIOMIAT0K OOCTYKUBAHUS.
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AHHoTanus. BpINONHEHO YUCIEHHOE MOJEIMPOBAHUE IPOCTPAHCTBEHHOM CHCTEMBI «000I0UKA — IPYHTOBBIH MacCHBY, BKIIIOYA-
IOIIEH TPOHHMKOBOE COCAMHEHUE IMIMHIPUIECKUX 000I0YEK M MPHUIIETaAIOMNil TPYHTOBBIH MAacCHB, C UCIIOIb30BAHUEM KOHTAKT-
HBIX 3JIEMEHTOB JUI ONUCAHUs 3a30pa MEXIy KOHCTpyKIued U rpyHtoM. MccienoBaHue MpoBeAeHO MU (parMEeHTOB MaccHBa
Pa3IMYHON IIUPHUHEI C LEIbI0 OLEHKH MX BIMSHUS HA BENUYMHY U (OPMY MYNIBABI OCAAKU 3€MHOH MOBEPXHOCTH. PaccMoTpeHbI
BOCEMb PacUETHBIX MOJEJEN, B KOTOPbIX PACCTOSIHUE L OT KpaeB OCHOBHOU U IpHMBIKaIOLeH 000104eK JO GOKOBBIX TOPLIOB Mac-
CHBa M3MEHSIOCH B nanazone ot 1D mo 8D ¢ marom D, rae D — auameTp 0OCHOBHO# 000s104KH. OKpYKAIOUIMA MACCUB MOZCIIH-
poBaics TpeXMepHbIMU KoHeuHbIMH 3aeMeHTamu (SOLID186, SOLID187), uununapudeckas 000J104Ka MOAENINPOBaIach 00010-
yeunbiMu eMeHTamMu (SHELL181); moBeneHune rpyHTa omnmcaHo ynpyromiactuieckoid mozaenbio Mopa — Kynona. ITomydenst
ceMelicTBa KPUBBIX MyJbJ, OCaJ0K MOBEPXHOCTH MAacCHBa B IONEPEYHOM U NPOJOJIBHOM HANPAaBICHUSAX K OCH HMPUMBIKAIOIIEH
0007104KH. YCTaHOBJICHO, YTO MPH IIUPHUHE PACYETHOTO MaccuBa OT 1D 110 5D 3aMeTHO U3MEHSIOTCS KaK BEJIMYHUHBI OCAJIOK, TaK U
(hopma MynbIBI OCeaHus, a TPy JaJIbHEHIIeM yBEITHUEHHH pa3MepoB pacueTHor obnactu (L > 5D) nameHeHue Gpopmsbl ¥ IITyOUHBI
MYJIBJIbI CTAHOBUTCS He3HAUYMTENbHBIM. Ha 0CHOBe aHanm3a HanpshkeHHO-Ie(OopMUPOBaHHOTO COCTOSIHUSI CUCTEMBI JUTS HHXKEHEp-
HBIX PAacu€TOB PEKOMEHJ0BAHO IIPUHUMATh MIMPUHY MaccuBa L > 5D, pu 3TOM NpEeNNOYTUTEIbHBIM SABIIsAETCs 3HaueHue L = 5D,
obecneynBaroliee JOCTaTOYHYI0 TOYHOCTh ITPOTHO3UPOBAHUS OCAIKH 0€3 Ype3MEPHOro YBETHUEHHS YUCIIa KOHEUHBIX JIEMEHTOB.
IMonyueHHbIE pe3yNbTaThl O3BOJSIOT MOAJCPKUBATh OAJaHC MEXIY CKOPOCTBIO pacueTa U JOCTOBEPHOCTHIO MAaTeMAaTHYECKOIO
MOJICJTUPOBAHHS, YTO 0COOEHHO Ba)KHO NIPH MHOTOBAPHAHTHOM aHAITU3e.

KuaroueBble ciioBa: CTpOUTCJIbHAA MEXaHNKa, MCTOA KOHCUHBIX 3JICMEHTOB, OCaJKa NIOBECPXHOCTH, IIOA3EMHbBIC COOPYIKCHUA
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pHIH ee.
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Abstract. A numerical simulation of the three-dimensional “shell — soil” system was performed, comprising a T-connection of
cylindrical shells and the surrounding soil body, using contact elements to describe the gap between the structure and the soil. The
study was carried out for soil fragments of various widths in order to evaluate their influence on the magnitude and shape of the
surface settlement trough. Eight models were considered, in which the distance L from the edges of the main and adjoining shells
to the lateral faces of the soil body varied from /D to 8D in steps of D, where D is the diameter of the main shell. The surrounding
soil body was modeled with three-dimensional finite elements (SOLID186, SOLID187), the cylindrical shell — with shell
elements (SHELL181); the soil behavior was described by the elastic-plastic Mohr—Coulomb model. Families of surface
settlement trough curves were obtained in the transverse and longitudinal directions relative to the axis of the adjoining shell. It
was established that for the soil body width from /D to 5D both the settlement magnitudes and the shape of the settlement trough
change noticeably, whereas with a further increase of the model domain (L > 5D) the change in the shape and depth of the trough
becomes insignificant. Based on the stress analysis of the system, it is recommended for engineering calculations to adopt a soil
body width of L > 5D, with L = 5D being preferable, providing sufficient accuracy of settlement prediction without an excessive
increase in the number of finite elements. The obtained results help maintain a balance between computational speed and
reliability of the mathematical modeling, which is especially important in multivariate analysis.

Keywords: structural mechanics, finite element method, surface settlement, underground structures
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1. Beeaenue

Co3naHue ¥ CTPOUTENIBCTBO MOI3EMHBIX OOBEKTOB B MHKEHEPHO-CTPOUTENILHOM MpaKTHKE Mpeanoa-
rac€t MCIOJb30BAHUC MHTCIPUPOBAHHOIO IIOAXOJd, OCHOBAHHOI'O HAa TOYHLIX BBIYMCIICHUAX U ACTAJIBHOM
aHanmu3e paboThl HECYIIMX JJIEMEHTOB BO B3aUMOJAEHCTBHM C TPYHTOBOW cpemoi. CyIiecTBEHHOE MECTO B
MPOEKTHOM TPOILIECCE 3aHUMAIOT pacueTHbIE METO/Ibl, B OCOOCHHOCTH METOJ KOHEUHbIX 31eMeHToB (MKD),
o0ecreunBaroe MOACTUPOBAHNE CTPOUTENIBHBIX KOHCTPYKIMMA MPH Pa3HOOOPA3HBIX BHIAX HArpy30K C
Y4ETOM HEJTMHEHHBIX CBOMCTB IPYHTOBOTO MaccuBa [1-7].
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Cpenu Hanboee OTBETCTBEHHBIX 00OBEKTOB IOJI3EMHOTO CTPOUTEIHCTBA — CTAHIIMU METPOIIOIUTEHA,
HepETOHHbIE U 3CKAJIATOPHbIE TOHHEIH, TPAHCHIOPTHBIE Y37IbI, a TaK)Ke BCIIOMOTATENIbHbIE COOPYKEHUS, Ta-
KHe KaK TOHHEJIbHBIE COOMKM M Kamephl Che3/10B. MecTa nepecedeHust TOHHENeH 00pas3yioT TPOIHUKOBbIE
COEIMHEHUS WINHIPUIECKUX 000JI0UeK, B KOTOPHIX (HOPMUPYETCS CIOKHOE MPOCTPAHCTBEHHOE HArpsi-
KEHHO-/1e(pOPMHUPOBAHHOE COCTOSIHHE, TpeOyrolee NeTalbHOro aHaausa. Panee aBropaMu ObLT BBINIOTHEH
YHCIICHHBIA aHaJN3 HaNPsHKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUS OPTOTOHAIBHO MEPECEKAIOMINXCS IUITHH-
JPUYECKHX 000JI0YEK, B3aNMOICHCTBYIOIINX ¢ TPYHTOBBIM OCHOBaHMEM [8—9]; HacTosmIas paboTa mpoaoI-
JKaeT ATO UCCIICIOBAHNE B YaCTH 0OOCHOBAHUS pa3MEPOB pacyeTHOW OOJIACTH.

[Tpy yKMCcIEeHHOM MOJEIUPOBAHHH CHCTEMBI «000JI0YKa — TPYHTOBBIH MACCHB» OJHHUM U3 KIIIOYEBBIX
BOITPOCOB SIBJISIETCS BBIOOP pa3MepoB (pparMeHTa rpyHTOBOTO MacCHBa, BKJIIOUAEMOTO B PACUETHYIO MOJIETIb.
C 01HOM CTOPOHBI, MAaCCUB JOJKEH OBITH IOCTATOUYHO OOJIBIINM, YTOOBI TPAaHUYHBIC YCJIOBHS HA €r0 TOPLax
HE UCKaXaJTH HANpsHKEHHO-Ie()OPMUPOBAHHOE COCTOSIHHE M IPOTHOZHPYEMYIO OCaJKy MOBEPXHOCTH.
C npyroii cTOpOHBI, Ype3MEPHOE YBEJINYCHUE PACUETHON OOMACTH BEJET K CYIIECTBEHHOMY POCTY 4HCIa
KOHEUHBIX 3JIEMEHTOB U BBIYHCIUTENLHON TPYAOEMKOCTH, YTO OCOOCHHO KPUTHYHO IPH MHOTOBAPHAHTHOM
aHanmu3e. HecMoTps Ha 3HAYMTENBHOE YUCIIO paboT, MOCBSIIEHHBIX MPOTHO3Y 0CAI0K 3€MHOI MTOBEPXHOCTH
IpU NPOXOAKE OJMHOYHBIX M MapajuleNbHBIX TOHHeneH [3—5], Bompoc 000CHOBaHHOTO BBIOOpa pazMepoB
pacdyeTHON o0sacTu sl TPOMHHUKOBOTO COEIMHEHUS LIMIIMHAPHUUECKUX 000JI04€eK, B3aUMOIEHCTBYIOIETO C
IPYHTOBBIM MAacCCHBOM, paHee CHUCTEMaTH4eCKH HE HCCIIEOBAJICSl, YTO OIpeNelissieT HAaydHYI0 HOBH3HY
HacroAwel paboTel. OOBEKT HCCIEJOBAaHMUS — MPOCTPAHCTBEHHAs! CUCTEMA «000JI0YKa — TPYHTOBBII Mac-
CHB», BKJIIOYAIONIAsi TPOWHUKOBOE COCIMHEHHE HWIMHAPUYECKUX O0OJIOUEK M OKpY’Kalollee OCHOBAHHE.
Llenv uccnedosanus — OLUEHUTH BIUSHUE NIMPHHBI ()parMeHTa IPYHTOBOTO MAacCHBA HAa BEIMYHUHY U (hopmy
OCaJIKH TOBEPXHOCTH B MOIEPEYHOM U HPOAOJBHOM HANpaBICHUSIX K OCH NPUMBIKAIOUIEH O0OJIOUKH U
OIIPEAETUTh pa3Mepbl pacdeTHOH 001acTH, obecrneynBaromue MPUEMIEMYI0 TOYHOCTh MPOTHO3a OCAAKU
NP MUHUMAJIbHBIX BBIUYMCIHTENBHBIX 3aTparax. [ JOCTHKEHHs MOCTaBICHHOW NN PelIaiich Clery-
IOIIKE 33J]a4U: IOCTPOEHUE CEPUH KOHEUHO-3JIEMEHTHBIX MOJIeNiel ¢ IHUpUHOI MaccuBa ot /D no 8D; ana-
JIM3 HaNpsHKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUSI CHCTEMBI U MYJIbJI OCaZOK MOBEPXHOCTH; 00OCHOBaHUE
PEKOMEHIyeMOoro pa3mepa (hparMeHTa MaccuBa.

