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AIMS AND SCOPE

The aim of the Journal is to advance the research and practice in structural engineering
through the application of computational methods. The Journal will publish original papers and
educational articles of general value to the field that will bridge the gap between high-performance
construction materials, large-scale engineering systems and advanced methods of analysis.

The scope of the Journal includes papers on computer methods in the areas of structural
engineering, civil engineering materials and problems concerned with multiple physical processes
interacting at multiple spatial and temporal scales. The Journal is intended to be of interest and use to
researches and practitioners in academic, governmental and industrial communities.
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OBLIAA MHOOPMALIUA O XXYPHAIE

International Journal for Computational Civil and Structural Engineering
(MeskAyHAPOAHBII J)KYPHAA IO PACYETY TPAXKAAHCKHX M CTPOUTEABHBIX KOHCTPYKIIHI)

MesxayHnapoanblii HayuHbli :kypHaa “International Journal for Computational Civil and
Structural Engineering (MexayHapoaHblii ;KypHAJI M0 pacyeTy rpaxIaHCKUX U CTPOUTEIbHBIX
xoHcTpykuuii)” (IJCCSE) sBnsercs BeayiuM HayuyHbIM NEPUOAMUECKUM U31aHUEM I10 HAIIPABJICHUIO
«MHXKeHepHble U TEXHUUECKUE HayKny, n3aaBaeMbIM, HaunHas ¢ 1999 rona (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B »xypHayie Ha BBICOKOM Hay4YHO-TEXHHYECKOM
YPOBHE paccMaTpUBAIOTCS IPOOIEMbI YHCIEHHOTO U KOMIIBIOTEPHOT'O MOICTMPOBAHUS B CTPOUTEIIHCTBE,
aKTyaJIbHble BOIPOCHI pa3pabOTKH, UCCIEIOBAHNUS, Pa3BUTHS, BepU(UKaLluK, anpodaluy U MPUIIoAKe-
HUM YUCIICHHBIX, YUCIEHHO-aHAIUTUYECKUX METO/I0B, IPOrPAMMHO-AJITOPUTMHYECKOTO 00eCTIeUeHHUs
Y BBITIOJIHEHUSI aBTOMATU3MPOBAHHOTO TIPOEKTUPOBAHMSI, MOHUTOPHHIA U KOMIUIEKCHOTO HAYKOEMKOTO
PacyeTHO-TEOPETUYECKOTO U HKCTIEPUMEHTAIILHOTO 000CHOBAaHUS HANPSKEHHO-AEPOPMUPOBAHHOTO (U
MHOTI'0) COCTOSIHUS, TPOYHOCTH, YCTOMIMBOCTH, HA/IEXKHOCTHU 1 0€30I1aCHOCTH OTBETCTBEHHBIX O0BEKTOB
IPa’KAAHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENILCTBA, SHEPTeTHKH, MAIIMHOCTPOCHHUS, TPAHCTIOpTa, OHO-
TEXHOJIOTHH U JJPYTHX BBICOKOTEXHOJIOTUYHBIX OTPACIIEH.

B penakiirioHHbII cOBET *KypHasa BXOIAT U3BECTHBIE POCCUICKNE U 3apyOeKHbIE IeATeNTN HAyKU
Y TEXHUKU (B TOM YHCIIE aKaJIEMHUKH, YWICHBI-KOPPECTIOHICHTHI, THOCTPAHHBIE WICHBI, TOYETHBHIE YICHBI
1 COBEeTHUKH POoCCHIICKON akaJeMuu apXUTEKTYPhl U CTPOUTEILHBIX HayK). OCHOBHON KPUTEPH OT-
6opa crareil A1 MyOIMKaLUK B )KypHaJe — UX BBICOKHI HayYHBIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIPEJIEINISIETCS B XOA€ BBICOKOKBATH(D)UIIMPOBAHHOTO PELECH3UPOBAHUS U OObEKTUBHON SKCIEPTHU3BI,
MOCTYMAIONIUX B PEAAKIIMIO MAaTEPHAJIOB.

Kyprnan exooum 6 Ilepeuers BAK P® gedywux peyenzupyemvix HaAyuyHvlX U30aHUll, 8 KOMOPbLX
00124CHbL ObIMb ONYONUKOBAHBI OCHOBHbIE HAYYUHbLE PE3YIbMAMbl OUCCEPMAYULL HA COUCKAHUE YYEHOU
cmeneHu Kanouoama HayK, Ha COUCKAHUe YYeHOU Cmenenu 0OKmopa HAyK 10 HAy4YHbIM CIEeLUab-
HOCTSIM M COOTBETCTBYIOIIUM UM OTPACIISIM HAYKH:

* 1.1.8 — Mexanuka eopMUpyeMOro TBEpOIo Tea (TEXHUYECKUE HayKH),

* 1.2.2 — Maremarudeckoe MOJETMPOBAHUE YHCIIEHHBIE METO/IbI M KOMILJIEKCHI IPOrpaMM

(TeXHUUYECKHUE HAYKH),

¢ 2.1.1 — CTpouTenbHble KOHCTPYKLUH, 31aHUS U COOPYKEHUS (TEXHUUECKUE HAYKH),

*2.1.2 — OcHoBanus ¥ GyHAAMEHTHI, 10JI3EMHBIE COOPYKEHUS (TEXHUUYECKUE HAyKH),

* 2.1.5 — CTpouTenbHble MaTEpUAIIBl U U3ENNS (TEXHUUECKUE HAYKH),

* 05.23.07 — TuapoTeXHUYECKOE CTPOUTENBCTBO (TEXHUUECKHE HAYKH),

* 2.1.9 — CTpoutenbHas MeXaHUKa (TEXHUUYECKUE HAYKH)

B Poccuiickoit @enepanyu )KypHaJl HHIEKCUpPYeTCsl POCCUIICKMM MHIEKCOM HAy4HOI'O LIUTH-
posanus (PUHLI).

JKypuan exooum 6 6a3zy oannwix Russian Science Citation Index (RSCI), nonnocmuto unmezpu-
posannyio ¢ naameopmotl Web of Science. XypHan nmeet MeXTyHapOIHBINA CTaTyC U BHICHUIAETCS B
Belyle ONOIMOTEKN U HayYHble OPTaHU3al1 MUDA.

M3narenn xypHaaa — Mzoamenvcmeo Accoyuayuu cmpoumenbHuiX 8blCUIUX YUEOHbIX 3a6e-
oenuti /ACB/ (Poccus, . Mocksa) u 1o 2017 rona Mzoamenvckuii oom Begell House Inc. (CUIA, 1.
Hero-Mopk). OpuIuaisHpIMI HapTHEPAMH H3IAHUs SBIseTCs Poccutickas akademus apxumexmypol
u cmpoumenvhvix Hayk (PAACH), ocymiecTBistomnas HayyHOe KypUpoBaHUe U3aHust, U Hayuno-uc-
cnedosamenvckuul yenmp Cma/{uO (3A0 HULL CtaluO).

ey :KypHaJa — 1IEMOHCTPUPOBAThH B MyOIUKALMAX POCCUICKOMY M MEXIyHAPOAHOMY IIPO-
(eccroHaNIbHOMY COOOIIECTBY HOBEHUIIHE TOCTHKEHHS HAYKH B 00JaCTH BHIYUCIUTEIBHBIX METOI0B

Volume 18, Issue 3, 2022 7



International Journal for Computational Civil and Structural Engineering

peuieHus GyHIaMEHTAIbHBIX U MPUKIAIHBIX TEXHUUYECKUX 3aja4, MPEK/Ie BCEro B 00JaCTH CTPOU-
TEJbCTBA.

3agaum KypHaa:

* IPEI0CTABJICHNE POCCUMCKUM U 3apyOeKHBIM YUEHBIM U CIIELIUATUCTaM BO3MOXKHOCTH ITyOIH-
KOBATh PE3YJIbTaThl CBOUX MCCIIEA0BAHUM;

* IpUBJICUEHUE BHUMAHHUS K HamOosee aKTyalbHbIM, IEPCIEKTUBHBIM, IIPOPBIBHBIM U WHTE-
PECHBIM HAIPABJICHUSAM PA3BUTHUS U MIPUIOKEHUH YMCICHHBIX Y YMCICHHO-aHATUTHYECKIX METOJIOB
pemieHus pyHIaMEHTaIbHBIX U MPUKIIAJIHBIX TEXHUYECKUX 3a71a4, COBEPILIEHCTBOBAHMSI TEXHOJIOT U
MaTeMaTUYeCKOTO, KOMITBIOTEPHOTO MOJECINPOBAHMS, Pa3padOTK U BepH(PHUKALUU PeaTn3yIOLIero
[IPOrpaMMHO-aJITOPUTMHUYECKOTO 0OecIIeueH s,

* obecrieueHre 0OMEeHa MHEHUSIMHU MEX/1y UCCIIEI0BATEIIMU U3 PA3HBIX PETMOHOB U TOCYAAPCTB.

Temaruka sxxypHaJa. K paccMoTpeHnio 1 myOIMKaluy B )KypHaJie IPUHUMAIOTCS aHATUTHUECKIE
MaTepHalbl, HayqHbIE CTaTbU, 0030pPbl, PELIEH3UU U OT3bIBbI HA HAy4Hble MyOIUKaLMK IO (yHIaMeH-
TAJbHBIM U IPUKJIAJHBIM BOIIPOCAM TEXHUYECKHUX HAYK, IPEXK/Ie BCETo B 00IACTH CTPOUTENHCTBA. B
KypHaJIe TaKKe MMyOIUKYyI0TCsl UH(OPMAIIMOHHbIE MaTepHalibl, OCBEILAIOIUE HAyYHbIE MEPOIIPUSITUS
U 1epesioBble TOCTHXKeHUs Poccriickol akaileMUM apXUTEKTyphl U CTPOUTENbHBIX HayK, HAyYHO-00-
pa3oBaTEIbHBIX U IPOEKTHO-KOHCTPYKTOPCKUX OpraHU3aLi.
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pOoMIBHBIX 00Pa30BATENBHBIX OPraHU3AIMAX BBICIIEr0 0Opa3oBaHusl.

Penaknuonnasi moautuka. [lomurrka penakiimoHHONW KOJUIETHH KypHala 0a3upyeTcs Ha COo-
BPEMEHHBIX IOPUIMYECKUX TPEOOBAHUSAX B OTHOLIEHHWH aBTOPCKOTO IPaBa, 3aKOHHOCTH, IUIaruara
U KJIEBETHI, U3JIOKEHHBIX B 3aKoHonarenbCcTBe Poccuiickont denepanuu, U STHYECKUX MPUHIMUIIAX,
MOJ/IEP’KUBAEMBIX COOOILIECTBOM BEAYIIMX U3/aTelel HayuHOW NEePUOAUKH.

3a nybnukayuto cmameti naama ¢ asmopos He e3vimaemcs. Ilyonukayus cmameii 8 HcypHae
becniamuas. Ha TIaTHOM OCHOBE B JKypHaJIe MOTYT OBITh OITyOJIMKOBAHBI MaTepHajbl PEKIAMHOTO
XapakTepa, UMEIoIIUe MPsIMOe OTHOLIEHHUE K TEMaTHKe XKypHaJa.
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ABTopam. [Ipexne ueM HarpaBUTh CTAaThIO B PENAKIMIO XKypHajia, aBTOpaM CIIEAYET O3Ha-
KOMHTBCSI CO BCEMHM MarepuajaMu, pa3MelIeHHbIMH B pasjeiax caiiTa *ypHaja (MHTEpHET-CaiT
Poccuiickoit akageMun apXuTeKTypbl U cTpouTeabHbIX Hayk (http://raasn.ru); monpasnen «M3nanus
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OCHOBHOU MH(OpMaImei o XypHase, ero mejisiMHi 1 3aJadaMi, COCTAaBOM PEIAKIIMOHHOW KOJIJIETUH
U PEJAaKLIMOHHOIO COBETA, PEAAKIIMOHHOM MOJIUTHUKOM, TOPSAIKOM PELIEH3UPOBAHMsI HAIIPABIIIEMbIX B
KYpHaJ cTarel, CBEACHUSIMHU O COONIONCHUH PENaKIIMOHHONW 3TUKHU, O MOJUTHKE aBTOPCKOTO MpaBa
U JIMLEH3UPOBaHMs, O MPEICTaBICHUH KypHaJla B NHPOPMALIMOHHBIX CUCTeMaX (MHIEKCUPOBAHUN),
nHpopMaLueil 0 NOANUCKE Ha KypHall, KOHTAKTHBIMU JaHHBIMU U 1Ip. XKypHan paboTaeT no nuueH-
3un Creative Commons tuma cc by-nc-sa (Attribution Non-Commercial Share Alike) — Jlnnensus «C
yKkazaHueM aBTopcTBa — Hexommepueckas — Kormumedry.
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NUMERICAL SIMULATION OF THE PROCESS OF DIRECTED
TRANSFORMATION OF A REGULAR HINGE-ROD SYSTEM

Peter P. Gaydzhurov !, Nadezhda G. Tsaritova %, Abacar I. Kurbanov ?,
Anastasia A. Kurbanova ?, Elvira R. Iskhakova °

! Don State Technical University, Rostov-on-Don, RUSSIA
2 Platov South-Russian State Polytechnic University, Novocherkassk, RUSSIA

Abstract. The process of forming new architectural solutions in the field of regular frame-rod systems
necessitates the development of the concept of creating original spatial structures through the directed
transformation of kinematically changeable truss-type objects. The article presents a numerical study of
kinematic parameters during the gradual shaping of a rod system, which in its initial state is a flat hinge-rod
network of repeating fragments in the form of equilateral triangles. The controlled kinematic effect on the object
was modeled using actuators that were placed on the peripheral sections of the studied grids.

The wide variability of the hinge-rod forms, the economical installation process using the principle of "self-
extension" allow us to speak about the relevance of research in this direction.

Keywords: hinge-rod structures, finite element method, matrix stiffness, the stress-strain state, actuators

YU CJEHHOE MOJIEJNPOBAHUE IMMPOLIECCA
HATIPABJJEHHOHN TPAHC®OPMAIINU PETYJISIPHON
INAPHUPHO CTEP)KHEBOUW CUCTEMBI

ILIL T'aiioncypos ', H.I'. IJlapumosa *, A.H. Kypéanoe *, A.A. Kypoanoea?,
3.P. Hexakosa *

! JloHCKOM TOCyIapCTBEHHBIN TeXHUYECKHIT yHUBEpCUTET, PocToB-Ha-/ony, POCCHUSI
2 «lOxmu0-Poccuiickuii rocyiapcTBeHHbIi nosmrexundeckuit yausepcuret (HITN) umenu M.U. Tlnatosay,
Hosouepkacck, POCCHUA

AnHotanus. Ilporece (hopMHUPOBaHUS HOBBIX APXUTEKTYPHBIX PEHICHHH B OOJACTH PEryJSIPHBIX KapKacHO-
CTEP’KHEBBIX CHCTEM OOYCIIaBIMBAaeT HEOOXOIMMOCTh Pa3padOTKM KOHIENIIMK CO3MAaHHUS OpPUTHMHAIBHBIX
MIPOCTPAHCTBEHHBIX CTPYKTYP IIyT€M HANpaBJICHHON TpaHC()OPMALNKM KHHEMATHUECKH M3MEHSIEMBIX O0OBEKTOB
(epmeHHOrO THMA. B cTaTbe BBHINOJHEHO YWCICHHOE MWCCIECOBAHNE KHHEMATHYECKHX MapaMeTpoB IIpH
HOCTENICHHOM (POPMOM3MEHHH CTEPXKHEBOH CHCTEMBI, NPEACTABISIONICH B HCXOJHOM COCTOSHHMHU IUIOCKYIO
MIaPHUPHO-CTEPIKHEBYIO CETh U3 MOBTOpsIOMUXCS (pparMeHTOB B (hopMe PaBHOCTOPOHHHMX TPEYTOIbHHUKOB.
VYnpasisieMoe KHHEMAaTHUECKOe BO3/ICHCTBHE Ha OOBEKT MOACIMPOBAJIOCH C MOMOIIBIO aKTyaTOpPOB, KOTOpBIE
pa3Melainuch Ha nepuepriHbIX ydacTKaxX UCCIIEyeMbIX CETOK.

[Iupokasi BApUATHBHOCTH IAPHUPHO-CTEPIKHEBBIX (POPM, SIKOHOMHYHBIN MPOIIECC MOHTAXa C UCIIOJIb30BAHHEM
TIPUHIINTIA «CAMOBBIBIIKECHUS» TTO3BOJISIOT TOBOPUTH 00 aKTYaJIbHOCTH MCCIICIOBAHUM B JAHHOM HaIIPaBJICHHU.

KnarwoueBbie ciioBa: IapHUPHO-CTEPIKHEBAA CUCTEMA, METO] KOHEYHBIX DJIEMEHTOB, MaTpula
KCCTKOCTH, HaHpﬂ)KeHHO-Z[e(l)OpMHpOBaHHOG COCTOSAHUE, aKTYaTOPbI.
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Numerical Simulation of The Process of Directed Transformation of a Regular Hinge-Rod System

INTRODUCTION

The process of forming new architectural
solutions in the field of regular frame-rod
systems necessitates the development of the
concept of creating original spatial structures
through the directed transformation of
kinematically changeable truss-type objects.

Currently, folding in two directions have
become widespread (S ,,S y) cover formed

from hinge-rod kinematic pairs (Fig. 1).

Figure 1. Kinematic scheme of a collapsible
covering

A separate category consists of hinge-rod
systems (HRS) of large-sized transformable
space structures, the disclosure of which occurs
automatically in zero gravity [1].

Works [2, 3] are devoted to the problem of
finite element analysis of the stress-strain state
of hinge-rod systems taking into account large
displacements. In particular, in [2] a two-rod
instantaneously kinematically variable HRS is
considered, the design scheme of which is
shown in Fig.2. For numerical simulation of the
behavior of the HRS in a geometrically
nonlinear formulation, the authors have
developed an algorithm based on a step-by-step
loading scheme and the formation at each step
of a mixed system of equations in the form of
the displacement method and the force method.
The configuration of this HRS corresponding to
a statically unchangeable state (the rightmost

Volume 18, Issue 3, 2022

position of the second link) is shown in Fig. 3.
In order to verify the algorithm proposed in
[2, 3] we will perform the calculation of the
two-rod HRS for the initial position 4,B,C and

configuration of the system in the position
A',B',C (Fig. 3). Figures 4 and 5 show the

patterns of vertical displacement distribution
(A4)
“y

using a nonlinear solver of the software package
ANSYS Mechanical. Comparing these data with
the results of [2], we establish that the value of

A
“gz izaax

instantaneously changeable system (Fig. 4) is in
both calculations -4,97 m. when geometrically
nonlinear calculation of HRS in position

and longitudinal forces N in rods, derived

corresponding to the calculation of an

a= 900 Takke nmoiydeHsl the results are similar
[2]. The coincidence of the results is also
observed when comparing the longitudinal
forces in the rods for the two positions of the
system.

Figure 2. Two - rod HRS

lP
i

Figure 3. Configuration HRS
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D m

-4.97239
-4.4199%9
-3.86741
-3.31493
-2.76244
-2.20995
-1.65746
-1.10498
-.552488
0

N, H

.347E+07
.333E+07
.318E+07
.304E+07
.290E+07
.276E+07
.261E+07
.247E+07
.233E+07
.219E+07

IE0CNECEN

BUCOROEEN

Figure 4. Distribution patterns ug,A) u N for the

initial instantaneously changeable state HRS

A

™ -12.5889
7 -11.1902
-9.79138
-8.39261
-6.99384
-5.59508
-4.19631
-2.79754
-1.39877
0

N, H
-.200E+07
-.160E+07
-.120E+07
-799297
-399375
547.583
400470
800392
.120E+07
E X .160E+07

NOCONEONN

NOCONEONN

Figure 5. Distribution patterns ug,A) u N fora
statically immutable state HRS

Thus, it can be argued that the ANSYS software
package allows for the simulation of HRS with
sufficient accuracy, taking into account large
displacements.

The article presents a numerical study of the
kinematic parameters of the rod system with its
gradual formalization. In its initial state, the
system is a flat hinge-rod network of repeating
fragments in the form of equilateral triangles.

The controlled kinematic effect on the object
was modeled using actuators that were placed
on the peripheral sections of the studied grids.
The wide variability of hinge-rod forms, the
economical installation process using the
principle of "self-extension" allow us to speak

about the relevance of research in this direction.

MATERIALS AND METHODS

As an object of research, we consider a hinge-
rod system (HRS), the initial state of which
(before transformation) is shown in Figure 6.
Each rod of the SHSS is modeled by one three-
dimensional truss finite element [4]. We set the
geometry of the SHSS in the global axes X, Y,
Z. We believe that the stiffness of all the rods of
the system is the same.

15,59m

Figure 6. Hinge-rod system in the initial state

In Fig. 6, the links with actuators are marked
with rectangles and marked with the letters S u
S1. Synchronous axial movements can be
created on the hinges of the actuators, causing
shortening / elongation of the links. We model
the actuators with combined finite elements [3].

Figure 7 shows a repeating fragment of the
HRS. In the initial state, the positive direction of

the normals 7 of all fragments coincides with
the orientation of the Z axis. For each rod of a
repeating fragment, we introduce a local system
of axes so that the axis X, ),z so that the

direction of the axis Z coincided with normal
7 , and the axis X was directed from the node
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I to the node k provided that the node
numbers are arranged in this sequence

Jj>k>i. Axle y are pointing away from
the center of the fragment.

J
Z
Y i
X
Figure 7. A repeating fragment of the hinge-rod

system

The calculation scheme for modeling the
process of transformation of the HRS is shown
in Fig. 8. In this drawing, the symbols «+»,
«A», «>» the connections prohibiting
movement are marked, respectively, in the
direction of the axes Z, Y, X. Letters a and b

denote nodes, movements 2, which will be

observed during directed transformation HRS.
The letter e denotes an element, the kinematic
parameters of which will also be investigated in
the process of shaping the HRS.

Figure 8. Calculation scheme for modeling the
process of shaping HRS

Volume 18, Issue 3, 2022

We accept the following assumptions [5, 6, 7]:

- the process of transformation of the
structure is a quasi-static sequence of steps
k =1,2,...,n discrete changes in the lengths of

combined finite elements by small values A s,
A s (Fig. 8);

- in the process of transformation of the
structure, the achieved level of stress state of the
rods is inherited.

We emphasize that the transition from the
current position of the rod k to the subsequent
provision k+1 it is accompanied by small
increments of the values of the nodal
coordinates. Based on this, the calculation of the
stress-strain ~ state at each step of the
transformation of the HRS 1is carried out within
the framework of the linear theory of elasticity.
For the software implementation of the proposed
concept of the transformation of the HRS, we use
the programming language APDL [8], built into the
ANSYS Mechanical software package [4]. An
application macro created on the basis of this
language is entered into the command window,
after which each line of the macro is processed by
the APDL interpreter and, in case of a positive
result, it is immediately launched for execution.
Thus, the macro allows you to automatically create
the geometry of the structure, build a finite element
grid, set boundary conditions and load, run the
solver to perform calculations, as well as perform
intermediate operations related to extracting
information from the ANSYS database at the
current loading step and forming working arrays by
performing the necessary algebraic procedures. In
addition to the listed actions, the macro contains
commands to delete and rebuild the finite element
model at each step of the calculation.

RESULTS
MODELING

OF FINITE ELEMENT

First of all, it should be noted that the design
scheme of the HRS (Fig. 8) is geometrically
changeable.  Therefore, the process of
transformation of the HRS from the position
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when the coordinates of all nodes z;= 0, it will

not lead to the expected rise of repeating
fragments, i.e. it is necessary to start (begin
transformation) with a pre-prepared dome-
shaped geometry of the HRS (Fig. 9).

Figure 9. Pre - launch domed shape HRS

In this connection, the question arises: at what
minimum value of the lifting boom f the arch
effect occurs and how to make the transition
from a flat configuration of the HRS (/= 0) to a
domed shape (/> 0) with the preservation of the
original lengths of the rods?

To transition from the initial flat shape of the
SHSS to the  starting  dome-shaped
configuration, we use kinematic boundary
conditions, which are reduced to setting
displacements in the direction of the axis Z in
the non-support nodes of the grid:

= for (E1)

. 2 2 2.2
marked: ¢ (5,m)=1-8"—n"+&n
approximating  polyquadratic ~ polynomial;
gzﬂﬁ—lﬂ; 2y -7.794)

21 7= 1559

normalized coordinates that take into account
the dimensions HRS; X;, ); — coordinates of

nodes truss finite element in global axes.

Based on the accepted kinematic boundary
conditions, the stiffness matrix is adjusted
according to standard technology and the
corresponding vector of the right part of the
resulting system of equations is formed. To
solve the corrected system of equations, we use
the nonlinear solver of the ANSYS complex, i.e.
we perform the calculation taking into account
large (finite) displacements. The obtained data
on the new geometry of the nodes and the
corresponding topology of the model are
recorded in intermediate files.

In order to test the proposed approach to obtaining
the domed shape of the HRS, a computational
experiment was conducted for the values of the
parameter f equals 0,Im, 0,25m, 0,5m, 1,0m,
1,5m. The calculations were carried out taking
into account geometric nonlinearity (large
displacements). As an evaluation criterion, we
used control over the immutability of the lengths
of the rods of the model during the transition from
the initial (flat) shape to the domed shape of the
HRS. It was found that the iterative process in the
investigated range of the parameter f converges
and the lengths of the rods before and after the
calculation coincide.

The next step was to study the obtained dome-
shaped shapes of the HRS for the presence of an
arched effect under the boundary conditions shown
in Fig. 5 and the action of only the own weight of
the rods. As a result, it was found that the iterative
process does not diverge, starting with /' = 1 m.
Visualization of the picture of the deformed state of
the SSS and the distribution of the corresponding

displacements 2/, shown in Fig. 10.

U,, M

-3.17902
-2.8258
-2.47257
-2.11935
-1.76612
-1.4129
-1.05967
-.706449
-.353225
0

Figure 10. The picture of the distribution of
movements in HRS u_ when f= Im

NI |

Next, a simulation of the process of kinematic
shaping of the HRS was performed using a
specially developed step algorithm. Fig. 11
shows the results of modeling this process for the
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SHSS with the initial boom of the dome
f=0,1 m, with the same movements AS in all
actuators. The following parameters were taken
into account in the calculation: the course at each
step of the transformation As =0,01 m; number
of transformation steps » = 80. Visualization of
vertical movements 2/, at points a and b, the

HRS is shown in Fig. 12. As can be seen for the

accepted parameter value AS there is a rise of
peripheral repeating fragments and a deflection
of the central part HRS.

Figure 11. The result of modeling the shape
change HRS when f= 0,1 m; As =0,01 m;
n =380

To achieve the lifting of the rods in the center of the
SHSS, it was necessary to double the
parameterAS‘ . Figure 13 shows the model of the
HRS in the transformed state obtained for the
variant with AS=0,02 m u n = 40. Graphs of
vertical movements in nodes a and b of the grid are
shown in Fig. 14. From the presented graphs it can
be seen that the dependencies u, ~s at points a

and b have clearly defined three sections. Moreover,
in the last section, the displacement at point a
continues to monotonically increase, and the
displacement at point » monotonically decreases.

Volume 18, Issue 3, 2022

2,0
1,2
1,0
0,5
0
-0,5
-1,0

0 0,2 0,4 0,6 0,8
S, M

Figure 12. Charts u_ ~ s at point a and b
when = 0,1 m; As =0,01 m; n =80

Figure 13. The result of modeling the shape
change HRS when f= 0,1 m; As=0,02 m,

n=40

0,2 0,4 0,6 0,8
S, M

Figure 14. Charts u_ ~ s at point a and b when

f=0,1m; As=0,02m; n=40
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Based on the simulation data of the
transformation process with variable stroke of
the actuators S} =1,2§ it is established that

the final form of the HRS in this case differs
little from the result of the previous calculation
($51=5)-

Important for the practical implementation of
the concept of the shape of the HRS is the
information about the kinematics of angular
displacements of rods. In this regard, a study of
the behavior of the rod was carried out e,
adjacent to the node a in the process of
transformation (Fig. 8). Figure 15 shows graphs
of changes in the guiding cosines cos()X),

cos(zx), cos(xx) the observed

depending on the stroke S actuators.
Visualization of plume projections of rod
positions e during the transformation, the HRS
is shown in Fig. 16.

rod

cos(xy), 2.2

cos(xf), 2.0 COS()CZ)
P18
1,6

1,4
1,2
1,0
0,8 cos(xy)

0,6 /

0,4

0 0,2 0,4 0,6

S, M

cos(xX), pan
1,05

1,0495
1,049
1,0485
1,048
1,0475
1,047

1,065

0 0,2 0,4 0,6 0,8

S, M

Figure 15. Charts cos(xx), cos(yx), cos(zx)
of rod e to option f= 0,1 m; As = 0,02 m;
n=40

20

5=0,8m 5=0,8Mm

SN

Yl—>
z X X

Figure 16. Visualization of plume projections of
rod positions e

It follows from the presented data that the
design of the hinge assembly should provide
rotations relative to global axes. Naturally, this
circumstance complicates the design of the
hinge assembly. In the works [9,10,11], the
design of a universal node providing the
transformation of the HRS is proposed.

Let's consider a variant of the modified design
scheme of the HRS, which differs from the
previous scheme in that its rods located along the
extreme rectilinear sides are replaced with
actuators (Fig. 17). This arrangement of actuators
allows for comprehensive compression of the
structure. The boundary conditions are similar to
those introduced earlier.

Visualization of a finite element model of a
modified HRS circuit having an initial bend f =
0,1 m, after the transformation is shown in Fig. 18.
The values of the stroke at each step of the
transformation in all actuators were assumed to be
the same AS]=AS. The result of the

corresponding calculation in the form of graphs of
the dependence of vertical movements at points a
and b from the stroke of the actuators for the
parameters, /AS =0,02 m; 7= 30 presented in fig. 18.

AS AS AS
AS 4

R

1

WAV, 5
X AS AS AS

Figure 17. A modified calculation scheme for
modeling the process of shaping HRS
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0

o 0,1 0,2 0,3 0,4 0,5 0,6
S, M
Figure 19. Charts U, ~ S at point a and b

when f= 0,1 m; As =0,02 m; n =30

Figure 18. The result of modeling the shape
change HRS
when f= 0,1 m; As =0,02 m; n =30

From the graphs of Fig. 19 it can be seen that

the greatest rise Uy = 4,8m observed in a

section of a repeating fragment adjacent to the
node b.

Visualization of the modified HRS circuit after
transformation in the case of variable stroke
values  AS; =1,2AS is  presented in

Fig. 20. The corresponding graphs #, ~ S

shown in Fig. 21.

Figure 20. The result of modeling the shape
change HRS when = 0,1 m; As = 0,02 m;
AS, =1,2AS ; n= 30
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0

o 0,1 0,2 0,3 0,4 0,5 0,6
S, M

Figure 21. Charts U, ~ S at point a and b
when f= 0,1 m; As =0,02m; AS,=1,2AS ;

n=230

in Fig. 20,

z

we conclude that starting from S > 0,3m there is
a zone of unstable transformation HRS.

CONCLUSIONS

1. A method of step-by-step modeling of the
transformation process of a regular hinge-rod
system formed by flat equilateral triangular
fragments of the truss type has been developed
and tested on test examples.

2. The range of geometric and kinematic
parameters providing vertical lifting of the rods
of the structure is established.
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ON THE CALCULATIONS FOR THE STABILITY OF BEAMS,
FRAMES, AND CYLINDRICAL SHELLS IN THE
ELASTO-PLASTIC STAGE

Gaik A. Manuylov, Sergey B. Kosytsyn, Maxim M. Begichev
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Abstract. The problems of stability of some beams, I1-shaped frames and cylindrical shells with the elasto-
plastic material are considered. The possibility of modeling bars using finite elements of various types is studied.
Plate elements and even one-dimensional beam finite elements can be used for modelling compressed rods with
geometric and physical nonlinearity. For the problem of stability of a circular cylindrical shell is given the
comparison of the authors' results obtained using the FEM with the experimental results of V.G. Sazonov and the
calculations of A.V. Karmishin.

Keywords: stability, geometric nonlinearity, physical nonlinearity, finite element method

O PACUETAX HA YCTOMYUBOCTH CTEP)KHEN, PAM
U HUJIUHAPUYECKHUX OBOJIOYEK B YIIPYT'O
MJIACTUYECKOHU CTAIUN

I A. Manyiinos, C.b. Kocuuvin, M.M. bezuuee

Poccuiickuit yausepcuret Tpancnopta, Mocksa, POCCHUA
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METOA KOHCYHBIX 3JICMCHTOB

1. ANALYSIS OF DIFFERENT TYPES OF
FINITE ELEMENTS IN THE STABILITY
PROBLEMS WITH GEOMETRIC AND
PHYSICAL NONLINEARITIES

Let us investigate the possibilities of various
finite element models concerning the
geometrically and physically nonlinear problem
of stability of a cantilever beam. The beam had
a length /=100 cm and a square cross section
10x10 cm, beam flexibility
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A =MIl/\JE] = 69.