2. Meton pacuera

BrinonHeHo MoaenupoBaHrue MPOCTPAHCTBEHHOM CHCTEMBI, BKIIIOYAIOIIEH TPOWHUKOBOE COECTUHEHHE
HWIMHIPUYECKUX 000JI0YEK U MPHUJIETaIOIIUN IPYHTOBBIM MAacCUB, C UCTIOJIb30BAHUEM KOHTAKTHBIX JI€MEH-
TOB JIJIs1 OTIMCAHMS 3a30pa MEXJy KOHCTpYyKLIHEH u rpyHToM [8—9]. Okpykaromuil MaccuB 3a/laH TpexMmep-
HBIMH KOHEYHBIMHU neMeHTaMu: SOLID186 — BBICOKOYpOBHEBBIN M30MapaMeTpHUECKUid 0OBEMHBIN dJIe-
MEHT C KBaJ[PaTUIHOW arMpPOKCUMAIUEH TSI MOJEIUPOBAHUS TPEXMEPHBbIX TBepAbix Ten u SOLID187 —
U30MapaMeTPUIECKUI TeTpasapruuecKuii 00beMHbIN 31eMeHT. Llunmuaaprueckas 00omouka 3agana IByMep-
HeIMU dneMeHTaMu SHELL181 — 4eTbipexy3moBbIM 000709€9HBIM KOHEYHBIM 3JIEMEHTOM, IpeIHa3HaYeH-
HBIM 111 MOJICJIMPOBAHUSI TOHKUX U YMEPEHHO TOJICTBIX 000JIOUEK B CTPYKTYPHBIX aHAJIM3aX U UIMPOKO UC-
HO0JIb3yeMbIM O1arosiapsi CBOei YHUBEpCaJIbHOCTH U BO3MOKHOCTH y4eTa CJIIOKHBIX (pu3nuecKux 3¢(exToB.
Bonpockl KOHEYHO-31EMEHTHOTO MOAECTUPOBAHUS HMIMHIPUYECKUX 000JI0UEK, MIIACTHH M MPOCTPAHCTBEH-
HBIX KOHCTPYKIIUH TIPY CTAaTUISCKUX U JUHAMHYECKHAX BO3JIEHCTBUAX paccMaTpHUBaIuCh B padorax [10—17].

OcHoBHast uIMHApHYecKas o0omouka umeer nuamerp Di = 5,50 M u Tommmny 41 = 0,25 M; nIpuMbI-
Karomasi ooonouka — quamerp D2 = 3,85 m u tonuuny £2 = 0,20 M. Marepuan 000104€eK 3a/1aH UeanbHO
YOpPyTO MOMETBIO CO CIEAYIONMMH TIapaMeTpaMu: Momyiab yrnpyroctd Es = 30 000 MIla, koaddumment
Iyaccona psn = 0,2, mIoTHOCTH psh = 2300 kr/ M°. MaTepuan 0cHOBaHMS 3a1aH yHIPYTOILIACTHYECKOH MofIe-
aet0 Mopa — Kynona (O. Mohr, C.A. Coulomb) co crenyromumMu napaMeTpaMu: MOIYJIhb JepopManun
Esoit =30 Mlla, koaddunment nonepednoit aedopmanuiu soit = 0,3, MIOTHOCTH psoil = 2000 Kr/™m3, criemne-
Hue Csoir = 10 xI1a, yronm BHyTpeHHETO TpeHHUS Psoil = 25°. Och 0600ueK pacnonokeHa Ha nryoune 30 M ot
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JHEBHOW MoBepxHOCTU. DU3NKO-MEXaHMUYECKHE XAPAKTEPUCTUKM OCHOBAHUS NPUHATHI MO CIPaBOYHBIM
JAHHBIM JIJISI TUCTIEPCHBIX TPYHTOB M COOTBETCTBYIOT JHMAIa30Hy 3HAUEHUH, UCTIONh3YyEMbIX B WHKEHEPHOU
MPAKTUKE IPU MPOEKTUPOBAHNHU MOA3ZEMHBIX COOPYKEHHM.

Vopyromiactuueckas moaenab Mopa — Kynona BeiOpana kak Haubosee pacnpocTpaHeHHasl B MHKe-
HEPHBIX pacuerax Moellb IpyHTa, TpeOys MUHMMAJIbHOTO YKCia onpenesieMblx napamerpoB. CrenayeT oT-
METHUTb, 4T0 Mozieib Mopa — KysnoHa ¢ moCTOsSSHHBIM MoayJieM JehopMaliui MOKET HECKOJIBKO 3aBbIIIATh
OCaJIKU TIOBEPXHOCTU MO CPABHEHUIO C MOJAEISMH, YUUTHIBAIOIIMMU MOAYJb YIPYTOCTH MPH MOBTOPHOM
Harpy>keHuH (Hampumep, Mojellb ynpounstomerocss rpyHra Hardening Soil); BMecte ¢ Tem ans ueneit
HACTOSIIETO UCCIeOBAHMS, HANPABIEHHOTO Ha OLEHKY OTHOCHUTEIBHOIO BIMSHHS Pa3MEpPOB PACUETHOM
o0actu, Takoil BBIOOP SIBISETCS MPUEMIIEMBIM.

B paccMOTpeHHBIX BOCBMH PACYETHBIX MOJEISAX TPOMHUKOBOIO COEAMHEHHUsI 000J04YEK paccTosiHue L
OT KpaeB OCHOBHOW U MPUMBIKAIOIIEH 000J04eK 10 OOKOBBIX TOPLIOB MaccHBa MPUHUMAJIOCh B JAHANa30HE
or L = 1D no L = 8D ¢ marom D, tne D — auaMeTp OCHOBHOM 00010ukH. [ paHnyHbIE YCIOBHS 3a/1aHbI
CJIEYIOIUM 00pa30oM: Ha HUKHEH rpaHd MacCUBa 3alpelieHbl IepEeMEIIeHUs IO BCEM TPEM KOOPAWHATHBIM
HanpaBJICHUSIM, Ha OOKOBBIX (BEPTHKAJIbHBIX) IPAHSIX 3allpelleHbl IEPEeMELICHHsI B HAIIPaBIEHUU HOPMAaJU K
COOTBETCTBYIOIIEH I'paHU MPU COXpaHEHUH CBOOOJIbI BEPTHKAIBHBIX NepeMenieHnuid. Harpyska Ha cucremy
MPUIIOKEHA OT COOCTBEHHOTO Beca KOHCTPYKIUI U rpyHTOBOTo MaccuBa. OOUINil BUI KOHEYHO-3JIEMEHTHOM
CETKU MOJIeJIM U TPOMHUKOBOTO coequHeHus npu L = 5D npuBeneH Ha puc. 1 u 2.

YucneHHoe pelieHre BhINOJIHeHO B nporpaMmuoM komiuiekce ANSYS Mechanical 2025 R2. Pacuer
ABISETCS (PU3NYECKU M KOHCTPYKTHBHO HEJIMHEHHBIM (HETMHEHHOCTh 00yCIOBICHA YHPYTo-IIacTUYeCKON
MO/JIEJIbIO TPYHTA M KOHTAKTHBIM B3aMMOJICHCTBUEM TEJl) M BBHIIIOJHEH B CTATUYECKOM MOCTAaHOBKE C MCIIOJb-
30BaHMEM HesIBHOTO pemiarensi. Harpyska oT cOOCTBEHHOTO Beca MPUKJIIAAbIBANIACh MOIIArOBO; HAa KaXKIOM
1iare paBHOBECHE JIOCTUTaJIOCh UTepallMOHHBIM MeToioM Hetorona — Padcona ¢ kputepusiMu cXoauMOCTH
0 CUJIaM U MIEPEMELICHHSIM.

7,500 22,500

Puc. 1. O0uwmii Bu KOHEYHO-3JIEMEHTHOW CETKH MOJICITH «000I04Ka — MaccuBy npu L = 5D
W ¢ To4HH K: BBITOJIHEHO aBTOPaMK B mporpaMMHoM kominiekce ANSY'S Mechanical 2025 R2.

Figure 1. General view of the finite element mesh of the «shell — soil» model at L = 5D
S our c e: made by the authors in ANSYS Mechanical 2025 R2 software package.
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XapakTepHbI pa3Mep DIEMEHTa LWIHHAPUYECKAX
obomouex umeer BenmmuuHy 0,15 m. Jlns momenu ¢ L = 5D
oOmiee 4YMCIIO KOHEYHBIX SJIEMEHTOB COCTaBISUIO TOPSAKA
5x10°, yucno y3n0B — mnopsaaka $x10°. IpexBapuTensHO
BBITIOJIHEHA MPOBEPKAa CXOJUMOCTH PELICHHs MO CETKe: U3-
MEJIBYECHUE DJIEMEHTOB MPEKpalaloch MPU YCIOBUH, YTO
M3MEHEHUE MaKCHUMAaJIbHOW OCAJKU IOBEPXHOCTU HE Ipe-
BbImaeT 2 % 1o cpaBHEHHWIO ¢ Ooiee Tpy0oil CEeTKOM, 4TO
MOATBEPKAAECT HE3aBUCUMOCTD IPEICTABICHHBIX PE3yJbTa-
TOB OT IUIOTHOCTH JTUCKPETHU3AIINH.

KonTakTtHOE B3anMozeicTBUE MEXIy BHEIIHEW IIO-
BEPXHOCTBIO 000JI04YEK U TPYHTOM 33JaHO MapaMy KOHTaKT-
HbIx 31emMeHToB CONTA174 — TARGE170 B mocranoBke
«IOBEPXHOCTh — MOBEPXHOCTHY. Vcnonb30BaH METON MHO-
)kurenen Jlarpanka, e BO3MOXKHO PAacKpBITHE 3a30pa IpH
pacTsokenun. KacarenbHoe B3auMOeicTBUE OMTUCAHO MOJIE-
nwi0 Tpenus Kynona ¢ kosdpunmentom tpenus 0,3.

Puc. 2. O6muii B KOHEYHO-3IEMEHTHON CETKU
TPOMHHUKOBOTO COeANHEHUsI 00onouek npu L = 5D
u C T O Y H U K! BBIITIOJTHCHO aBTOPpaMH B IIPOTrpaMMHOM
komuiekce ANSYS Mechanical 2025 R2.

Figure 2. General view of the finite element mesh
of the T-connection of the shells at L = 5D

S o ur c e: made by the authors in ANSYS
Mechanical 2025 R2 software package.

3. Pe3yabTarhl u 00CyxKIeHUE

1o pe3synpraraM pacuera A KaXKJA0H MOJENHN ITOJIyYEHBI IOJIsI BEPTUKAIBHBIX IEPEMEILEHUIN TPYHTO-
BOI'O MacCUBa M SKBHUBAJICHTHBIX HaNpsDKEHUH 10 Musecy B Tene 000704EK TPOMHUKOBOIO COETUHEHMS.
W3onosns BepTUKANbHBIX EepeMEIeHNH MaccuBa (BUA CBEPXY) M MAKCUMAJIbHbIE SKBUBAJICHTHbIE HAIPSIAKE-
HUs 10 Mu3ecy 10 BHEIIHeH CTOpOHE CTEHOK obosouek npu L = 5D npuBesieHs! Ha puc. 3 U 4.

Time: 2, 5
-0,54300 Max DY '
-0,54677
-0,55045
-0,55413
-0,55781
-0,56149
056517
-0,56885
-0,57253
~0,57621 Min

3,1643e7 Max
281277
246117
2,1095¢7
1,758e7
1,4064e7
1,0548e7
7,0323¢6
351666
788,89 Min

@ 0,00 20,00 40,00 (m)

Puc. 3. V30105151 BEpTHKATBHBIX TEPEMELICHHUIH
MaccuBa 1pu L = 5D (BuA CBEpXy)
W ¢ To4H U K: BHIIOJIHEHO aBTOPAMU B IIPOrPAMMHOM
komiutekce ANSYS Mechanical 2025 R2.
Figure 3. Contour plot of vertical displacements
of the soil body at L = 5D (top view)

S o ur c e: made by the authors in ANSYS Mechanical
2025 R2 software package.
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0,000 5,000 10,000 (m)

A

Puc. 4. MakcuManbHble 5KBUBAJICHTHBIE HAIIPSKEHUS
o Mu3secy 1o BHEIIHEH CTOPOHE CTEHOK 000JI04eK
TPOMHUKOBOTO coeArHeHus npu L = 5D
W ¢ T049HHK: BEIIOJIHEHO aBTOpaMHU B IIPOrpaMMHOM
komrutekce ANSYS Mechanical 2025 R2.

Figure 4. Maximum equivalent stresses (von Mises)
on the outer side of the walls of the T-connected shells at L = 5D
S o ur ¢ e: made by the authors in ANSYS Mechanical 2025 R2 software package.
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DOKBHBaJCHTHBIE HAIPSHKEHUS 0 Mu3ecy G. HaleHbI 110 Gopmyrie

1

6. = E[(Gl —62)2+(Gz_03)2+(63_01)2}

rae o,,0,, 0, — IJIaBHbIC HAIIPSKCHMS.

AHanu3 nonel SKBUBAJCHTHBIX HANPSDKEHHUN TMOKa3bIBAaeT, YTO HAMOOJbIINE 3HAYCHHS HAINPSDKCHUN
no Mwusecy JIOKaJIM3yI0TCs B 30HE COINPSDKEHHSI OCHOBHOW M MPUMBIKAIOIIEH 000JI0YeK, B TO BpeMs Kak B
OCTAJILHOM Tejie 000JI0YEeK YPOBEHb HANpsDKEHUH CYLIECTBEHHO HUXe. Takol xapakTep pacnpeiesneHus
TUIMYEH U1 TPOWHUKOBBIX COEIMHEHUN M KauyeCTBEHHO CONNIACYeTCs C Pe3yJbTaTaMHy, MOJYyYEHHBIMHU
paHee JUIsl OPTOrOHAJIBHO MEPECEKAIUXC HUIMHIPUYECKUX 000JI04YeK, B3aUMOJIEHCTBYIOIIMX C OCHO-
BaHueM [8—9]. DTo moaTBEPKAAET, YTO UMEHHO OOJIACTh COMPSIKEHUS 000JI0UEK SABIsieTcs HauboJee OTBET-
CTBEHHBIM YYaCTKOM KOHCTPYKIHH U TpeOyeT 0co0Oro BHHMAaHUS NMPU Ha3HAYEHUHM CETKU KOHEUHBIX dJIe-
MEHTOB U MHTEPIPETALUH PE3yJIbTaTOB pacyeTa.

JUis OIleHKH BIMSHUS IIMPUHBI (parMeHTa MaccuBa MOCTPOEHBI CEMEHCTBAa KPUBBIX MYIbJ OCaJI0K
BEpXHEH MOBEPXHOCTH MACCUBA B INONEPEYHOM U MPOJIOJIbHOM HAIPABICHUSAX K OCH MPUMBIKAIOLIEH IH-
JUHIPUYECKOM 000JI0YKH, MOTy4YEeHHBbIE B pe3ylbTare BOCBMHU pacueTHbIX ciyyaeB npu L ot 1D no 8D
(puc. 5 n 6). Cienyer oOpaTUTh BHUMAHUE, YTO MAKCUMYM OCAJOK PacIlOIOKEH HE HaJ OChbI0 OCHOBHOIO
TOHHEJIS, @ CMELLEH B CTOPOHY MPUMBIKAIOIIEH 000JI0UKH.

W3 npencraBieHHbIX rpadUKOB CIEAyeT, 4TO MPHU MIMPUHE pacueTHoro maccusa ot L = 1D no 5D
3aMeTHBI U3MEHEHHS KaK B BEJIMUMHAX OCA/IOK, TaK U B (JOPME MYJIbJbI OCEAAHUA. ITO CBA3AHO C TEM, YTO
IpY MaJioW MIMPHUHE MACCUBA BIHMSIHHAE 00O0JIOYKH HE MOXET CBOOOIHO PaclpOCTPAHATHCS B CTOPOHBI, YTO
IPUBOJIUT K YBEIMUYEHUIO ocajoK. Ilpu nanbHelemM yBeJM4eHUN pa3MepoB pacueTHol obmactu (L > 5D)
u3MeHeHue (OpMBbl U NIyOUHBI MYJIbJIbl CTAHOBUTCS HE3HAYUTEIbHBIM.
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Puc. 5. HaGop KpUBBIX MyJbJ 0Cal0K Ha IOBEPXHOCTH MAaCCHBA B OIEPEYHOM HAIPaBICHUU
K OCH IpUMBbIKatoliei ooonouku npu L ot 2D no 8D
W cTo4HH K: BBIITIOJIHEHO aBTOPaMH B mporpaMMHoM kominiekce ANSY'S Mechanical 2025 R2.

Figure S. Family of surface settlement trough curves in the transverse direction relative
to the axis of the adjoining shell at L from 2D to 8D
S o ur c e: made by the authors in ANSYS Mechanical 2025 R2 software package.
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Puc. 6. Habop KpuBBIX MyJibJl 0CaJI0K Ha MOBEPXHOCTH MacCHBa B MPOJIOJIBHOM HalpaBJICHUN
K OCH IpUMBbIKatoiei ooonouku npu L ot 2D no 8D
M ¢ To4HH K: BBITOJIHEHO aBTOPaMK B mporpaMMHoM kominiekce ANSY'S Mechanical 2025 R2.

Figure 6. Family of surface settlement trough curves in the longitudinal direction relative
to the axis of the adjoining shell at L from 2D to 8D
S o ur ¢ e: made by the authors in ANSYS Mechanical 2025 R2 software package.

C ¢usnyeckod TOYKW 3peHUs NaHHBIA PPEKT 0OBICHIETCS TeM, YTO IMPU HEJOCTATOYHOU IIMPHUHE
pacdeTHON 00JIaCTH KECTKHE TPAHWYHBIE YCIOBHS Ha OOKOBBIX TOPIIAX MACCHBA MOMAAAIOT B 30HY aKTUBHO-
TO BIMSHHS KOHCTPYKIMHM U CTECHSIOT CBOOOIHOE pa3BUTHE MOJS IMEpeMelleHHi rpyHTa. B pesynbrare
(dbopMupyeTcs MCKYCCTBEHHO 3aBbIILIEHHAs M 0ojee «3axaras» MyJbJa OCEHaHMs, HE OTpakaroulas Iei-
CTBUTENbHYIO pPabOTy HEOTPaHWYEHHOTO B IIaHe MaccuBa. [lo Mepe ynaneHus G0KOBBIX TpaHUI] OT 000JI0-
YeK UX BIMSHUE HA HANPSHKEHHO-Ae()OPMUPOBAHHOE COCTOSHHE TPYHTa B OKPECTHOCTH TPOMHUKOBOTO CO-
€IMHEHUs ocllabeBaeT U MOoIy4aeMoe pelieHre NpUOIMKaeTcs K pelICHUIO IS MOTyPOCTPaHCTBA.

ConocraBiieHUE KPUBBIX, MOTYYEHHBIX I IIOCIEN0BATEIbHO YBEINYMBAIOIINUXCA 3HAYEHUN L, MOKa-
3bIBAET, UTO Pa3HHIA MEXIY COCETHHMHU PACUETHBIMHU CIydas MM MOHOTOHHO YMEHBIIAETCS: HAHOOJbIINE
OTIMYUS HAONIONAI0TCS A1 MOJIeNIe Majlol IIUPHUHBI, TOTJa KaK KPUBbIE, COOTBETCTBYIOIINE 3HAUCHH-
aMm L = 5D u Gonee, MpakTUYECKH COBMAAAIOT KaK MO TIyOMHE, TaK U 10 (GopMe MYIbAbl. DTO CBHIIETEIb-
CTBYET O CXOAMMOCTHU PELICHHS 110 Pa3Mepy pPacueTHON 00JIACTH M MO3BOJISET CYUTATh Pe3yibTart, Moaydae-
MBI TIpH L > 5D, yCTONYMBBIM 110 OTHOIICHUIO K JaJIbHEHIIIEMY pacIIUPEHHUIO parMeHTa MacCHBa.