This value is less than the limiting flexibility for
a beam with such geometrical parameters made
of steel 10HSND (A, = 72). The study used the
model of an ideal Prandtl elasto-plastic material
(Oyeilea=400 MPa). Four types of finite element
models are considered:

1. Using solid finite elements (FE) in the
NASTRAN complex (Hex8);

2. Using plate FE with loss of stability in the
element plane;
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3. Using plate FE with loss of stability out of the
element plane;
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4. Using beam FE.

plate (in plane bending) 60x5 FE
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bending) 60x5 FE
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Figure 1. Curves of deformation development of an axially compressed cantilever beam

It was found that when wusing a three-
dimensional model (5x5x60 cubic elements) of
the above-described axially compressed beam, a
model of 60 one-dimensional beam elements, as
well as flat square four-node FE (5 plate
elements along the height of the section, located
in the plane of loss of stability), the critical loss
of stability loads at limiting points and post-
critical curves of unstable equilibrium states,
almost coincided (Fig. 1).

A slightly higher compression load (AP« = 9%)
had the model of a plate elements, bending at loss
of stability "out of its plane". It follows from this
that to solve physically and geometrically nonlinear
stability problems it is not necessary to use models
of beams from three-dimensional finite elements.
Two-dimensional plate elements (and even one-
dimensional beam elements) make it possible to
obtain acceptable results in majority of loss of
stability ~ problems taking with elasto-plastic
material behavior. The use of such elements
significantly reduces the dimension of stability
problems (in comparison with solid FE), and, as a
consequence, reduces the time for their solution.
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2. ECCENTRICALLY COMPRESSED
CANTILEVER BEAM

In this paragraph, on the model (1200 flat four-
node FE) of the cantilever beam (lenght
/[ = 1,2 m) which has a nonlinear material
diagram with hardening (Fig. 2, o = ¢E —
—ke3/3,E =2,1-10° kg/cm?) and unloading
according to a linear law, the influence of the
initial imperfections in the application of a
compressive force (offset) to the end section by
the value of the loss of stability critical load.

5000
™
£ 4000 ——
[*]
S
3000 //
B‘ /
a 2000 /
£ 1000
[7:]
0 T T 1
0 0,001 0,002 0,003
Straine

Figure 2. Stress-strain diagram for the material
of the cantilever beam
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Figure 3. Elasto-plastic buckling of a cantilever axially compressed beam: a) deformed form of the
beam; b) a graph of reduction of the values of critical loads; c) curves of displacement of the end of
the beam

Imperfections in this problem were set in the
form of different values of the offset of the point
of the force application with respect to the
center line of the beam (Fig. 3). A series of
curves of equilibrium states was obtained for a
beam made of an linear elastic material and for
an elastoplastic rod made of a material with the
above mentioned deformation law (Fig. 2). For
a beam with a linear elastic material model, the
curves of equilibrium states increase smoothly
with increasing load, since the loss of stability
of a linear elastic axially compressed beam
occurs at the point of symmetric stable
bifurcation [1,2].

When the material of the beam obeys the
diagram of elasto-plastic deformation, the
bifurcation point becomes unstable (in the
formulation of the Euler-Karman problem), and
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the cantilever axially compressed beam loses its
stability «in large» (Fig. 3a). In this case, the
drop in the critical loads values turns out to be
strongly dependent on the magnitude of the
initial imperfections (indicated offsets) (Fig.
3¢). The graph of the dependence of the critical
loads at the limiting points on the offset value
shown in Fig. 3b demonstrates that when the
load was displaced from the axis by 0.01 m (the
minimum used offset value) its critical value
decreased by ~ 30%, and at a maximum offset
of 0.04 m by ~ 52%. This confirms the well-
known statement of T. Karman about the
extremely high sensitivity of short beams
(beams that lose their stability in the elasto-
plastic stage of material operation) to the initial
application of compressive load' offsets [3].
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Figure 4. Compressed pivotally supported beam

3. ON THE LOSS OF STABILITY OF A
COMPRESSED PIVOTALLY SUPPORTED
BEAM IN THE ELASTO-PLASTIC STAGE

A flat steel beam 10x2x0.4 cm (St. 3) is used to
qualitatively demonstrate the loss of stability
effects in the elastoplastic stage under kinematic
loading in a press (Fig. 4a). Beam
characteristics A = 0,8 cm?, Jpin = 1,07 cm?,
A =86,6 <100.

The beam had hinged boundary conditions.
According to the Tetmayer’s formula:

Ocrit = 3100 — 11,4,= 2112,7 kg/cm?,
Porit = 0crir A = 1690,2 kg

The actual critical load observed during
experiment is less than 1690 kg. This is
explained by the high sensitivity of the critical
load to the initial offsets of load, since here the
curve of the initial post-critical equilibrium is
unstable (with a bend at the apex at P = Perit,
Fig. 4b).

The moment of loss of stability of the elasto-
plastic beam onset corresponds to the maximum
load. At the beginning of buckling, the beam is
slightly bent along a curve close to a sinusoid.
But unlike elastic loss of stability, the "new"
compressed-bent equilibrium is unstable. The
beam, as it were, "slips out" of the decreasing
pressure in the press. At the same time, its shape

is changing. The curvature of the middle zone of
the beam becomes larger and larger. On the
contrary, the zones adjacent to the supports try
to “straighten out”. In the end, the rod takes the
shape of an angle of ~130°— 140° with a
concentration of curvature near the middle
section (Fig. 4c). In fact, a plastic hinge is
formed here.

The calculation of such a beam was carried out
with the NASTRAN (2520 FE plate) to
construct the equilibrium diagrams shown in
Fig. 5. The calculated diagram ¢ — ¢ was taken
as Prandtls diagram with a yield point gy;,4 =

2400 kg/cm?. The critical load was 1800 kg.
But this is not the result of loading in the form
of pure compression. The beam bending was
provoked by a "small" lateral force Q = 30 kg.
When performing a geometrically nonlinear
calculation, such a “disturbing” force is
required. But this force causes imperfections, to
which the 'elasto-plastic" beam 1is very
sensitive.

Fig. 5 shows the sequential development of
stresses and deformations in the middle zone of
the test sample after loss of stability in the
elasto-plastic stage of material operation. The
beginning of the formation of the plastic hinge -
points 1 and 2. But if point 1 corresponds to the
maximum load, then in point 2 the load dropped
to ~0,3 Pyqx- In points 3 and 4, the compressive
load is even smaller. However, the zone of
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compressive stresses (blue) has increased (along
the depth of the section). Finally, for point 5, the

1800+—@

plastic hinge extended about 4 along the length
of the sample.

1
1500+
1200+~
g2
< 900+
[1o]
o
2
600+ ®
3
® 4
300+ * | i 2
0
0 0,8 1,6 2,4 3,2 4
displacement of the end of the beam, mm
1 2 3

-2.08+03]
-2.09+03
-2.11+03
-2.14+03)
-2.16+03
-2.19+03
-2.22+03
-2.24+03
-2.27+03
-2.29+03
-232+03
-2.35+03
-2.37+03)
-2.40+03)

-2.42+03)
-2.45+03

2.40+03
2.08+02)
1.76+0%
1.44+03
1.12+03
7.84+02
4.73+03
1.52+02
-1.70+02
-4.91+03
-6.12+02
-1.13+03
-1.45+03
-1.78+03

-2.10+03
-242+03

2.40+03)
2.08+03)
1.76+03)
143+03)
1.11+03)
7.89+02
467+02
145+072)

-1.76+02)
-5.00+02)
-8.22+02)
-1.14+03)
-1.47+03)
-1.79+03)

-2.11+03)
-2.43+03]

2.40+03)
2.06+03)
176+03)
143+03)
1.11+03
7.86+02)
4.63+02]
140+02)

-1.84+02)
-5.07+02)
-8.30+02)
-1.15+03]
-1.48+03)
-1.80+03)

-2.12+03)
-2.45+03)

2.40+03)
2.08+03)
1.76+03)
143+03)
1.11+03)
7.83+02)
4.58+02)]
1.35+02)

-1.89+02)
-5.14+02)
-8.38+02)
-1.16+03]
-1.49+03)
-1.81+03)

-2.13+03)
-2.46+03)

Figure 5. The equilibrium diagram for the compressed pivotally supported beam

4. ON SOLUTIONS OF ELASTO-PLASTIC
PROBLEMS OF STABILITY OF FRAMES

It is known that the solution of elastoplastic
problems can be determined using two different
approaches: the theory of small elastoplastic
deformations and wusing the flow theory.
According to the first theory, the relationship
between stresses and deformations turns out to
be finite; according to the flow theory, these
relations are differential.

If the loading is simple, then both theories of
plasticity give the same results.

Volume 18, Issue 3, 2022

If the loading is not simple, then the results
obtained using the flow theory, usually, match
better the experimental data in comparison with
the results given by the theory of small elasto-
plastic deformations.

Solutions for both theories are obtained as a
result of the convergence of iterative processes.
The FE-complex NASTRAN implements the
solving procedure according to the flow theory.
In the semi-automatic version of the stability
problems for frame systems in the elasto-plastic
stage solution, it is convenient to use the theory
of small elasto-plastic deformations with
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iterations by the method of elastic solutions with
variable elastic parameters.

The convergence of this iterative process in the
general case has not been rigorously proven.
However, numerous calculations show that for

ordinary "convex" (broken or smooth) o — ¢
diagrams, the iterations converge to such a

solution.

O

1 o2 13
EETE

AN

Figure 6. The variable parameters of elasticity method.

The essence of the variable parameters of
elasticity in stability problems method will be
explained using Fig. 6.

Let the material have a bilinear o — ¢ diagram
with modules E and E». The first approximation
is the result of solving the elastic stability
problem. If the critical "elastic" stresses of the
first approximation

p

P
(1) — _¢r elast __
7 A A

is greater than the yield stress ayieled(a(l) >
ayieled)this means that the frame loses its
stability in the elastoplastic stage. The stress

oM is the first upper approximation for
Oglast—p1- Next, we find the relative deformation

€Y
(9

)

and stress @@ in the second section of the o —
€ diagram

a® = Oyieled T (8(1) - syieled)EZ

Here E,is the slope modulus in the second
section. The stress o) gives lower bound
Oglast—p1- As a result, we have the first two-

sided estimates
M < Oglast—pl < o®

Next, a new elasticity modulus is calculated
E®

@=2_ < pm
E® =—<E

This module takes into account the decrease in
the bending stiffness of the compressed beams
at the second iteration compared to the original
module E. The reduction factor

E®@
) =—<1
E
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is a multiplier as well in the bending stiffness of
compressed beams,

E] YE]

n T

as in the new force parameter v

The solution of the characteristic equation of the
second approximation gives the critical

parameter v( ) and the critical force P(®

o2 o ET
p@ — (Vgr)) Lp(2>l_2

Then all calculations of ¢, e@and 3 are
repeated. As a result, we obtain new improved
two-sided estimates (6 < ¢, 53 > ),

@ <ol o1 < o@

Iterations continue until the first few digits
match in the values 0™and o™, Usually,
two or three correct signs are enough for
O_eclr;lst—pl'

As an example, let us consider the solution of
the elasto-plastic stability of a U-shaped frame
with a box-shaped cross-section of 3x4 ¢cm and
0.4 cm thick walls by the method of variable
elastic parameters problem. Here: [ = 100 cm,
A = 4,96 cm?, ] =10 cm*, E, =2-

10 kg/cm?, E, =10,6-10° kg/cm?. The
stress Oyietea = 2000 Kr/cm? (bilinear
diagram).

The characteristic equation of the first

approximation (elastic problem) and its solution
1s

=0, v®¥ = 2,716,
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L
Vv = E]
P _ 2,716% % 2% 10° + 10 _ 147533 &
- 10% - %,
pM
o) = — = 29744 kg /cm?
(€8]
e =Z—=1,48723_3, &y, = 1073,

) = 2000 +(1,48723_3 — 1_3)0,6 * 10°
= 2292,3 kg/cm?

Thus, after the first iteration step, we have the
estimates

(22923 < 0&ust-p1 < 2974,4) kg/cm?

The new elasticity modulus for the second
iteration

2294,3

= 1,48723_,
@) E@)

Y@ == =077

E

= 1541347—2,
CM

Characteristic equation of the second iteration

EJ EJ
6+ 0,77 % T =0, vy =282
_ V2 er
= 1135 = 2458

Continuing the calculations, we obtain the

estimates

(2348,4 < 05t p1 < 2436) kg/cm?

The third iteration gives
(2353 < 0ase—p1 < 2360) kg/cm?

We restrict ourselves to the third approximation
and assume that ogjgse—p = 2356 kg/cm?.

Critical load Py, ¢1q5¢—p1 = 11688,6 kg.

It is interesting to note that according to the
solution using a beam FE at ¢ = 1/100000, the
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critical load turned out to be very close to the
calculated one (Pgjgs¢—p; (beam) = 11739 kg).
However, when comparing with the results
(Pelast—p1~9880,5 kg) obtained with the help
of plate FE, one can see the difference (~16.5%)
in the critical force. There are no convincing
explanations for this discrepancy yet. It is
impossible to explain the difference between the
flow theory and the theory of small elasto-
plastic deformations, since the result Pgjpg_p,
obtained using the beam FE was calculated
according to the theory of flows (Pgjgse—p =
11739 kg), and, as shown above, is in good
agreement with the value of Pg_p,; obtained
on the basis of the theory of small elasto-plastic
deformations (Pgjgs¢—p = 11688 kg). Let us
consider additional solutions to the problem of
elasto-plastic buckling of a U-shaped frame
(Fig. 7), composed of 100 cm long beams and
having 4 X 3 cm rectangular tubular sections 0.4
cm thick. The analytic model of the frame is
made up of 10492 plate FE (NASTRAN). The

5,000x10-
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lower sections of the frame struts are sealed.
Nodal load (two vertical compressive forces P).
The diagram of material operation is bilinear
with module E = 2-10° kg/cm? in the first
section and module E,=03FE =0,6"
10% kg/cm? for the second section (op =
2000 kg/cm?). The imperfections were
specified in the form of 2 small horizontal nodal
forces &P, where ¢ = 0.0000022; 0.00001;
0.0001; 0.001 and 0.01. With such
imperfections, the critical loads are 98.805;
98.7; 97.65; 90.36 and 71.04 (kN). As can be
seen from the above results, with the loss of
stability in the elasto-plastic stage, the drop in
the critical load with an increase in the "forced"
initial imperfections is quite noticeable. This is
a significant difference from the "elastic" loss of
stability (stable symmetric bifurcation), the
curves of the initial supercritical equilibrium at
e =0 and € = 0.001 are very close to each other

(Fig. 7).
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Figure 7. Deformation diagrams of U-shaped frame with different initial imperfections
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The sensitivity of the elasto-plastic critical load
to initial imperfections exists due to the fact that
the post-critical equilibrium of the frame after
elasto-plastic loss of stability is unstable.

The nature of a sharp decrease in elasto-plastic
critical loads is clearly visible in Fig. 7. At € =
0.01 APcr% = (98.8—71.04)/98, 8-100% = 28%.
That is quite a lot.

Note that when using plate elements and a
nonlinear elastic material model, the critical

loads (98.2 kN at € = 0.00001 and 98.65 kN at
1

~ 500000
corresponding values from the elastic-plastic

calculation.

An attempt was made to use a beam FE
element. For a linearly elastic material, the
results of calculating B, turned out to be quite
close to those calculated "manually".

) practically coincided with the

Perorast = 147,54 kN =>
10
2,716 -2 10° -~ kg = 147533 kg

However, the elasto-plastic calculation gave a
significantly lower critical force (Pey eiast—pt =
117,4 kN). The obtained value of the critical
load on the NASTRAN is in good agreement
with the result of the calculation by the method
of variable parameters of elasticity (~ 117 kN).

5. STABILITY OF A CIRCULAR
CYLINDRICAL SHELL UNDER AXIAL
COMPRESSION

Let us compare the study results on the stability
of a circular cylindrical shell under axial
compression made by the author (numerical
simulation according to the NASTRAN FEM)
with the results of experiments by V.G. Sazonov
and the calculations of A.V. Karmishin, given in
the book [4].

Three series (each with six samples) of shells
with length L = 136 mm, outer diameter d = 79
mm and thicknesses h = 1.0; 1.5; 2.0 mm were
subjected to tests. The shells were made from
pipes and checked for wall thickness differences

Volume 18, Issue 3, 2022

(= 2%). The shell material - AMG6. The
material diagram is shown in Fig. 8, the values
of € and & are given in Table 1.
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Figure 8. Stress-strain diagram of the
elastoplastic material AMG6

Table 1. Coordinates of the AMGG stress-strain

diagram
Point Ne strain stress, kg/mm?

1 0 0

2 0,002 13,40
3 0,0025 15,20
4 0,003 16,40
5 0,004 17,40
6 0,008 19,40

Tests of shells with h = 1 mm and h = 1.5 mm
were carried out on a laboratory machine with a
mechanical wire ZDM-10, shells with h =2 mm
- on a machine with a Sapper-100 hydraulic
drive. The alignment of the models was ensured
by marking the machine plates. To prevent
distortions, ball joints were used (this is
evidenced by stable test results). The models
loading was carried out in stages at a low speed.
Fig. 8 shows the o,.(g.) diagrams obtained by
recalculating the P(A) diagram using the
formulas
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At loads close to g, (Fig. 8), a pronounced
bending deformation state is observed at the
edges of the shell. The maximum deflection
amplitude before the loss of stability reaches
approximately 0.1 h.

When ¢ = g, for shells with h =1 mm and h =
1.5 mm, at one of the edges of the shell, the loss
of stability occurs in an asymmetric shape,
accompanied by a drop in stresses to o = o,
and the maximum deflection at the edge
increases approximately up to 0.3h. However,
the shell does not lose its bearing capacity,
continuing to perceive the load. Then, at ¢ =
or, the buckling shapes change and the shell
loses its bearing capacity.

Shells with h = 2 mm also lose stability in their
asymmetric shape, but no sharp drop in the load
is observed. The buckling begins with the
formation of four regular indentations along the
ring, which increase with additional loading,
and the load decreases.

When modeling cylinders by the finite element
method, two material models were considered:
an infinitely elastic and an elasto-plastic one
based on the digitization of the diagram given in
[4] (Fig. 8). The load was applied kinematically
to the upper end of the shell through a rigid-
element (absolutely rigid plate).

The obtained calculations results compared with
the results of experiments by V.G. Sazonov and
calculations by A.V. Karmishin are given in
table 2.

The loss of stability in the experiment of
V.G. Sazonov occurred at stresses
corresponding to the flat section of the diagram.
Calculation using a nonlinear elastic model by
A.V. Karmishin gave a good correlation with
the experimental results (columns 2 and 3).

The curve of subcritical and supercritical
equilibrium states for a shell 1 mm thick,
obtained by NASTRAN, is shown in Fig. 10.
When using an elastic model of the material, the
critical load on the shell was 22.8 kN (point 1 in
Fig. 10, stress 93.2 kg / mm?).
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Figure 9. Experimentally obtained deformation
diagrams of cylindrical shells

The subcritical equilibrium of the shell is
axisymmetric; a nonlinear edge effect exists
near the edges of the shell. Then the loss of
stability occurs, and the shell goes into a distant
stable equilibrium, characterized by the
formation of a two-row belt of the rhombic-
triangular indentations [5, 6] (Fig. 10 point 2).
The compression load was reduced to 8.4 kN.
With further loading, a secondary bifurcation
occurs the restructuring of this belt into a three-
row one (Fig. 10 point 3). After the loss of
stability at point 2 (and under conditions of
further loading), it turned out that the rigid
element shifted and a skew appeared towards
one part of the lateral surface of the shell.
Cyclic symmetry has been lost.

The elasto-plastic equilibrium curve of the shell
is completely different. Up to a load of
~3,9 kN, the relationship between load and
shortening is linear. Further, with a compression
of ~3,9 kN, a sharp increase in shortening was
observed with a very weak increase in the load
up to the limit point 4. (Fig. 10). Then the
equilibrium of the shell became unstable. The
development of dents was not along the entire
lateral surface, but only near the end sections, in
the zone of the -elasto-plastic edge -effect
(point 5, Fig. 10).

Thus, it can be concluded that with the
compressed circular cylindrical shells’ elasto-
plastic loss of stability, there is no “jump” in the
load. However, it is 3.5-4 times less than the
critical loads of elastic loss of stability.
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Figure 10. The diagram of the cylinder’s deformation with a 1 mm thickness and a view of the
model at characteristic points

Table 2. comparison of results of authors the results of experiments by V.G. Sazonov and

calculations by A.V. Karmishin

Shell’s Critical stresses, kg/mm? .
thickness, Expiriment Plastic shell buckling alflleﬁizt:i:s Elasto-plastic
mm (V.G. Sazonov) (A.V. Karmishin) (Nastran) analysis
2 3 4 5
19,5 19,2 93,20 20,45
1,5 22,6 21,4 148,11 25,75
2 23,9 22,6 178,84 30,55
REFERENCES nekotorykh tonkostennykh konstruktsiy pri
uprugikh i uprugo-plasticheskikh
1. Manuylov G.A., Kositsyn S.B., Begichev deformatsiyakh // Tezisy doklada 70
M.M. Chislennoye modelirovaniye protsessov Nauchno-metodicheskoy 1 nauchno-
poteri ustoychivosti ravnovesiya issledovatelskoy  konferentsiit MADGTU
tonkostennykh elementov  konstruktsiy v (MADI). 30 january — 03 february 2012,
usloviyakh uprugoplasticheskikh deformatsiy. Moscow: MADI, 2012 — p. 21 — 22.
Trudy Mezhdunarodnoy nauchno- 3. Timoshenko S.P. Ustoychivost uprugikh
prakticheskoy konferentsii  «Inzhenernyye sistem / M.: Ogiz, Gostekhizdat. — 1946. —
sistemy — 2011», Moscow, 05 — 08 april 2011. 533 p.
—Moscow: RUDN. —2011. —p. 377-383. . Karmishin A.V., Lyaskovets V.A.,
2. Manuylov G.A., Kositsyn S.B., Begichev Myachenkov V.I., Frolov A.N. Statika i

M.M. Sravnitel'nyy analiz ustoychivosti
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Volume 12, Issue 3. — 2016. —p. 58-72.
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INFLUENCE STIFFNESS OF SHEAR BONDS ON THE STRESS-

STRAIN STATE OF MULTISTOREY BUILDINGS

Valery A. Lyublinskiy

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. The paper considers issues the nonlinear behavior of shear bonds affecting the changes in the
distribution of stresses and strains in vertical structures, as well as to compare these stresses and strains with the
linear statement of the problem solution in which the compliance of the bonds is constant.

In a complex multiconnected system of the multistory building, the new redistribution of stresses arises, which
does not coincide with the original distribution of stresses. To correct the stiffness value for the bonds, the
experimental data were used. A secant module was used to determine the stiffness for vertical joints. Loading
was performed by the step method. At the extreme stage of loading, the redistribution of stresses in the load-
bearing elements of the building showed their significant leveling. The issue of ultimate deformations of shear
bonds limiting the process of redistribution of stresses and deformations requires discussion.

Keywords: multistory building, shear bonds, stiffness, nonlinear deformation, bearing system

BJIUSTHUE )KECTKOCTHU CBSI3EN CIBUT'A HA
HANIPSI)KEHHO-JTE®OPMUPOBAHHOE COCTOSIHUE
MHOTI'OPTAXKHBIX 3JIAHUI

B.A. JTlooaunckun

HaunonaneHelil uccnenoBarenbckuii MOCKOBCKHI TOCYJapCTBEHHBIN CTPOUTEIbHBIN YHUBEPCUTET, MOCKBa,
POCCHUA

AnHOTanusi: B pabGoTe paccMOTpeHBbI BOIPOCH HETWHEHHOT'O MOBEJCHUs CIABUTOBBIX CBS3€H, BIUSIONIUX HA
W3MEHEHHE paclpe/ielieHuss HanpsHKeHW ©u  gedopMaliii B BEpTHKAJIBHBIX KOHCTPYKIUSX, a TaKKe
COTIOCTaBJICHNE STUX HANpPKCHUH W AedopMarii ¢ JHMHEHHON MOCTaHOBKOW pEIICHHs 3aJadd, B KOTOPOM
IoAaTJIMBOCTb CBSI3EH ITOCTOSIHHA.

B cnoxHOW MHOTOCBSI3HOM CHCTEME MHOIO3TaXHOIO 3/aHUsl BO3HUKAET HOBOE Iepepacipe/iesieHue
HampsDKeHUIl, HE COBMAJalollee C IEePBOHAYAIBHBIM paclpeseleHueM HampsbkeHud. s KOppeKTHPOBKU
3HAYEHUS JKECTKOCTU CBA3EH HCIOJIb30BAINCH SKCIIEPUMEHTANbHbIE AaHHbIe. MOIylb CeKylleil nCIoab30Bancs
JUIS ONpEAENeHUs KECTKOCTH BEPTUKAJIbHBIX IIBOB. 3arpy3ka IpOM3BOJWIACH CTyNEeHYaThIM MeTojgoM. Ha
MpeJeNIbHON CTa UK Harpy>KeHUsl IepepaclpeielieHue HallpsKeHUH B HeCYIIUX AJIEMEHTaX 3/1aHusl M0Ka3aio ux
3HAYHUTENbHOEC HUBENHpOBaHUE. TpedyeT 0oOCYXKIECHUS BOMIPOC O MPEAEThHBIX NMehOpMAalUsIX CBs3CH CIBUTA,
OTPaHUIHMBAOIIUX TIPOIIECC TIepepacpeIeIeHIs HaPsHKCHUH 1 Ae(opMariuii.

KurueBble ¢ji0Ba: MHOTOATaXKHBIC 3J1aHuA, CBA3U CABUTaA, )KECTKOCTD, HEJIMHEHHas ,ue(bopMaumI,
HECcylas CucTeMa

INTRODUCTION

The bearing system of a multi-story buildings
consists of vertical structures united into a
spatial system by floors slabs and vertical
connections with certain stiffness. Vertical shear
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bonds (lintels, welded joints, floor areas) can be
used as connections in a multi-story building.

Existing mathematics models of load-bearing
systems of multistory buildings, in most cases,
are guided by the elastic work of load-bearing
elements and their connections [1-3]. In the

37



classical calculation models of a building the
relationships between stresses and strains are
specified by the Hooke elastic-linear law.
However, they do not allow sufficient use of the
safety margins of the entire load-bearing system
or can distort the assessment of the real state of
this load-bearing system of the building. The
important feature of the real work of materials is
the nonlinear nature of the relationship between
stress and deformation of

both vertical load-bearing structures and the
elements connecting them.

Deformation diagrams are used to consider the
nonlinear properties of structural materials.
Proposals for concrete deformation diagrams are
contained in a number of works [4-7]. Description
of the diagrams of concrete deformation in
compression is contained in the design standards
[8,9]. Various studies are devoted to the analysis
of the work of shear bonds [10-12], welded butts,
vertical concrete joints [13-14].

The aim of this work is to conduct a
comparative analysis of the stress-strain state
multistory building with linear and nonlinear
deformation of shear bonds. The main task of
the work is to establish changes in the stress-
strain state of the multistory building taking into
account the experimental data work shear bonds
as lintels.

METHOD

In this work, the object of the study was a 30-
storey residential building made of monolithic
concrete. A multistorey building with the
building system is shown in Figure 1. The
diagram shows 16 walls W and 14 shear bonds
Shb. The building consists of 30 floors and
basement and attic premises. Type B25 concrete
was used, the walls 30 ¢cm thick were connected
by lintels with a cross-sectional size of 20 by 40
cm and a length of 2 m, the columns were taken
as 40 by 40 cm and 40 by 6 cm.

The building was subjected to permanent,
temporary and wind loads. The calculation was
carried out using the ETABS software package
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based on the finite element method [15-17]. For
walls, a finite element of the shell type was
adopted, for shear bonds - an elastic element,
the stiffness of which was refined at each stage
of the calculation. The maximum size of the
wall finite element was 85 x 85 cm. The base of
the building was assumed to be non-deformable.
To correct the value of the shear modulus, the
experimental deformation diagram « shear force
Q - displacement A» [13,18] was used. A secant
module was used to determine the stiffness K
for shear bonds. The loading was carried out by
the stepwise method (Fig. 2.).
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Figure 1. The design scheme of the building
(communication)
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Figure 2. Experimental strain diagram
deformation "Q-A" for shear joints

The loading was carried until hinged joint is
formed in one of the shear bonds. During
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loading, shear forces and corresponding

deformations were recorded.

RESULTS

The initial calculation of the bearing system
multistory building with constant stiffness of

shear bonds is designated KO. The subsequent
steps of changing the stiffness of the shear
bonds and the corresponding recalculations of
the bearing system multistory building are
designated K1 — K5.

As an example, the stress-strain state of wall
W7, wall W2 and the adjacent shear bonds are
shown.

Table 1. Change in maximum stresses and percentage of reinforcement in wall W7

KO0 K1 K2 K3 K4 KS5S
6 (kKN/m?) 8881.46 9769.61 10480.13  11013.01 11457.09  11634.72
A6% -10.0 -7.3 -5.1 -4.0 -1.6
n% 0.48 1.03 1.47 1.80 2.08 2.19
Ap% 0.55 0.44 0.33 0.28 0.11
Table 2. Change in maximum stresses and percentage of reinforcement in wall W2
KO0 K1 K2 K3 K4 K5
G (kN/m?*)  16980.82 1477332 1341485  12396.00 1171677  11207.34
A6% 13.0 9.2 7.6 5.5 43
n% 2.72 1.70 1.08 0.62 0.31 0.07
Apn% -1.01 -0.62 -0.47 -0.31 -0.23

Determination of the actual stress-strain state of
structural elements of the bearing system was
evaluated on the basis of comparing the results
of linear and nonlinear calculations.

The maximum change in normal stresses occurred
in the wall W2, W7, W10, W11, W12, W13,
W14, W15. For wall W7 (Fig 3, Table 1), the
difference was 33.2%, in the first case the value
was 8881.46 kN / m?, in the second case it was
11827.25 kN / m?. For wall W2 (Fig. 4, Table 2),
the difference between the calculations was -
37.6%, in the first case the value is 16980.82 kN /
m?, in the second - 10601.57 kN / m>.

For wall W8 the difference was 21.5%, in the first
case the value was 9758.06 kN / m?, in the second
case it was 11852.45 kN / m?. for wall W9 the
difference was -8%, in the first case the value is
12803.33 kN / m?, in the second 11774.36 kN / m>.
Bending moments have changed in almost all
walls. For the W7 wall (Fig.5), the difference
between the calculations was 37.3%, in the first
case the value was 77.88 kN. m, in the second it
was 106.9 kN. m, for the W8 wall the
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difference was 27.1%, in the first case the value
was 180.45 kN. m, in the second 229.3 kN. m,
for the W9 wall the difference was 131.1%, in
the first case the value was 50.27 kN. m, in the
second 116.3 kN. m.

The shear forces in the shear bonds have changed.
In a number of connections, efforts increased
(Shb6, Shb7), in some (Shb2) — decreased.
Reinforcement of vertical construction s of the
bearing system was also calculated based on a
comparison of the results of linear and non-
linear calculations. Of course, the maximum
change in reinforcement occurred in the walls
with the largest change in normal stresses, in
the wall W2, W7, W10, W11, W12, W13,
W14, W15, where in the first case the
percentage of reinforcement in the walls W2,
W12 was close to the maximum allowable
percentage of reinforcement, in the second
case, the minimum percentage of reinforcement
1% became less, where it changed by -2.9%
and -2.16%.
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Figure 3. Changes vertical stresses in the wall
(W7) depending on changes in the stiffness of
shear bonds (K)

For wall W7 the difference in calculations was
1.8%, for wall W8 the difference in calculations
was 1.32%, for wall W9 the difference in
calculations was -0.6%, for wall W13 the
difference in calculations was 2.32%, for wall
W14 the difference in calculations amounted to
2.7%. This was due to a redistribution of stresses.
In the process of redistribution of stresses and
deformation during the nonlinear operation of shear
bonds, changes occur in all load-bearing elements
of a multistory building. There is a relative
equalization of stress levels in all vertical bearing
structures (Fig. 6). Redistribution of stresses from
more loaded elements to less loaded ones took
place. To the extent that the stiffness parameters of
the shear bonds allowed it. Further redistribution
stresses is impossible. Shear bonds gradually reach
ultimate deformations (Fig. 6).