JI1si KOJTMYECTBEHHOM OLIEHKH CXOAMMOCTH pEIleHHs IO pa3Mepy pacueTHOM o0acTH MCIOIb30BaH
OTHOCHTEJIbHBIN MOKA3aTeNlb — U3MEHEHHE MaKCUMAJIBHOW OCa/IKH IMMOBEPXHOCTH O MPH MEPEX0JIe OT MOJe-
M mmpuHON L X Monmenu mmpuHOW L + D (B mpoueHTax). Pesynsratel nmpuBenensl B Tadbmuie. OTHOCH-
TEJIbHOE U3MEHEHHE MaKCUMaJIbHOM 0CaJK MOHOTOHHO yObIBaeT ¢ pocToM L u npu L > 5D He npeBbIlIaeT
2 %, 9TO MPUHATO B KAY€CTBE KPUTEPHUS TOCTATOYHOCTH Pa3MEPOB PACUETHOM 00IACTH.

CpaBHeHHE MyJIbJI OCAJIOK B IONEPEYHOM M MPOIOJIHLHOM HAIPABJICHUSAX K OCH MPUMBIKAIOIMEH 000-
JIOYKH TIOKAa3bIBAET KAYECTBEHHO CXOXKYIO TEHACHIIMIO 3aTyXaHMsl BIUSHUS IPaHUL [IPH YBEIUYEHUH pa3Me-
poB pacuetHol obnacTu. [Ipu 3TOM B MPOIOILHOM HANPaBICHUH O0Jiee BHIPAKEHHO MPOSIBISETCS aCHMMET-
pHsl MYIIBABI: €€ MaKCUMYM CMEIIEH B CTOPOHY NMPHUMBIKAIOMIEH 000J0YKH, YTO OOYCIOBIEHO HECHMMET-
pUYHON reoMeTpruer TPOMHUKOBOIO COEAUMHEHUS U JOMOIHUTENIBHBIM JOTPYKEHUEM MACCHUBa CO CTOPOHBI
IPUMBIKAOLIEro TOHHENS. [laHHyI0 0COOCHHOCTh HEOOXOIMMO YUHUTHIBATh MPU HA3HAUEHUHM KOHTPOJIBHBIX
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TOYEK T€OTEXHUYECKOTO MOHHUTOPUHTA 0CAJ0K 3€MHOW MOBEPXHOCTH HaJ MOJOOHBIMHU Y3JIaMH HOA3EMHBIX
COOPYXKEHUM.

[Tony4yeHHbIe pe3yNbTaThl KAYECTBEHHO COMIACYIOTCSl ¢ JAHHBIMH HCCIIEOBaHUI OCaJ0K 3€MHOM MO-
BepxHoCTH [3-5].

CX0aMMOCTh MAKCUMAJILHOM 0CaJKH MOBEPXHOCTH 10 Pa3Mepy pacyeTHOi 06J1acTu
(momepeyHoe HaNpaBJeHHe K OCH MPUMbIKAIOLIEH 000/109KH)
Convergence of the maximum surface settlement with the model domain width
(transverse direction relative to the axis of the adjoining shell)

IMIupuna maccusa L / MaxkcuMasbHasi ocajaka, M / OTHocHTe/ILHOE H3MeHeHue 6, %o /
Model domain width L | Maximum vertical movement, cm Relative change 9, %

1D -0,6799 —

2D -0,6098 10,3

3D -0,5884 3,5

4D -0,5765 2,0

5D -0,5751 <1,0

6D -0,5741 <1,0

7D -0,5738 <1,0

8D -0,5735 <10

M ¢ To4H U K: BBIIOJIHEHO aBTOpaMu B mporpaMmHoM komiuiekce ANSYS Mechanical 2025 R2 /
S o ur ¢ e: made by the authors in ANSYS Mechanical 2025 R2 software package.

4. 3akirouenue

1. Ha ocHoBe aHanm3a HarpsHKEHHO-AE(POPMUPOBAHHOTO COCTOSTHHSI CHCTEMBI «000JI0YKa — TPYHTO-
BbIif MAaCCHBY» PEKOMEH/IOBAHO JIJIsl MH)KEHEPHBIX PacyeTOB MPHHUMATh MIMPUHY MaccuBa L > 5D, uto obec-
MEYMBAET JOCTATOYHYIO TOYHOCTH IMPOTHO3UPOBAHMS OCAIKU 0€3 Upe3MEepHOro YBEIHUSHHS YUCIIa HIIEMEH-
TOB KOHEUHO-DJIEMEHTHON Mojenu. XOTs JajbHelIIee YBeIMYeHnEe pa3MepoB pacyeTHOro (pparMeHTa Cro-
COOHO JTUIIIb HE3HAYUTEIIFHO TOBBICUTh TOYHOCTh, OHO CYIIECTBEHHO TOBBIIIAECT BBIYUCIUTEIBHYIO TPYIO-
€MKOCTb, I0TOMY 3HadeHHue L = 5D gBnseTcs NpeAnodTUTEIbHBIM.

2. YCTaHOBIJIEHO, YTO MAKCHUMYM OCAJIKH ITOBEPXHOCTH PACHOI0KEH HE HaJl OCbIO OCHOBHOTO TOHHENS,
a CMEIIEeH B CTOPOHY NPHMBIKAIOIIEH 0OOIOYKH, YTO HEOOXOJMMO YYMUTHIBATh MPHU OICHKE JedopManuit
36MHOH MOBEPXHOCTH HaJl TPOMHUKOBBIMU COCTUHEHHUSIMH.

3. Beibop pasmepa pacueTHOW 00JIacTH OCOOEHHO Ba)KEH MPU MHOTOBAPHMAHTHOM aHAIM3€, TaK Kak
MO3BOJISIET MOJACPKHUBATH OaJaHC MEX]y CKOPOCTBIO pacyeTa U JOCTOBEPHOCTHIO MATEMaTHUYECKOrO MOJie-
JUPOBAHMSL.

4. [lomydeHHbIe KONMYECTBEHHBIE PE3yIbTaThl U PEKOMEHIyeMoe 3HaueHue L = 5D cnpaBeyiuBbl U1
PacCMOTPEHHOTO BapHaHTa CUCTEMBI (COOTHOIICHHE AUaMETPOB 000JI0UEK, ITyOHHA 3aJI0KEHUS, 3aJaHHbIC
XapaKTEePUCTUKU TPYHTA) U MPUHATON yrpyromiactuueckoil monenu Mopa — Kynona. Ilpu cyniectBeHHOM
W3MEHEHUU T€OMETPHUH y3J1a, TIIyOHHBI 3aJI0KSHUS MM JKECTKOCTH TPYHTa 3HAYCHUE IOPOTa MOXKET OTIIH-
YaThCsl, 4YTO TPEeOyeT JOMOITHUTENLHON POBEPKH.

5. YcraHoBIeHHBIN KpuTepuii L > 5D MOXET HCIOJIb30BaThCs Kak MepBOe MPUOIMKEHHE MPHU Ha3Ha-
YEHUU Pa3MEpOB PACUETHON OONACTH Ui aHAJIOTUYHBIX MEPECCUCHHUN MOJA3EMHBIX COOPYKEHHH. YTOYHE-
HUE KpUTEpHs JUI JPYyruxX KOH(QUTYpaluid, a TakKe NMPUMEHEHHE APYTrMX MOJeJel TpyHTa COCTABISIOT
HaIlpaBJICHUE JaJbHENIINX UCCIEA0BaHUM.
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Abstract. This study presents a comparative analysis of the stiffness characteristics of brick masonry based on experimental data
and an orthotropic model. The main focus is on the influence of mortar joint strength on the anisotropy of the elastic properties of
masonry. For three series of samples KRO-1, KRO-2, KRO-3 with different mortar strengths, experimental compression tests were
conducted, along with numerical modeling in the Abaqus software, including micro-modeling and macro-modeling based on an
orthotropic model. The results demonstrate that the ratio of the elastic moduli of brick and mortar E»/E significantly affects the
distribution of strains and stresses in the masonry. An asymmetry in the stiffness matrix D12 # D21 was observed, indicating the
need to account for micromechanical effects in the “brick — mortar” contact zones. The highest anisotropy was found in samples
with low-strength mortar series KRO-3, where the anisotropy coefficient Di11/D22 reached 1.253. The study confirms the validity of
using an orthotropic model to describe the stiffness characteristics of masonry but highlights the necessity of its modification to
account for structural heterogeneity and edge effects. The obtained results have practical significance for the design of masonry
structures under complex stress conditions.
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CpaBHHMTEJbHbIH AHAJIN3 )KECTKOCTHBIX XaPpAKTEPUCTHK CTEHbI U3 KAMEHHOM
KJIAJIKH HA OCHOBE 3KCIIEPUMEHTAJIBHBIX JAHHBIX H OPTOTPOIHOM MO/Ie/IH

O.M.J. llakapHex

HoBocubupckuii rocyapcTBEHHBIN apXUTEKTYpHO-CTPOUTENbHBIN yHIBEpcuTeT (Cubctpun), Hosocubupck, Poccuiickas ®edepayus
P4 Oshakarneh@gmail.com
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Jopa6otana: 15.03.2026
ITpunsra k my6nukanun: 30.03.2026