Due to the decrease in the stiffness of the shear
bonds, the bending moment in the walls of the
bearing system increases. There is an increase in
the deflection of the bearing system the
multistorey building.
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Figure 4. Changes vertical stresses in the wall
(W2) depending on changes in the stiffness of
shear bonds (K)

CONCLUSIONS

The bearing system of multistorey buildings is
experiencing a turn in the plan and a flat bend
in two directions. Stress-strain state multistory
buildings are determined by position of
vertical constructions in the building plan and
by the stiffness characteristics walls and shear
bonds.

In the bearing system, all walls and shear
bonds are in a spatial interaction. They cannot
be deformed and destroyed independently of
other elements, their deformations are
constrained by neighboring shear bonds, walls
and overlaps.

When the bearing capacity of one or several
elements of the bearing system is reached, the
bearing capacity of the system as a whole is not
exhausted. The numerical experiments carried
out have shown that with an increase in the
load, the stresses are redistributed in all
elements of the bearing system.
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(W7) depending on changes in the stiffness of
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The maximum value of change in normal
stresses -10% occurred in wall W7. The
percentage  of  reinforcement  increases
significantly in wall W14 - 2.33%.

The spatial work of shear bonds is a mechanism
for the spatial redistribution of stresses in
vertical structures. The stiffness shear bonds are
important for the determination of deformations
and stresses in vertical bearing structures.
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Abstract. The article provides an example of modeling the microclimate of a residential courtyard during
renovation in conditions of high-density urban development. Modeling is carried out on the basis of a bioclimatic
indicator - the environmental heat load index (TNS-index). The calculations are based on the method for analysis
temperature radiation and determining the angel factors between a black glob temperature to the surrounding the
given platforms of side of residential courtyard. The method shows a good reflection on changes in spatial
planning, architectural and construction solutions, landscaping, aeration of the yard, etc. This allows to
comprehensively assessing the degree of comfort of the microclimate of the courtyard for specific weather
conditions.

Keywords: renovation, urban planning, microclimate of urban areas, radiation

MOIEJIUPOBAHUE MUKPOK/IMMATA TEPPUTOPUH
ABOPA ITPU PEHOBALIUU

B.U. Teruuenxo ', K0.A. Cymepxun ?

! HarmoHanbHbIH UCCiIe10BaTeNbCKIiT MOCKOBCKHUI TOCYIapCTBEHHBII CTPOUTENBHEIN yHHBEpCcUTeT, Mocksa, POCCH

1.

2 000 «Meractpoii», Mocksa, POCCUSI

AnHOTauusi: B craTthbe mpUBOIUTCS MPUMEP MOJACTUPOBAHUS MUKPOKIMMATa TEPPUTOPHUH SKUIIOTO JBOpa MpH
pEHOBAIMK B YCJIOBHSIX BBICOKOIUIOTHOM IOpPOJICKON 3acTpoiiku. MojenupoBaHue OCYILIECTBIISIETCS Ha OCHOBE
OMOKJIMMATHYCCKOTO TIOKa3aTellsl - WHJIEKCA TCIUIOBOM Harpysku okpysxkatomed cpeabl (THC-unmekca). B
OCHOBE BBIYHCIICHUI HCIIONB3YyEeTCS METOA pacueTa paTUallOHHOW TEeMIepaTyphl C IMPHUMEHCHHEM
KOX(PPHUIHUEHTOB OOTYYCHHOCTH C IIapoOBOTO TEPMOMETpa Ha OKPYKAMOUUE IPUBEICHHBIC IUIOMAJKH
OTpaXXICHUI XUIOTOo TBOpa. MeTox pacueTra MOKa3hIBAeT XOPOIIYI0 pedIeKCHI0 Ha W3MEHEHHS OOBEMHO-
IUTAHUPOBOYHBIX, apPXUTEKTYPHO-CTPOUTENBHBIX PEIICHHH, COCOOOB O3€IECHEHHs, a’palliyl Bopa M IIp. DTO
JaeT BO3MOXKHOCTh KOMIUIEKCHOW OIIGHKH CTENeHH KOM(OPTHOCTH MHKPOKIMMATa TEPPUTOPHH IBOpA IS
KOHKPETHBIX METEOYCIIOBHH.

KiioueBble cj10Ba: peHOBAIMSI, TPaJOCTPOUTENHCTBO, MUKPOKIMMAT TOPOJICKUX TEPPUTOPHH,
paauanoHHas TeMIeparypa

INTRODUCTION

The program of Housing Renovation in
Moscow, launched in 2017, is systemic and
multi-purpose. The renovation should improve
the living conditions of more than a million
residents for the formation and development of
a modern urban environment [1].
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As a part of the environment-forming of open
urban areas is its climate [2].

Interest increases to the quantitative and
qualitative analysis of changes in the
indicators of the microclimate of the courtyard
area after renovation, for example, for the
warm season with a significant increase in
building density, and, if necessary, its
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melioration by various methods to achieve
comfort [3].

With an increase in building density, streets,
squares, adjacent territories, courtyards, etc.
sink to the bottom of "urban canyons". The
visible part of the sky decreases. Therefore,
the intense heat exchange with it, as with the
coldest surface of the surrounding space,
descends. Among other things, the result of
this microclimatic process is an increase in
radiation temperatures due to the surrounding
surfaces. The increasing of radiation
temperatures, the deterioration of the aeration
of the urban active layer, air pollution and
technogenic heat lead to the effect known as
an urban heat island [4].

This article provides a number of simulation
results for a bioclimatic indicator - the
environmental heat load index (TNS-index)
based on the method for analysis the radiation
temperature using the irradiance coefficients
obtained from a spherical bulb thermometer to
the surrounding reduced areas of fences of a
residential yard [5]. Based on the obtained
simulation results, recommendations have been
proposed to increase comfort in the courtyard of
a residential building planned for renovation in
Moscow.

2. PROBLEM FORMULATION

Simulation of the TNS-index was carried out for
the space-planning solution of the residential
yard, proposed by the Moscow Committee for
Architecture, and was based on:

- variability of the use of materials in the
decoration of the facade and their areas;

- variability of materials used in paving,
landscaping;

- rational landscaping of yard areas and
landscaping of vertical surfaces;

- changes in the aeration mode during the
installation of "windows" in the perimeter (well)
building.

Volume 18, Issue 3, 2022

2.1 ENVIRONMENTAL HEAT LOAD
INDEX (TNS-INDEX)

According to SanPiN 2.2.4.548-96 "Hygienic
requirements to occupational microclimate"
TNS-index is calculated from the formula:
TNS=0.7xtw+0.3%tg, (1)
where
tw s the wet bulb temperature, °C;
tgis the spherical bulb temperature, °C.
Simulation of the microclimatic conditions of a
residential court yard for the warm period of the
year based on the TNS-index is not random,
since the TNS-index has established itself as a
universal tool for evaluation the environment
indoors and outdoors during the warm season
among other widely used bioclimatic indicators
containing the radiation component. The TNS-
index is easy to calculate. Many installations for
field surveys wusing a spherical bulb
thermometer  determine  these  indicators
automatically [6, 7].
As Figure 1 shows, the TNS-index has good
compatibility with the WBGT index (ISO 7243)
and the operational (equivalent) temperature,
which is used to determine thermal comfort
based on the predicted mean vote (PMV)
according to ISO 7730. However unlike the
latter one, it has no restrictions in its application
with a significant local asymmetry of radiation
temperatures.

40

TNS, 30 /A

WBGT, 20 .
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Air temperature, t, °C
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Figure 1. Graphs for TNS-index and WBGT-
index under the same meteorological
conditions.
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3. ALGORITHM FOR ANALYSIS

3.1.Step 1. Calculation of radiation
temperatures (tr) for i point of the yard at a
height of 1.5m
Based on the determination of the average
radiation temperature inside the room, in
accordance with the formula (12) ISO
7726:1998  “Ergonomics of the thermal
environment — Instruments for measuring
physical quantities" and earlier numerical
results, confirmed by field studies, an equation
has been proposed for determining the average
radiation temperature of the environment using
the irradiance coefficients from a spherical bulb
thermometer to the surrounding reduced areas
of fences of a residential court yard [5].
The formula for the average radiation
temperature of the environment for the i point of
a residential court yard from the influence of all
six fences looks like this:

tri= Z? Zgzl Lo, X Pep—mn. (2)
where @y, is the irradiance coefficient from
a spherical bulb thermometer towards the
reduced area of a particular fence;
tnr. 1s the temperature of the reduced area, °C;
N is the number of reduced areas on the fence.

3.2. Step 2. Calculation of the indication of a
spherical thermometer (tg) for the i point of
the yard

According to ISO 7243, the relationship
between the temperature of a bulb thermometer
and the radiation temperature of the
environment during natural convection, i.e. v <
0.15 m/s is defined as:

_ tR+2.44 Xty X0
9 1+42.44x\/0

, €)

where 7z is the ambient radiation temperature,
°C; t, is the air temperature, °C; tg is the
spherical bulb thermometer readings, °C; o is
the wind velocity, m/s.
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3.3. Step 3. Calculation of the TNS index for
the i point of the yard

The TNS-index is calculated according to
formula 1.

Field studies of new residential microdistricts
have shown that the average values of the wet
thermometer readings (tw) amounted to +18.0 °
C at an average relative humidity of 46% [7] for
the absence of tree and shrub plantations or their
insufficiency, as well as the absence of water
surfaces at an outdoor temperature of +26.0 ° C.
Formula 1 takes the form:

THCi=0,7x(+18°C) +0,3 %t 4i

3.4. Step 4. Construction of areas of the TNS-
index of a residential yard and determination
of the level of comfort/discomfort according
to Table 1

Table 1. Working conditions in terms of TNS-
index (°C) for working premises with a heating
microclimate, regardless of the period of the
yvear and open areas in the warm season

(upper limit)

Cate Working conditions
g(;;y Per Harmful Dange
work miss rous
- ible (extre
* me)
3.1 3.2 33 34
Ia 26,4 26,6 27,4 28,6 31,0 31,0
Ib 25,8 26,1 26,9 27,9 30,3 30,3
Ila 25,1 25,5 26,2 27,3 29.9 29.9
IIb 23,9 242 25,0 26,4 29,1 29,1
111 21,8 22,0 23,4 25,7 27,9 27,9
* According to app. 1 SanPiN 2.2.4.548-96 "Hygienic
requirements to occupational microclimate"

4. OBJECT OF SIMULATION

The object of the study was two identical
residential courtyards planned for placement in
zones 18.1 and 22.1 in accordance with the
Planning Project for the Perovo district of
Moscow, proposed by the Moscow Architecture
Committee under the renovation program
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(Figure 2). The building density is 52.59
thousand sq. m/ha (super dense) [8].

The size of the space of the residential yard after
renovation is 104.4 x 122.4 m; h=10-55-65-95
m.

4.1. Initial data:

The residential group is
latitudinal (Figure 2.).

- period of the year: July

- time period: 11.00-13.00 hours

- air temperature +26.0 °C - with a security of
0.98;

- wind speed up to 0.06 m/s;

- clear.

The solar component coming to the spherical
bulb thermometer is +21.5 °C

assumed to be

™

1
. %a, \/\\A,/i\m \

N LH

/’f
— _;-""\S

"\\ BE -

,\\

i ™ .-”E‘r -

Figure 2. urban planning Solutlon a) 3D
vizualization, b) scheme
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On the basis of field studies of similar objects
(Table 2) [7], the surface temperatures of
various coatings (tmeit) corresponding to the
above mentioned meteorological conditions
were obtained:

Table 2. Surface temperatures of urban
planning solution coating for air temperature

+26,0°C.
No | Coating Surface
temperature, C
1 2 3
1 Facade "light" - concrete +30.0
surface painted in light
colors
2 The facade is dark +36.0
3 Window +28.0
4 Concrete pavers "light" +36.0
5 Concrete pavers "dark" +38.0
6 Rubber coating, brown, +40.0
recreation and sports grounds
7 Lawn +32.0

The temperature of the sky was calculated by
formula 4 [9]:

3
Tuy=0.0552xT 2 @
3
Tuy=0.0552x(273 + 26.0) 1?=285 4°K or
+12.4°C

Specifically, for the area under consideration,
the equation for calculating the radiation
temperature of the environment for the i point
considering the irradiance coefficient from the
sphere bulb thermometer towards the given sites
after its renovation (104.4x122.4x95.0 m), takes
the following form:

.—\"3654
l‘rz_Z1 tav.ar.ins.f. X
3654
gasph—ar.ins.f._*'z:l tav.ar.shady.f. X
‘psph—ar.shady.f. 1 av.ar.right.f.
(psph—ar.nght.f. 1 av.ar.left.f.
(psph—ar.left.f.+
3944
X1
3944
Qosph—ar.land.f.+21 tav.ar.sky.f. X
(psph—ar.sky.f. (5)

av.ar.land.f. X
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where

tav.ar.y. 18 the average surface temperature of the
reduced area of a particular fence of an
imaginary yard space;

Qsph-ar.f. 18 the irradiance coefficient from a
sphere bulb thermometer in the direction of the
reduced areas of a specific fence of an
imaginary yard space

5. NUMERICAL RESULTS AND
CONCLUSIONS FOR THE MOSCOW
ARCHITECTURE OPTION

The TNS index calculation grid is 1.8 x 1.8 m.
In accordance with Table 1, three areas of the
TNS-index were built on the yard plan (Figure
3.):

- in the sun above +25.1°C;

- in the sun in the range of +24.2°C <...... <
+25.1°C

- in the shade less than +24.2°C.

(+25,1C

Lo 7o

|
55 |

%y
Figure 3. Areas of the TNS-index (°C) for the
projected urban planning solution

Using the obtained TNS-index (Table 1.) (R
2.2.2006-05 "Occupational health. Guidelines
for the hygienic assessment of factors of the
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working environment and the labor process.
Criteria and classification of working
conditions"), we can draw the following
conclusions about the bioclimatic impact on a
person from due to such urban planning
solutions for specific weather conditions:

1. Throughout the yard it is comfortable to be in
a state of rest and unhurried walks with an
intensity of energy consumption up to 200 Kcal
/ h.

2. Fast walking (>5 km/h), carrying a grocery
bag (more than 1 kg), light jogging, etc. with
energy consumption up to 220 Kcal/h will cause
uncomfortable heat sensations such as: slightly
warm - warm in half of the yard.

3. Physical activity with energy consumption
over 220 Kcal / h, for example: volleyball,
gymnastics, badminton, will cause
uncomfortable heat sensations such as: warm-
hot in half of the yard.

6. CLIMATOMELIORATIVE MEASURES,
SIMULATION RESULTS

6.1. Coating materials, paving

Calculations of radiation temperatures and field
studies show the surface-ground provides main
“contribution” to the resulting radiation
temperature from the surrounding surfaces
(42+46%), regardless of the height of the yard
building [5]. Since the degree of heating of
materials in the sun is related to the absorption
coefficient of short-wave radiant energy
(Equation 5.), It should be noted that the
materials of coatings, paving must have
absorption coefficients (ap) of no more than 0.5,
for example: white sand; yellow brick; polished
marble. Well-maintained lawns can also be used
to reduce the resulting radiation temperatures.
Additional sun heating of surfaces (ti),
according to IEC 60721-2-4:1987
“Classification of environmental conditions.
Part 2: Environmental conditions appearing in
natural. Solar radiation and temperature" is
determined by the formula:

48 International Journal for Computational Civil and Structural Engineering



Modeling of the Microclimate of a Residential Courtyard During Renovation

ti = ta +(ap ¥E)/hto,

where ta is the air temperature, °C;

ap is the absorption coefficient of radiant
energy,

E is the solar flux density, W/m?;

htw is the heat transfer coefficient of the surface,
W/m2xC°,

6.2. Facade finishing materials

The previous section also applies to the issue of
finishing insolated facades. As you approach the
sunlit facade, its synergistic effect on the
resulting radiation temperatures increases to
35% of the total “contribution” (Figure 4).

Distance from insolated wall yLm
0,0 18 3.6 54 7,2 9.0 10,8
13,0
& 12,5
+12,0
11,5
11,0
o 10,5
5 |00 10,1
= |95 <
o | 920 8,7 <
g 8.5
8.0
8|75 - T~ Z6
s |20 il i
2| & =L W51 G 53
i 5:5 . “l | 6,1
|20 | [ 1]
- I
[LTTEE SR i
not less than  |6.0m 15u ]
Combined
=+ Dark facade Light facade facade

Figure 4. Graphs of radiation temperatures
generated by an insulated facade with various
architectural and construction solutions

This means the pedestrian paths fall into the
zone of active influence of the insolated facade.
There are cases when, in the absence of an
extensive pavement-path network, a person is
experienced the maximum thermal load while
moving along a fire-prevention passage along a
multi-meter wall illuminated by the sun. It is
recommended to provide shortest paths to the
entrances to the building and objects in the yard
when planning it (Figure 5).

Volume 18, Issue 3, 2022

Figure 5. a). in the planning structure of the
vard only fire lanes with sidewalks, b). in the
planning structure of the courtyard, a developed
sidewalk and path network

If it is necessary to use “dark” (radiant energy
absorption coefficient of the material ~ 0.8) facade
elements in architectural and construction
solutions, it is advisable to make the facing of the
first five floors from “light” material (radiant
energy absorption coefficient is not more than
0.6). At the same time, at least 50% of the thermal
radiation generated by the insolated facade falls on
the first five floors (Figures 4, 6).

W ﬂ'lﬂl
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Pﬂ“...l-ﬂm---l-l
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Figure 6. Variants of the architectural and
construction solution for the insolated facade:
a) "dark"; b) "combined" with the first floors of
"light" cladding
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6.3. Landscaping area

Since 2020, the planning structure of the
adjoining and courtyard areas of residential
buildings has been standardized including
landscaping area. However, these requirements
are only quantitative.

Simulation of the thermal load of the
environment to residential yard shows the green
areas should be quantitative and applied nature.
For example, the even distribution of green areas
allows you to evenly distribute the heat load
isotherms of the yard. In the future, individual
trees or groups of trees can be grown in these
areas, which will improve the microclimate in the
warm season (Figure 7) [10].

a) »

I

[
o
b)ﬂ _ %

L

j I N | | I
|65| = |

Figure 7. a) quantitative nature of landscaping;
b) applied nature of landscaping
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For landscaping vertical insolated surfaces,
climbing grapes were chosen as the most
common fast-growing plant of medium latitude
with well-studied properties (Figure 8) [11].
Moreover, a plant height of 6 to 8.0 meters is
sufficient, because a further increase in the height
of vertical gardening does not lead to significant
changes in the heat load (calculation data).

The calculation of the TNS-index for wall
landscaping showed that it becomes more
comfortable on the walking route (Figure 9).
The shift of the increased area of the TNS-index
(> +25.1°C) to the central part of the yard is due
to the use of molded rubber coating with a high
absorption coefficient of solar energy (~0.8) in
the coating of playgrounds, recreation and
sports grounds. It is recommended to replace the
coating material of the sites with materials with
a solar energy absorption coefficient (0.5+0.6).

r

Figure 9. TNS-index areas (°C) for the designed
urban planning solution
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6.4. Aeration mode

The variant of urban planning proposed by the
Moscow Committee for Architecture is a semi-
closed morphotype of the yard [12]. There is
practically no aeration in such yards, the
temperature fields are more stable than in sparse
buildings. Simulation of the TNS-index shows
that in order to improve the thermal conditions
of the yard, it is enough to increase the air
velocity in the surface (active) layer up to 0.1
m/s. The TNS-index will drop to a favorable
+24.8 °C. To aerate the residential yard, it is
proposed to make an additional gap in the
perimeter building and several through arches,
considering the wind rose of the warm period of
the year (Figure 10).

Ijk RN

B %
. B3 e
65
[ » )

Figure 10. a). there is not aeration of the yard;
b). aeration of the yard
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7. CONCLUSIONS

The possibility of the radiation temperatures'
calculation for the environment of the yard in
regard with the urban planning solution of the
surrounding buildings, allows to simulate the
microclimate of its territory and assess the
degree of its comfort based on the bioclimatic
indicator of the TNS-index.

This  simulation allows you give a
comprehensive recommendation for improving
the microclimate for typical meteorological
conditions during the warm season in the
renovation area of Moscow, such as follows:

- development of the system of sidewalk and
footpath network of the yard;

- rational placement of landscaping areas on the
territory of the yard and landscaping of the
insolated facade;

- thermal performance of materials used in
coatings, paving and facade cladding;

- space-planning solution in order to improve
the aeration of the yard.
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Abstract. Introduced in 2018 the generalized bifractional Brownian motion is considered as an element of the quasi-
helix with approximately stationary increment class of real centered Gaussian processes conditioning by parameters.
This paper proves that the generalized bifractional Brownian motion is an element of the above mentioned class with no
condition on parameters. The quasi-helix with approximately stationary increment class of real centered Gaussian
processes is extended to two-dimensional processes as the fractional Brownian sheet, the sub-fractional Brownian sheet,
and the bifractional Brownian sheet. This generalized presentation of the class of stochastic processes is used to augment
the training samples for generative adversarial networks in computer vision problem.

Keywords: centered Gaussian process, generalized bifractional Brownian motion, Gaussian sheet,
generative adversarial network, computer vision
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K HEKOTOPBIM I'AYCCOBbBIM JIMCTAM

Hlapnos dne-Hymu ', lapva @unamoea *

TJIATA, YMP 7539, ®-93430, Yuusepcuter Cop6onnsl [apmxk-Hopa, [apwx, ®PAHIIAS

2 HaumoHaIbHBIH HCCIIEN0BATENLCKII MOCKOBCKHUI FOCYIapCTBEHHBIIA CTPOUTEIBHBIA YHUBEPCHUTET,
Mocksa, POCCHU S

Annortanus. Beenennoe B 2018 roxy o6o0meHHOE OH(ppakTaTbHOE OPOYHOBCKOE JIBUKCHUE PacCMaTpUBACTCS
KaK dJIEMEHT KBa3HCITMpal Kiacca AeHCTBUTEIBHBIX EHTPUPOBAHHBIX FayCCOBCKHX MPOIECCOB, 00JIaJafoIINX
MPUONHU3UTEIIFHO CTAlMOHAPHBIMH TIPUPAIICHUSMH, OOYCIIOBICHHBIX TapameTpaMud. B maHHOW pabote
JOKa3bIBaeTCs, 4T0 0000IIeHHOe Ou(pakoOHHOe OPOYHOBCKOE JBIDKCHHE SBISACTCS SJIEMEHTOM YKa3aHHOTO
BEIIIIE KJTacca 0e3 KaKuX-Tr00 yCIoBuil Ha mapaMeTpbl. CBOMCTBO KBa3UCTIMPAIHN ATOTO KJIacca IMEHTPUPOBAHHBIX
rayCCOBCKHX IPOIIECCOB PACIPOCTPAHSETCS Ha JBYMEpHbIC MPOIECChI, Takhe Kak (pakTalbHbIi OPOYHOBCKHIA
JTUCT, cyOdpaKkTaabHBII OpOYHOBCKMH JHCT W Ou(paKTadbHBI OpPOYHOBCKHMN JHCT. JTO 0000mEeHHOE
MPECTaBICHUE Kiacca MPOIECCOB MCIONb3YeTCS U PACIIMPEHHs O0ydaromuX BBEIOOPOK MJIsi TEHEPATHBHO-
COCTS3aTEJIBHBIX CETeH B 3a7jaue KOMIIBIOTEPHOTO 3PEHUSI.

KioueBbie c1aBa: [ICHTPUPOBAHHBIM IayCCOBCKUIT MPOIECe,
00001IeHHOE OU(paKIIMOHHOE OPOYHOBCKOE JIBHXKCHHUE, TayCCOBCKUI JINCTTCHEPATHBHO-COCTS3aTCIIbHAS CETh,
KOMITBIOTEPHOE 3PCHHUE

1. INTRODUCTION the concept of the project to the decommissioning
moment for a certain construction object requires
Trends in the development of information the use of artificial intelligence methods. It is clear

technology are changing the classical idea of how
to solve many problems that arise in civil
engineering. Accelerated analysis of large
information flows of multivariate solutions from

that machine learning, deep learning, and
reinforcement learning are becoming the leading
information technologies. For example, the
development of neural networks makes it possible
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to more accurately solve the problem of finding and
classifying defects or pathologies hidden from the
human eye on the surface of a structure, even at an
early stage of the destruction process. In pursuit of
the goal of increasing the reliability of the solutions
obtained, the solution methodology itself is
modified [1]. Popular in computer vision,
convolutional neural networks very often use the
so-called pseudo-samples for training, which result
from generating data using various random noises
[2]. This approach to training neural networks has
led to the creation of generative adversarial
networks (GANSs) [3]. The main idea of the GAN
is to compete with two neural networks in a zero-
sum game, i.e. one network generates information
and the other tries to please it. This competitive
process must change over time to avoid overfitting
the guessing network. When writing a scenario for
generating pseudo data, it is necessary to use some
universal multidimensional (even if two-
dimensional) stochastic process or a class of
processes that allows you to display reality as
closely as possible - stationary or non-stationary
dynamics of the phenomenon under study. The
modern development of the theory of stochastic
processes makes it possible to introduce a certain
class of processes that can be successfully used to
create a GAN, and as a result, to increase the
reliability of solving computer vision problems.

In [4], a new class of centered Gaussian
processes was introduced. More precisely, a
centered Gaussian process {X(?),rel R}

belongs to the quasi-helix with approximately
stationary increments (QHASI) class if it fulfills
the five following assumptions:

e Al: X(0)=0 with probability 1;
o A2 A>0 suchthat X is
self-similar with index A ;
e A3: there exist
0<C <C, <+oo;
such that V (s,¢)e I’
C,l1—s < E(X(1)- X ()

<G 1 =5

there exists

e Ad: there exists

Volume 18, Issue 3, 2022

G €[C,C,]
such that VY (s,)el”, t>s, st#0, when
t—s—0, E(X(@)-X(s)) ~C, (t—5)",
e AS: there exists
C, €[C,G]
suchthat V¢ el, EX(t)=C,|t]".

Let us make some comments about the
assumptions. Assumptions (A1) and (AS) are done
for sake of convenience. Then, assumption (A2)
means that the process X 1is an attractive one.
Finally, assumption (A3) means that the process
X 1isa A-quasi-helix in the sense of [5], whereas
assumption (A4) means that the increments of X
are approximately stationary for small increments,
this notion having been introduced in [6]. The
underlying idea of the QHASI class is to replace the
stationary increments property by assumptions
(A3) and (A4).

The QHASI class contains some famous Gaussian
processes such that the fractional Brownian
motion (fBM), the bifractional Brownian motion
(bBM) and the sub-fractional Brownian motion
(stBM). The values of the associated constants

(ﬂ,, G,C, G, C4) can be found in [4] for each of

these processes. We refer on one hand to [6] for
further information on the bBm and on the other
hand to [7] for further information on the sfBm.
Note also that the following processes are also
elements of the QHASI class:

e the sub bifractional Brownian motion (sbBm)

(see [8])
e the generalized fBM (gfBm) (see [9], [10])

In [10], the generalized bifractional Brownian
motion (gbBm)Y =Y, was introduced. It

1s defined as follows:

BHK
Y(1) = Ya,ﬁ,H,K (O)=a B, () + B By ((-1),
t>20,a>0, >0,

where {B, (1), €R} is a bBm with indices
0<H<1 and 0<K <1 .
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Set a(K)=+z57, 0<K<1. We insist on the

fact that the process Y was already introduced for
specific values of « , f, and K . More

precisely, the sfBm corresponds to ¥, the

sbBmto Y

a(K),a(K),H,K

M,a(l),H,1°

and the gfBmto Y,

In [10], it was proved that the gbBm was an
element of the QHASI class under some
conditions on H and K. More precisely, the
following result was established.

BLH LT

Theorem 1. Assume that 2HK <1 . Then the
gbBm is an element of the QHASI class, with

e J=HK,
e C=(a+p)-2" ap,
e C, =2 ((@+p)-2"ap),
o C3=2H<(a2+ﬂ2),
e (C, :a2+2(l—22HK_K)aﬂ+ﬂ2.
|

The first aim of this paper is to show that the
gbBm is an element of the QHASI class for any

(a, B,H,K)e]0,+0[x]0,+00[x]0, 1[x]0,1] .
Our first result is stated in the following theorem.

Theorem 2. Assume that 2HK >1. Then the
gbBm is an element of the QHASI class, with

e A1=HK,

° C, =2(1—22HK717K)(062 +,32))
e C,=2"F(a?+pY),

e C=2"(a’+p),

e C,=a’+2(1-2""Fyap+ p.

Let us make some comments on the above
theorems. As it was already observed in [4], [8]
and [12], the hyperbola 2HK =1 plays a key
role. It has also an influence on the values of the
constants C, and C,. Let focus our attention

on two specific cases. First, when

Charles El-Nouty, Darya V. Filatova

a=p=a(K)= W , theorem 2 generalizes
proposition 1.1 in [8]. Next, when K =1 and
2H >1, the values of the constant C, given in
the above theorem and in [9] are similar, but the
value of C, given in Theorem 2 is less precise
than the value of C, given in [9]. It can be

explained by the fact that, when K =1 , direct
computations are available.

The second aim of this paper is to answer to the
following question: can we extend the QHASI
class to two-dimensional processes? To this
purpose, we introduce the following notation.

Let
{X1 (s),sZO}

and
{X, (1) 120}

be two elements of the QHASI class. For any
ie{l,2}, we denote by (4.C,.C,C;.C,)

the associated constants. Set

(712 (51’52): E(Xl(sl)_Xl(Sz))2

and

0-22 (t1>t2) = E(Xz(tl)_Xz(tz))z-
Set u=(s,t) and w,=(s,t,), 1<i,j<2.
We consider  some Gaussian sheets

{X(u),u eR" x R+} such that

E (X () X (1)) = E(X, (5,) X, (s,))
><E(X2 (tj)X2 (tj))

We can easily derive the variance of the process
X . We have

E(X (u)')=E(x, (s )xE(X.(¢))

_ 24 24
=Cyys177,
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where C,, =C,, xC,,.

Note that when the process X, is a fBm with
Hurst index 0< H, <1 and the process X, isa
fBm with Hurst index 0< H, <1, the process

X 1s a fractional Brownian sheet (fBS) with
indexes M, and H,. There is a huge literature
on the fBs. We refer to [13] for further
information on this process.

The rest of the paper is organized as follows. In
section 2, we prove Theorem 2, whereas the
properties of the two-dimensional process X
are studied in section 3. In section 4, we focus
our attention on specific sheets and illustrations
for the computer vision problem related to the
surface anomalies detection. Section 5 concludes
the main results of this research.

2. PROOF OF THEOREM 2

Recall first that 1<2HK <2 , and therefore
H>1/2 and K >1/2. Note that the values

of A,C,,C; and C, were already given in

[CEN18]. The proof of the theorem will be
divided into four steps.

Step 1. Let us determine the value of the constant
C, . Combining proposition 10 with lemma 12

presented in [10], we have for 1>5>0

o’ (s,t) = O';ﬂ’H,K (s,t)

- E((Ya,ﬁ',H,K (1) =Y pnx (S))z)
_ oIk (az +,32)(t—s)2HK
—(a+,3)2 FH,K (S’t)

—_ QI-K+2HK aﬁ‘E/ZJHK (S, t)‘

where

K
22
FH’K (S,t) = 2(7 _p2HK _ 2HK 0,

Volume 18, Issue 3, 2022

K
Fi/Z,ZHK (Sat) = Z(HTSJ — KGR <

Let us establish a suitable upper bound of
(@+B) Fy (.0 + 27 B |F, e (5.0)]
Recall that
2Qa fLa’+ < (a+B) <L2(a’+ 7).
Thus, we have
(@+B) Fyi(s,00+27 o BIF, e (s,0)

£2(a2 +,32)(FH,K(S,Z‘)

2HK-1-K
+2 ‘FI/Z,ZHK (Sat)‘)

Note that 2HK -1-K=2H-1)K-1<0 .
Next, combining inequality (2.4) in [8] with
straight computations, we get

FH,K (S’l) + 22 ‘E/2,2HK (S’t)‘
= (2(e s

_(2K _22HK—1)(t2HK +S2HK)_(t+S)2HK)

Hence, we get

o (s.0) 22 (o + ) (1-s)"™ =2(a” + §*)
(=) (25 =22 (1= 5)™)

:2(1_22111(71«)(0[2 +ﬂ2)(t_s)2HK'
The constant C, is now determined.