AnHorauus. [IpencraBieH cpaBHUTENBHBIA aHAN3 )KECTKOCTHBIX XapaKTePUCTUK KHPIUYHOM KITaJKH Ha OCHOBE DKCIEPHMEH-
TaJIbHBIX JJAHHBIX U OPTOTPONHON Mozaenu. OCHOBHOE BHUMAHUE YAEJIEHO BIMSHHIO IPOYHOCTH PACTBOPHOIO IIBAa HAa aHU3O0TPO-
MU0 YOpyTUX cBoicTB kianku. Jist Tpex cepuit o6pasinos (KRO-1, KRO-2, KRO-3) ¢ pa3nuuHO#i MPOYHOCTHIO pacTBOpa ObLIH
IPOBE/ICHbl JKCIIEPUMEHTAIbHBIE MCIBITAHUS Ha C)XKaTue, a TaKXkKe YUCICHHOE MOJEIMPOBAHUE B IPOIPAMMHOM KOMILIEKCE
Abaqus, BKIIIOYaroNIee MUKPOMOIEINPOBaHHE H MaKpOMOIEIHPOBaHIE Ha OCHOBE OPTOTPOITHOM Mozenu. Pe3ynprarsl okas3piBa-
I0T, 9TO OTHOIIEHUE MOMYNEeH YMpyrocTH KUpnuya U pactsopa Ep/En CyleCTBEHHO BIUsET Ha pacnpereneHue aedopmaruit u
HanpspKeHHH B kiagke. OOHapyKeHa aCHMMETPHS MaTPHIIB )KECTKOCTU D12 # Da1, UTO yKa3bIBaeT Ha HEOOXOANMOCTh YUETa MHK-
pomexaHudecKuX 3Q(PeKToB B KOHTAKTHBIX 30HAX «KUPIHY — pacTBOp». Hanbosbias creneHb aHU30TPOIINM BhIIBIEHA B 00pa3-
[ax ¢ HU3KONPOYHBIM pactBopoM cepusi KRO-3, tne xoadduument annzorponun Dii/Da; noctur 3Hauenus 1,253. Mccnenosanne
MOATBEP)KAACT MPUMEHHMOCTh OPTOTPOIHOM MOAENHU IS ONUCAHUS JKECTKOCTHBIX XapaKTEPUCTHUK KIAIKH, HO MOTUEPKUBAET
HEOOX0IUMOCTh €€ MoAM(MUKALUM ¢ Yy4ETOM CTPYKTYpPHOH HEOTHOPOZHOCTH M KpaeBbIX 3(dexroB. IlomydeHHbIE pe3ynbTaThl
MMEIOT IPAKTUIECKOe 3HAYCHUE IS IPOEKTHPOBAHNS KAMEHHBIX KOHCTPYKLUH IPH CIIOKHBIX HAMPSDKEHHBIX COCTOSHUSX.
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1. Introduction

A critical challenge in designing composite materials lies in predicting their elastic properties. Various
methods exist for predicting the elastic properties of composites [1-6], which can be broadly categorized
into analytical and numerical approaches. Analytical methods, primarily represented by micromechanical
models [7-9], provide explicit or semi-explicit solutions and thus require relatively low computational
effort. However, these methods often rely on specific assumptions and simplifications. On the other hand,
numerical methods, predominantly based on finite element analysis of representative volume elements [10—
13], do not require special assumptions to obtain solutions but typically demand significant computational
resources. A reliable analytical method is highly desirable in composite material design, as the design
process usually involves iterative evaluations of numerous intermediate configurations before achieving the
desired properties [14; 15].

Consequently, predicting the mechanical behavior of macro-heterogeneous materials—accounting for
their constituent properties and spatial arrangement — is of paramount importance. When designing
structural elements using such materials, simple and robust computational methods are needed to determine
their physico-mechanical properties, stress-strain conditions, and strength estimates. The problem of assessing
the stress-strain state of structural elements made of heterogeneous materials [16; 17] is addressed through

Lllakapuex Omap Myxammeod /layd, acnupant Kadenpsl xene300eTOHHBIX KOHCTPYKIMI, HOBOCHOMPCKUii rocyJapCTBEHHBIH apXUTEKTYPHO-CTPOUTEIBHBIH
yruBepcureT (Cuberpun), Poceniickas ®enepamus, 630008, r. HoBocubupcek, yi. Jleannrpanckas, 1. 113; eLIBRARY SPIN-kox: 8794-4659, ORCID: 0009-
0005-8683-5731; e-mail: Oshakarneh@gmail.com
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solid mechanics, which often requires complex mathematical formulations. While extensive literature exists
on composite material strength [18; 19], a unified theory for formulating constitutive laws of structurally
heterogeneous media remains lacking.

Research on the mechanical properties of brick masonry is crucial for reliable structural design and
simulation. The work of Galyalyuk and Demchuk [20] presents both experimental and numerical data for
three series of masonry specimens subjected to compressive loading. In this study, these data are reproduced
and utilized to construct the stiffness matrix Djj based on an orthotropic model, identifying patterns and
differences between the specimen series.

Recent studies on masonry mechanics, including works presented in [21-25], highlight the importance
of accounting for anisotropy and structural heterogeneity. As demonstrated in [22], proper consideration of
boundary conditions in masonry modeling is essential for accurately describing its anisotropic properties:
weak mortars require an increased number of courses in the model to mitigate edge effects. For reinforced
masonry [24], it has been established that mesh reinforcement compensates for anisotropy, reducing the
required number of modeled courses. Study [21] proposes a homogenization method based on numerical
simulations of 9-course masonry fragments in Abaqus [22], enabling the identification of a representative
volume element (RVE) and revealing the stiftness
matrix asymmetry D12#Da1.

Study [25] demonstrates that the stiffness ratio
between brick and mortar (Ew/En) significantly — — L — —
influences strain distribution in masonry (Figure 1).
This is corroborated by calculations of the stiffness y /\ \
matrix Dj (Table 2) and aligns with experimental data
for the KPO-1-KPO-3 series. The results illustrate ~ ‘nt————=—J fn ==
how Ew/En affects strain distribution: for KRO-1
(Ew/En=1.12), the difference Ai1—A: is minimal,
whereas for KRO-3 (Ep/En=2.58), maximum strain
divergence is observed. This is quantitatively confirmed
by the increase in the anisotropy coefficient D11/D2
from 1.13 to 1.25 (Tables 1, 2).

E[1>E/11 E/
A <A, A> A,

Figure 1. Distribution pattern of horizontal stresses in brick
and mortar joint for different stiffness ratios Ew/En
Source: made by V.V. Adishchev, O.M.D. Shakarneh [22].

Table 1. Initial mechanical characteristics of materials for calculating contact stiffness in Abaqus

Series Contact stiffness in Abaqus
E», MPa En, MPa G, MPa Gn, MPa Mo W Jknn, MPa/mm kss, MPa /mm
KRO-1 10580 4232 0.17 987.2 394.9
KRO-2 11850 9210 4740 3684 0.113 0.19 4134 165.4
KRO-3 4600 1840 0.23 75.2 30.1
S o urce: made by O.M.D. Shakarneh.
Table 2. Stiffness characteristics of masonry
Series Experimental values from work [20]
Ev/En E., MPa Ey, MPa Ly Ly Gy, MPa E./Ey
KRO-1 1.12 11150 9830 0.165 0.22 4786.5 1.134
KRO-2 1.28 10680 8450 0.23 0.30 4341.5 1.264
KRO-3 2.57 6450 5150 0.32 0.35 24432 1.252
Series Results of calculation of the stiffness matrix u ;
Ev/En D11, MPa D12, MPa D21, MPa D2, MPa D33, MPa D 11/Dy5
KRO-1 1.12 11568.3 2545.0 1684.2 10201.4 4786.5 1.134
KRO-2 1.28 11473.7 3442.1 2085.9 9074.1 4341.5 1.264
KRO -3 2.57 7264.9 2542.8 1856.1 5799.5 2443.2 1.253
S our ce: made by O.M.D. Shakarneh.
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This study aims to develop the stiffness matrix Djj for three distinct series of brick masonry specimens
and validate the computational results against experimental data. A complementary objective involves evaluating
the applicability of the Abaqus finite element analysis system for simulating the structural performance of
masonry, which is critical for predicting its mechanical behavior under various loading conditions.

2. Masonry Materials
2.1. Brick

The study utilized solid ceramic bricks with dimensions of 250%65x120 mm. The brick material exhibited
the following mechanical properties:

a. Elastic modulus, £» = 11850 MPa;

b. Shear modulus, G, = 4740 MPa;

c. Poisson’s ratio, p»=0.113.

The compressive strength of the bricks, determined according to EN 772-1 standard, was f»= 44.1 MPa.

2.2. Mortar

Three types of masonry mortar with different strength characteristics were employed in the study:
1. Series KRO-1:
a. Mortar strength, f»= 10.9MPa;
b. Elastic modulus, E»= 10580 MPa;
c. Shear modulus, Gn= 4232 MPa;
d. Poisson’s ratio, p»=0.17.
2. Series KRO-2:
a. Mortar strength, fn= 7.9 MPa;
b. Elastic modulus, E»= 9210 MPa;
c. Shear modulus, G»= 3684 MPa;
d. Poisson’s ratio, p»= 0.19.
3. Series KRO-3:
a. Mortar strength, fn= 3.1 MPa;
b. Elastic modulus, E»= 4600 MPa;
c¢. Shear modulus, G»= 1840 MPa;
d. Poisson’s ratio, p»= 0.23.
The mortar was prepared using dry mix No. 111/11 M100, with adjusted proportions to achieve the
required strength. The thickness of mortar joints was maintained at 10 mm for all series.

3. Research Methodology
3.1. Masonry Specimens

Figure 2 shows the experimental setup for compression testing of brick masonry specimens. The tests
were conducted using a P-125 hydraulic press in compliance with the EN 1052-1 standard [27]. The
specimens were subjected to stepwise loading applied perpendicular to the horizontal mortar joints.
Displacements and strains were measured using mechanical dial gauges and strain gauges.

Figure 2, a — diagram of the arrangement of devices (I1-14 — clock-type movement indicators IGP-1
with a division value of 0.001 mm; /s = 515 mm; /s = 510 mm; z;= 120 mm)

Figure 2, b — diagram of the arrangement of devices (I1-14 — clock-type movement indicators IGP-1
with a division value of 0.001 mm; 4s = 780 mm; /s = 305 mm; ¢t = 120 mm)

The current study employs the following methods:

m Experimental Investigations. Compression tests were conducted on masonry specimens of series
KRO-1, KRO-2 and KRO-3 (Figure 2), determining the following mechanical properties: elastic modulus £,
Poisson’s ratios [y, yx and shear modulus Gy, calculated using the formulas:
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E = , U, =—", U :_y,G :_"y, (1)
i Xy p2 Xy
34e, €, €, Yo
where: Fimax — the ultimate failure load; 4; — the cross-

sectional area of the specimen; &; — the relative longitudinal
strain.“3” is the load equal to one-third of the ultimate failure
load; &x — the transverse strain; &, — the longitudinal strain.

" Analytical method for determining the stiffness matrix
of anisotropic brick masonry. This study employs an ortho-
tropic model to construct the stiffness matrix D;; based on the
known elastic moduli £x, Ey and Poisson’s ratios [y, My
obtained from references [20; 23]. The masonry behavior is
assumed to follow a linear orthotropic model under plane stress
conditions, where the stress-strain relationship is expressed
through the compliance matrix:

X I""yx
*E, E
—u
g, =———0C +—
E, ' E,
c,
Xy =
ny

1/2...2/31s |
(o S

E"f*é

=GN

Figure 2. Scheme of testing prototypes:

a — perpendicular to horizontal mortar joints;
b — parallel to horizontal mortar joints

S o urce: made by A.V. Galalyuk, I.E. Demchuk [23].