Step 2. The aim of this step is to show that
C <(C =C,.Sincel<2HK <2 and 0<K <1,
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we have
28 <2 <1422
and therefore
22K Lk,
The last inequality can be rewritten as follows
2 (1-2""F Ty <2k,

Hence C, <C,=C,.
Step 3. Let us show that C,<C,=C; . To
determine the sign of C,-C, , it suffices to

study the function 7}, , defined by

T, ()= =1’
+2(22 K _Dx+2"% -1, xeR.

We will distinguish the following two cases.

Casel. K=1 and 2H >1.

We have 7}, (x)=2(2*"" —1)x. Keep in mind
that ¢ >0 and f>0. Once x>0, it follows
that 7, ,(x) > 0. Thenceforward, C;>C,.

Case2. K<1 and 1<2HK.
The function T, , has a unique minimum at

the point
22HK-K _1
Since
2HK -K >0,

we obviously have x, <0 . Moreover, recall
that, when x<x;,, T, , is a non-increasing

function, otherwise a non-decreasing one. Note
that

T, ((0)=2"% -1>0.

Charles El-Nouty, Darya V. Filatova

Thus we have T, ,(x)>0 forany x>0 ,

and therefore C, >C,.

Step 4. Let us show that C, <C,. It suffices to
verify

2 (1 _ 22HK—1—K) (0{2 +ﬂ2)

<a’+2(1-2"*)ap+ B,
This inequality can be rewritten in the form
(1-2°"%) (o + p*) <2(1-2°" ) B,
which is equivalent to

(1-2""% )(a-B) <0.

Since 2HK -K >0, C, <C,.
This completes the proof of the theorem.

3. PROPERTIES OF THE PROCESS X

Let us state some basic properties of the process X

Proposition 3. We have
e X(,-) isa Gaussian process,
e X(s,0)=X(0,1)=0,

e for any s5,>0 the one-dimensional
process {SO’%X(SO,t),t > O} is a
\JC., XX, process,

e for any t,>0 the one-dimensional
process {Z‘(IZQX(S,IO),S > O} is a

JC,, x X, process.

o
Proof. The first two points are obvious. To prove
the third point, it suffices to compute

E(sgﬂ“X(so,tl )sgl‘X(so,tz)) .
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We have

E(S(;i‘X(SO, SOﬂIX so, )
=5 %E( ((50) X, (So))XE(X ()X, (tz))
=5, Cysy < E (X, (1) X, (1,))
:C14><E( 2(tl)Xz(tz)).

We omit the proof of the last point.
[

Keep in mind that the flavor of the QHASI class
consists in the quasi-helix property in the sense of
Kahane [2] and its approximately stationary one.
To extend these concepts to two-dimensional
processes, let us recall that the increment A of

X between the points  u, =(s,7,) and

u,, =(s,,,) is defined as follows
A= X (uy, )+ X (1) = X ()= X (uy,),
where u,, =(s,,2,) and wu,, =(s,,7,).
Set
EA’ =07 (uy,,uy,).

We can establish the following essential
proposition.

Proposition 4. We have
o’ (u”,uzz) = (712 (SI,SZ)X022 (tl,tz).

Proof. As far as we know, the above
proposition has not been written yet. Therefore
we will prove it. Direct computations yield

O'2(”115”22):

(BX7 () +EX (s2))(EX
+2xE(X1(s1)X( )) (X2(t1) z(tz))
_(EXlz(Sl)

—(EXj(zl)

Volume 18, Issue 3, 2022

Since

o} (Spsz): Ex} (Sl)_zE(Xl (Sl)Xl (Sz))
+EX7 (s,)

and

o; (4.1,) =EX; (1,)—2E(
+EX; (1,),

X, (1) X,(1,))

we have

o’ (umuzz) =

(EXI2 (s,)+EX; (sz))(EXz2 (1) +EX; (tz))
-2x0; (SI,SZ)E(Xz (l‘l)X2 (tz))
~(EX3 (4)+EX; (1,)

=-2x07 (5,.5,)xE(X, (1) X,(1,))
+(EX§(tl) +EX2(t2))x02(sl,sz)
20'12(31’52) ( (1 ( )

—2xE(X, (1) X, (4,

= 012 (sl,sz)xa2 (tl,tz).
The proof of the proposition is now complete. m

Combining the above proposition with the fact
that the processes X, and X, are elements of

the QHASI class, we get the following results.

Proposition 5. We have

|u] |t1 —t2|u2 <o’ (u“,uzz)
|21]

Cy, |S1 =5
<Cy, |S1 -, |t1 —t2|M2

where C,, =C,xC, and C,,=C,xC,,.
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Proposition 6. When s,-s,—>0, 5,25 >0,
and t,—t,—>0 , t,21 >0, we have

2 2 2

< (u115u22)~cx3(52_51) ﬂq(tz_tl) AQ:

where C,,=C;xC,, .
It is obvious that Cy,<Cy;<Cy, and
Cy, <Cy, <C,,. Roughly speaking, we can say
that the process X is a quasi-helix in the
sense of Kahane [2] and has approximately
stationary increments. We can associate to X

the six constants (A,ﬂz,CXI,CXZ,Cm,CM).
Thus, we answer to the question stated in the
introduction. Indeed we are able, on one hand to
extend the definition of the QHASI class to two

dimensional processes, and on the other hand to
create new Gaussian sheets.

4. SOME SPECIFIC SHEETS

4.1. The fractional Brownian sheet
Let X, be a fBm with Hurst index 0<H, <1

and X, be a fBm with Hurst index 0<H, <1.

As already mentioned, the process X constructed
as described earlier is the fBs. Note that its six
associated constants are  (H,,H,,1111) . It

implies that calculi are quite convenient for the fBs.
This partially explains its popularity.

4.2. The subfractional Brownian sheet
Let X, be a sfBm with Hurst index 0< H, <1

and X, be a sfBm with Hurst
0<H, <1. We can construct the process X .

index

To determine the six associated constants, we
have to consider the four following cases:

e when H,<i and H, <1 ,theconstants
are

(Hl,Hz,l,(Z—zz”rl)(2—22’*2*),
1,(2_22H1—I )(2_221—]2—1 ))’

ewhen H, <4 and H, >, the constants are

Charles El-Nouty, Darya V. Filatova

(H,.H,,2-2""" 222",

1’(2_221{]—1)(2_22112—1));
and H, <4 ,the

e when H 21 7

constants are
(Hl H2 2 _22H]—1 2 _22H2—1

1’(2_22HI—1)(2_22H2—1));
and H,>1 ,the

e when H > >4,

constants are
(H15H2’(2_22H1—1)(2_22112—1),

1,1,(2—22H'-1)(2—22H2-1)).

4.3. The bifractional Brownian sheet
Let X, be a bBm with Hurst

0<H <1 and 0<K, <1 as well as X, be a
bBm with Hurst 0<H,<1
0< K, <1. We can construct the process X . Its

indices

indices and

six associated constants are
—K,—K. 2-K,-K 2-K,-K
(H K, H,K,,2 5% 020 grheke )

4.4. Other possible sheets

Following the same ideas, we can construct the
sub-bifractional Brownian sheet, the generalized
fractional Brownian sheet and the generalized
bifractional sheet. There is no difficulty to give
the six associated constants. We can also mix the
different elements of the QHASI class in order to
create new sheets. For example, let X, beafBm

with Hurst index 0<H, <1 and X, be an
clement of the QHASI class with the associated
constants (ﬂ,Cl,CZ’C3,C4). We can construct

the process X using six associated constants
(H,.4,C..C,C,.C,)

In some sense, the influence of the fBm vanishes.
This is not really surprising since the fBm has
stationary increments.
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4.5. Illustrations

Now we give several illustrations of an image
generation, using the fractional Brownian sheet
(see Fig. 1) and the subfractional Brownian sheet
(see Fig.3, Fig. 5, Fig. 7, and Fig.9). As it is
possible to notice these images are similar with
the pictures which one can obtain by thermal
camera, say for some heated surface. Since our
goal is only to augment quantity of training
samples, we just suppose that minimal values of
the generated process correspond to “black”
pixels and maximal values corresponds to
“white” pixels. Setting “red” color as a normal
temperature for the heated surface, it is possible ~ £igure 3. Test 2 — the subfractional Brownian
to see “overheated” areas. To make the corrupted sheet with parameters

areas more visible we apply color-based (0.75,0.75,1,0.34,1,0.34)
segmentation using k-means clustering (see
Fig. 2, Fig. 4, Fig. 6, Fig. 8, and Fig. 10).

Figure 1. Test 1 - the fractional Brownian sheet
with parameters (0.75,0.75,1,1,1,1)

Figure 5. Test 3 — the subfractional Brownian
sheet with parameters

(0.75,0.25,1,0.76,1,0.76)
Figure 2. Segmented areas for Test 1
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Figure 7. Test 4 — the subfractional Brownian
sheet with parameters

(0.25,0.75,1,0.76,1,0.76)

Figure 8. Segmented areas for Test 4
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Figure 9. Test 5 — the subfractional Brownian
sheet with parameters

(0.25,0.25,1, 1.67,1,1.67)

Figure 10. Segmented areas for Test 5

It is obvious that only by changing the parameters
of'the stochastic process we get different corruption
processes for the surface. Moreover, any repetition
of the generation even with the same parameters
gives new image preserving the main tendency of
the corruption process.

5. CONCLUDING REMARKS

We have completed previous results by proving
that the gbBm is an element of the QHASI class
with no condition on the parameters. When
2HK >1, the constant C, has been determined.

Then we have proposed a construction of several
Gaussian sheets based on the QHASI class. We
have studied the main properties of these sheets
such that the self-similarity one, the quasi-helix one
and the approximately stationary one. The QHASI
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class is therefore extended to two dimensional
processes. The associated constants are
determined. We have also focused our attention on
new specific sheets, the well-known fractional
Brownian one becoming a particular case.

We insist on the fact that a natural extension can be
done for three dimensional processes. In this case,
the increment A of X between the points

uy =, 0,2
and
Uyyy =(Xy,¥5,2,)

is defined as follows

A= X (ty, )+ X () + X (1) + X (1)
_X(ulzz)_X(uzlz)_X(uzzl)_X(“m)a

where

uy = (x,9,,2),1<1, j,k <2

are points in R’. We can also determine the seven
associated constants: the first three ones deal with
self-similarity whereas the last ones deal with the
constants C,, 1 <i<4. Following the same lines,

we can build » dimensional processes. However,
the increment A has no simple expression. This is
why we omit this extension.

The numerical illustrations were shown for the
Gaussian sheets. This generalized presentation of
the class of stochastic processes was used to
augment the training samples for generative
adversarial networks in computer vision problem.
The same approach can be used in R’, which

permits solve many applied problems devoted to
default diagnostics by computer vision.
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FINITE ELEMENT ANALYSIS FOR THIN-WALLED MEMBER
SUBJECTED TO COMBINED LOADING
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Abstract. Thin-walled structures are widely used in various structural engineering applications due to their
advantage of high bearing strength when compared to self-weight and used in a complex loading situation where
subjected to combined loadings. When a thin-walled section is subjected to a combined load with restrained
torsion, they are ineffective at resisting, resulting in a reduction in beam capacity due to torsion and additional
warping stresses. A finite element calculation can be used to analyze a 3D bar of thin-walled structural sections.
Different commercial software and studies commonly consider six degrees of freedom at each node of a member
for a space frame without considering the effect of warping restraint at the member's ends. This paper presents a
finite element calculation for thin-walled sections with restrained torsion using the 14x14 member stiffness matrix,
which includes warping as an additional degree of freedom and is commonly used for open thin-walled sections.
In this study, we considered two different methods for including the additional degree of freedom for the stiffness
matrix, which are very close to each other for small values of characteristics number.

Keywords: Thin-walled structures, Finite element analysis, non-uniform warping, open section,
stiffness matrix, restrained torsion

KOHE‘—IHO-BJIEMEHT}-II;IFI AHAJIN3 TOHKOCTEHHBIX
QJIEMEHTOB IO AEUCTBUEM KOMBUHHUPOBAHHBIX
HAI'PY3O0K

B.B. I'anuwnukoea ', T.X. I'eope ?

! HarmoHanbHbIA UCCIIEI0BaTENBCKHIT MOCKOBCKHUI TOCYIapCTBEHHBIN CTPOUTENBHBIN yHUBEPCHTET, MOCKBa,
POCCHUA
2 PoccuiicKuii yHUBEPCUTET APy XKOBI HapomoB, Mocksa, POCCHSI

AnHoTauus: TOHKOCTEHHBIE KOHCTPYKLMH LIMPOKO HCIOJIB3YIOTCS B PA3INYHBIX OOJIACTAX MPOSKTHPOBAHMSA
KOHCTPYKIHM# Onaroyapsi CBoeMy IPEHMYIIECTBY BBICOKOI HECYIIEH MPOYHOCTH IO CPABHEHUIO C COOCTBEHHBIM
BECOM U HCIOJIB3YIOTCSl B CJIOXKHOW CHTYallMM Harpy3KH, KOTJa TO/IBEPraloTcsi KOMOMHUPOBAHHBIM HArpy3KaM.
Koryia TOHKOCTEHHBIE CEKIMU IOJBEPraloTcs KOMOWHHPOBAHHOW HArpys3ke cO CIepKaHHBIM TOPCHOHOM, OHH
Hed(P(HEKTHBHBI TIPH CONPOTHBIICHUH, YTO NPHUBOJUT K CHI)KEHHIO NPOITYCKHOW criocoOHOCTH Oanku H3-3a
TOPCHOHHBIX U JIOTIOJHHUTEIBHBIX Ae()OPMAMOHHBIX HANPsHKEHUH. PacdeT KOHEUHBIX JIEMEHTOB MOXKET OBITh
WCIIONIB30BaH JUIsl aHaim3a 3D-CTepikHS TOHKOCTEHHBIX CTPYKTYPHBIX CeKIuid. Pa3znnuHble KOMMepueckne
IPOrpaMMbl M MCCIICIOBaHUsS OOBIYHO PacCMaTPHBAIOT IIECTh CTEMEHEHl CBOOOABI B KaXKIOM y3Jie WiICHA Ui
MIPOCTPAHCTBEHHOI paMKH 6e3 yuera s dekra nedopMaini caepKuBaHus Ha KOHLAX 3JeMeHTa. B nanHoii pabote
MIPEJICTABIICH PAcyeT KOHEYHBIX OJJIEMEHTOB JUII TOHKOCTCHHBIX CEKIHil ¢ OrpaHHYEHHBIM KpPYYEHHEM C
WCTIONBF30BaHUEM MATPHIIBI KECTKOCTH 3JeMeHTOB 14x14, koTopas BkmodaeT nedopMamuio B KadecTBE
JOTIOJTHATEIIBHOI CTereH! CBOOOIBI M OOBIYHO HCIIONB3YETCs ULl OTKPBITBIX TOHKOCTEHHBIX CeKuuil. B maHHOM
HCCIICAOBAHNKU MBI paCCMOTPEIIN ABa Pa3/IMYHBIX METOJAAa BKIIOYCHUA HOHOHHHTCHBHOﬁ CTCIICHHU CBO60}IBI JUIA
MAaTPHIIBI )KECTKOCTH, KOTOPBIE 04eHb OJMM3KH APYT K APYTY AJISA MAJIBIX 3HAYCHUHN YNCIIa XapaKTePUCTHK.

KaroueBble ¢j10Ba: TOHKOCTCHHBIE CTPYKTYPHI, KOHEYHO-3JICMEHTHBII aHaJin3, HEPaBHOMEPHOC z[e(bopMauI/m,
OTKPBLITOC CEYCHUEC, MaTpHlla ) KECTKOCTH, caepmaHHmﬁ KpYy4€HHC
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1. INTRODUCTION

Steel members are now manufactured as thin-wall
sections because of their high strength, highly
flexible, ductility, quick construction, and effective
space partitioning, and they are widely used in
various engineering structures. Thin-walled beams
are those that are primarily prone to bending. When
a thin-walled section is subjected to a combined
load, it is ineffective at resisting, resulting in a
reduction in the beam's capacity. The behavior is
poorly described by elementary formulations that
reduce the mechanical components to stretching,
bending, and uniform torsion (i.e., the simplest case
of a uniform distribution of cross-sectional warping
along the beam axis [1-2]. Warping effects occur
primarily at the points of action of concentrated
torsional moments (except at free end support of
beam) and at sections with free-warping
restrictions, and they are accounted for by an
additional degree of freedom at each nodal point in
the form of the first derivative of the angle of twist
of the beam's cross-section [3-5].

The analysis for extension, bending and flexure is
rather straight-forward, but the analysis for the
coupled deformations of torsion, warping and
distortion poses a major challenge[6]. Currently,
most design specifications do not provide clear
guidance for combined bending and torsion design
and the need exists for a simple design equation.
The variation of the displacement over a section of
amember is expressed with a common function for
stretching, torsion and bending[7-10]. I-shaped
steel beams are widely used as structural elements
because of their flexural efficiency about the strong
axis. It considers the cross section as completely
rigid in its own plane, and the effect of shearing
deformations is neglected[11]. The solutions for
thin-walled section with nonuniform torsion were
developed as initial works and also there are studies
considered to be as a design aids for simple
cases[12-13]. This is limited for a slender beam and
the shear deformation in middle surface is
negligible but for short-deep beam and closed thin-
walled beams, the shear deformation should be
considered[4,14]. However, in many applications
beams are eccentrically loaded and as a result
experience torsional loads in combination with
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bending. The importance of restrained torsion of
thin-walled section has grown significantly as the
deformations and stresses caused by torsion affects
the behavior of the structures with open as well as
closed section[15-16]. Like all open sections, I-
shaped steel beams are very inefficient at resisting
torsion and the interaction effects due to torsion
acting in combination with bending can
significantly reduce the capacity of the beam.
Many design methods have been developed to deal
with combined bending and torsion, but none have
been universally adopted by design standards. In
the past decades, many relevant researches have
been conducted and different commercial software
commonly consider six degrees of freedom at each
node of a member for a space frame without
considering the effect of warping restraint at the
ends of the member[9][17-18]. A finite element
model is investigated based on a mixed variational
formulation and numerical method of designing
thin-walled bar systems using various theories and
formulated matrices to provide an explicit way to
calculate internal forces and stresses in thin-walled
bar systems [19-22]. The bending and torsion
behavior of cold-formed steel bars was studied
experimentally based on the strengths of unbraced
cold-formed steel channel beams loaded
eccentrically [23-24]. Modern software packages
for structural analysis use finite element types
which consider up to six degrees of freedom at the
structural nodes, which corresponds to the linear
and angular displacements in these nodes as for the
rigid bodies[25]. Moreover, various studies
commonly consider with two degrees of freedom
at each node of a member without considering the
effect of warping restraint at node [26-27]. The
warping part of the first derivative of the twist angle
has been considered as the additional degree of
freedom in each node at the element ends which
can be regarded as part of the twist angle curvature
caused by the warping moment [17][27][30].
Numerous studies developed the 14x14 member
stiffness matrix including warping as an additional
degree of freedom and commonly with open thin-
walled section [18][25][28-29].

In this paper, a 3D frame element stiffness matrix
will be presented which is more convenient for
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advanced structural analysis of 3D beam
structures. The structures are analyzed or
designed by using only the effect of Saint Venant
torsion resistance thus the analysis may ignore
the torsion part in the members and the design
may be underestimated. To overcome this
inaccuracy, several researchers tried to develop
stiffness matrix with seven degrees of freedom at
each node of a member for a space frame. This
additional stiffness matrix considers the warping
degree of freedom at the ends of the member with
thin-walled section. This study deals with the
Space frame finite element method regarding the
first order theory based on the assumption is that
the resulting deformations are small, and that the
equilibrium may be formulated for the
undeformed structure as an approximation. This
is done by considering beam element and
equation which are necessary for the computing
deformations will be derived thus to calculate the
displacements and internal forces and moments
for frame structures.

2. METHOD

2.1. Geometry and concept of 3D thin-walled

Frame

Considering Prismatic thin-walled beams of
straight and of constant cross-section with yi-
axis 1s defined parallel to the longitudinal
direction of the beam, while the y:-axis and ys-
axis describe the transversal plane of the cross-
section as shown in figure 2. The member is
connected to local coordinate system and the
corresponding displacement field adopted for the
axial direction is v;, while vz and v; are used for
the cross-section’s plane. Similarly, £1, f2 and f3
are angles of rotation about the axis y;, y2 and y3
and y is the sectional warping or twist of the
section along y;. Consider a point P with a
member coordinate (y;, y2, y3) in the member
coordinate system. The basic assumption in the
classical beam theory is that a cross-section
orthogonal to the x-axis at the coordinate x
remains plane and keeps its shape during
deformation.
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Due to the assumptions of the classical beam
theory the cross-section orthogonal to the y;-axis
at the coordinate y; remains plane and keeps its
shape during deformation and the general theory
of elasticity for three-dimensional solids reduced
to a special theory for space frames. The
displacement of the point consists of a translation
equal to that of the centroid C of section y;and a
rotation displacement due to the rotation of the
section as a rigid body about an axis through the
centroid and a warping displacement normal to
the section.

X3

Figure 1. The orientation of coordinate systems
for 3D beam section

Let S be a plane section normal to the axis of a
member, which contains a point P and intersects
the axis in point O as shown in figure 1. The
hypothesis for frame behavior [1] states that the
shape of section S in its plane does not change
under load, and that the displacement of point P
is due to:
e The displacement of point O
e A small rotation of section S about an
axis passing through point O
e A warping displacement in the ys
direction, which is the product of a twist
with a warping function

Vip Vi 0 i | =» || B
Vop [= | vy [+ =3 | O 0 |46 |+t 1)
Vip V3 e 0 0 Ji8 n
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Where: v,,.(y,,7,,y,) the displacement coordinate

v, ()
displacement coordinate of centroid C of section
vi1, B.(y,), coordinate of the rotation vector of the

of point P in the member space,

section,  (y,.y,): warping function of center of

rotation C y (y,) twisting of the section

c/ Y"ze

Figure 2. Beam kinematics, local and global
reference systems for mass matrix

The strain coordinates are determined with the
linear strain-displacement relations of the linear
theory of elasticity. Because the frame
hypothesis states that the shape of a section in its
plane does not change, the strains are neglected.

€1 = Vipg =Vi1 T Y3Boi— Y2 B3+ oy, )
€ = Vipat+ Vop = —P3 + 0oy + vy —y3Py;
€3 = Vips+t Vip; = Py o3y +viy + Py

The expressions for the shear strains are
rearranged so that the contributions of flexure,
uniform torsion and torsion restraint are shown
explicitly:

g2 = (vo,1=B3) — (y3+2)By1 + @(w+By)) 3)

flexure uniform torsion  torsion restraint

g3 = (v31+P2) + (y2-03)B11 + o030y +Py1)

torsion restraint

“4)

flexure uniform torsion
The constitutive hypothesis states that the strains
due to the Poisson effect can be neglected in the
analysis. For a linearly elastic material with
modulus of elasticity £ and shear modulus G the
stress-strain may be calculated from equation (2)
as follow:

Vera V. Galishnikova, Tesfaldet H. Gebre

Egjp =E(vi1+ y3Bo1— y2B3i+ovyy) (5)
Gepp =G(-B3 + 0oy + vy —y3B) (6)
o;=Ge,=G(B, + O3y + V5, ), B)

E modulus of elasticity
G shear modulus

O11

012

(7)

The Virtual work of the inner forces 5w, done
by the stresseso,,,o,, and o, of expressions (5)-
(7), in the volume V of a member with length a,

and area A due to wvirtual strains
6811 , 6812 and 6813 1S given by
W= del o dv (8)
v

Where' € 1s state of strain vector (Voigt notation),

state of stress vector (Voigt notation).
The integrals of the products of the stress
components with the geometric variables with
the geometric quantities y,,y,,y, and o over the

area of the member are called stress resultants in
the member and denoted as follows:

axial force in direction y, n, = L o, dA
transverse force in direction y, n, = L o,,dA
transverse force in direction y, n, = L o, dA
bending moment about axis y, m, = IA 0, y,dA

bending moment about axis y,

m; = J.A_O-nysz (9)
bimoment due to warping m, = L o, o dA
primary torsion

my, = J-(O-lz(yz -

A

;) =0,y + wz)) dA)

secondary torsion

my = _[ (0, 0,+0,0,)dd
4

The stress resultants acting on the positive face
of a section are positive if they act in the positive
direction of the axes of the member coordinate
system. The stress resultants in the member of
expression (9) are substituted into expression (8)
and can be rewritten as follows:
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n ov; + n,(6v,, —B,) +

n,(8vy, +p,) +

I&srodv :T dy, (10)

o | My OP,, + my B, +m, 0y, +
my, 551,1 + my (0w +3B,,)

Figure 3. Local reference system and internal
forces

The loads acting of the volume and the surface of
the member in the theory of elasticity are
replaced by line loads acting at axis y;and by

nodal forces acting at the nodes of the member,
as shown in figure 3. The nodal forces acting at
the end node are equal to the stress resultants
defined based on equation (8). The virtual work
of the nodal forces due to variations &v, of the
displacement coordinates and 8, of the rotation

coordinates is given by:

5VV}1 = My 51813 - My, 5:B1A +

My (OW 5 +f,5,) = My, (Y, + B, ) +
My Oy = My O, + 1y, O —

my Oy + M, Yy,

3

Z (M5 OVig =1 OVy)

k=1

- M,y 5‘///1,1 +

(1)

Where oW, is virtual work of the nodal forces
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Y

Mss,
4

Y, My
n /
A 3B A nZB
A; j

My Ny
/ nZA‘ N3a
m.

2A ym
A,

Figure 4. Positive directions of the member and
nodal force coordinates

The virtual work of the inner forces in the volume
of a member is expressed in terms of the strains
and the virtual strains:

oW, = [(E&,06,+ G e,06,+ Geyo6,)dv (12)
Vv

Expressions (5) to (7) for the strains and the
Prandtl stress function for g, and p;, are

substituted:

a a
Swm=EIJ'h1h2dAdyl +GJIh3dAdyl
0A 0A
hy = 8vy 1 —y28vp 11 -y30v3 11 T®dy

hy = vi1=y2vo 11— ¥3V3,11+ @Yy
2 2
h3 = ((yz—ﬁ),:s) +(y3+wp) )531,1 Bi1

(13)

The integrals of functions of the coordinates and
the warping function in (13) are called the shape
parameters of the section or matrix section
properties. To define the shape functions, we
used a variable F' for designations. They are
defined and denoted as follows:

a a
8Wp = E [8k" Fkdy; + G [J1 8By Bridy
0 0

F | B | B | K (14)
pol B2 P2 | B3 | B

B | By | B3 | By

Fo | Bo | Bo | Foo

Where the section constants are expresses as

given below:
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The virtual work of the nodal forces due to
variations of the displacement coordinates and of
the rotation coordinates is given by:

5Wn = My, éﬂw = My éﬂu +
My (O 5 + 5ﬂ13,1 )=
my, (OW  +6P,,) +

myp éﬂzs —myy 5/82/1 + My 5ﬁ33 - (1 5)
Tu éﬁm + M, 5‘//3,1 - My, 51///1,1 +
Z (nkB 5VkB My o Vi )
57 Wn virtual work of the nodal forces
The virtual work of member loads due to

variations v, of the displacement coordinates
and ¢p, of the rotation coordinates is given by:

a 3
dWq = I(tww + .Z](Qia"i + tiSBi)j dy
0 i=

(16)

q; distributed force load in the direction of axis i
t; distributed moment load in the direction of axis i
t, distributed bimoment load

2.2. Governing equations for 3D thin-walled
frames

The governing equations for a member and
frame are derived by applying the principle of
virtual work to the frame. The sum over the
members of the virtual work 6%, of the inner

forces in (14) equals the sum over the members
of the virtual work 5%, , of the member loads.

Vera V. Galishnikova, Tesfaldet H. Gebre

The differential governing equations for the
generalized member displacements are
satisfied for arbitrary virtual displacements and
expressed as follows:

EAv,+q, =0

EJ3V2,1111 —q, t my = (17)
EJvsin—¢q;— my, =0
EJmﬂl,ll]] - G‘]Tﬁl,ll -m-m,, = 0

Similarly for frames, The sum over the members
of the virtual work sw,, of the inner forces in

(14) equals the sum over the members of the
virtual work sw, , of the member loads and the

virtual work 6w, of the nodal loads:

zrzlng = z::lé‘w/md + 5Wn (18)

3. RESULT AND DISCUSSION

3.1. Element stiffness matrix for a combined
load:

Stiffness matrix as it is known, the relationship
between the generalized force vector gm and the
generalized displacement vector vm s
established by the stiffness matrix K» of the
element.

Adm=Km Vm (19)
The displacement variation over the length of
a member is related to the nodal displacements
by solving the differential equations the
differential governing equations for the
generalized member displacements such that
the values of the displacement functions at the
nodes equal the unknown nodal displacement
values. For non-uniform torsion, a
trigonometric interpolation of rotation f; is
used as an initial parameter and finally
compared with the approximation solution.
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v, = hlv, 0<z<1
1—
h, = z v, = Vig
z Vig
v, = hlv,
1-32° +22° v, ,
1_ 2
S ECECE
z2(3-22) Vap
_azz(l_z) Pss
V; = h3TV3
1-3z2+22° Vs
—az(l-z)° B
h, = 2 vy =
z-(3-22) Vig
azz(l—z) Bas

To consider the warping of the restrained member,
additional degrees of freedoms are introduced at the
nodes and added to member displacement vector.
An interpolation function containing hyperbolic
functions of y;, which satisfies the governing
differential equation (16) for torsion considered:

By = gy)'b

gl = | g1(y1) |g2(Y1) | g3(y1) |g4(Y1)| (20)
b’ = | Bia | l31,1A| BiB | BB |
By = hyC
sinh 6z
hg; _ cosh 0z C:|C1 |C2 |C3 |C4|

z

1

The derivatives in the integrand on the left-hand
side of equation (20) are formed:

Vil =gTV1 V2,11=g£V2 0<z<l
12z-6
1 =1 1| a(6z-4)
U 82 T 2 (12z-6)
a(6z-2)
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V}ll g§V3
12z-6
1 | —a(6z—4)
&7 2 [Z(122-6)
—a(6z-2)

The interpolation functions are substituted into
the left-hand side of (18) and the integration over
the length of the member is performed for axial
and bending loads but separately considered for
torsion as it developed based on the two different
methods.

EA fg 5V1 Vl,l dyl = 5V1F K1V1
EJ3[§8vovy11dyr =

T T
6V2 K2V2 EJZ jg 8V3V3’11 dyl = 8V3 K3V3

EA| 1 |-l ki | ko
Kl = — =
a -1 1 k2 kl
12 6a -12 6a k3 k4 k6 k4
k. ED| 62 4a% | -6a | 2a2 | [ k4 | ks | k7 | kg
9= =
a3 |12 |6a | 12 |—6a| | K6 |K7|ks|Kky
k k k k
6a 2a2 —6a 4a2 4 8 7 S
12 —6a -12 —6a k9 klO k12 klO
K EJ3 —6a 432 6a 2a2 k10 kll k13 k14
3= 7> =
& |-12 |6 |12 | 6a kip [ ki3 | ko | ki3
k k k k
_6a 2a2 6a 432 10 14 13 11

The contribution of torsion to the internal virtual
work of the governing differential equation (16)
is given as the following expressions:

G (EC,8B111B1,11 + GIT3Py,1B1,1) dA=
3bT (Kgyy +K o) b

K1 warping stiffness matrix
Ky stiffness matrix for torsion with out warping restraint

Stiffness matrices K, and K, are added to the

member stiffness matrix K,,, in the usual
manner.
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kry | kt2 | k13 | k74

EC, | kr2 | krg | k17 | kT8 Considering the above series expressions, the
Kt = - - .
3 kt3 | k17 | k711 | k1o alternative matrices can express as shown below:
kT4 | krg | k712 | KTI6
KTI ZKT“ = S*0sinh 6, 12 —6a | —-12 6a
KT6 = KT16 = S*(COShe— Slnhe)*a2 K EC(D 6a 43-2 6a 232 +
T =
Ky = Krg = S*(cosh8-1)a, @2 e |12 |6
inh O
K1g = S*(Sme —1j=l<a2 6a | 2a% | 6a 4a”
02 36 | -3a |36 |-3a
S=|—|, Q=2(1—cosh6)+9sinh9, > 2
Q GJ|-3a |4a” |3a | -a
Kr3=-Ktp, K7 =K712 =-K12 30al 3, 132 |36 |3a
_ 2 2
The above element stiffness matrix for torsion 2 |8 38 | da

with restrain warping can be used by divided into
two matrices. The parameters K71, K2, Krs and ~ Comparing both methods, we can conclude that
Krs can be replace by approximation as shown both are similar for small value of 6 and which is

below:

KTla:12+§*92 KTza:6+%*92

commonly considered for open thin-walled
section as their value of 6 is small as shown in
figure 5.

2 1
Krga =4+-—*0° Krga =2——*0°

15

40) T

30

Kr6(8) 59|
KiTgaﬁa)
Krg(8)
ETsa(B)zn—
K(®)
Kr12(®)
-If-i;['-ztﬂ)

K124(8)

Figure 5. Evaluation of exact and approximate methods for various values of 0

If the member is free to warp, Cw = 0 and the Considering Expression 21, only the second part
torsional moment is carried by St Venant’s of the matrix or the uniform torsion stiffness
torsion which is considered as uniform torsion. matrix can be used as given below.
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GJ 1 |-1
K,= —1* or

a -1 1

36 | -3a |-36 | -3a

GJ|-3a | 4a* | 3a -a’

K,=—
30a| -3a |3a 36 3a
—3a | -d* 3a 4q°

Element load vector: Consider loads which vary
linearly from start node A to end node B:

9 4 m,

93 Mg

These loads and the interpolation functions are
substituted into the right-hand side of equation
(17). The integration over the length of the
member is shown for g, and q,.

.‘-o q,0v, dy, = J.o 5V1Th|hqu|dy1 = 5V1TB1q1

.[o q;0v,dy, = J‘o svih;hiq,dy, = 5viB.q,

a2]1 b; | by
B, — =
612 by | by
21 9 by | by
—3a —2a b5 b6
B3 = —_— =
60| 9 | 21 by | b3
2a 3a b7 b8

The results are compared with different studies
in both methods to include the aadditional
degrees of freedom and are introduced at the
nodes and added to member displacement
vector[29][30][31]. The member variables are
collected in member displacement vector Vm and
member load vector qm and the matrices are
arranged correspondingly in member stiffness
matrix Km.

b,Gia + 0,G4e
ks k, Ke ks D,q,a + by0zs e
kg Kio Kz Ko b;0 2 + Dels et
Vaa
Koy Ko, Krs Kty DyGsp + D40 Bor
Ky Ky Kig Kig P5Gsn + DsGse Boa
ks s Ky Ks | DMon + DM | Ban
K < kTs k-re kT7 kTs q. - b;m,, + bgmyg v = Ya
m k, k, " D, + 05 ° Vig
Kg k; ks k, b;q,4 + bglog Vg
K, Kis [ Kis b;0,a + belos Vse
Ko K110 K141 K11 D305, + D05 Peo
Ko Ko Kis Ky DsGsa + Dess EZB
K, s K, K, | DMon + DMy | e
Kyis K Ko K | DMy + DMy | :
4. CONCLUSION According to this study the following

The frequently used finite element method for
thin-walled sections only considers six degrees
of freedom (DOFs) in each node of a beam, but
it has been demonstrated that including warping
of the section as an additional DOF in structural
analysis can result in a safe and optimal design.

Volume 18, Issue 3, 2022

conclusions are drawn. The simple geometric
properties of the section are used to generate the
stiffness matrix for thin-walled beam sections
with retrained torsion. By considering an
additional degree of freedom at each node, the
trigonometric and approximation solutions of an
interpolation function are used to express the
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stiffness matrix for non-uniform torsion. The
stiffness matrix for 3D thin-walled sections
subjected to combined loading is presented,
making advanced structural analysis bar
elements more convenient. This stiffness matrix
is more applicable for open thin-walled sections
because the value of characteristics number for
open section is very small comparing to the
closed thin-walled sections. To include the
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CONTROL OF A NONLOCAL IN TIME FINITE ELEMENT
MODEL OF THE DYNAMIC BEHAVIOR OF A COMPOSITE
BEAM BASED ON THE RESULTS OF A NUMERICAL
EXPERIMENT
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Abstract. The article presents numerical methods for controlling the parameters of temporal nonlocality of
computer models of rod structures made of composite materials. The finite element method is the most widely
used numerical method for solving practical problems of the analysis of mechanical systems. A nonlocal in time
internal damping model is integrated into the algorithm of this method. The one-dimensional model of the Euler-
Bernoulli beam is presented in the article. The equilibrium equation of a moving mechanical system is solved
numerically using an implicit scheme. In the article the damping matrix obtained from the condition of
stationarity of the total deformation energy was used. The article presents the study of non-local in time damping
model properties. The model is integrated into the finite element method. The non-local model is algorithmized
and programmed in the MATLAB software package.

Keywords: nonlocal in time damping, damping with memory, composite material,
Euler-Bernoulli beam vibration, equilibrium equation, least squares technique, finite element analysis,
iterative implicit scheme, structural dynamics

YIIPABJEHUE HEJOKAJBbHOHW BO BPEMEHU KOHEYHO-
JJEMEHTHOM MOJIEJIBIO TUHAMAWYECKOI'O MOBEJIEHUS
BAJIKH N3 KOMIIO3UTA 110 PE3YJIBTATAM YNCJIEHHOT'O
IKCIIEPUMEHTA

B.H. Cuoopos %, E.C. Baovuna %3, E.Il. /lemuna ’

! Poccuiickuii yausepcutet tpancnopra (MUUT), Mocksa, POCCU ST
2 HanmoHaIBHBINA UCCIIEI0BATENBCKUN MOCKOBCKHI FOCYJapCTBEHHEIN CTPOUTEIBHBIN yHUBepcHTeT, Mocksa, POCCHU S
3 UHCTUTYT IIpUKIagHON MeXaHuku Poccuiickol akamzemun Hayk, Mocksa, POCCUS

AHHoOTanusi. B cratbe mpeACTaBICHBI UWCICHHBIE METOJUKH YIIPABICHHA IapaMEeTpaMH BPEMEHHOMN
HEJIOKAIBHOCTH PAcCUeTHBIX MOJENEH CTEP)KHEBBIX KOHCTPYKIMH N3 KOMIIO3UIIMOHHBIX MAaTEpHaoB.
HenoxanbHast BO BpeMeHH MOJINb AeMII(UPOBAHKS HHTETPHPOBaHA B aJITOPUTM METOa KOHCUHBIX 2JICMEHTOB —
HanOosiee IIUPOKO IPHUMEHSIEMOIro YHCIEHHOIO0 METOAAa IPHU pELICHUH NPaKTHYEeCKUX 3aJad aHalnza
MEXaHUYCCKUX CUCTeM. B paboTe paccmarpuBaeTcsi OIHOMEpHAs Moeb Oanku Ditnepa-beprymm. YucnenHoe
pelleHne YpaBHEHUS PABHOBECHUs PACUETHON MOJENH KOHCTPYKLIHH B JBM)KEHUH BBIIOJIHSETCSA 1O HESIBHOM
cxeme. [Ipm sTOoM Marpuma aeMndupoBaHUS IOJdy4eHa M3 YCIOBHUSl CTAl[MOHAPHOCTH TIOJHOW OSHEPrUH
nedopMHupoBaHUS JBHKYIIEHCS MEXaHHMYECKO cHcTeMbl. B craThe NpHUBEIEHBI Pe3yJsbTaThl MCCIIEAOBAHUS
HEJIOKaJIbHOM BO BPEMEHH pacuyeTHOMN Mozenu, peanu3oBaHHoi B cpene MATLAB.

KaroueBbie ciioBa: ,Z[eMH(bI/IpOBaHI/Ie HEJIOKAJIbHOC BO BpCMCHHU, ,Z[eMH(bI/IpOBaHI/Ie C NIaMAThIO,

KOMTIO3UTHBIN MaTepual, Konebanus 6anok Ditnepa-bepHymum, ypaBHEHHE PaBHOBECHS,
METO]] HAMMEHBIIHX KBaJPaTOB, METO/{ KOHEYHBIX JIEMEHTOB, HEesIBHAS CXEMa, IMHAMUKa MEXaHHYECKHX CHCTEM
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Control of a Nonlocal in Time Finite Element Model of the Dynamic Behavior of a Composite Beam Based

on the Results of a Numerical Experiment

INTRODUCTION

Today, the models of oscillatory processes
taking place in mechanical systems can be
modeled in  various ways. Also the
computational mathematical and algorithmic
apparatus has been significantly developed.
Despite this, scientists devote a special place to
the issue of adequate modeling of the damping
properties of structures made of structurally
complex materials. For example, the papers [1,
2] present ideas of damping kernels created as a
linear combination of decreasing functions. In
works [3, 4, 5] study the issues of constructing
the effective characteristics of a layered
composite material, the layers of which are
viscoelastic.

In this article, we present the results of
modeling of the damping properties of
structures made of structurally complex
materials, built on the assumption that the
material has nonlocal in time properties of
internal damping. In [6, 7, 8] the matrix form of
the modified equation of motion of mechanical
systems was studied:

M- V(ty) +a-D Vit
(1-a)- f G(t; — DV (D)dr

‘K- V(ti+1) = F(ti+1),

(1)

the integral term endows the classic
computational model with the time nonlocality.
Here 0 < a <1 is the temporal nonlocality
weight coefficient [7]; t, — initial time of the
oscillatory process. Matrices of masses M,
damping D and stiffness K of the computer
model are developed from the condition of a
minimum change in the total energy of a
mechanical system deformed in motion [6, 8, 9].
When a = 1 — the model preserves the locality
of the time component. The function G(t; — T)
in equation (1) is usually called the damping
kernel function [7]. The Gaussian curve was
taken as the damping kernel into a solution:
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G(t; —7) = e W (E=D? (2)

the parameter u > 0 in (2) characterizes the area
of nonlocal properties of the time component,

. t 2u

while regardless of the value of pu, ftO\/_E.
e W E=D?gr = 1; T [sec] — all moments of
time preceding the considered component of the
time axis t;. Reducing the value of the
parameter u increases the level of nonlocality
along the time axis of the model. Such a
statement of the problem endows the damping
forces in the calculation model with the property
of "memory" (hereinafter, this property of the
model will be called "damping with memory").
Thus, in the numerical calculation of the
structure according to the implicit scheme in the
term (1), responsible for damping with memory,
the values of the rates of change of
displacements and deformations are taken into
account not only at the previous computational
step t;, but also at all previous time steps up to
t;.
The use of the kernel of the internal damping
operator (2) can be attributed to the
mathematical idealization of the description of
the distribution of the "memory" of the
composite in time, which is generally not based
on the features of the microstructure of the
material. To use the constructed model in
practical calculations, it must be calibrated
based on the data of a physical or alternative,
for example numerical experiment. In this case,
the parameter u in (2) becomes the main control
parameter of the considered computational
model, which sets the degree of nonlocality.

MODEL CALIBRATION TECHNIQUES

As an example, consider the oscillations of a beam
made from the composition material. The beam is
rigidly fixed at the edges and loaded with an
instantly applied uniformly distributed load. The
general physical and mechanical parameters of the
design and the values of the momentarily applied
load are presented in Table 1.
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Table 1

General parameters

of a fiberglass vinyl ester beam.
Young's of elasticity [Pa]: £=1720000;
Beam length [m]: L=12;
Material density [t/m’]: p=1.9;
Beam cross-sectional area (constant along
the entire length) [m?]: 4=0.06;
Moment of inertia [m*]: /=4.5000e-04;
Instantaneously applied load [N/m?]: g=-1.

To emphasize the necessity and benefit of further
studies of the nonlocal in time model of damping
properties of composite materials, the comparison
of the results of equation (1) solution in a local
statement (for @« = 1) with experimental data is
presented. The fig.1 shows the time history of
vertical displacements of the middle node of the
beam. The solid line shows the numerical solution
of the problem based on a one-dimensional local
in time computational model; dotted line - data
obtained as a result of a numerical experiment
implemented in the finite element software
package SIMULIA Abaqus (structurally complex
properties of the composition were taken into
account using an orthotropic material model).

0 ==
- V=Vlmdm‘m

OIS _—

-0.04

§-l}.06

Loog
al

and

-0.14
0

t
Figure 1. Vertical displacement of the middle
node of the oscillating beam made of a
composite material: V¢*P (t) — experimental
curve; V™0€L(t) —is a time-local curve

Based on the simulation results, it was concluded
that the computer model, local in time, approximates
the (dynamic) oscillatory process inside a structure
made of a structurally complex material with a
reliability that is not sufficient for further application
in design justification process. Calculations using
isotropic or local one-dimensional models for

80

Vladimir N. Sidorov, Elena P. Detina, Elena S. Badina

composites give a significant error, which is
unacceptable in the calculation of such structures
subjected to dynamic effects.
The article presents two main approaches
(methodologies) to determining the optimal
value of the parameter u for a non-local in time
one-dimensional model of the dynamic behavior
of a structure made of composite material.
In this work the following indices are used:
VexP(t) — displacement vector obtained as a
result of a numerical experiment implemented
in the software package SIMULIA Abaqus;
ymodel(t) _ the displacement vector obtained
as a result of solving equation (1), according to
the implicit scheme by the modified Newmark
method [10];
vSY™MR(t) — a curve synthesizing the values of
the displacement vector obtained as a result of a
numerical experiment.
fe7°"(u) — a sum of squared deviations of
vector elements V°%€L(t) to V¥ (t).

Methodology 1. Direct construction of a search
model for the optimal nonlocality parameter of the
dynamic properties of the composite by the least
squares method (LSM).This technique provides an
automated search for the value of the parameter p,
in which the sum of the squared deviations
O (u) takes the minimum value. Fig. 2 shows
the dependency graph f¢"°"(u), showing the
behavior of the non-local model (1) in a fairly
wide range of parameter values 1 < u < 200 (the
value of u was not further increased in this work).
In Figure 3, we have localized the range of u
values relative to f¢""°" (i) smallest value.

-3
1665 e

4016645

4.01664 -

4016635
4.01663 -

ST (i)

4.016625

4.01662

4016615

0 10 20 30 40 60 80 100 120 140 160 180 200

Figure 2. Dependence of f¢""°" on u. The
ordinate shows the summation of the squared
deviations f¢"°7 (i)
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3
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Figure 3. Dependence of f€""°" on u, localized
in the region of extreme values of u: the
abscissa shows the values of the parameter | in
the range 1 < u < 40, the ordinate shows the
sum of squared deviations f°7°" (1)

As a result of processing the data of the LSM
experiment, we obtain V™%l (t) with the
minimum value f€7°7(t), corresponding to the
value u = 2,68601. Below, in Figure 4, there
are two graphs of the vertical displacement of
the middle section of an oscillating beam made
of composite material: Vé*P(t) — experimental
displacement data; V™°49¢!(t) — displacement
data based on a calibrated time-nonlocal
damping model at u = 2,68601 sec.

—p= Vomdel W
==

Figure 4. Time history of the composite beam
middle node vertical displacement: V®*P (t) —
experimental curve; V™% (t) — calibrated
non-local in time curve at u = 2,68601 sec.

As can be seen from the fig 4., the non-local in
time computational model, approximates the
oscillatory process of an element made of a
structurally complex material with sufficient
reliability. The result of the search for the optimal
nonlocality parameter value for a one-dimensional
composite beam, shows the efficiency of the
constructed model. However, this technique
seems to be computationally difficult. Below we
describe the developed alternative technique,
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which is simpler both in terms of computational
costs and the search for the optimal value of the
nonlocality parameter u for a composite material.

Methodology 2. Search for the optimal value of
the nonlocality parameter based on the least
squares method using a synthesizing curve.

Under the synthesizing curve, vSY""(t), we
will mean some analytical (interpolating) curve
approximating the experimental data with a
satisfactory accuracy, Ve*P(t). Below is an
algorithm for constructing an expression for
such a curve by the least squares method in the
form of the polynomial of the fourth degree:

3)

VM) = ap+a; -t +
+a, -t +az - t3+a, - t4

{aj}jzl — the desired polynomial coefficients

calculated in comparison with the values of
Vexr(t).

Representing (3) in matrix form, we find the
coefficients a; by the least squares method from
the conditions for the minimum sum of squared
deviations of the values Vé*P(t) from the
desired curve vyt (¢):

F(ag, ay,a3,a3,a,) =
N

= minZ(Vexp(ti) — vsynth(ti))z’ (4)

i=1

N —number of nodes taken along the time axis t.
Below, the minimum condition is expressed in

. . .. OF :
partial derivatives . equated to zero, written as
j

a system, where j = 0,1,2,3,4 — is the number of
the required coefficient a;.




Here t; — time coordinate; N — the number of
points taken on the time axis. The system of
equations (4) is represented in matrix form:

Koef -a =35, (5)
Then
N N
tz4 1
24 2
Koef = : : )
N N
t} ti
)
Qo
- ( ; ) (6)
Ay
N
> (e
i=1
§= : ,
N
PRI OR
i=1
as well as the solution of equation (5):
a= Koef™1-5, (7)

The Fig. 5 graphically presents a comparison
of the experimental values of dynamic vertical
displacements of the middle node of the beam
FE model VéP(t), with the displacement
values obtained using the synthesizing curve
vsynth(t)'

.05

V=V

00
—y=Fgpy
— =iy

.15
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 5. Graphical comparison of the
numerical experimental values of the middle
node vertical displacements V¢*P (t), with the
displacement values obtained using the
synthesizing curve vSY™"(t) for the time period
T = 0.65 sec.
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The Fig. 5 shows some difference between the
values of the experiment and the model values,
which indicates the possibility of developing the
presented methodology by clarifying the
appropriate type of curve.

The main advantage of using the synthesizing
curve lies in the "simplicity" of its further
application in identifying the optimal value of
the temporal nonlocality parameter of the model
w. This is also determined by the fact that the
derivatives of such a synthesizing function can
be represented as a functional dependence. This
greatly simplifies the calculation and results
analysis at the model calibration stage.

Let us substitute the expressions of the
synthesizing curve vSY™"(t,) and its derivatives
v/ SYMER (), v YRR (t) of the first and second
order into equation (1):

M - (12a,t? + 6ast; + 2a,) +
+a-D- (4a4ti3 + 3a3ti2 + 2a,t; + al) +
+(1 =)D [ Ee D (day(t; -

)3 + 3a3(t; — 1)% + 2a,(¢; — 1) +
+ay)dr + K - (agtf + ast? + ayt? +
+a1ti + ao) = F(ti).

(8)

Now we transform equation (8) in such a way
that the terms containing the desired parameter
u, are located to the left side, and those free
from it are to the right:

t

1—-a)2
ﬂ-D : f e D (4q,(t; — 7)% +

\/E t

0
+3a3(t; — 1) + 2a,(t; — 1) + a;)dt =
=F(t;) — M - (12a,t? + 6ast; + 2a,) —
—a - D - (4a,t? + 3ast? + 2at; + a;) —
—K - (agtf + ast? + at? + a1t; + aq).

©)

Let us denote in (9) by R(t;) the “effective
load” vector calculated for the i moment of
time:

R(t;) = F(t) —
—M - (12a4t? + 6ast; + 2a,) —
—aD - (4a,t? + 3ast? + 2a,t; + a;) —
—K - (aqt} + ast? + ayt? + ast; + ao).

(10)
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Then the total effective load vector will look

like:
N
R = Z R(t).
i=1

Now we denote by Z(u, t;), the integral operator
in (8) - (9), calculated for the i-th moment of
time and containing the nonlocality parameter
of the model u:

(11)

t

2Gut) = [ e a6 -7 +
o (12)
+3a3(t; — 1)% + 2a,(t; — 1) + a;)dr,

T — time parameter characterizing the moments
of time preceding the moment ¢;.
Then the total integral operator takes the form:

N
2 =) 2. (13)

Substituting expressions (11) and (13) into
(9), we obtain an equation for an unknown
quantity (the nonlocality parameter of the
model p):

2 1
—M-Z(u) -~ .p-l.R

T 1-«a

The solution of equation (14) is algorithmized
and performed in accordance with the stated
method 2 and programmed in MATLAB. As a
result of the numerical solution (14), we
obtained the value of the nonlocality
parameter in the middle node of the composite
beam, equal to u = 2.78328 sec. Figure 6
shows a graph of the values of the vector
ymodel(r) of to pu=278328 sec, in
comparison with the experimental values
Vexr(t).

(14)
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Figure 6. Vertical displacement of the composite
beam middle node: VP (t) — experimental curve;
ymedel(t) — calibrated non-local in time curve at
u = 2.78328 sec.

In Table 2 comparison of the calibration results
of the non-local model by the two methods
described with the results of the local model is
presented. The average relative error is calculated

100% <y |7E*P(t)-vmodel(t)
by the formula " =1 1o ,

where N=251 — is the number of nodal points
taken along the time axis.

Table 2.

The value of
the non- Relative
locality calculation
parameter p, error, [%]
[sec]

Local model - 44,08

Non-local

model

calibrated by 2.68601 4.52

methodology 1

Non-local

model

calibrated by 2.78328 4.52

methodology 2

CONCLUSION

A non-local damping model applied to dynamic
calculations of structures made of composite
materials gives a result with a smaller relative
calculation error in comparison with the
experimental results than a local one.
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Two techniques have been developed for
controlling a non-local model of nonlocal in time
damping properties according to experimental
data. Those techniques are presented in the
article on the example of a specific composite
sample analysis. When rounding the error to a
hundredth of a percent, both techniques give a
result with the same reliability of calculations. To
date, technique 1 seems to be basic, while
technique 2 is more promising in terms of
algorithmization of the process of modeling the
temporal nonlocality of damping properties of
composite materials. The choice of synthesizing
curves suitable for real experimental data is a
matter for a separate study.
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Abstract. During the construction of ground and underground structures, filtration of a liquid grout in loose soil
makes it possible to strengthen the foundation and create underground waterproof partitions. A one-dimensional
problem of filtering a bidisperse suspension in a homogeneous porous medium with size-exclusion particle capture
mechanism is considered. The article is devoted to the calculation of the exact solution of the problem given as
the upper limit of the integral with a singularity. The proposed bitwise search method for calculating integrals
makes it possible to smooth out fluctuations of the solution near the singularity. Partial and total retention profiles
are analyzed.

Keywords: deep bed filtration, bidisperse suspension, retention profiles, exact solution, bitwise search method

NCCIEAOBAHHUE 3AJAYU OUJIBTPAIIUU METOJIOM
IHOPA3PAAHOI'O IOUCKA

JLU. Ky3omuna ', 10.B. Ocunog *, M./l. Acmaxog *

! HauoHaIbHbIH HCCleoBaTeNbCKUI YHUBEPCHUTET «BhICIas mKosa 5KOHOMHKW», Mocksa, POCCHU S
2 HarmoHaIBHBIH UCCeq0BaTeNbCKUiT MOCKOBCKHIA rOoCyJIapCTBEHHBIN CTPOUTENbHBIN YHUBEpCUTET, MOCKBa,
POCCHUA

Annotanusi. IIpu CTPOUTENBCTBE HA3EMHBIX M IIOJ3EMHBIX COOPY)KEHHH (DUIBTpAIMA >KMIKOIO PacTBOpa
YKPETHUTEITS B PHIXJIOM TPYHTE MO3BOJISICT YKPENUTh HYHAAMEHT U CO3/1aBaTh TIOJ3EMHBIC BOJTOHCITPOHUIIAEMBIC
neperopoiku. PaccmarpuBaercsi omHOMEpHas 3amada (GUIBTPAIMH OMIMCIIEPCHON CYCIICH3WH B OJHOPOIHOM
HOpl/ICTOﬁ Cpe[le C pa3MeprlM MEXaHU3MOM 3axBaTa 4aCTUL. CTaTI)SI TIIOCBALICHA BBIYUCIICHUKO TOYHOI'O pe].[leHl/Iﬂ
3a]1a4M, 3aJIaHHOTO B BHJIC BEPXHETO MpeJiesia HHTerpaia ¢ 0co0eHHOCThIO. [IpeaiaraeMplii METO/I TOPA3PSIHOTO
MOUCKA Il BBIYKMCIICHUS HMHTEIPAIOB IO3BOJISCT CIAAUTh KOJCOaHMs PEHICHHUS BOJU3M OCOOCHHOCTH.
WccnemytoTest YaCTHYHbIE U MOJTHbIE MPOQUITN KOHIIEHTPALUH OCAKICHHBIX YACTHII.

KuroueBble ciioBa: riryOunHas GuiibTpanus, OuancnepcHast CycreH3us, MpohuIn ocaaKa, TOYHOE peIIeHHe,
METO/1 TIOPa3psITHOTO MOUCKA

1. INTRODUCTION

Filtration problems are relevant for many areas
of science and technology. In construction
problems, modeling the filtration of the smallest
particles in a porous medium allows one to study
the properties of soils and analyze the
possibilities of strengthening loose soil to create
a solid foundation [1-4].

The carrier fluid flows through the porous
medium and carries the fine solids of suspension.

During the filtration process, some particles are
retained and form a deposit. There are many
different mechanisms of particle capture, which
are determined by the physicochemical
properties of the porous medium, liquid, and
suspension particles, as well as the geometry of
the porous structure [5-7]. If the particle sizes
and pore cross sections are of the same order, the
prevailing particle capture mechanism is size-
exclusion: suspended particles are transported
through wide pores and get stuck at the entrance
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of narrow pores [8-10]. Suppose that the
Newtonian fluid is incompressible, the
suspended particles move at the same speed as
the carrier fluid, the retained particles are
stationary and cannot be knocked out of the
porous frame by the fluid or suspended particles.
The standard one-dimensional mathematical
model of filtration of a monodisperse suspension
in a homogeneous porous medium includes the
balance equation for the masses of suspended and
retained particles and the kinetic equation for the
growth of the particles retained concentration
[11-14]. The equations are considered in a
dimensionless form: the concentrations of
suspended and retained particles are normalized
by dividing by the concentration of the
suspension at the inlet of the porous medium, the
length of the porous sample is taken as a unit, and
the unit of time is the period of passage of a
suspended particle through the porous medium
from inlet to outlet. The dimensionless velocity
of particles and carrier fluid is equal to 1.

When filtering in a porous medium, the deposit
is unevenly distributed. The distribution of
retained particles is given by the retention profile
- the concentration of deposited particles at a
fixed time, which depends on the coordinate. For
a monodisperse suspension, the retention profile
decreases monotonically: it is maximum at the
inlet of the porous medium and minimum at the
outlet.

If the suspension contains suspended particles of
two different sizes, then the mass balance and
kinetic equations of deposit growth are written
separately for each type of particles. The
connection between the equations for different
particles is carried out by a single filtration
function, which is included in both Kkinetic
equations and depends on a linear combination of
partial retained concentrations. When filtering a
bidisperse suspension, the profile of large
particles decreases monotonically, while the
profile of small particles is nonmonotone: near
the inlet of a porous medium, the profile
increases, reaches a maximum, and then
decreases monotonically. As time increases, the
maximum point moves away from the inlet. The
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monotonicity or nonmonotonicity of the total
retention profile depends on the model
parameters. The retention profiles of a bidisperse
suspension were studied numerically in [15, 16],
and an analytical solution was obtained in [17].
Filtration problems, as a rule, do not have an
exact analytical solution. In many works devoted
to the numerical solution of filtration problems,
the finite difference method is used [18-20].
Calculation using an explicit difference scheme
allows you to quickly make calculations, but the
presence of  discontinuities  significantly
complicates finding a solution. If an exact
solution in an implicit closed form or its
asymptotics is known, it is used to numerically
calculate the solution in an explicit form [21, 22].
For the problem of filtering a bidisperse
suspension in a porous medium, an exact implicit
solution is obtained. The solution is given in the
form of integrals with variable limits, the
integrand has a singularity. Finding the value of
the integral near the singularity is a difficult
computational problem. In this article, bitwise
search method for calculation of a solution is
used [23]. This method makes it possible to
smooth out fluctuations in the solution that arise
when calculating integrals with singularities
using standard methods. The results of
calculations for solving the filtration problem by
the standard method and by the bitwise search
method are presented. The profiles of the total
retained concentration and partial retained
concentrations of particles of the same size are
obtained and analyzed.

2. MATHEMATICAL MODEL

In the domain Q={x>0,7>0} consider the
system

%+%+@:O, (1)
ot ox Ot
% =(1-b)Ac,, b=B,c's, + B,cys,, i=1,2. (2)

87



Here A, B, ¢! are positive constants, 4 > A4,,

clo+c§:l. The unknowns ¢;, s;, i=12 are

the suspended and retained particles
concentrations,  respectively, b is  the
concentration of occupied sites, B, is the

individual area that an attached particle occupies
at the rock surface, and ¢/ are the particle
concentrations in the injected suspension.
For the uniqueness of the solution of problem (1),
(2), the conditions are set at the inlet of the
porous medium and at the initial moment:

A3)

0
x=0:¢=¢,

1

t=0:¢,=0,s5=0, i=12.

The a(x,1), c(x,t)
discontinuity on the characteristic line #=x,

solutions have a

¢ dc
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because the initial and boundary conditions do
not match at the origin. The line #=x is the
concentration front I' of the suspended and
retained particles which divides the interior of the
domain Q into two zones. In the domain
Q,={x>0,0<7<x} the problem has a zero

solution; in the domain Q, ={x>0, 7> x} the

solution is positive. In the domain Q, the

r dc

Inld
0/ .0 ol 0 of €
c| Bie, (¢, —¢c)+ By, | ¢, — ¢, (]

=)

where

(6)

¢ =c(x,x)=cle ™
is the solution on the concentration front I'.
For known c¢/(x,?), ¢,(x,t) concentrations of
retained particles are given by the formula
S = 0, 0 - o o =12,

Biey (¢ —¢) )+ Byey (¢, —¢3)

C.

l

In particular, at the inlet x =0 solution (7) takes
the form

A.c?
sSO="1-e), =12,
i (1) B( )

B=AB, (010)2 +Zsz(CS)2-

(8)

/2y
o0 of € 0( .0
c| B (¢, —¢ [coj )+ B,c, (c2 —c)
2

solutions  ¢(x,?), c,(x,t)are related by the
formulae
FNoN ol
c c
c=d(S) . e-d(s] @
G G
and are given in implicit form
= ﬂ’1 (t - X),
0
: (5)
= //12 (t - X),

Consider the properties of retention profiles
given by formula (7) at fixed time ¢.

- The partial retention profile s,(x,7) decreases
monotonically for all 7> x;

- The partial retention profile s,(x,¢) decreases

monotonically for x<7¢<¢, and increases

monotonically for # > ¢,;
-The total retention profile s(x,7) decreases

monotonically for all ¢>x if B¢ <Bc);

decreases monotonically at x<¢<7, and

increases monotonically at ¢ > T, if B,c] > B,c).

So, any non-monotonic retention profile has a
maximum point. As time increases, the
maximum point shifts from the inlet of the
porous medium.
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3. BITWISE SEARCH METHOD

Obtained exact solution makes it possible to
perform calculations using formulae (5) without
a numerical solution of the original problem (1)—
(3). Calculation of the implicit solution — the
upper limit of integration in integrals (5) was
performed by the bitwise search method [24, 25].
Finding the solution numerically is complicated
by the fact that the upper limit of integration is
close to the singularity of the integrand.
Calculations by standard methods lead to
oscillations of the solution and increase of an
error, since the derivative solutions are limited.
To obtain a smooth solution, the bitwise search
method was chosen as one of the direct search
methods that does not use derivatives in
calculations. With a large error in calculating the
values of the function, the bitwise search method
makes it possible to avoid an excessive number
of iterations.

The profile is constructed by calculating the
profiles of suspended particles concentrations
¢ (x,t), ¢,(x,t) at each point of the porous

medium at a fixed time 7. Formulae (4) set a
relation for concentrations and make it possible
to implement two approaches to computation of
a solution. You can use one profile as a basic one,
calculating it by formula (5), and obtain the
second profile algebraically by formula (4). If we
calculate both profiles by formulae (5), algebraic
formulae (4) can be used to check the accuracy
of the solutions found.
The input parameters of the program are:
e x step —step by x,
e ¢/ — time for which the solution profile is
calculated,
e accuracy — obtained accuracy of the
solution ¢, ,

e calc — list of profiles, which are
calculated by formulae (5).
Denote the following variables:

e  Need, —the right side of equation (5), the

value of the integral,
e Depth — the current bit of the search for
Cn, called the search depth,
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e S —the calculated value of the integral at
the current iteration,
e Res, —the last obtained profile value,
e Best — a pair of variables:
o Best|[0] = Delta — deviation
between the values of the integral
S and Need,
o Best[l1] = ¢, — the calculated
solution,
e Plus — flag storing the search direction:
o true (1) — in the direction of
increase of ¢, ,
o false (0) — in the direction of
decrease of ¢, .
The first step is to calculate the right side
Need, = A,(t—x) of the integral (5), then the
condition Need >0 is checked, which means
that the solution behind the front 7>x is
positive. If Need <0, the point x belongs to the
front and ¢, =c, . Otherwise, we proceed to the
calculation for one of the basic profiles.
The search depth (Depth) for the next step in x is
calculated using the linear interpolation formula

—-1.