2

To determine the components of the stiffness matrix D, the following system of equations is solved for

stresses:
c. =D, +D128y
6,=Dye +Dye, .
o, =Dye,

Two independent loading cases are examined:
Case 1: Axial Loading in x-direction

e}
SX—EX ;
X
c,#0,0,=0=
_l"lxy
SszGx.

X

Case 1: Axial Loading in y-direction

_THy
€, __Ey =
c,#0,0,=0=
(e)
_ "y
Sy —E.
y
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By applying the boundary conditions to the governing equations, the following is obtained:
Case 2: Axial Loading Along the y-Direction (o # 0, 6y = 0, Ty = 0)

o, —H, (o -
x:DHE‘FDIZ( EnyJ, 0=D215+D22(Txy0xj. (6)

X X X

Case 2: Axial Loading Along the y-Direction (o, =0, 6y # 0, Ty = 0)

OZDH( Ey ij+Dl E , Gy:DZI( Ey Gy}-f-DﬂE—}. (7)

Solution for the Stiffness Matrix Components Dj;

E R By E Ho B
D, = =—= - =— (8)

D - ) D i — D, =
T L T ST

The stiffness matrix D is obtained in the following form:

E, Moebe
I_M)g)l"l’yx l_uxyuyx
E E
=ppp, I-pn,
0 0 G,

® Numerical Modeling. Finite element modeling of a 7-course unreinforced masonry fragment was
performed in Abaqus (micromodeling) using C3D20R elements, with a mesh size of 10 mm for bricks and
5 mm for mortar joints, including local refinement in stress concentration zones. The contact interaction was
defined using surface-based cohesive behavior, while boundary conditions consisted of full fixation at the
bottom rigid beam and uniformly distributed compressive loading on the top plate, applied incrementally
with energy convergence control (ETOL < 1x107°) perpendicular to 10 mm thick horizontal mortar joints.
For macromodeling, an orthotropic material model with Tie constraints between rigid beams and masonry
was implemented using a 20 mm mesh, followed by experimental validation (Figure. 3).

Two elastic-domain computational models were sequentially implemented: (1) an Engineering
Constants model (Formula 1) with parameters derived from experimental elastic characteristics, and (2)
an orthotropic model with stiffness matrix D; (Formula 9). However, elastic-domain simulations failed to
reproduce the experimentally observed stiffness matrix asymmetry D12 # D21. Accurate elastic-domain
representation of this effect would require a fully anisotropic model with 36 independent stiffness
components, whereas the experimental study only determined five key parameters Ex, Ey, Wy, W, Gy,
making complete anisotropic characterization unachievable within the existing experimental dataset limited
to elastic behavior.

The presented orthotropic model describes only the linear-elastic behavior of masonry, which is its
main limitation; as experiments [20; 23] show, in masonry with low-strength mortar (KRO-3), microcracks
develop under loads exceeding 30-50% of the ultimate, leading to progressive stiffness degradation, and
future studies are proposed to address this by introducing scalar damage parameters or employing multistage
homogenization that accounts for the crack formation stage.
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Finite element modeling in Abaqus was conducted using two approaches: (1) micromodeling of a
7-course masonry fragment (510x515x120 mm for loading perpendicular to joints and 305x780%120 mm
for loading parallel to joints) with explicit brick/mortar representation, and (2) macromodeling of equivalent
dimensions using an orthotropic material model. This resulted in four distinct models: two micromodels
(one per loading direction) and two macromodels (one per loading direction), maintaining geometric
consistency with experimental specimens.

Two types of macromodels were used in this study: 1) Macromodel EXP — a homogenized model
based on experimentally measured elastic properties (Young’s moduli Ex, E,, Poisson’s ratios iy, Ly
and shear modulus Gyy) from reference [20]; 2) Macromodel D; — a refined model incorporating the
asymmetric stiffness matrix (calculated via Eqs. 8-9), where D12 # Da1.

Figure 3. FE models of masonry samples:
a — Micromodel; b — Macromodel
S our ce: made by O.M.D. Shakarneh

In Abaqus, the contact is modeled using Cohesive Behavior with separation into normal Kx» and shear
K stiffnesses. The elastic stage is defined by the interface stiffness matrix (10), which relates normal and
shear stresses to relative displacements [28]:

f_tn |k, 015, 10
el o k|8, (10)

where t,, t; are the normal and shear stresses at the interface, 6., 0s are the relative displacements (normal
and shear), Kun, Kss are the stiffness coefficients for tearing/compression and shear, respectively. To
describe the behavior of “brick-mortar” contact surfaces, a micro-model approach is used that takes into
account the equivalent stiffness of the interfaces. The stiffness characteristics of the contact surfaces are
determined through the mechanical properties of the materials and the geometric parameters of the weld
according to formula (11):
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EE G,G
ko=—bm o=k =——bm
nn hm(Eb—Em) i SS hm(Gb—Gm) > (11)

where An is the mortar thickness of 10 mm.
For the studied series of masonry (KRO-1, KRO-2, KRO-3), the rigidity parameters were calculated
on the basis of experimental data.

4. Results and Discussion
4.1. Results

The results of calculating the stiffness matrix Dj;, presented in Table 2, were obtained on the basis of
experimental data and shear moduli using the orthotropic model.

The shear modulus Gy in the xy plane is calculated according to the data of [20], Ex, E): Elastic
moduli in principal material directions, D11, D22: Diagonal components of the stiffness matrix.

Key Observations:

1. Model Validation: The ratios Ex/Ey and D11/D22 are nearly identical for each series (difference <
0.001), confirming the validity of the orthotropic model.

2. Anisotropy Trends:

a. Maximum anisotropy occurs in KRO-2 (Ev/Ey=1.264)
b. Minimum anisotropy is observed in KRO-1 (Ev/E,= 1.134)

3. Unexpected Stiffness Behavior: for KRO-3, both Ex/E, and Di1/Dx exhibit a slight decrease
compared to KRO-2, despite a more pronounced difference between Ex and E).

The discrepancy between experimental stiffness values and the orthotropic model (Eqs. 8-9) arises
due to directional loading effects in experiments (measuring deformation modulus along load axes) versus
the model’s comprehensive strain-stress coupling (including Poisson’s ratios Ly, . Additionally, micro-
mechanical heterogeneity at brick-mortar interfaces induces stiffness matrix asymmetry Di2# D21, unaccounted
for in classical orthotropy, necessitating modified homogenization approaches with asymmetry correction
factors (e.g., & = D12/ D 21) and representative volume element (RVE) upscaling to mitigate edge effects.

Analysis and Comparison of Data in Table 2.

The analysis of data in Table 2 revealed that KRO-1 specimens exhibited the highest stiffness
characteristics in both X and Y directions, attributable to the use of high-strength mortar (grade M109).
KRO-2 demonstrated intermediate values, while KRO-3 showed the lowest performance, consistent with
experimental findings.

The D33 shear stiffness component progressively decreased from KRO-1 to KRO-3, indicating
degradation of brick-mortar interfacial mechanical behavior with reduced mortar strength. Comparative
analysis confirmed the correlation between stiffness matrix components D14, D, and elastic moduli E,, E,
from reference [23], demonstrating a consistent trend: mortar strength reduction directly diminishes
masonry stiffness. This effect was particularly pronounced for D53, highlighting the critical role of material
bonding in structural performance.

Using Table 2 data, anisotropy coefficients &, n, parameter m, and averaged symmetric model Dsym
were calculated through relationships (12, 13) from [26]:

EE GG
nn :$’ktt :kss :$ . (12)
hm(Eb_Em) hm(Gb_Gm)
Parameters & and n, related to m through the equation m = n? — 2k, represent independent

characteristics of an orthotropic plate. Their introduction simplifies stress calculations in formula (10) and
generalizes results for plane strain problems through reduced coefficients, where:

a. Kk quantifies the degree of stiffness anisotropy between orthogonal directions (x — along mortar
joints, y — across joints), with £ = 1 indicating isotropic material £; = Ey and k # 1 confirming anisotropy;

300 EXPERIMENTAL RESEARCH



UlakapHex O.M.[. CtpouTenbHas MexaHunka MHXEHepHbIX KOHCTPYKLMIA 1 coopyxeHuit. 2026. T. 22. Ne 3. C. 293-312

b. m reflects the combined influence of shear stiffness G, and transverse deformations on anisotropy,
where m = 0 for isotropic materials and m > 0 for masonry due to low shear stiffness of mortar joints;

c. nserves as a comprehensive parameter combining longitudinal and shear anisotropy effects, with
n =2 for isotropic cases and n # 2 demonstrating anisotropy.

Formula (13) introduces the averaged symmetric stiffness matrix Dsym that approximates the
asymmetric components D12 and D21 of the classical orthotropic model through their arithmetic mean:

D12 + D2l
D, =——. (13)
2
For an asymmetric stiffness matrix D12 # D 21, a correction factor « is introduced, reflecting the degree
of asymmetry:

a=Lo (14)

s
DZl

where a — characterizes the degree of deviation from the classical orthotropic model.
Modified parameters (15) are introduced to account for the stiffness matrix asymmetry Di2# D 21:

Dll

D
kmod = D—a,mmod :ﬁ—(“w +ny) S od :‘,2kmod +m g - (15)

22

Table 3. Anisotropy coefficients for the KRO-1, KRO-2, KRO-3 series

Series Accounting for Symmetry in Anisotropy Coefficients
Dsym, MPa k m n

KRO-1 2114.6 1.065 2 2.03
KRO-2 2764 1.126 2 2.06
KRO-3 2199.45 1.118 2 2.06
Series Accounting for an Asymmetry in Anisotropy Coefficients

a Jemod Mmod Fmod
KRO-1 1.51 1.61 1.945 2.27
KRO-2 1.65 1.86 1.93 2.38
KRO-3 1.37 1.53 1.97 2.24

S o urce: made by O.M.D. Shakarneh.

Analysis of the data presented in Table 3 leads to the following conclusions:

1. Effect of stiffness matrix asymmetry: the consideration of asymmetric stiffness matrix components
D1, # D51 results in a significant 30—65% increase in anisotropy coefficients compared to the symmetric model.

2. Critical case for KRO-2 series: the most substantial deviations were observed for KRO-2 specimens,
where the asymmetry coefficient a reaches 1.65 and the modified parameter n_ , attains a value of 2.38.

3. Theoretical implications: the obtained results demonstrate the necessity to modify the classical
Lekhnitsky approach [26] through the introduction of a correction factor a, which is particularly relevant
for materials with pronounced structural heterogeneity (Figure 4).