Depth = —log,, |Resn —-c,

The search depth determines in which bit the next
value of ¢, can be obtained, and reduce the

number of iterations of the algorithm.
Then it is checked that the upper integration limit

cannot be less than the lower one: Res, >c,,
otherwise Res, =c, .
The condition Res, <c, is also checked, which

means that the concentration cannot exceed the
initial concentration of the suspension, otherwise

Res, =c, .

Let's start the calculation of ¢, ata given point x,
setting Res, as the initial value. The algorithm
includes the following steps.

1. Calculate the integral on the left side of
formula (5) with the current value c,
using the Simpson method.

2. Calculate Delta= |S — Need | .
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It Delta < Best[0], then

Best ={Delta,c,} .

If Delta <107““““») then the value of
the integral is found with the required
accuracy, go to step 1 with the next value
of x.

If §> Need and Plus = true, change the
search direction (Plus = false) and
increase the search bit (Depth +=1).

If S < Need and Plus = false, change the
search direction (Plus = true) and increase
the search bit (Depth +=1).

If Depth > accuracy , then the specified

accuracy of the solution is reached, go to
step 1 with the next value of x.
Let's take the next

c, =c, +107°?" if Plus = false,
c, =c, —107"°?" if Plus = true.

Check that the value of ¢, does not go

step

beyond the limits of the interval [c, ,c,].

— 51(x.0)
S2(%,0)

"
— 2sixt)
=1

T T T T
0.0 0.2 0.4 0.6 0.8 X

a) =0.2

0.0 0.2 0.4 0.6 0.8 X

c) =10
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If ¢, ¢[c,,c’], then take a step back
c, =c, —107°?" if Plus = false,
¢, =c, +107°?" if Plus = true.
and increase Depth +=1, then return to
step 8.
10. Increase x by one step and go to step 1.
At the end of the loop, the result of the
calculation is Best[1].
Dependent profile is calculated by formula (4).
If both profiles were calculated by formulae (5),
then with the help of (4) the calculation error is
determined - the discrepancy between the values
of the same profiles is calculated.

4. NUMERICAL SIMULATION

Figure 1 shows the profiles of partial and total
concentration of retained particles at different
time for the parameters 4 =25 4,=5,

B, =0.125, B, =0.025, " =05, ¢! =0.5.

S

— s1lx,0)
147 S0x,0)
12 — 250
i=1
10 4
8
6
4]
R k
0]
0.0 02 04 06 08 x
b) =2
S
25
20
15 —‘\_____‘_;
10
— S1(x,8)
Sa(x, 8
5] n
— Zs,x0)
i=1
0.0 02 04 06 08 X
d) =40

Figure 1. Retained concentration profiles
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According to Fig. 1 profiles of large and small
particles are separated at a long time. Large
particles are mainly deposited near the inlet of
the porous medium, while small particles are
deposited near the outlet. The monotonicity of

S

— Six,1)
S2lx, 1)
— 5=51+5;

0.7 4
0.6
0.5
0.4
03
0.2 1
N k
0.0

T T T T
0.0 02 0.4 0.6 0.8 X

the total sediment profile depends on the
parameters of the problem.

The graphs of solutions obtained without the
procedure for smoothing oscillations have kinks
and oscillating nonmonotonic sections that are
unacceptable in smooth solutions (Fig. 2).

1=0.1; IBC=1
0.30

0.25

0.20

n 0.15

0.10

0.05

0.00

T T T T
0.2 0.4 0.6 0.8
x

Figure 2. Unacceptable non-smooth retention profiles

5. CONCLUSION

For the filtration model of bidisperse suspension
in a homogeneous porous medium
e Implicit exact solutions are found in the
form of integrals with singularities.
e Bitwise search method is used to
calculate the smoothed solution.
e The algorithm of the bitwise search
method is described.
e Smooth numerical solutions are obtained.
e Retention profiles of total and partial
deposit concentrations are constructed.
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Abstract. Long-term operation in difficult engineering-geological conditions of unique underground sewage
facilities creates the danger of violating their structural safety. A long-term study of the dynamics of changes in a
technical state of large pumping stations and deep sewage tunnels made it possible to establish patterns of influence
of intensive anthropogenic and dynamic actions on this process. The developed discrete and continuous diagnostic
models of defect development in tunnel structures allow identifying potentially hazardous areas subjected to
manifestation of critical failures and methods of their localization. On the basis of numerical modeling the
boundaries of defect-free joint operation of the system “source of impact — geo-mass — sewage underground
structure” have been determined. The geotechnical and structural calculations are used to simulate the interaction
of the facilities with the soil environment and predict adaptive stress-strain control system parameters. With
increasing external anthropogenic and dynamic impacts, modeling zones of urban areas with potentially dangerous
sections of underground sewage facilities constitute the basis for development of regulatory documents on
monitoring methods and safe development of the geotechnical infrastructure of a megacity.

Keywords: unique underground sewer structures, structural safety, complex ground conditions,
modeling and monitoring, man-made impacts
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HACOCHBIX CTaHLUM W TyHHeNeH TIyOOKOro 3ajl0KEHHs IO3BOJIMIIO YCTAHOBUTH 3aKOHOMEPHOCTH BIMSHHS
MHTEHCHUBHBIX aHTPOIMOTCHHBIX U AMHAMUYECKHX BO3JACHCTBHUI Ha 3TOT mpolecc. Pa3paboraHHble AUCKPETHBIE
U HETPEephIBHBIC IMArHOCTUYECKHE MOJICNIU Pa3BUTHS JIe()EKTOB KOHCTPYKIMI TOHHEJEH MMO3BOJISIIOT BBISIBUTD
MOTEHIMAJIbHO OINACHBbIC YYacTKH, IIOJIBEP)KEHHbIC IIPOSIBICHHIO KPUTHYECKUX OTKAa30B M CIIOCOOBI HX
nokanu3anuu. Ha OCHOBE UYHCIEHHOIO MOJEIMPOBAHMSA OINPEAECNICHBI I'PAHHIBI Oe31e()eKTHOH COBMECTHON
paboThl CHCTEMBI “HCTOYHHMK BO3JCHCTBHS — T€OMAcCHB — MOA3EMHOC KaHAIM3AIMOHHOE COOpPYKCHHE.
ITocpencTBOM COBMECTHOI'O BBIMOJIHEHUSI T'€OTEXHMUYECKHMX U KOHCTPYKTOPCKUX PAacueTOB MOJAEIUPYIOTCS
MIPOIIECCHI B3aUMOJICHCTBUSI 000PYIOBAHUS C TPYHTOBOM CPEO M MPOTHO3UPYIOTCS MapaMeTphl aJalTHBHOTO
YIpaBICHUS HANPSHKEHHO-Ie(GOPMUPOBAHHEIM COCTOSIHUEM cHcTeMbl. Ilpm BO3pacTalommx BHEIIHHX
AHTPOTIOTEHHBIX W AMHAMUYECKUX BO3JCHCTBUI MOJICINPOBAHIE 30H TOPOJICKIX TEPPUTOPHH C ITOTEHINAIBHO
ONAaCHBIMU YYacTKaMH MOJ3EMHBIX KaHAJIM3ALUOHHBIX COOPYKEHUH SIBIAETCS OCHOBOW Ul pa3paboTKH
HOPMAaTHBHBIX JIOKYMEHTOB MO METOJaM MOHUTOPHHra M O€30MIaCHOMY pa3BHTHIO TEOTEXHHYECKOU
HH(PACTPYKTYpPBI METAIOJIHCA.

Keywords: YHUKAJIBHBIC ITOA3EMHBIC COOPYIKCHHS, KOHCTPYKIIMOHHAA 6630HaCHOCTB,
CJIOKHBIC I'PYHTOBBIC YCJIOBUA, MOJACJIMPOBAHUE 1 MOHUTOPUHT', TCXHOT'CHHLIC BO3JICHCTBUS

1. INTRODUCTION. GENERAL
FEATURES OF THE PROBLEM UNDER
SOLUTION

At development of big cities unique underground
sewage structures require special protection
against anthropogenic actions. Sewage pump
stations and tunnels as the facilities of an
increased level of responsibility should meet the
requirements of safe operation excluding the risk
of emerging dangerous failures [1, 2]. The
analysis of data on a current technical state of
large pump stations (the depth of lowering -
down to 71 m, the diameter - up to 66 m) and
deep sewage tunnels (the total length — more than
2500 km) in more than ten largest cities of Russia
with developed historical downtowns allowed
developing methods of evaluation of their
technical state, make a classification and a
catalogue of defects.

In order to identify causes of defects at operation
of underground pump stations (violation of
integrity of a structure shell, force cracks,
corrosion of concrete and reinforcement due to
leakages) there were analyzed processes of
construction and lowering of a large RC shell.
During the sinking of large-size tempering
structures, specific conditions of their interaction
with the ground massif manifest themselves. Due
to the inclusion of the scale effect (factor) (by the
hyper size of the side surface area of the shell
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interacting with heterogeneous soil S=14500m2
and its super large mass G=1,2¢106kH) creating
a powerful kinetic momentum at instantaneous,
most often sudden, landings of the lowering
structure [3, 4]. The joint manifestation of these
factors is responsible for the specific, non-linear
behavior of the structure during sinking and the
host soil mass. The strength and deformability of
a large-scale massive structure, its geometric
variability should be calculated not only for the
final stage of construction. Still for the entire
history of immersion, taking into account the
history of the interaction of the shell with the soil
massif during immersion and consequently the
effect of stage-by-stage inheritance of the stress.
That can only be done using nonlinear problem
solving and computer modeling.

The analysis of the experimental results
presented in the article showed that the main
defects leading to failure of shell integrity and
cracking occurred during the erection of the
underground part in the soil mass. Thus, the main
task is to ensure the operation of the structure in
up to the limit modes at the stage of its life cycle
during the erection. In order to be able to realise
these conditions, it is crucial to assess the actual
structural performance taking into account the
process of its stage-by-stage erection in the soil
mass under the non-linear material properties of
the structure and the ground. These conditions
can be taken into account to build a correct model
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of the interaction history of the shell during its
step-by-step insertion into the soil mass.
Calculated justification of the range of
preliminarily changes in the stress-strain state of
the mega massive shell when it is immersed in
heterogeneous soils will ensure a defect-free life
cycle of the underground structure at the stage of
erection [5]. The analysis of the shell loading
history at the stage of its erection taking into
account the effect of VAT inheritance allows to
create an adequate calculation and analytical
model of the underground structure and to choose
a rational calculation method for predicting the
dynamics and spatial boundaries of stress-strain
state (SSS) changes in the reinforced concrete
shell structure, ensuring defect-free structure at
all stages of its immersion.

The methodological approach proposed in the
article allows you to move from the previously
adopted method of calculation on the sinking
(Handbook of geotechnics. Edited by V.A.
Ilyichev and R.A. Mangushev, 2016) of large-
size underground water disposal facilities erected
by tempering method to the concept of modeling
and prediction of defect-free life cycle at the
stage of their construction. The results of
experimental and theoretical studies represented
in the article convincingly show that modeling
and calculated justification of preventive
protection parameters by geotechnical methods
of underground construction at the stage of
erection will ensure its safety and stability to
man-made impacts at subsequent stages of the
life cycle during long-term operation.

The paper draws special attention to
investigation of structural safety of deep sewage
tunnels, long-operating in the bulk of unstable
soils of different strength at growing
anthropogenic and dynamic actions. For almost
most of the cities under consideration, the
network of tunnel collectors has an average value
of the physical deterioration degree more than
60% with a development dynamic of 0.6-1.2%
per year. It was found that for the cities where the
operation of the engineering infrastructure is
carried out in complex engineering and
geological conditions typical, for example, for St.
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Petersburg, the degree of the tunnels wear is
significantly greater, reaching 83% with a higher
development dynamic of up to 1.6-2.1 % per
year. Development of a methodology for
identifying the potentially dangerous sections of
tunnels operated for a long time in difficult soil
conditions, with their subsequent modeling and
monitoring, will ensure their structural safety
with increasing man-induced dynamic impacts.

2. THE METHODS OF MONITORING
AND GEOTECHNICAL EVALUATION OF
NON-STATIONARY INTERACTION OF A
LARGE SHELL WITH
HETEROGENEOUS SOIL MILIEU

According to the results of field and calculated-
experimental works and data of complex system
of geotechnical monitoring (Figure 1) of large-
sized (D=50+~60m and H=55+71m) sinking wells
the peculiarities of their interaction with
heterogeneous soil medium during sinking were
studied. The heterogeneity of soil strata is
characterized as follows: the upper stratum is
represented by quaternary strata to a depth of
14.0-25.0 m (dusty sands of medium density,
water-saturated, E = 11 MPa, C = 0.005 MPa, ¢
= 30°; dusty loamy sandy loam, E =4 MPa, C =
0.01 MPa, ¢ = 15°; dusty loamy layered fluid
plastic, E = 9 MPa, C = 0.025 MPa, ¢ = 16°
dusty loamy semi-solid with gravel, pebbles, E =
14 MPa, C = 0.028 MPa, ¢ = 28°), the lower one
- the roof of Proterozoic clays of dislocated solids
(E=19 MPa, C = 0.04+0.06 MPa, ¢ = 18+21°).

The geomonitoring structure included: 1)
program complex of calculations and the
geomassive stress under different erection
modes; 2) technical means of instrumental
observations and SSS control of the separate
elements of the system "structure - geomassive";
3) information-measuring system of gathering,
processing, storage and identification of
parameters (data) of observations and control; 4)
geotechnical methods of the influence on the
geometric massif and soil and structure stress.

97



Ensuring the technosphere safety of construction and maintenance of
underground engineering structure

i ‘ ]

Structure resistance and siress-sirain siatd Ktructural and process parameters

of the hasement hnd stress-strain state of the structure
Changes at the point of the Changes, inclination, Structures
mnderground structure contact |displacernent sediment characteristics
with grownd
Normal | | Lateral | | Sediments, Incling | [Deforma| [Siress in the
ressure TEsSUre displac ements tion tion of Tetnibroe:
e P concrete ment
Marlks, sivain Inclina-
PNGS PDM gauges, vihration tion, PLDS PSAS
detectors SENSOTS
i | Local electronic | switches i l
LES1 | LES3 |
‘ ST ‘ ‘ Electronic data storage ‘ ‘ PFTs
S - | . =
¥ v ¥

| Design values of characteristics (as per reference modek) |

| Evahiation, modelling and predicting of situations |

Figure 1. Geocomplex of monitoring and
regulating stress-strain behavior of an
embedding geobulk.

The monitoring established the peak values of
horizontal stresses at the moment of "roll",
exceeding the calculated values by more than 2.5
times. This can cause the appearance of
microcracks in the concrete structure, which will
inevitably lead to violations of waterproofing of
the structure. The consequences of this
circumstance were noted after 15-20 years of
culverts' operation by the inevitable failure of
their airtightness (Figure 2).
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Figure 2. Sinking stages and monitoring of the
stress-strain state of the large-sized sinking
well: a - sinking hodogram, b, c - volume
diagram of the shell displacement and the
stress-strain state (SSS) of the shell

According to the analysis of sinking process and
stress-strain state of large-sized shell, different,
even alternating, stress-strain state of "large-
sized shell-soil mass" system and different types
of pressures (SP22.13330) of ground medium on
the shell, including resting pressure, active and
passive pressure (see Figure 3) are observed at
different sinking stages.

The strength and deformability of a large-scale
massive structure, its geometric variability, must
be calculated not only for the final stage of
construction, but for the entire history of
immersion, taking into account the history of the
interaction of the shell with the ground massif
during immersion.

According to the general theory the ground
pressure on the walls of the well at rest can be
determined from the expression:

0,(2)=0(z.u,)

w0 = Aoyz (1)
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where ™ - coefficient of lateral pressure of the
ground at rest; ¥ - specific weight of the ground;
z - distance from the ground surface to the point
in question.

At displacements of the manhole shell wall >
0.005h (SP22.133 p.9.21) from the ground at

depth z, the active pressure on the enclosure, 9
which corresponds to the minimum pressure

value, is realized. The passive pressure 9», is
realized at much larger displacements of the wall
on the ground (U, =0,01-0,022) and corresponds
to the maximum value of pressure.

If there is no load on the ground surface, the
expressions for determining the active and
passive pressures are as follows:

Gﬂ (Z) = A‘ﬂyz - C)\'RC

2
3)

o, (z)=hyz+ch,

A

where: “a - coefficient of active ground

pressure; - M coefficient for the influence of

A

P -

A

coefficient of passive ground pressure; - “pe
coefficient for the influence of ground cohesion
on passive pressure; ¢ - specific ground cohesion.

ground cohesion on the active pressure;

Figure 3. Asymmetric deformation
(displacement) of the KGOK shell
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Figure 4. Dependence of lateral soil pressure

on the shell on displacements ux €(up, uq)
according to clause 9.21 (SP 22.13330)

The dependence of the effective horizontal
pressure of the ground on the retaining structure
in the interval ux (up, ua) has a complex character
(Figure 4).

The active and passive pressures of the ground on
the enclosure constitute the pressure limits, that
is, the effective pressure is always in the range:

0,(2)=0,(z,u,) <0 ,(2)

4)

The dependence of the effective horizontal
ground pressure on the holding structure in the

interval “xe(“paua) has a complex character
(Figure 4).

In Figure 3 and considering Figure 4 we show the
character  of  asymmetric  deformations
(displacements) of the shell contour according to
the diagram of dependence of horizontal soil
pressure on the walls of the well depending on
the character of its displacement (asymmetric
contraction-expansion of the shell in its upper
and lower parts) and the diagram of lateral soil
pressure, when approximating it by piecewise
linear function.

The function of change of pressure value 9:at
some depth z from displacements can be
represented as follows:

0,, U, su,
Ox(ux)= f(ux)f up <ux <ua
O,, U,=Uu,

)
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With some assumptions, the function

Ju,)=0,—ku, (6)
where k is the stiffness coefficient of the ground;

%o_ ground pressure at rest.

The ground stiffness coefficient can be used as
the ground stiffness coefficient.

The resulting pressure along the bottom and top
sections of the well wall is the sum of the
effective pressures on both sides of the enclosure.
Let us present in the form of two graphs the
effective ground pressure on the wall of the well
from the ground (left) and the excavation (right)
depending on the horizontal displacement of the
well shell (Figure 3).

Construct the function as a 9.(z.%.) piecewise
given function for any value of z.

To describe the effective pressures 0.1 for
individual sections of the diagram between the
active  and  passive  pressure  limits
0,(2)=hyz—chk, O,(z)=hyz+ch, instead of (a),
(b), (¢), (d) we will use (1), (2), (3), (4), adding
indices "I":"""for the terms relating to the axis of
contraction and expansion of the well diameter.
In the case where the knife part of the wall of the
well is surrounded on both sides by the soil mass

0,(2,4,) will take the form of:
0;(2)‘0.:(2‘hk)= U, su,
olz)-al(z-h)-uk', u <u, <u,

o (zu)=lol@@)-clGz-h)-u (k' +k7), u,=<u, <u, (7)

ol(z)-cj(z-h)-u k", u,<u, <u,

o.(2)-0(z-h,), U, su,

If we separately consider the resultant pressures

on the shell up to the face (2= by, expression
(7) will take the form:

0,(2), u, =u
(8)

o, (zu)=lo\(z)-k'u, u <u, <u,

0,(2), ussu,

Let us substitute expressions (1), (2), (3) in (7)
and (8):
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A,yz +ch U, su,

pel >

O (zu )= hoyz =k, wy <u, <u,

)

Ag¥z+ch,y, Uy <u,
Nyz-Ny(z-h)+ch, +ch,, u =<y
Aovz = Ny (2= hy) + ek, —u k',
0, (zu,) =z - Ny (z-h) -u, (k' + k"),
e Ny (2 hy) - Ny~

Moz =Ny (z - ) - Ny N,

U <u, <,
U, =U, <Uy (10)

Uy <uU, <U,

U, su,

The analysis of formulas (9) and (10)
describing resultant pressures shows that
practically independent of properties of the
host soil mass, the sum of effective pressures
on the asymmetric deformed shell (Figure 3)
both in the opposite axial directions and in the
lower and upper parts of the shell exhibit a high
degree of nonuniformity. As comparative
calculations show, the non-uniformity of the
resulting pressures can be of the order of one
unit (see Figure 5) or more, either on both sides
of it, or along the formations of the lower and
upper sections of the manhole walls. It is
impossible to predict such character of the
stress-strain  state (SSS) of the "sinking
structure-soil massif" system using the
recommended calculation approach, as it was
noted, and it is also impossible to ensure
verticality and uniformity of sinking by
applying previously known methods of
geotechnology [6], as evidenced by hodograms
(see Figure 2a).

The analysis of the conditions of interaction
between a massive large-sized shell and the
ground massif when immersed in heterogeneous
strata testifies to the manifestation of non-
stationarity effects in the parameters reflecting
this process. In order to be able to study the
regularities of manifestation and conditions for
preventing their prohibitive development in our
further studies, it is necessary to use simulation
of shell immersion modes, solving for this
purpose the problems in linear and nonlinear
formulations.
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Figure 5. Slip lines for active and passive
pressures on the retaining wall (by Korolev
K.V.) 10Ea<<En

The strength and deformability of a large-scale
massive structure, its geometric variability should be
calculated not only for the final stage of construction.
Still for the entire history of immersion, taking into
account the history of the interaction of the shell with
the soil massif during immersion and consequently
the effect of stage-by-stage inheritance of the stress.
That can only be accomplished using nonlinear
problem solving, nonlinear models, and computer-
based nonlinear modeling,

3. THE RESULTS OF MODELING AND
ANALYSIS OF REGULATED MODES OF
LOWERING OF A MASSIVE SHELL IN
HETEROGENEOQOUS SOIL USING THE
METHODS OF GEOTECHNOLOGY

3.1 Numerical modeling of the process of
correcting a tilt of a massive embedded
structure

In engineering practice, it is known that during the
construction of large-diameter manholes there are
often problems associated with the deviation of the
structure from the design position. The causes of
uneven sinking of the well, as it was found in
section 2, are peculiarities of interaction of the
large-sized shell with heterogeneous soil medium
at the stage of its sinking and non-stationary nature
of the stress-strain state of the system "large-sized
lowering shell - the host soil mass".

By means of numerical geotechnical calculations it
is proposed to choose technically possible
geotechnological methods for controlling the
sinking process: change of the geomassivation in
the base of the structure and on the side surface, for
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example, by methods of prestressing the soil mass,
by means of loading leader screens, regulation of
the soil resistance on the side surface and other
protective geotechnological measures,

In order to assess the effectiveness of geotechnical
measures to correct the roll, several series of
calculations were carried out on the ground massif
with a buried structure. In the initial series of
calculations, the soil base was modeled as a linearly
deformable medium. In the subsequent series, the
nonlinearly deformable material. As a linear
medium, a model with a Hooke coupling between
stresses and strains was used [7, 8]. An incremental
model based on generalized Hooke's law was used
to simulate nonlinear material.

Description of the nonlinear ground model

An incremental strain-type model was used as the
computational ground model to solve the
nonlinear problem. The relationship between
stresses and strains in the model is taken

separately for the volumetric and shear
components of the stress tensor:
dS; =2G" - de,

(11)
dd,, =3K"-de,

Where: % - increment of the deviatoric

component of the stress tensor; 9 _increment of
the deviatoric component of the strain tensor;
dd de

@ - increment of the average stress; ™ « -
increment of the average strain; K’- differential
volume strain; G’ - differential shear strain.

The mathematical approximation of deviator
loading is taken as a linear polynomial of two
variables:

- under the condition of loading by the deviatoric

component of the stress tensor

Gp, =4, + 4, B, +4,T,

(12)

- under the condition of unloading by the
deviatoric component of the stress tensor

Gp=A,+4,3,

(13)
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Approximation of the differential volume strain
modulus under the condition of loading by the
spherical component of the stress tensor is
carried out by a second-order power polynomial:

K} =By+B-d,+B,8]

(14)
at "unloading": K» = const
where: T, - tangential stress intensity; 9. -
average stress; AoAisALKBB;B, - model
design parameters.
Parameters of the computational model

A AAK BB B, (12-14) were determined
from the data of three-axis tests in the
stabilometer. The tested soil is a sandy soil of
medium coarseness with density Pd=1.65g/cm3
and humidity W=10%.

The procedure for solving the nonlinear problem
was reduced to the well-known method of variable
stiffness [9, 10], according to which the stiffness
matrix was reshaped at each step of the solution
according to the current level of SSS and the
orientation of the overload vector.

As measures for leveling the roll of a buried
structure can be chosen the method of regulation of
ground resistance by electroosmosis or the transfer
of horizontal pressure on the ground, based on
immersion in an array of soil elastic shell, in which
by special technology creates excessive pressure,
transmitted through the walls of the shell on the
ground [11]. The elastic casings are placed to some
depth along the wall of the buried structure on the
outer side. Then pressure is transferred to the inner
cavity of the shell, which is transferred to the wall
of the structure on one side and to the ground on the
other side.

The calculation scheme is a soil mass measuring
296.0 m (horizontal) by 115, 0 m (vertical). In the
central part of the scheme is a rigid buried
structure having a length of 50.0 m in plan and is
buried at 45.0 m.

The computational scheme is discretized into 246
quadrangular isoparametric elements. The total
number of nodes was 282. The computational
domain is represented by two groups of elements
with different deformation characteristics. The
elements of the first group (rigid buried structure)
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are represented by an elastic material with an
elastic modulus E=30000.0MPa and Poisson's
coefficient V=0.18.

The surrounding structure space is represented
by a group of linearly deformable elements No. 2
with strain modulus E=30.0 MPa and Poisson's
coefficient V=0.33.

In solving the problem, it is assumed that the
structure has an initial roll, as shown in Fig. 6
(left to right). To correct for uneven subsidence
on the right side of the structure is applied
additional load intensity Q on the section of
length L =12.5 m.

The load Q in the solved problems was taken
equal to 0.3; 0.6 and 0.9 MPa.

Numerical solution of geotechnical problems
allowed to obtain the following results. Moving the
contour of the dip well in a continuous elastic
medium while adjusting the action of the lateral
additional load Q and simultaneously adjusting the
soil resistance on the lateral surface provided
predicted prevention of rolls when sinking in
heterogeneous soils. The displacements of the
structure according to the solution of the nonlinear
problem are shown in Figure 6. The greatest
prevention of absolute horizontal displacement at a
load of Q=0.9 MPa is as follows:

1st series of calculations - 48 c¢m; 2nd series of
calculations - 67 cm; 3rd series of calculations -
80 cm; 4th series of calculations - 16 cm.

Table of displacements of corner points of the structure
N Q=03 ke/om? §Q = 0.6 ke/en?lQ = 0.9 kg/en’ll F = 30 MPa
poias Uy fem] | Uz fem] § U, [eml| Us fem] ff Uy [em]| Uz femif v = 0,33

1 | %7 |96 |34 183 [202 [ 275
2 [ 60 a7 [320] 183 [4s0 [ 275
3 [ 67 [0 [-33] 20 2007 32
4 [0 [-106 [319] 21 [rs] 32

Moving the structure in a controlled immersion mode

-48.0 em

480 em
e

32em 275em

& - Q=06 kglom®
o - Q=09 kgem’

Figure 6. Contour displacement of the dip well
in a solid elastic medium under the action of

lateral load: 0=0.3; 0.6; 0.9 (MPa)
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Figure 7. Influence of horizontal displacements
of manhole walls U on ground surface
settlements under roll
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Figure 8. Influence of Uk value control on
ground surface settlement in the mode of
controlled structure landing

For all solved problems, without the application
of geotechnical regulation methods, the
irregularity of sinking of the lowered structure
was observed: vertical movements (raising (+);
lowering (-)) of the left and right contour of the
buried structure with the corresponding sign is
given below:

Series 1 calculations -3.2 and +27.5 cm; Series 2
calculations -12.5 and +36.4 cm; Series 3
calculations -25.7 and +41.1cm; Series 4
calculations -3.2 and +15.9cm.

When the zones with a reduced deformation
modulus are taken into account in the
calculations (the drilling zone), the horizontal
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displacement of the upper part of the structure
has increased almost 2 times.

By comparing the results for different sizes of the
drilling area, it can be seen that for the same E*,
the increase in size by 2 times leads to a
displacement increase of about 15-30%.

The geometric dimensions and configuration of
the SSS control zones were selected by analyzing
the displacement calculation data (Figure 7, 8).
When solving the nonlinear problem (4th series
of calculations), the displacements were obtained
significantly less than when solving elastic
problems. This fact can be explained by the
considerable deformation heterogeneity in the
soil surrounding the buried structure when
solving the non-linear problem. The strain
modulus when solving a nonlinear problem
depends significantly on the stress state. Because
of this, the strain modulus increases with depth.
We also note that for the nonlinear solution there
was no drilling zone, as well as the thixotropic
jacket located around the structure was not
modeled

3.2 Modeling of conditionally instantaneous
failure of a massive shell when it is immersed
in an inhomogeneous soil medium

Using the software package Autodesk Robot
Structural Analysis Professional [12], we
analyzed the performance of the casing structure
during its sudden uncontrolled slip (fall) to the
bottom of an open soil cavity from a height of 1.3
- 1.5 m at angles of deviation from the vertical
axis of 0.5°-5°.

In developing the calculation model (Figure 9) it
was taken into account that the structure of the
shell consists of two cylinders stacked on each
other: Upper cylinder: outer radius R = 36 m,
inner radius R = 30.5 m, height H1 = 46 m;
Lower cylinder: outer radius R = 36 m, inner
radius R = 30 m, height H2 = 25 m. Thus, the
outer diameter of the shell was D = 72 m, the
height of the shell was H =71 m. Concrete class
B30.

To simulate the magnitude of the impact force at
failure of the shell in the model, the cylinder fell
from a height H = 150-250cm. under the action
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of its own weight with an angle of inclination of
0.5 °-5 ° on the compliant soil (clay greenish-
gray: ¢ = 21 °, C = 0,04 MPa, E = 19 MPa).
Spatial shell design scheme was modeled: weight
G = 210000 t; number of knots 16944; volume
finite elements 12496; number of static degrees
of freedom: 50828; number of loads 27; free fall
acceleration g = 9.81 m/kV.s; fall time
t=\772*H/g); At=0.30-0.54 sec. Because of the
angle of the slope, the frictional forces were
applied at the top of the well on one side and at
the bottom on the opposite side.

b

Figure 9. Schematics of calculation models and
submersible shell simulation results at different
angles of its deviation from the vertical axis: a -
static support at roll; b,c - failure and slippage
at deviation from the vertical axis (roll),
respectively: calculation form "N4" at a=1°;
AH=1.25m (n=0.56, A=26.1cm-limited VAT),
calculation form "N22" at a=3.5°; AH=2.5m
(n=1.94, A=183. 4cm-limited SSS)

During the analysis of the shell's deflectivity, we
used the coefficient of forbidden state n, defined
as the ratio of the equivalent stress of the shell
structure according to Mises to the ultimate
resistance of concrete of class B30.

Since the simulation of the stalling processes at
different deflection angles of the shell from the -
a-axis and the drop heights -AH was performed
in a rather large range, Figure 9 shows only
fragments of the calculated forms "NN4 and 22"
and the most characteristic results that were taken
for analysis. The total calculation table of the
integration results of the motion equations of the
shell at stall (fall) at velocity VZ, VX, VY
(cm/sec), acceleration AZ, AX, AY (cm/sec2)
and displacement UZ, UX, UY (cm) was 186385
lines.
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Figure 10. Area of maximum permissible values
of conditionally instantaneous landings
(failures) AH of the shell with diameter D=61m,
height H=71m, weight G=210000t, at various
angles of deviation of the structure from the
vertical axis a® (concrete class B30, ¢ = 21°, C
= 0,04 MPa, E = 19 MPa)

According to the results of modeling (Figure
10), the acceptable parameters of the spatial
position of the shell and the range of its
conditionally instantaneous disruptions,
providing up to the limit value of the shell's SSS
were established.

The simulation results show that for large-sized
shells, the recommendations of normative
documents have limited application and need to
be confirmed by computational modeling.