4. The error is calculated as:

D.-D
error =———>=x100%. (16)
sym

For a, the error is not specified, since the symmetric model by definition assumes o =1.
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Comparison of D12 and D2ifor Symmetric and Asymmetric Models
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Figure 4. Comparison of real asymmetry with an idealized symmetric model
S ource: made by O.M.D. Shakarneh.

Table 4 clearly demonstrates that the asymmetric model D1, # D,, more accurately captures masonry

behavior, particularly for parameter £ where symmetric model errors reach 65%, confirming the necessity
of accounting for anisotropy in stiffness calculations; while differences are less critical for parameter #,
simplifying its estimation in engineering applications (Figure 5), with series KRO-2 showing critical error
levels (65%) that mandate asymmetric model implementation, as derived from stiffness matrix Dj; analysis.

302

Table 4. Comparison of parameters of symmetric and asymmetric models

Series Parameters Dsym D12 # D error, %

k 1.065 1.61 51%
KRO-1

n 2.03 2.27 12%

k 1.126 1.86 65%
KRO-2

n 2.06 2.38 15%

k 1.118 1.53 37%
KRO-3

n 2.06 2.24 9%

S o urce: made by O.M.D. Shakarneh.

error o
0
60
50
10
20
10
(1]
KRO -1
KRO-2
mn =K KRO -3

Figure 5. Error analysis of the symmetric model for the anisotropy coefficients (z and k)
S o urce: made by O.M.D. Shakarneh.
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The numerical simulation results presented in Figures 611 demonstrate the distribution of vertical
compressive stresses and horizontal strains in perpendicular and horizontal mortar joints for three
experimental series KRO-1, KRO-2, KRO-3, obtained through: (1) micro-modeling, (2) EXP macro-modeling
of a homogeneous anisotropic medium (based on experimental values from [20]), and (3) D macro-
modeling of a homogeneous anisotropic medium (using the calculated stiffness matrix Djj), conclusively
demonstrating the significant influence of mortar joint strength on the formation of structural stress states.
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Figure 6. Contour plots of compressive stresses 6, and horizontal strain distributions
under loading perpendicular to mortar joints for KRO-1 masonry
S o urce: made by O.M.D. Shakarneh.
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Figure 7. Contour plots of compressive stresses 6, and horizontal strain distributions
under loading parallel to mortar joints for KRO-1 masonry

S our ce: made by O.M.D. Shakarneh.

In Figure 6 (loading perpendicular to the joints), a uniform distribution of vertical stresses and
horizontal deformations is observed in the KRO-1 series masonry, which is attributed to the high strength of
the mortar E» > / En=1.12, whereas in Figure 7 (loading parallel to the joints), the stress and strain
distribution is less uniform but remains stable, confirming the anisotropy of the masonry. At the same time,
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as demonstrated in [22], to fully eliminate edge effects, modeling of masonry fragments with at least 9
vertical rows and 4 bricks in length is required, highlighting the importance of accounting for edge effects
and the micromechanics of “brick-mortar” interactions for accurate prediction of masonry behavior,
especially under complex loading conditions.

Tables 5—7 present calculated errors in vertical stress and horizontal strain determinations for KRO-1,
KRO-2, and KRO-3 masonry under different load orientations relative to mortar joints, with the strain error
(¢) calculation formula for each macromodel versus the micromodel given by:

error ( %) — 8]]‘]601’0 B 8micro . (1 7)
micro

Stress error (6):

error (%) = Omero —O
c

micro . (1 8)

micro

The error quantification methodology employs: € (macromodel-calculated strain), €_.  (micromodel

macro micro

reference strain), o___(macromodel stress), and o _.  (reference micromodel stress), with percentage

deviation calculated analogously for both stress and strain components using the unified formula (17, 18).
For the analysis, control isopoles 2, 6, and 10 were selected, uniformly distributed along the specimen
height, to: (1) eliminate local edge effects in contact zones with support plates, (2) cover all characteristic
stress state regions (bottom, middle, and top), and (3) ensure data representativeness by analyzing zones

with established stress fields.

Table 5. Calculation of errors in horizontal deformations and vertical stresses
under load parallel and perpendicular to the joints for KRO-1 masonry

Ne G icro » MPa G acro —EXP, MPa errors EXP, % G 1nacro —P> MPa error D, %
Calculation of errors for vertical stresses under load perpendicular to the joints
2 -3.36 -3.51 4.46 -3.54 5.36
6 -3.64 -3.92 7.69 -3.88 6.59
10 -3.93 -4.32 9.92 —4.22 7.38
Ne € icro € hacro ~EXP errors EXP, % € nacro D (E11) errors D, %
Calculation of errors of horizontal deformations under load perpendicular to the joints
2 0.000052 0.000057 9.62 0.000049 5.77
6 0.000033 0.000037 12.12 0.000032 3.03
10 0.000014 0.000017 21.43 0.000015 7.14
Ne G icro » MPa G pacro “EXP, MPa errors EXP, % G pacro —D> MPa errors D, %
Calculation of errors for vertical stresses under load parallel to joints
2 -2.28 —2.38 4.39 —2.41 5.70
6 -2.50 —2.62 4.80 -2.19 12.40
10 -2.71 —2.86 5.54 -2.77 2.21
Ne € icro € acro ~EXP errors EXP, % € aero —D (E11) errors D, %
Calculation of errors of horizontal deformations under load parallel to joints
2 0.000037 0.000045 21.62 0.000032 13.51
6 0.000024 0.00003 25 0.000021 12.50
10 0.000011 0.000015 36.36 0.000011 0.00

S o urce: made by O.M.D. Shakarneh.
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Figure 8. Contour plots of compressive stresses 6, and horizontal strain distributions
under loading perpendicular to mortar joints for masonry KRO-2
S o urce: made by O.M.D. Shakarneh.
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Figure 9. Contour plots of compressive stresses 6, and horizontal strain distributions
under loading parallel to mortar joints for KRO-2 masonry
S our ce: made by O.M.D. Shakarneh.

In Figure 8 (loading perpendicular to joints, KRO-2): a uniform distribution of vertical stresses (oy) is
observed, with localized concentrations (up to 15%) in edge zones, while horizontal strains (ex) exhibit
elevated values near boundaries (EXP errors: up to 29%, D-model: up to 18.3%), confirming the influence
of edge effects, partially mitigated by the orthotropic model.

In Figure 9 (loading parallel to joints, KRO-2): stress distribution is less uniform, with pronounced
concentrations near vertical joints (cy errors up to 15.1%), and strains (&x) in edge zones show significant
deviations (EXP errors: up to 35.7%, D-model: up to 28.6%), highlighting the critical role of brick-mortar
contact micromechanics and the need for larger RVEs to minimize inaccuracies.
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Table 6. Calculation of errors in horizontal deformations and vertical stresses
under load parallel and perpendicular to the joints for KRO-2 masonry

Ne micro » MP2 G ocro "EXP, MPa errors EXP, % O acro —D> MPa errors D, %
Calculation of errors for vertical stresses under load perpendicular to the joints
1 —-1.501 —1.482 1.27 —1.489 0.8
5 —1.692 -1.718 1.54 -1.716 1.42
10 -1.931 -2.012 4.19 -2 3.57
No micro € nacro ~EXP errors EXP, % € hacro P errors D, %
Calculation of errors of horizontal deformations under load perpendicular to the joints
2 0.000036 0.000039 83 0.000036 0
6 0.000021 0.000026 23.8 0.000024 14.3
10 0.0000093 0.000012 29.0 0.000011 18.3
Ne micro » MPa G acro —EXP, MPa errors EXP, % G pacro —D> MPa errors D, %
Calculation of errors for vertical stresses under load parallel to joints
2 -2.05 -2.36 15.1 -2.36 15.1
6 -2.36 -2.63 11.4 -2.63 11.4
10 —2.68 -2.91 8.6 -2.9 8.2
No € icro € nacro ~EXP errors EXP, % € hacro P errors D, %
Calculation of errors of horizontal deformations under load parallel to joints
2 0.000049 0.000058 18.4 0.000053 8.2
6 0.000031 0.000038 22.6 0.000036 16.1
10 0.000014 0.000019 35.7 0.000018 28.6

S our ce: made by O.M.D. Shakarneh.

As seen in Figures 1011, masonry with low-strength mortar (KRO-3) exhibits significant stress
heterogeneity, which correlates with high macro-modeling errors (Table 7), confirming the need to account
for the micromechanics of contacts in computational models; moreover, as shown in [22], accurate description
of edge effects requires modeling masonry fragments with a minimum of nine rows, which is particularly
important for specimens with low mortar strength.
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Figure 10. Contour plots of compressive stresses 6, and horizontal strain distributions
under loading perpendicular to mortar joints for masonry KRO-3
S o urc e: made by O.M.D. Shakarneh.
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Figure 11. Contour plots of compressive stresses o, and horizontal strain distributions

under loading parallel to mortar joints for KRO-3 masonry
S ource: made by O.M.D. Shakarneh.

Table 7. Calculation of errors in horizontal deformations and vertical stresses
under load parallel and perpendicular to the joints for KRO-3 masonry

Ne O icro » MP2 O jracro “EXP, MPa errors EXP, % G nacro “D> MPa errors D, %
Calculation of errors for vertical stresses under load perpendicular to the joints

2 —0.68 -1.14 67.65 —0.76 11.76

6 -0.95 -1.37 44.21 -0.92 3.16

10 -1.2 -1.6 33.33 —-1.01 15.83

Ne € icro € acro "EXP errors EXP, % € nacro errors D, %
Calculation of errors of horizontal deformations under load perpendicular to the joints

2 0.000053 0.000071 33.96 0.000059 11.32

6 0.000032 0.000047 46.88 0.000038 18.75

10 0.000011 0.000022 100 0.000018 63.64

Ne micro » MPa G acro "EXP, MPa errors EXP, % O nacro ~D> MPa errors D, %
Calculation of errors for vertical stresses under load parallel to joints

2 —0.66 -1.2 81.82 -1.2 81.82

6 -1 -1.4 40 -1.4 40
10 -1.3 -1.6 23.08 -1.5 15.38

No micro € nacro "EXP errors EXP, % € nacro P errors D, %
Calculation of errors of horizontal deformations under load parallel to joints

2 0.000067 0.000072 7.46 0.000064 4.48

6 0.000043 0.000048 11.63 0.000043 0

10 0.000019 0.000024 26.32 0.000021 10.53

S o urc e: made by O.M.D. Shakarneh.

and marked strain field heterogeneity.
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Stress-strain visualization (Figures 6-11) reveals pronounced masonry anisotropy, evidenced by
fundamentally different mechanical responses under loading perpendicular (Figures 6-7) versus parallel
(Figures 7-11) to mortar joints, with KRO-1 (high-strength mortar) exhibiting uniform stress distribution
(< 15% variation) while KRO-3 (low-strength mortar) shows acute stress concentrations (local peaks < 40%)
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Comparative experimental-calculated data analysis (Tables 5-7) demonstrates satisfactory agreement
(£7% error) for KRO-1 using orthotropic modeling, whereas KRO-3 displays significant discrepancies
(<65%) due to unaccounted microstrains in weak joints, substantiating the need for modified orthotropic
models incorporating stiffness matrix asymmetry and edge effect correction factors.

4.2. Discussion

Experimental investigations revealed significant stiffness matrix asymmetry Di2# D21 [21; 24],
demonstrating the necessity to account for micromechanical effects, including localized brick-mortar
interfacial deformation processes and structurally-induced anisotropy. The classical orthotropic model's
assumption of elastic symmetry D12 = D21) produced statistically significant deviations from experimental
data, particularly pronounced in specimens with weak mortar joints (KRO-3), where joints acted as stress-
concentrating weak links. While macromodeling (orthotropic approach) simplified computations, it failed to
capture microstructural influences on joint stress distribution.

To enhance predictive accuracy, we propose a modified anisotropic model incorporating asymmetry
corrections through an anisotropy coefficient a = Di2/D21 (Formula 14) for masonry series KRO-1, KRO-2,
KRO-3, with optimal E»/Ex ratios identified for edge effect mitigation.

The proposed orthotropic model with asymmetry correction provides accurate predictions for uniaxial
compression of unreinforced brick masonry with medium-to-high mortar strength (series KRO-1-KRO-3).
However, its applicability is limited by:

a) Material and geometric constraints: the model requires validation for reinforced masonry, thin-
bed joints, or alternative brickwork patterns (e.g., English bond).

b) Loading scenarios: nonlinear effects (cracking, creep) and multidirectional stresses were not
considered.

¢) Scale effects: the RVE size (4 courses for vertical loading) may not capture behavior in full-scale
structures under complex boundary conditions.

5. Comparison of Voigt and Reuss Methods
for Masonry Stiffness Assessment Considering RVE

In this section, a comparative analysis is presented of methods for evaluating masonry stiffness based
on the classical Voigt and Reuss approaches, taking into account the determination of the representative
volume element (RVE). These methods are widely used for predicting the effective mechanical properties of
heterogeneous materials; however, their applicability to anisotropic structures such as brick masonry
requires further investigation [29-32].

The conducted analysis demonstrates that classical methods based on the assumption of isotropy or
symmetry of properties can lead to significant errors in masonry stiffness evaluation, particularly for
specimens with low-strength mortar (KRO-3). To improve calculation accuracy, a modification of the
orthotropic model has been proposed through the introduction of an asymmetry coefficient o = D15/D;1,
which enables accounting for micromechanical effects at the “brick-mortar” interfaces.

5.1. RVE Determination via Indicator Zones

The Representative Volume Element (RVE) was established using experimental indicator zone data
(Figure 2). For brickwork with brick dimensions 250x65x120 mm and 10 mm joint thickness, RVE selection
followed:

a) Y-axis loading (vertical, perpendicular to joints): RVE encompasses 4 brick courses (indicator zones);

b) X-axis loading (horizontal, parallel to joints): RVE comprises 2 brick rows (indicator zones).
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5.2. Stiffness Evaluation Methods

Two classical approaches were applied for effective stiffness calculation:
1. Voigt Method: assumes uniform strain across components, computing stiffness as volume-weighted
average:

D'=AD, +AD, (19)

where A, and A4 represent the volume fractions of mortar and brick, and D,,, D, denote the stiffness

tensors of the isotropic mortar and brick materials, respectively. The area fractions within the RVE were
determined for two loading directions:

a. Y-axis (perpendicular to joints): 4, =86.7%, A, =13.3%;

m

b. X-axis (parallel to joints): 4, = 86.7%, A4, =13.3%;

m

with calculations based on cross-sectional area ratios in the RVE according to the formula:

R = i, i = brick, mortar , (20)

i
otal

where 4; is the cross-sectional area of component in RVE, 4, = 4+ A4, is the total cross-sectional area.

2. Method Reuss. Assumes uniform stress across components, calculating compliance as:

- 1
S*=R S"+RS", D" = (21)
Di' _Ds
error = ———>=x100%, (22)
sym

where S”, S” is the compliance tensors for mortar and brick.
Stiffness tensors for isotropic materials are defined via Young's modulus (£) and Poisson's ratio (p):

I=p, 0
D, = L, u I-p 0 ; (23)
m (1+Mm)(l—2um) m m s s
0 0 B
L 2
£ I=u, 0
D, = b m T 0 . (24)
)| T
0 0 Hb
L 2
Table 8 compares two classical methods for evaluating masonry stiffness — the Voigt method

and the Reuss method — against the calculated stiffness matrix components D;; derived from experimental
data and the orthotropic model. The goal is to assess the accuracy of these methods for different sample
series KRO-1, KRO-2, KRO-3 and identify their limitations.
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The error for each method was calculated as the percentage deviation from the experimental Djj values:

D —-D.
error = —=<d 77 L 100% |

i

Table 8. Comparison of methods for assessing the stiffness of masonry

(25)

Series | Parameter | Calculation by D, MPa | Voigt Method, MPa | Voigt errors, % | Reuss Method, MPa | Reuss errors, %
Dn 11568.3 11980 3.6 10500 9.2
Dz 2545.0 1600 37.1 1200 52.8
KRO-1 D 1684.2 1600 5.0 1200 28.7
D2 10201.4 10500 2.9 9200 9.8
D33 4786.5 4650 2.9 3900 18.5
D 11473.7 11500 0.2 9800 14.6
D> 3442.1 1700 50.6 1300 62.2
KRO-2 D 2085.9 1700 18.5 1300 37.7
D 9074.1 9500 4.7 8000 11.8
D33 4341.5 4100 5.6 3500 19.4
D 7264.9 9800 349 7500 3.2
Diz 2542.8 1800 29.2 1400 44.9
KRO-3 Do 1856.1 1800 29.2 1400 44.9
D 5799.5 6500 12.1 5000 13.8
Ds3 2443.2 4100 67.8 3500 43.2

S our ce: made by O.M.D. Shakarneh.

Analysis of Table 8 reveals that the Voigt method demonstrates lower error for diagonal stiffness
matrix components D11, D33, particularly for KRO-1 and KRO-2 series (error < 5.6%), while the Reuss
method shows better accuracy for off-diagonal terms (Di2, D21) in KRO-3 series (error < 44.9%). Both
methods, however, significantly underestimate the matrix asymmetry (D12, D21), confirming the necessity to

modify classical approaches to account for masonry anisotropy and micromechanical effects.

Figure 12 shows a graphical comparison of the errors obtained using two classical methods for
estimating masonry stiffness — the Voigt method and the Reuss method — relative to the orthotropic
model, with the errors calculated for the components of the stiffness matrix D; (Table 8) and expressed as
percentage deviations.
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Figure 12. Comparison of Voigt and Reuss error
S ource: made by O.M.D. Shakarneh.
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reasonable results for isotropic composites, their underlying
assumptions of (a) uniform stress/strain fields and (b)
material symmetry make them fundamentally unsuitable for
modeling the orthotropic behavior of masonry, particularly
the experimentally observed stiffness matrix asymmetry
(D12/D21 > 1.3) arising from the micromechanics of inter-
facial boundaries.

Figure 13 illustrates the dependence of the effective
elastic moduli on the stiffness ratio E»/Em for the three
series of specimens (KRO-1, KRO-2, KRO-3).

Both E: and E, decrease significantly as (E»/Em)
increases, reflecting the progressive weakening of
mortar relative to brick. Specifically, Ex decreases from
approximately 11.2 to 6.5 GPa, while E, decreases from
about 9.8 to 5.1 GPa.
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Figure 13. Effect of the brick-to-mortar stiffness ratio
on the effective elastic moduli of masonry: comparison of experimental results,
stiffness matrix components from Egs. (8-9), and Voigt—Reuss bounds
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The stiffness matrix components obtained from Egs. (8-9) (D11, D22) closely follow the experimental
trends and remain consistently bounded by the classical Voigt and Reuss estimates. The Voigt method provides
an upper bound that slightly overestimates stiffness, while the Reuss method gives a lower bound that under-
estimates it. The widening gap between the bounds with increasing (E»/Em) indicates a stronger influence of
structural heterogeneity when weaker mortar is used, accompanied by a marked increase in anisotropy between
the x-and y-directions.

Thus, the comparison confirms that the orthotropic model derived from Eqs. (8-9) accurately captures
masonry behavior. Moreover, mortar stiffness is identified as a governing factor controlling both the magnitude
of effective moduli and the degree of anisotropy.

These findings support the applicability of the modified orthotropic model for numerical calibration
(e.g., finite element simulations) and for predicting the in-plane mechanical response of masonry walls under
compressive loading.

6. Conclusion

This study established fundamental relationships between mortar joint mechanical properties and
anisotropic behavior of unreinforced brick masonry. Experimental and numerical results (including micro-
and macro-modeling using orthotropic formulation) demonstrated significant stress distribution dependence
on the brick-to-mortar elastic modulus ratio (E»/En). The identified stiffness matrix asymmetry (D12 # Dz1)
necessitates accounting for structural heterogeneity and micromechanical processes at brick-mortar
interfaces in computational models.

The highest anisotropy occurred in low-strength mortar specimens (KRO-3 series) with anisotropy
coefficient Di11/D22 reaching 1.253. KRO-1 series (high-strength mortar) exhibited more uniform stress
distribution, indicating reduced anisotropy effects. Nevertheless, even in this case, classical orthotropic
models assuming matrix symmetry showed statistically significant deviations from experimental data.

The research results highlight the critical need to account for the following factors to enhance masonry
behavior prediction accuracy:

a) Material anisotropy driven by brick-mortar stiffness disparity;

b) Edge effects, particularly pronounced in low-strength mortar specimens;
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¢) Elastic property asymmetry, necessitating classical orthotropic model modifications;

d) Real service conditions, including loading direction and masonry component interactions.

The stiffness matrix asymmetry represents a fundamental physical characteristic of masonry rather
than an artifact, demanding model refinements. While the correction factor a can currently be employed for
engineering calculations, comprehensive understanding requires additional experimental and numerical
investigations.

Future work should address:

1. Extension to reinforced masonry and non-standard geometries;

2. Incorporation of nonlinear material models for damage analysis;

3. Experimental validation under shear and combined loading.
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