4. MODELING AND MONITORING OF
POTENTIALLY DANGEROUS PARTS OF
SEWAGE TUNNELS

4.1 The methods of studying potentially
dangerous parts of sewage tunnels

The most interesting from the point of view of
studying potentially dangerous sections of
sewer tunnels is the system and network of
tunnel collectors of St. Petersburg, which, with
an undeveloped redundancy scheme, has a
length of about 275 km. The system of sewer
tunnels consists of pipelines with a diameter of
1.2 to 5.6 m and a depth of 8 to 70 m. Most (up
to 75%) of the waste line length is located in
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the central historical part of the city in
extremely  difficult  technogenic and
engineering-geological conditions. The main
part of the territory is covered by a stratum of
Quaternary deposits (Q) that are unstable to
technogenic impacts. Among the Ilatter, it
should be especially noted water-saturated clay
soils belonging to lake-sea, lake-glacial and
moraine deposits. Up to a depth of 30-120 m,
soil strata are represented by silty sands of
medium density, water-saturated E=7-11 MPa,
C=0-0.005MPa, j=27-30°; silty plastic sandy
loam E=3-5 MPa, C=0.01-0.02 MPa, j=12-17°;
silty layered fluid plastic loams E=5-8 MPa,
C=0.015-0.025 MPa, j=10-16° [13]. Long-term
waste line operation in these conditions
negatively affects their technical condition.
This factor is especially true for the continuously
operating tunnel sewer collectors under the
conditions of increasing man-induced impacts,
first of all, to static from the large-sized
complexes under construction in the influence
zone with a developed underground part (see
Figure. 11) and vibro-dynamic from the
construction and transport equipment [14]. To
identify the potentially dangerous areas,
instrumental surveys of tunnels are carried out
using a special technique. Technical instrumental
surveys included: full-scale tachymetric survey
of the spatial position of the tunnel in the
intervals between mines, scanning the inner
surface conditions of the tunnel with an
assessment of its continuity with a GPR; taking
cores and carrying out tests using the pull-off
method with scanning to determine the strength
characteristics of concrete, taking samples for
chemical and biochemical analyzes, assessing
the degree of corrosion and reinforcement by
non-destructive methods, vibro-dynamic testing
of vibrations of internal tunnel structures from
external and construction vibration effects [15].
The uniqueness of the observation materials for
the tunnels’ state lies in the fact that the technical
inspection of the structures has been carried out
for a long time from the end of the 70s up to the
present (2021). During this period, the same
reservoir intervals have been surveyed for
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several times. At the same time, as a rule, after
the examination, their conditions were monitored
for several years. Thus, it became possible to
trace the dynamics of the defects’ development.
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Figure 11. Scheme of a potentially dangerous
section of a sewer tunnel in the zone with man-
induced impacts from a complex under
construction in St. Petersburg

The observation time range was divided into 3
periods:

a) 70-80s; b) 80-2000s; ¢) 2000-2020s. The most
typical revealed defects affecting the operational
reliability and bearing capacity of the tunnel were
grouped into 7 classes: d1 - shrinkage cracks in
the concrete jacket; d2 - signs of gas corrosion;
d3 - drip leaks; d4 - force cracks in the arch and
on the lateral surface of the tunnel; d5 - signs of
biological corrosion of concrete; d6 -
reinforcement corrosion, tray abrasion; d7- the
presence of pressure leaks.

Analysis of the defects’ development
manifestation and dynamics structure show that
in the initial period of the tunnel collectors’
operation, defects were observed in the form of
shrinkage cracks in the concrete jacket with the
manifestation of drip leaks and signs of gas
corrosion. The nature of the defects prevailing in
the first 15-20 years of the tunnels’ operation and
their influence on the bearing capacity and
operational reliability of structures can be taken
as insignificant, and their technological state can
be recognized as workable according to the RF
“GOST” and “BC” regulations.

Defect-free waste line functioning in these
conditions requires a calculated justification of
the structural safety of the tunnel and monitoring
its technical condition when choosing a method
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and a mode of carrying out the measures to
restore the bearing capacity and operational
reliability of the structure.

Within the framework of this study, we faced the
task of the safe level external anthropogenic
impacts’ geotechnical provision on the tunnel
structure, taking into account its residual bearing

capacity.

4.2 Modeling, monitoring and geotechnical
substantiation of protective measures for
potentially dangerous parts of deep sewage
tunnel

The measures to protect potentially dangerous
sections of tunnel collectors and ensure their
reliability and structural safety were proposed on
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the basis of modeling and determining the
boundary of the defect-free joint operation of the
system “source of impact — geo-mass - sewer
tunnel”, but the main requirement that they must
certainly meet, is the possibility of preventive
use, justified by geotechnical and design
calculations.

The results of geotechnical modeling to ensure
the waste line structural safety typical for a large
city with a developed engineering and transport
infrastructure under difficult engineering and
geological conditions of construction and
operation are presented below (Table 1) as one of
the examples [16].

Table 1. The results of the calculation substantiation of geotechnical measures to protect
potentially dangerous sections of tunnels from unacceptable impacts

Characte of
technogenic
impacts

Geotechnical and structural measures

from elevation

Arrangement of a protective screen made of fixed soil to prevent the foundation pit bottom

Unloading the soil

Vertical deformations of the soil

mass when mass after the excavation of the
trenching the construction pit, without
excavation for the | preliminary fixing - 37mm
tunnel

Vertical deformations of the soil
mass after excavation of a
construction pit with soil fixing
above the collector using Jet
Grouting technology (3.0 m thick) -
3.2 mm

Construction stage | Collector
Calculation option deformation,
mm.
Without Propping - +37
Propping the foundation pit using Jet Grouting soil reinforcement | -2.1
technology. Power 2.0m. excavation +10.1
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Propping the foundation pit using Jet Grouting soil reinforcement | -3.0
technology. Power 3.0m. excavation 36
Propping the soils above the collector using Jet soil reinforcement | -2.6
Grouting technology. Power 2.0m. excavation 83
Propping the soils above the collector using Jet soil reinforcement | -2.9
Grouting technology. Power 3.0m. excavation 32

tunnel displacements

Structural waste line reinforcement winding technology to increase the maximum permissible

General calculated displacements
during excavation under the
protection of sheet piling

General calculated
displacements during
excavation with the device of a
geotechnical barrier

Increasing the zone of
maximum permissible
waste line
displacements with
one-sided unloading of

® e e @

the soil mass during the
embankment
reconstruction.

Additional horizontal deformations
of the collector were 54mm

Additional horizontal
deformations of the collector
were 7mm

Structural waste line reinforcement by lining and spiral-wound technology to restore the
bearing capacity of the tunnel to the design level

Increase in static

and dynamic loads
on waste line from
the action of heavy
vehicles and trams

reinforcement frame
with guide posts
(metal profile)

filling of the inter-tube
space for structural |

construction of
7 an old tunnel

~_spiral-wound
profile

Condition of a
potentially
dangerous waste
line area before
renovation

Structural scheme and
solution to strengthen the
tunnel section

Technical condition
of the tunnel after
restoration and repair
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The second example of the numerical
implementation of measures to protect the
collector from external influences is the
potentially hazardous area noted above (see
Figure 11).

The customer set the task to ensure the safe
operation of a sewer collector located in soft
soils, near which the construction of a high-rise
building had started.

The modeling task was to determine the
permissible horizontal displacements of the
tunnel sections when performing work near the
structure.

For normal operation of the collector tunnel, it is
necessary to exclude the formation of cracks in
the structure of the lining caused by its
displacement towards the pit during the work.
The criterion for the structure safety is the
maximum permissible tensile stresses of concrete
at the characteristic points of the lining.

The design of the collector tunnel lining is a two-
layer cylinder. The outer layer is a prefabricated
reinforced concrete structure made of tubing. The
inner layer is a monolithic reinforced concrete
jacket (see Figure 12).

Figure 12. Design of the collector tunnel
potentially dangerous section’s lining

The tunnel sections with different lengths of the
influence zone and the structure reinforcement

degree were modeled (see Figure 13).
Geotechnical  calculations  simulated the
measures to reduce the impact on the

displacement of the tunnel using a wall in the
ground between the tunnel and the wall under
construction in the ground made of low-modulus
material.

108

Nickolai A. Perminov, Rashid A. Mangushev

b)

Figure 13. Fragment of the calculated
potentially dangerous section of the collector
with a length of 18 m: a) with loads and elastic
rebound, b) the transcendent SSS tunnel zones:
1 - in the middle; 2 - at the ends of the
displacement section

Numerical calculations were used to obtain the
permissible displacement values of the lining,
taking into account the presence of a screen made
of low modulus material and depending on the
tunnel deformable section length. Carrying out of
work related to man-induced impacts, the project
provided monitoring the tunnel and geo-massif
structure [17].

The calculation substantiation of geotechnical
protective measures was carried out according
to the algorithm: collection of loads and
impacts, determination of physical and
mechanical characteristics, determination by
geotechnical calculations of the permissible
level of external anthropogenic impacts on the
tunnel, taking into account its residual bearing
capacity. Figure 14.a shows fragments of the
tunnels’ maximum permissible displacements
computational modeling results (before the
application of protective measures and after the
implementation of protective measures) and
Figure 14.b shows the data of monitoring
observations.
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Figure 14. Maximum permissible displacement
of a tunnel falling into the zone of man-induced
influences: a) calculated values of the maximum
permissible displacement of sewer tunnels
D=1.5 and D=2.5 before (1.3) and after (2.4)
strengthening the structure using winding
technology, b) data of monitoring control by the
inclinometers readings to prevent exceeding the
maximum permissible displacement of the
tunnel D=2.5m with the length of the
deformable section 70m

To ensure the bearing capacity of the tunnel, the
SATURN winding method was used, developed
and adapted for the specific conditions of St.
Petersburg: intervals between mines up to 1000m
and more; irregularity of the working section
along the length of the collector associated with
the dynamic influences and subsidence of the
tunnel in weak thixotropic soils. The sewage
tunnel with inter-shaft spacing up to 850m and
diameters D= 2,5 m and D= 1,5 m is embedded
at the depth down to 17 m, it has been operating
for more than 40 years and, according to the
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survey results, had a wear rate of more than 79%,
subsidence at the intersection of streets up to 25
mm. Based on the GPR scanning results, it was
found everywhere that the concrete jacket was
peeled off from the tubing lining with the
formation of pressure leaks. The scope of work
operations included: tunnel cleaning and surface
preparation; structural bonding of the concrete
jacket and tubing lining by injecting SikaDur;
reinforcement of the surface of the vault with
structural reinforcement with SikaWrap carbon
fiber; lining the surface of the tunnel with a
winding profile made of PVC; polymer cement
mortar injection (Pcomp=65MPa) into the annular
space for structural bonding of the shell made of
PVC with tunnel construction.

This method was applied to make a geotechnical
prediction of dangerous parts of tunnels long-
operating in difficult soil conditions (see figure
15), the numerical modeling defined a rational
method of geotechnical protection of these
sections in order to provide their structural safety
at growing anthropogenic and dynamic actions.

Figure 15. Geotechnical prediction of
potentially dangerous sections of sewage
tunnels in St. Petersburg which require
protection of structural safety
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According to the monitoring carried out on the
restored potentially dangerous sections of the
tunnel, it was established: vibration dynamic
tests of the tunnel before and after repair showed
the changes in the period of natural collector
vibrations 0f 0.54 s. up to 0.19 s. so, by 58%, and
the amplitude of natural vibrations decreased
from A =300 um to A = 15 um, i.e., by almost
double. This indicates the structure integrity
restoration and the joint work of its layers during
continuous operation.

5. CONCLUSIONS

Difficult engineering and geological conditions
and the increasing influence of technogenic
factors have led to the wear of long-operated
tunnel collectors in large cities of Russia up to
66%. For St. Petersburg, characterized by
vibration-resistant enclosing waste line massifs
of soils, the level of wear reaches 83% with a
high dynamic of development up to 1.5 hours 2%
per year.

Potentially dangerous sections of the tunnels
have been identified by the methods of
diagnostics and modeling of technical
conditions

Proposed and geotechnically sound waste line
protection methods, including technologies of
structural reinforcement and rehabilitation in
the conditions of wastewater transportation,
accompanied by a monitoring system, ensure

structural waste line safety and their
operational reliability.
Methods for ensuring structural safety

developed and substantiated by waste line
geotechnical modeling are recommended for
use in large cities with difficult soil conditions,
with heavily worn-out sewers with potentially
dangerous sections of tunnels and, as a result,
to increase their reliability during long-term
operation in conditions of urban infrastructure
development.

This work was supported by a grant of
RAACS No. 2020-SN-7.4.1.
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MODELING OF SEISMIC WAVES STRESSES IN A HALF-PLANE
WITH A VERTICAL CAVITY FILLED WITH WATER
(THE RATIO OF WIDTH TO HEIGHT IS ONE TO TEN)
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Abstract. The problem of mathematical modeling of unsteady seismic waves in an elastic half-plane with a ver-
tical rectangular cavity filled with water is considered. The problem of modeling problems of the transition peri-
od is an actual scientific problem. A quasi-regular approach is proposed to solve a system of linear ordinary dif-
ferential equations of the second order in displacements with initial conditions and to approximate the region un-
der study. The method is based on the schemes: a point, a line and a plane. An algorithm and a set of programs
for solving flat (two-dimensional) problems that allow obtaining a stress-strain state in complex objects have
been developed. To assess the reliability of the developed methodology, algorithm and software package, the
problem of the effect of a plane longitudinal wave in the form of a Heaviside function on an elastic half-plane
was solved. The numerical solution corresponds quantitatively to the analytical solution. The problem of mathe-
matical modeling of unsteady elastic stress waves in a half-plane with a cavity filled with water (the ratio of
width to height is one to ten) under seismic influence is solved. A system of equations consisting of 8016008 un-
knowns is solved. Contour stresses and components of the stress tensor are obtained in the characteristic areas of
the problem under study. A cavity filled with water, with a width-to-height ratio of one to ten, reduces the
amount of elastic contour stress.

Keywords: wave theory of seismic safety, wave propagation, elastic half-plane, Heaviside function,
vertical rectangular cavity, water medium, contour stresses

MOJIEJIMPOBAHUE CEUCMUYECKHUX BOJIH
HATIPSI)KEHUH B TOJYIINIOCKOCTH C BEPTUKAJIBHOM
MOJIOCTHIO 3AIIOJTHEHHOHN BOJIOM
(COOTHOLIEHUE HIUPUHBI K BBICOTE OJIUH K JTECSITH)

B.K. Mycaes

HarmmonansHeii uccaenoBaTenbckuii MOCKOBCKHM TOCYJapCTBEHHBIM CTPOUTENbHBIN yHUBEpcuTeT, MockBa, POCCUSA
Poccutiickuit yausepcuret Tpancmnopta, Mocksa, POCCUA
MuHTST9eBUPCKUI TOCyJapCcTBEHHBIN yHUBEepcuTeT, Munrsaesup, ASEPBANJKAH

AnHoTauusi. PaccMatpuBaeTcs 3aa4ya 0 MaTeMaTHUYE€CKOM MOJICIMPOBAHUN HECTAIIMOHAPHBIX CEHCMUYECKUX
BOJIH B YIPYTO#l MONYIJIOCKOCTH C BEPTHKAJIBHOW MPSIMOYTOJILHOM MOJIOCTBIO, 3al0JIHEHHOM Bojol. [Ipobnema
MOJICTIMPOBAHMSL 3aJad IIEPEXOJHOr0 Iepuoja SBISIETCS aKTyalbHOW Hay4yHoW 3amaueil. Ilpemnoken
KBa3UPEryJSIpHBII MOAXOJ K PEIICHUIO CHCTEMbI JIMHEHHBIX OOBIKHOBEHHBIX TU(QepeHIHaNbHbIX YPaBHEHUH
BTOPOr'0 MOpS/JKa B MEPEMEIICHHUIX C HAa4YalbHBIMH YCIOBUSIMU M K alMpOKCHMAalUH HCCIeTyeMoi o0macTy.
MeToamnka OCHOBBIBACTCSI Ha CXEMax: TOYKA, JIMHUS W IUIOCKOCTh. Pa3paboTaHBI alrOpUTM W KOMIDIEKC
mpoTrpaMM Il peIIeHUs  IUIOCKUX (IBYMEPHBIX) 3a1ad, KOTOPHIC ITO3BOJSIOT ITONydYaTh HATPSKCHHO-
JIe(OpMHUPOBAaHHOE COCTOSHUE B CIOXKHBIX O0BEeKTax. J{JIs OLEHKH JOCTOBEPHOCTH Pa3pabOTaHHOW METOIUKH,
aNropUTMa M KOMILIEKCa MporpamMM ObLTa perieHa 3a1a4a o0 BO3ACHCTBHH IUIOCKON MPOIOIHHON BONHBEI B BUJIE
¢yakmun  XeBucaiija Ha YOPYTYIO TONXYIUIOCKOCTh. UHCICHHOE pemIeHHe KOJIMYECTBEHHO COOTBETCTBYET
aHAJMTUYECKOMY pelleHnto. PereHa 3ajada 0 MareMaTHuecKoM MOJISTMPOBAHMM HECTAlMOHAPHBIX YHPYIHX
BOJIH HaprI)i(eHI/Iﬁ B MOJYIIJIOCKOCTHU C MOJIOCTBIO 3aI10JIHEHHOM BOJIOI71 (COOTHOHIGHI/IG IMUPUHBI K BEICOTE OAWH
K JIeCATH) TpU CEeHCMUYECKOM Bo3jelcTBuM. Pemmaercs cucrema ypaBHeHudd n3 8016008 HemsBecTHBIX. B
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XapaKTEePHBIX O0JIACTAX HCCIETYeMOH 3aadd TOJNyYeHbl KOHTYPHBIC HAINPSHKEHUS W KOMIIOHEHTHI TEH30pa
HanpspkeHni. [1orocTh 3amoaHeHHOH BOIOH, ¢ COOTHONIICHNEM IINPUHBI K BBICOTE OJWH K JECSTH, yMEHBIIACT
BEJIMYMHY YIPYTOro KOHTYPHOTO HaIpsDKEHUSI.

KtoueBble c10Ba: BOIHOBAs TEOPHUs CEHCMUYECKON 0€30MaCHOCTH, PACIIPOCTPAHEHUE BOJTH,
yIpyrast IOJIyINIOCKOCTh, (GyHKIUs XeBucaiina, BepTUKaIbHAas IPSMOYTOJIbHAS [IOJI0CTh, BOIHAS CPEAa,
KOHTYPHBIE HANPSHKCHHS

1. STATEMENT OF THE PROBLEM OF
NONSTATIONARY WAVE EFFECTS IN
DEFORMABLE BODIES

Unsteady elastic stress waves propagating in a
deformable body interact with each other [1-8,
15-16, 18-29, 31].

After several passes and reflection of stress
waves in the body, the process of propagation of
disturbances becomes steady, the body is in os-
cillatory motion [1-8, 15-16, 18-29, 31].

The formulation of some problems of deforma-
ble solid mechanics is given in the following
works [1-31].

In [9-13], some information is given about the
formulation, analysis and technology for devel-
oping optimal algorithms for numerical model-
ing of structural mechanics problems.

The application of the considered numerical
method, algorithm and software package for
solving non-stationary wave problems in de-
formable bodies is given in the following works
[7-8, 18 29, 31].

Verification (evaluation of accuracy and relia-
bility) of the considered numerical method, al-
gorithm and software package is given in the
following works [7-8, 18-21, 23-29, 31].

To solve the problem of modeling elastic un-
steady stress waves in deformable regions of
complex shape, we consider a certain body I' in
a rectangular cartesian coordinate system XOY ,
to which at the initial moment of time 7=0 a
mechanical non-stationary pulse effect is report-
ed [1, 3-5, 7-8, 18-19].

Suppose that a certain body I' is made of a ho-
mogeneous isotropic material obeying the elas-
tic Hooke law for small elastic deformations
[1,3-5,7-8, 18-19].

Volume 18, Issue 3, 2022

The exact equations of the two-dimensional
(plane stress state) dynamic theory of elasticity
have the following form [1, 3-5, 7-8, 18—-19]

an a:xy 821/1
+ =P
oX ar a
a @& &v
yx Y
+—== ar
aY a/ p 82 9 (xﬁy) 9

6, =pCae, +p(Ch-2CH)e,,
2 2 2
0, =pCre, +p(Cy -2CY e,

2
Ty =PC5Vays

at o
Car S
o

+§, (x, ) (TS), (1)

where: 6, 6, u 71, — components of the

y
clastic stress tensor; &, €, M 7Y,, — compo-

nents of the elastic strain tensor; ¥ and v —
components of the vector of elastic displace-
ments along the axes OX and OY accordingly;

E
p — material density; C,, = |——>— — the ve-
7 \p(1-v)

locity of the longitudinal elastic wave;

/ E
Cs= m — the velocity of the transverse

elastic wave; v — Poisson's ratio; £ — modulus
of elasticity; S (S;US,) — the boundary con-

tour of the body I".

System (1) in the area occupied by the body I',
should integrate under initial and boundary con-
ditions [1, 3-5, 7-8, 18—19].
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2. DEVELOPMENT OF THE METHOD-
OLOGY AND ALGORITHM

To solve a two-dimensional plane dynamic
problem of the theory of elasticity with initial
and boundary conditions (1), we use the finite
element method in displacements [7-8, 19].
The problem is solved by the method of end-to-
end counting, without highlighting gaps [7-8,
18-19].

The main relations of the finite element method
are obtained using the principle of possible dis-
placements [7-8, 18—19].

Taking into account the definition of the stiff-
ness matrix, the inertia vector and the vector of
external forces for the body I', we write down
the approximate value of the equation of motion
in the theory of elasticity [7-8, 18—19]

HO+K® =R,
®|;—9 = Py, ‘b‘ =0 = Do (2)
where: H — diagonal inertia matrix; K — stiff-

ness matrix; @ — vector of nodal elastic dis-

placements; ® — vector of nodal elastic dis-

placement velocities; ® — vector of nodal elas-

tic accelerations; R — vector of external nodal
elastic forces.

Thus, using the finite element method, a linear
problem with initial and boundary conditions
(1) was led to a linear Cauchy problem (2).

We determine the elastic contour stress at the
boundary of the region free from loads [7-8, 18—19].

Yy
2 1

| X

a a |

Figure 1. Contour end element with two node
points

Using the degeneracy of a rectangular finite ele-

ment with four nodal points, we obtain a contour
finite element with two nodal points (fig. 1).
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When turning the axis x on corner o counter-
clockwise, we get an elastic contour stress oy

in the center of gravity of a contour finite ele-
ment with two nodal points [7-8, 18—19]

o = (E /(2a(1-v*))((uy - ur) cos o+
+(vy -vy)sina) 3)
To integrate equation (2) with a finite element

version of the Galerkin method, we reduce it to
the following form [7-8, 18—19]

(4)

Integrating the relation (4) over the time coordi-
nate using a finite-element version of the Ga-
lerkin method, we obtain an explicit two-layer
scheme for internal and boundary node points
[7-8, 18-19]

;4 = b; + AtH ™ (-KD; + ;).

Qi =Q; TAID; 4. )
The main relations of the finite element method in
displacements are obtained using the principle of
possible displacements and a finite element ver-
sion of the Galerkin method [7-8, 18—19].

The general theory of numerical equations of
mathematical physics requires for this purpose
the imposition of certain conditions on the ratio
of steps along the time coordinate Ar and by
spatial coordinates, namely [7-8, 18—19]

minAJ;

Cp

At=k

(i=1 2, 3,..), (6)

where: A/ — the length of the side of the end
element.

The results of the numerical experiment showed
that at k= 0,5 the stability of the explicit two-layer
scheme for internal and boundary node points on
quasi-regular grids is ensured [7-8, 18—19].
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For the study area consisting of materials with
different physical properties, the minimum step
along the time coordinate is selected (6).

On the basis of the finite element method in dis-
placements, a technique is developed, an algo-
rithm is developed and a set of programs is com-
piled for solving two-dimensional wave problems
of the dynamic theory of elasticity [7-8, 18—19].

3. LONGITUDINAL WAVES IN AN
ELASTIC HALF-PLANE WHEN EX-
POSED AS A HEAVISIDE FUNCTION

The problem of the effect of a flat longitudinal
wave in the form of a Heaviside function (fig. 3)
on an elastic half-plane (fig. 2) is considered to
assess the physical reliability and mathematical
accuracy [7-8, 18—19].

[¢)

BD:DHHH.HHHH y(HHHA

H
H
H
H
H
H
H
H

120H

60,5H

O

| 121H

| D

Figure 2. Statement of the problem of propaga-
tion of plane longitudinal waves in the form of a
Heaviside function in an elastic half-plane

The calculations were carried out for the follow-
ing units of measurement: kilogram-force (kgf);
centimeter (cm); second (s). The following as-
sumptions were made for switching to other
units of measurement: 1 kgf/cm? = 0,1 MPa; 1
kgf s?/cm* = 10° kg/m?.

On the boundary of the half-plane 4B (fig.2) a

normal voltage o, is applied, which at

0<n<I11(m=t/At) changes linearly from 0
to P, and at n>11 1s equal to P (P=o0,

6o =-0,1 MPa (-1 kgf/cm?)). Boundary condi-
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tions for a contour BCDA on (>0
u=v=u=v=0. Reflected waves from the
contour BCDA they do not reach the studied
points when 0<» <100.

The calculations were carried out with the fol-
lowing initial data: H =Ax=Ay;Ar=1,393-10
6s; E =3,15-10 * MPa (3,15-10 3 kgf/cm?); v=
0,2; p=0,255-10*kg/m? (0,255-107° kgf s*/cm*);
Cp=3587 m/s; Cy=2269 ms.

The studied computational domain has 14762
nodal points. A system of equations consisting
of 59048 unknowns is solved.

The calculation results are obtained at character-
istic points B1-B10 (fig. 2).

As an example, a change in the normal voltage

is given 6, (6, =0, /og|) ( fig. 4) in time »
y Py TPy R0

at the point Bl (1 — numerical solution; 2 —
analytical solution).

1

0,8

0,6

G g, Kre/cm 2

=
S
—
—
F——— |

0 20 40 60 80 100
t/At

Figure 3. Impact in the form of a Heaviside
function

-0,4

-0,8

\
\
\

\
\

[ SRS

Oy

(1} 20 40 60 80 100
t/At

Figure 4. Change in elastic normal stress G, (the

problem of propagation of plane longitudinal
waves in the form of a Heaviside function in an
elastic half-plane) in time t/ At at the point Bl :
1 — numerical solution; 2 — analytical solution
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In this case, you can use the conditions on the
plane wave front, which are described in the pa-
per [5].

At the front of a plane longitudinal wave, there
are the following analytical dependences for a

plane stress state ¢, = -‘00‘. From here we see

y
that the exact solution of the problem corre-
sponds to the impact o (fig. 3).

4. MODELING OF STRESS WAVES IN A
HALF-PLANE WITH A LIQUID-FILLED
CAVITY (THE RATIO OF WIDTH TO
HEIGHT IS ONE TO TEN) IN CASE OF
SEISMIC IMPACT

The problem of the impact of a plane longitudi-
nal unsteady seismic wave (fig. 6) parallel to the
free surface of an elastic half-plane, with a cavi-
ty filled with water (the ratio of width to height
is one to ten) is considered (fig. 5).

The problem under consideration was solved for
the first time by V.K. Musayev using the devel-
oped methodology, algorithm and software
package [7-8, 18—19].

The calculations were carried out for the follow-
ing units of measurement: kilogram-force (kgf);
centimeter (cm); second (s). The following as-
sumptions were made for switching to other
units of measurement: 1 kgf/cm? = 0,1 MPa; 1
kgf s?/cm* = 10° kg/m’.

From a point F parallel to the free surface
ABEFG voltage normal applied (fig. 5), which
on 0<n<11 (n=t/At) changes linearly from
0 before P, and when n>11 is equal to
P(P=c(,05(=0,1 MPa (1 kgf/cm?)).

Boundary conditions for a contour GHIA on
t>0 u=v=u=v=0.

Reflected waves from the contour GHIA they

do not reach the studied points when
0<n<1000.

Contour ABEFG free from loads, except for the
point F .

The calculations were carried out with the fol-
lowing initial data.
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For the region ABCDEFGHI: H=Ax=Ay;
At=1,393-10° s; E=3,1510* MPa (3,15:10°

kgf/em?); v=0,2; p=025510* kg/m’
(0,255:10° kgf s*cm®*); C,= 3587 ms;
C, =2269 m/s.

For the region BEDC: H=Ax=Ay;At =
3,268-10° s; p=1,045-10° xr/m> (1,045-10° krc
c*fem); €, = 1530 m/c.

o |

990H  10H H 4,5H
G. F E B A2 A4 AG A8 Al0 A
™ Al A3 A5 A7 A9 ]
= [ =
S
o [] 1
~p C
I~ 1000H
) | !

il

| I

1

2001H

Figure 5. Statement of the problem of the effect

of a plane longitudinal seismic wave on an elas-

tic half-plane with a cavity filled with water (the
ratio of width to height is one to ten)

0 200 400 600 800
t/At

1000

Figure 6. Impact in the form of a Heaviside
function
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Figure 7. Changing the elastic contour stress
Gy, intime t/ At at the point Al: 1 —in a prob-
lem without a cavity, 2 — in the problem with a

cavity filled with water (the ratio of width to

height is one to ten)
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Figure 8. Changing the elastic contour stress
Gy, intime t/ At at the point A2 : 1 —in a prob-
lem without a cavity, 2 — in the problem with a

cavity filled with water (the ratio of width to
height is one to ten)

When calculating, the minimum time step is
taken A¢ =1,393-10%s.

At the boundary of materials with different
properties, the conditions of continuity of dis-
placements are assumed.

The studied computational domain has
2004002 nodal points. A system of equations
consisting of 8016008 unknowns is solved.

As an example, fig. 7-11 shows the change in

the elastic contour stress G, (G, =0y /‘00‘) in

time n in points A1- A5 (puc. 5), located on the
free surface of an elastic half-plane: 1 — in the
problem without a cavity; 2 — in the problem
with a cavity filled with water (the ratio of
width to height is one to ten).
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Figure 9. Changing the elastic contour stress
Gy, in time t/ At at the point A3: 1 —in a prob-
lem without a cavity, 2 — in the problem with a
cavity filled with water (the ratio of width to
height is one to ten)
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Figure 10. Changing the elastic contour stress
G intime t/At at the point A4 : 1 —in a prob-
lem without a cavity, 2 — in the problem with a

cavity filled with water (the ratio of width to
height is one to ten)
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Figure 11. Changing the elastic contour stress
Gy intime t/ At at the point A5: 1 —in a prob-

lem without a cavity, 2 — in the problem with a
cavity filled with water (the ratio of width to
height is one to ten)
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The distance between the points: A1 and A2 is
H; A2 and A3 are H; A3 and A4 are H ; A4
and A5 are H; A5 and A6 are H; A6 and
A7 are H; A7 and A8 are H; A8 and A9
are H; A9 and A10 are H)

5. CONCLUSIONS

1. On the basis of the finite element method, a
methodology, an algorithm and a set of pro-
grams for solving linear two-dimensional plane
problems have been developed, which allow
solving complex problems with non-stationary
wave effects on complex objects. The main re-
lations of the finite element method are ob-
tained using the principle of possible displace-
ments. The elasticity matrix is expressed in
terms of the velocity of longitudinal waves, the
velocity of transverse waves and the density.

2. A linear dynamic problem with initial and
boundary conditions in the form of partial
differential equations, for solving problems
under wave effects, using the finite element
method in displacements, is reduced to a sys-
tem of linear ordinary differential equations
with initial conditions, which is solved by an
explicit two-layer scheme.

3. To predict the seismic safety of an object, under
non-stationary wave effects, numerical model-
ing of the equations of mechanics of a deforma-
ble solid is used. A method, algorithm and a set
of programs for solving linear two-dimensional
(flat) problems for solving problems of safety in
terms of bearing capacity (strength) in multi-
phase deformable bodies under non-stationary
wave influences have been developed.

4. The area under study is divided by spatial
variables into triangular and rectangular fi-
nite elements of the first order. According to
the time variable, the area under study is di-
vided into linear finite elements of the first
order. Two displacements and two velocities
of displacements at the node of the finite el-
ement are taken as the main unknowns.

5. A system with an infinite number of un-
knowns is reduced to a system with a finite

Vyacheslav K. Musayev

number of unknowns. A quasi-regular ap-
proach is proposed to solve a system of linear
ordinary differential equations of the second
order in displacements with initial conditions
and to approximate the region under study.
The method is based on the schemes: a point,
a line and a plane.

The problem of the effect of a plane longitudinal
wave in the form of a Heaviside function on an
elastic half-plane is solved. The computational
domain under study has 14762 nodal points and
14520 finite elements. A system of equations
consisting of 59048 unknowns is solved. A
comparison was made with the results of the an-
alytical solution, which showed that the discrep-
ancy for the maximum compressive elastic
normal stress 6), s 2,8 %.

The problem of mathematical modeling of un-
steady elastic stress waves in a half-plane with a
cavity filled with water (the ratio of width to
height is one to ten) under seismic influence is
solved. At the boundary of materials with dif-
ferent properties, the conditions of continuity of
displacements are assumed. The studied compu-
tational domain has 2004002 nodal points. A
system of equations consisting of 8016008 un-
knowns is solved. A cavity filled with water,
with a width-to-height ratio of one to ten, reduc-
es the value of the elastic contour stress on the
free surface of the elastic half-plane under non-
stationary wave seismic influences.
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SIMPLIFIED MODEL FOR DETERMINING THE STRESS-
STRAIN STATE IN MASSIVE MONOLITHIC FOUNDATION
SLABS DURING CONSTRUCTION
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Abstract. The article proposes the simplified method for determining stresses in massive monolithic foundation
slabs arising from the heat release of concrete during the hardening process. The proposed technique makes it
possible to reduce a three-dimensional problem to a one-dimensional one based on the features of the
distribution of stresses and strains in the structures under consideration, identified during finite element modeling
in a three-dimensional setting. The resulting resolving equations take into account the creep and shrinkage of
concrete, the coefficient of reinforcement of the structure. The strength and deformation characteristics of
concrete are assumed as functions of the degree of maturity of the concrete, which in turn is determined by the
time and temperature of curing. Approbation of the developed model is carried out by comparison with the
calculation in a three-dimensional setting in the ANSYS software package. The influence of creep and
contraction shrinkage of concrete, the degree of concrete maturity and the coefficient of reinforcement on the
stress-strain state of structures is investigated.

Keywords: thermal stresses, massive monolithic structures, foundation slab, reinforced concrete, creep, shrinkage

YIIPOLIEHHASI MOJIEJIb OINPEJIEJEHUS HANIPSI)KEHHO-
JTE®OPMHUPOBAHHOI'O COCTOSIHUSI B MACCHUBHBIX
MOHOJIMTHBIX ®YHIAMEHTHBIX IIJIMTAX B IPOLIECCE
BO3BEJEHMUS

A.C. Yenypuenxo, I.B. Heceemaes, I0.U. Kopanoea, b.M. H3viee

JIoHCKOM TOCyAapCTBEHHBIN TEXHUYECKUH YHUBepcuTeT, PocToB-Ha-Jlony, POCCUA

AHHoTanusi. B cratbe mpennmaraeTcd ympolleHHAas METOAMKA ONpPEJENICHHs HalpsDKEHUH B MAaCCHUBHBIX
MOHOJIMTHBIX (DPyHIAMEHTHBIX IUTUTAX, BO3HHMKAIOMIMX BCIIEICTBHE TEIUIOBBIACICHNS OETOHAa B Tpolecce
TBepAeHus. llperaraemass MeTOQMKa TO3BOJSIET CBECTH TPEXMEPHYIO 3a7ady K OJHOMEPHOH Ha OCHOBE
0COOCHHOCTEW paclpe/ieNieHns] HalpsDKeHNH U geopMarii B pacCMaTpUBAEMbIX KOHCTPYKIMAX, BBISIBICHHBIX
IpU KOHEYHO-IIEMEHTHOM MOJICTMPOBAHUM B TPEXMEPHOH IOCTAHOBKE. B MOIy4eHHBIX pa3peraroniux
YPaBHCHUSIX YYMTBHIBAETCS TOJI3yuecTh W ycajaka OeroHa, Ko3(duIMEHT apMuUpOBaHUS KOHCTPYKIHH.
ITpouHocTHble U nedOpPMaTUBHBIE XapPAKTEPUCTHKN OETOHA MPHUHUMAIOTCS (QYHKLUSMU OT CTEHEHU 3PENIOCTH
6eToHa, KOTOpas B CBOIO Ouepelb ONpeAeseTcs BpeMEeHEM M TeMIIepaTypod TBepjeHUs. BrimomHsaeTcs
ampobarus pa3paboTaHHOM MOJIENN MyTeM CPaBHEHMS C pacueToM B TPEXMEPHOH IMOCTaHOBKE B MPOTPAMMHOM
komrutekce ANSYS. Hccnenyercs BIUsIHUE TTOJI3y4eCTH M KOHTPAKIIMOHHOM yCaJKu OETOHA, CTETIEHH 3PEIOCTH
OeroHa 1 KO HUIIEHTa apMUPOBAHHS HA HAIPSHKEHHO-/1e)OPMHUPOBAHHOE COCTOSIHUE KOHCTPYKIIHH.

KaroueBble ciioBa: TEMIICPATYPHBIC HAIIPAKCHUA, MACCUBHBIC MOHOJIMTHBIC KOHCTPYKIIUH,
q)yH,Z[aMGHTHaSI IIdTa, )K6H63066TOH, NOJIBy4YeCTh, yCaaKa
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Simplified Model for Determining the Stress-Strain State in Massive Monolithic Foundation Slabs During Construction

INTRODUCTION

For massive monolithic structures, which
include foundation slabs, the problem of early
cracking at the construction stage is relevant.
This problem primarily arises because of
uneven heating of structures, which in turn is
due to the internal heat release of concrete
during hardening and heat exchange with the
environment [1-4].

Predicting the risk of early cracking is possible
using computer simulation methods.

When modeling rectangular in plane massive
foundation slabs, as a rule, a quarter of the
structure is considered together with the soil
massif [5] (Fig. 1).

Foundation

Soil massif

Figure 1. Calculation scheme of the foundation

The temperature field is determined from the
solution of the differential equation of heat
conduction [6]:

1 82T+82T+82T 10-= .or |
ox> oy o P ot’ M
where A is the coefficient of thermal

conductivity, 7 is the temperature, Q is the
density of internal heat sources (W/m?), p is the
material density, ¢ is the specific heat, 7 is the
time.

In the presence of convective heat exchange
with the environment (on the upper and side
surfaces of the foundation, the upper surface of
the soil), the boundary conditions are written as:
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/Ia—T+h(T—Tw)=O,
on

(2)
where 7 is the surface normal, 4 is the heat
transfer coefficient, 7. is the ambient

temperature.

On the side surfaces of the soil mass at a
sufficient distance from the foundation, the
temperature can be considered given:

3)

The thermal conductivity coefficient and the
specific heat capacity of concrete in equation (1)
are generally functions of time. However, this
factor cannot be taken into account in existing
software systems (ANSY'S, Abaqus, etc.)
According to [7], the thermal conductivity
coefficient A is the function of the hydration
degree &:

A(&)=4,(1.33-0.33¢). (4)

The hydration degree is determined from the
differential equation [8]:

o0& E
- = exp| ——= |,

o =7 () p( RT) ©)
where Ea is the activation energy, R is the
universal gas constant.

For the function f(&), the empirical formula can
be used [8]:

f(f)l(m%wj(éw—é)exp(—%, (©)

Here Ao, m, noand » are the material constants
depending on the type of cement.

When modeling the stress-strain state, it is
necessary to take into account the dependence
of the strength and deformation characteristics
of concrete on time. One of the few authors that
take this factor into account is T.C. Nguyen [9-
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11]. For the elastic modulus, an explicit
dependence on time is taken in the form

E(t)=E,(1-e™™). (7)

Formula (6) is not the only option for describing
the dependence of the elastic modulus on time.
Some other formulas can be found, for example,
in[12, 13].

However, this approach is rather simplified,
since  the  physical and  mechanical
characteristics of concrete at each point depend
not only on the hardening time, but also on the
history of temperature changes over time. More
perfect is the concept of expressing the physical
and mechanical characteristics of concrete
through the degree of its maturity DM [14],
determined by the integral:

DM ()= jT(T)dT.

0

(8)

The ultimate compressive strength of concrete
at time 7 can be determined by the empirical
formula [15]:

—\ 0.55
R = R, exp(0.35 1_(15800—_122.5Tj ) O,

Tt

where R, is the strength of concrete at the age

of 28 days (MPa), T =DM /t, t is the age of
concrete in hours.

The elastic modulus of concrete £ (MPa) at time
t can be represented as a function of the
compressive strength Ry at time 7 [16]:

0.04R, +57
N (10)
3.8+0.8R,

E =1000

Accounting for the degree of maturity of
concrete by standard means of the existing finite
element software is also very difficult. In
addition, since the temperature is different at

128

each point of the structure, the modulus of
elasticity becomes a function not only of time,
but also of coordinates. Thus, the problem of the
mechanics of an inhomogeneous body takes
place.

In addition to taking into account the
dependence of material characteristics on time,
the determination of the stress-strain state of
massive monolithic structures in the process of
erection requires taking into account creep
deformations and contraction shrinkage.

The purpose of this work is to develop a
methodology for calculating the stress-strain
state of massive monolithic foundation slabs in
the process of construction, taking into account
the above factors. A simplified technique is
proposed, which, based on the characteristic
features of the stress-strain state, makes it
possible to reduce a three-dimensional problem
to a one-dimensional one.

DERIVATION OF THE RESOLVING
EQUATIONS

Finite element modeling of the temperature field
in a three-dimensional formulation shows that
for massive foundation slabs, with the exception
of the edges, the temperature distribution is one-
dimensional, i.e. the temperature does not
depend on the x, y coordinates, and is a function
of the z coordinate only. (Fig. 2)

\\\\

09042022 20:17

54.419 Max

Figure 2. Temperature distribution in the
foundation slab due to internal heat release of
concrete during construction

Simulation of the stress-strain state in a three-
dimensional setting shows that, with the
exception of the edges, the stresses o, 7_, 7

xz 2 Txy
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and 7, are close to zero, and the stresses o,

and o, are approximately equal to each other,

even if the sides of the foundation are not equal
to each other (Fig. 3-7).

Tirne: 253 4005
09.04.2022 20:32
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Figure 3. Stress o, distribution
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Figure 4. Stress 7, distribution
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Figure 5. Stress . distribution
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Figure 6. Stress t_ distribution
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Figure 7. Stress distribution for o (top) and o,
(bottom)

Total deformations & and ¢, with the

exception of the edges, are almost constant
throughout the thickness of the slab, equal to
each other and do not depend on the coordinates
x and y (Fig. 8)

0.00028692 Max]
0.00015024
1.3554e-5
-0.00012313
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-0.00039649
-0.00053317
-0.00066985
-0.00080654
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0000 1.500
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3,000 (rn)

Figure 8. Total strain distribution for ¢_(top)
and ¢, (bottom)

Based on these features, we propose the
simplified method for calculating the stress-
strain state.
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In a biaxial stress state, the relationship between
stresses and strains can be represented as:

1
£, =E(ax —Vvo,)+&,;

(11)

1
&, =E(O'y —-vo,)+é&,,

Here, the modulus of elasticity is taken as a
function of coordinates, & , are the forced

deformations, representing the sum of
temperature deformations, contraction shrinkage
deformations and creep strains:

(12)

e,=aAT +¢,+¢,.

At o, = o,=0 and ¢ = &, =&, expressing

stresses from (11) in terms of strains, we obtain:

O =

- (13)

V(g &)

We assume that the soil under foundation slab
does not prevent the free expansion of the
foundation in the directions x and y. The ¢ value
can be found from the condition that the axial
forces N=N_ =N, =0:

h

N=jadz=0, (14)
0
where 4 is the foundation slab thickness.
Substituting (13) into (14), we get:
IT(g j E(2)dz - jE(z)gf(z)dz) 0, (15)
From (15) it is possible to find ¢:
h
[E2)e,(2)dz
g=" i (16)
jE(Z)dZ
0
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The proposed approach also makes it possible to
take into account the reinforcement of the
structure in the case when the coefficients of
reinforcement along the x and y axes are the
same.

The deformation of the i-th reinforcement layer
can be written as:

& +aAT

S, 85,0

(17)

where «, is the coefficient of linear thermal

expansion of steel, E_ 1s the modulus of

elasticity of steel.

We express from (17) the stress in the
reinforcement and take into account that the
reinforcement and concrete work together

(¢,,=¢):

6. =E.(6-aAT). (18)

The axial force represents the sum of the forces
perceived by the reinforcement and concrete:

N= jadz+z o, A,=0 (19)

where A . is the cross-sectional area of the

reinforcement of the i-th layer per 1 meter of the
length of the slab.

Substituting (13) and (18) into (19), we obtain
the following formula for e:

iE(z)gf. (2)dz+(1-v))_Ea,AT, A

Sl SI

e=" . (20)

fE(z)dz +(1-v)Y E A,

CALCULATION ALGORITHM

The first step in calculating the stress-strain state
of foundation slabs is to determine the
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temperature field. As mentioned earlier, with the
exception of the edges of the foundation slab, the
temperature distribution is one-dimensional, and
to determine the function T7(z,7), instead of

equation (1), one can use the equation:

2

Az, t) -

(17)

To solve equation (17), a grid in z and 7 is
introduced. When solving this equation by the
finite element method, the problem is reduced to
a system of differential equations

[C]%?+[K]{T}+{F}=o, (18)

where [C] is the damping matrix, [K] is the
thermal conductivity matrix, {F'} is the load vector.
The integration of system (18) is carried out
together with the solution of differential
equation (5) using the Euler method or other
difference schemes.

Further, at each time step, the stress-strain state
is calculated.

Contraction shrinkage ¢, is determined by the

empirical formula [17]:

£,(1)=—(02B-2)(alnt —b)-107° <0, (17)

where B is the concrete class (MPa), aand b
are the empirical coefficients

For quick hardening concrete a=0.31 and
b=0.4, for slow hardening concrete a=0.41
and b=0.85.

To determine creep strains, a viscoelastic model
of hereditary aging of concrete is used [13]. In
the case of a biaxial stress state, the creep law is
written as:

x:m(o- (O —vo, (1) -

—j(a (r)-vo,(7)):

aC(t 0 (19)
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The measure of creep was used in the form:

Cn =T 0-e7 ),
(20)
(o(r):%, —0.05 days .

From (18), the creep deformation, taking into
account the equality of stresseso, ando, can

be written as:

aC(z 0

=—(1- V)I o(r)- @1

The stress calculation is carried out step by
step. The creep strains in the next step are
determined from the strains and stresses in the
previous step. If the forced deformation &, in

each node is known at the current step, one
can find the value ¢ using formula (20). And
then the stress in each node can be calculated
using formula (11).

RESULTS AND DISCUSSION

To test the developed technique, a test problem
was solved for a foundation slab with
dimensions a=8 m, b=10 m, Hr = 2 m. The
initial temperature of the concrete mix, the
ambient temperature, and the initial temperature
of the soil were assumed to be the same and
equal to 10.5 °C for simplicity. B25 class
concrete was assumed with thermophysical
properties: A, = 2.67 W/(m-°C), p = 2500

kg/m®, ¢ = 1000 J/(kg-°C). Thermal properties
of the soil were: 4 = 1.5 W/(m-°C), p = 1600
kg/m’, ¢ = 1875 J/(kg-°C). Heat transfer
coefficients on the upper surface of the soil and
on the top of the foundation were 25 W/(m?-°C)
and 4.5 W/(m?-°C) respectively. The time
interval from 0 to 72 hours was considered.
Thermal expansion coefficient of concrete was
a =107 1/°C.
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We have used for concrete the time dependence
of the density of internal sources which is
shown in Fig. 9.

800

700 -

600

500 -

0, Wim®

400 -

300 -

200 -

100 | | i | | : !
0 10 20 30 40 50 60 70 80
1, hours

Figure 9. Dependence of the density of internal
heat sources of concrete on time

The comparison was carried out with the
solution in the ANSYS software package in a
three-dimensional formulation. When
calculating in ANSY'S, the modulus of elasticity
of concrete was assumed to be constant in time
and equal to 2.45x10* MPa, which
corresponded to the average value of the
modulus of elasticity over the thickness of the
slab at the age of 72 hours.

Figure 10 shows the change in time of the
maximum temperature in the foundation and
the temperature on the upper surface, obtained
from the solution of a one-dimensional
problem, taking into account the dependence
of the thermal conductivity coefficient on the
degree of hydration. The dashed lines
correspond to the solution in the ANSYS
software package in a three-dimensional
setting at a constant thermal conductivity
coefficient. From the graphs presented, it can
be seen that, firstly, the conditions on the side
surfaces of the foundation do not affect the
temperature distribution in the center, and,
secondly, the change in the thermal
conductivity coefficient over time can be
neglected.
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Figure 10. Time change of temperatures in the
foundation

Fig. 11 and 12 show the change in time of stresses
o, in the center of the foundation at the upper and

lower surfaces respectively (at points with the
highest tensile stresses). Curve 1 corresponds to the
solution according to the author's method at a
constant modulus of elasticity without taking into
account creep and contraction shrinkage. Curve 2
corresponds to the solution taking into account the
dependence of the elasticity modulus on the degree
of concrete maturity, but without taking into
account creep and contraction shrinkage. Curve 3
takes into account the dependence of the elastic
modulus on time, creep, and contraction shrinkage.
Curve 4 was plotted taking into account the factors
listed above and a reinforcement factor of 2%. The
dashed line shows the solution in the ANSYS
software package.

4000 . :

E=const, 8. = [’.‘L (;‘Il =0, y=’[’l
3500 |= = ANSYS 2

e E=1{z,1), B 0, LI 0, =0
3000 | | m—E=f{z,1), L #0, B #0, p=0

——E=fiz), & #0, 6, #0, y=2%

0 10 20 30 40 50 60 70 80
t, hours

Figure 11. Change in stresses o _at the upper

surface of the foundation
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Figure 12. Stress o change at the bottom
surface of the foundation

Figures 11-12 show the following:

1. The results obtained with E = const
according to the author's method and in the
ANSYS software package differ slightly.

2. Neglecting the dependence of the elasticity
modulus of concrete on the degree of its
maturity leads to an overestimation of stresses
in concrete.

3. Neglect of the concrete creep also leads to
overestimation of stresses.

4. When reinforcement is taken into account,
the stresses in concrete at the stage of
construction are higher, which, firstly, can be
explained by the presence of a small difference
between the coefficients of linear thermal
expansion of steel and concrete («, = 1.15-107

1-10°), and secondly by the

contraction shrinkage of concrete.

5. With the accepted initial data, the tensile
stresses in concrete during the curing process
can reach almost 3 MPa. Similar results were
obtained earlier in the works [14,18].
Obviously, concretes of mass classes (B25-B35)
are not able to withstand such stresses,
especially at the stage of structure formation,
and measures are needed to reduce the risk of
early cracking. Such measures include the
regulation of the kinetics of heat release of
concrete [19, 20] and the parameters of heat

and o, =
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transfer on surfaces [21], the installation of
cooling systems [22], etc.

CONCLUSIONS

A simplified, but at the same time effective
method for determining the stress-strain state of
massive monolithic foundation slabs during the
construction process was proposed.

It was shown that the problem of calculating
thermal stresses in massive monolithic
foundation slabs can be reduced to a one-
dimensional one without compromising the
accuracy of the results.

The developed technique was tested by
comparison with the results of calculations in
the ANSYS software package in a three-
dimensional formulation. The discrepancy
between the results is insignificant.

The proposed method makes it possible to take
into account the dependence of the modulus of
elasticity of concrete on the degree of its
maturity, creep, contraction shrinkage, and
reinforcement coefficient.

It has been established that neglect of creep and
changes in the modulus of elasticity of concrete
over time leads to overestimated stress values.
The contraction shrinkage of concrete and the
difference in the coefficients of linear thermal
expansion of concrete and reinforcement lead to
the fact that with an increase in the coefficient
of reinforcement, the stresses in concrete at the
stage of construction increase.
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FORMATION OF COMPUTATIONAL SCHEMES
OF ADDITIONAL TARGETED CONSTRAINTS THAT
REGULATE THE FREQUENCY SPECTRUM OF NATURAL
OSCILLATIONS OF ELASTIC SYSTEMS WITH A FINITE
NUMBER OF DEGREES OF MASS FREEDOM, THE
DIRECTIONS OF MOVEMENT OF WHICH ARE PARALLEL,
BUT DO NOT LIE IN THE SAME PLANE
PART 2: THE FIRST SAMPLE OF ANALYSIS

Leonid S. Lyakhovich ', Pavel A. Akimov ?, Nikita V. Mescheulov’

"' Tomsk State University of Architecture and Civil Engineering, Tomsk, RUSSIA
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Abstract: For some elastic systems with a finite number of degrees of freedom of masses, in which the direc-
tions of mass movement are parallel and lie in the same plane (for example, rods), special methods have been
developed for creating additional constraints, the introduction of each of which purposefully increases the value
of only one natural frequency and does not change any from the natural modes. The method of forming a matrix
of additional stiffness coefficients that characterize such targeted constraint in this problem can also be applied
when solving a similar problem for elastic systems with a finite number of degrees of mass freedom, in which
the directions of mass movement are parallel, but do not lie in the same plane (for example, plates). At the same
time, for such systems, only the requirements for the design schemes of additional targeted constraints are for-
mulated, and not the methods for their creation. The distinctive paper is devoted to solution of corresponding
sample of plate analysis with the use of approach that allows researcher to create computational schemes for ad-
ditional targeted constraints for such systems.

Keywords: natural frequency, natural modes, generalized additional targeted constraint, sample of analysis
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CBSA3EN, IPULIEJBHO PETYJUPYIOHIUX CHEKTP YUACTOT
COBCTBEHHBIX KOJIEBAHUM YIIPYTUX CUCTEM
C KOHEYHBIM YN CJIOM CTENNEHEW CBOBOJIbI MACC,
Y KOTOPBIX HAIIPABJIEHUS JIBUKEHUS MTAPAJJIEJIBHBI,
HO HE JIE)KAT B OJHOH IIJIOCKOCTHU
YACTD 2: IEPBBINA TECTOBBIN IIPUMEP

JI.C. JIaxoeuu’, II.A. Akumose ?, H.B. Meweynoes !

! ToMCKHii roCcyIapCTBEHHBIN apXUTEKTYPHO-CTPOUTENBHEIN yHUBepcuTeT, Tomck, POCCHUS
2 HaumoHaIBHBIH HCCIEN0BATENLCKHIA MOCKOBCKUI TOCYIaPCTBEHHBIN CTPOUTENBHBIN YHUBEPCHTET,
Mocka, POCCHSI

AnHotanusi. J[71s1 HEKOTOPBIX YNPYIMX CHCTEM C KOHEYHBIM YHCIIOM CTENeHeH CBOOO/BI Macc, y KOTOPBIX
HAalpaBJIeHUs ABWKEHUSI MacC MapajulebHbl U JISKaT B OJTHOM IUIOCKOCTH, (HalpHMep, CTep>KHH) pa3paboTaHbl
METO/Ibl CO3/1aHUsl JONOJIHUTENIBHBIX CBSI3€H, BBEACHUE KAXKIOW U3 KOTOPBIX MPULEIBHO YBEIMYUBACT 3HAUCHUE
TOJIBKO OJTHOW COOCTBEHHOW YacTOTHI M HE U3MEHSECT HU ONHY M3 (OpM COOCTBEHHBIX KoneOanuii. Metox dop-
MHPOBAHHSI MaTPUIBI JIOTIOJHUTEIBHBIX KO3()(UINEHTOB )KECTKOCTH, XapaKTEPU3YIOIINX B 3TOH 3aJade TaKylo
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MIPULETBHYIO CBA3b, MOXKET OBITh MPUMEHEH W TPH PEUICHUH aHAIOTUYHOHN 3aJaddl Ul YIPYTHX CHCTEM C KO-
HEYHBIM YHCIIOM CTETIeHEH CBOOO/IBI Mace, y KOTOPBIX HAPaBIICHHS ABIKECHIUS Mace apajuieNbHbI, HO HE JIeKaT
B OJIHOM IUIOCKOCTH (HampuMep, IUIACTHHBI). BMecTe ¢ TeM A Takux cUCTEM C(OPMYIMPOBAHbI JIMIIb TpeOo-
BaHMS K PACUETHBIM CXEMaM JJONOIHUTENbHBIX IIPULEIBHBIX CBA3€H, a HE METObI UX CcO3/laHus. B naHHOI cra-
ThE PacCMaTPUBACTCSA MPUMEP NPUMEHEHUs Ul IJIACTHH pa3pabOTaHHOTO IO/X0/1a, MO3BOJSIIOIIETO CO3/1aBaTh
pacyETHBIE CXEMBI JIOMOIHNUTEIBHBIX MIPULIETBHBIX CBA3EH U JUIS TAKUX CHCTEM.

KuiroueBble ci1oBa: yactora COOCTBEHHBIX KoJieOaHui, popma COOCTBEHHBIX KOJIEOaHUH,
0000111IeHHas PHULeTbHAs JONOIHUTENIbHAS CBSI3b, IPUMEP pacyera

THE FIRST SAMPLE

Let us consider a hinged rectangular plate [4,
10-14, 19, 20] 6 m by 6 m in size, carrying con-
centrated masses (Fig. 1a [4])

m[1]=1000kg, m[2]=1100kg,
m[3]=1150kg, m[4]=1200kg .

The thickness of the plate is 0.12 m. The modu-
lus of elasticity of the plate material

E=24-10° N/m* =24-10° Pa.

Poisson's ratio v, =0.2.

We choose the main system of the displacement
method (Fig. 1b) [17], form the corresponding
system of equations (1) from the paper [4] (ma-
trices A = |{i,k]|, M =|m[i]|). From equation

(2) given in [4], we determine the eigenfrequen-
cies and eigenmodes of the plate vibrations. The
values of the eigenfrequencies of the plate and
the coordinates of the eigenmodes correspond-
ing to them are given in Table 1 (columns are
the eigenfrequencies and coordinates of the
eigenmodes).

Assume that it is required to increase the value
of the first frequency of natural oscillations up
to 100 s! (or up to 100 Hz, respectively). To do
this, in accordance with formulas (7), (8), (9)
given in [4], we form a matrix of additional
stiffness coefficients (4) (see [4]). All the data
necessary to use dependencies (7), (8), (9) from
[4] are given in Table 1. After forming the ma-
trix of additional stiffness factors, taking into
account their influence, we determine from
equation (10) given in [4], the modified spec-
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trum eigenfrequencies and their corresponding
vibration modes [1-6, 13]. The modified spec-
trum of natural frequencies and their corre-
sponding forms are shown in Table 2.

It can be seen from the table that taking into ac-
count the additional stiffness factors did not
change any of the modes of natural oscillations
of the plate, but only increased the value of one
of the frequencies from 61.6965 s7! to the speci-
fied value of 100 s7!.

The generalized targeted constraint must corre-
spond to the matrix of additional stiffness coef-
ficients.

One of the variants of the computational scheme
of the targeted constraint is shown in Figure la
and Figure 1b. The accepted version is once
statically indeterminate and does not contain
additional racks. Thus, its geometry is deter-
mined only by the lengths of the main vertical
members, that is, by the values /_[i].

As noted above, now the problem is reduced to
finding in the computation scheme of targeted
constraint the lengths of the main vertical mem-
bers [ [i] (i =12,..,4) from the conditions for

the occurrence of forces N [i], i=1,.,4 in

them, the ratios between which will be propor-
tional to the ratios between the forces
R [i1=m[ip[il], i=1,..,4. The values m[i]
are shown in the initial data of the distinctive
sample, and the values v[i,1] are given in the

first column of Table 1 and Table 2. The forces
are shown in Table 3.

In order to use the algorithm for the formation
of the computational scheme of targeted con-
straint, researcher must firstly select the base
vertical member and set its length. For the base
we will take the vertical member of the first
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node and set / [1]=2.45m. We will take the

1.12]=230m, ,[3]=2.00m, [ ,[4]=2.6m.

initial values of other variable lengths
Table 1. Values of eigenfrequencies (natural vibration frequencies) of the plate
and coordinates of their corresponding eigenmodes (natural modes) (the first example).
[0 61.6965 141.4295 146.2905 205.4514
1 0.4908 0.0001 0.7080 -0.5893
2 0.4965 -0.7093 0.0895 0.5154
3 0.5058 -0.0676 -0.7003 -0.4432
4 0.5068 0.7016 0.0181 0.4367
Table 2. Modified frequency spectrum of natural vibrations of the plate
and coordinates, corresponding to them natural forms (the first example).
® 100.00 141.4295 146.2905 250.00
1 0.4908 0.0001 0.7080 -0.5893
2 0.4965 -0.7093 0.0895 0.5154
3 0.5058 -0.0676 -0.7003 -0.4432
4 0.5068 0.7016 0.0181 0.4367

Figure 1. The first sample: variant of the computational targeted constraint:
a) three-dimensional visualization; b) top view.

Table 3. To the analysis of the targeted constraint in the computational scheme (the first example).

i 1 2 3 4
mli] 1000 1100 1150 1200
Vi,1] 0.4908 0.4965 0.5058 0.5068
R,[i] 490.7597 546.1499 581.6800 608.1056

It is also necessary to set the force in one of the
vertical members. Let's accept

Volume 18, Issue 3, 2022

N, [1]= R,[1] = 490.7597 kg .

To find the minimum of the objective function
(12), described in [4], the method of steepest
descent in the space of varying lengths of verti-
cal members [ [i], i=2,3,4 was used. The

formation of the computational scheme of the
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targeted constraint according to the above men-
tioned algorithm was carried out without re-
strictions on the length of the vertical members.

Equilibrium equations were constructed for
nodes located at the tops of the vertical mem-
bers.

Table 4. The lengths of vertical members of targeted constraint and corresponding forces in them

(the first sample).

1_,[1]=2.4500

N_[1]=-490.7597

,[8,4]=3.7680

N,[8,4]=747.1761

1 [2]=2.3855

N_[2]=-546.1499

1,09,3]=2.7948

N,[9,3]=554.1850

1.[3]1=1.9521

N, [3]=-581.6800

1,[1,2]=2.0010

N, [1,2]=396.7919

1 [4]=2.4896

N_[4]=—608.1056

1,[2,3]=2.0464

N, [2,3]=405.7875

1,[5,1]1=3.7420

N, [5,1]=742.0097

1,[3,41=2.0710

N, [3,4]=410.6569

1,16,2]=3.7001

N, [6,2]=733.6948

1,[1,4] = 2.0004

N, [1,4]=396.6633

1,[7,3]=2.7948

N,[7,3]=554.1850

[st14]

Ist]3]

e
e
1.5 '

1.8826

——» [5f0[1]

] v 1 v 1 v 1 v 1 v ] v 1 v ) v
14 16 18920 22 24 26 28 90 32 34

2.9523

Figure 2. The first sample: parameters of targeted constraint.

The found lengths of the vertical members of
targeted constraint and the forces in them are
shown in Table 4.

From Table 4 it can be seen that the forces in
the vertical member by absolute values coincide
with the forces R,[i]. This circumstance con-

firms the minimum of the objective function
(12) [7-9, 15, 16, 18, 21-23] from [4] and the
fulfillment of the requirement that the ratios be-
tween the forces N_[i] are proportional to the

ratios between the values R [7].
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The cross-sectional areas of the vertical mem-
bers of targeted constraint can be found from
the condition that its stiffness coincides with the
stiffness determined by the matrix of additional
coefficients (4) from [4]. These conditions are
realized by dependencies (9), (14), (15) from
[4]. Since there are no additional vertical mem-
bers in the computational scheme of the targeted
constraint, then in (14) from [4] only the values

Fylil=Fali], F,[j]1=FBLj]
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remain, and in the brackets of expression (15)
from [4] we have only the first two terms.
When minimizing the volume of the material of
the targeted constraint from [4], researcher nor-
mally consider the case when, according to the
design conditions
alil=2, plil=1.
All vertical members are solid round rods. The
modulus of elasticity of the material of the ver-
tical members in equal to E =2.06-10"Pa.
Then, using (13), (14), (15) and (16) from [4],
we obtain

F,[i]=0.00057357m>, D, =0.027024m,
F,[i]1=0.00028678 m", D, =0.0191088m,
Ve =0.012467m’,

where D, and D, are respectively, the diame-

ters of the rods of the vertical members and
belts of targeted constraint.

As noted above, when the length of the base
vertical member changes, the ratios between the
lengths of the base vertical members do not
change, that is, the values y, and y, (see [4])
remain constant. Therefore, when changing the
length of the base vertical member, the greatest
length remains at the vertical member of the
fourth node, and the smallest at the vertical
member of the third node. Thus, when minimiz-
ing the function V, (see [4]), the values

2, =1[11/1,[4]=0.9841;
¥, =1,[11/1,[3]1=1.551,

computed with the use of data from Table 4 do
not change. Figure 2 shows the dependences of
the lengths /_[3] and /,[4] on the change in the

length of the base vertical member /_,[1].

On Figure 2 also shows in the direction of the y-
axis the restrictions

3m=1[i]21.5m, i=1,273,4

Volume 18, Issue 3, 2022

on the expression (17) from [4], and in the di-
rection of the abscissa shows the range of per-
missible values of variable length /[1] accord-
ing to the expression (18) from [4].

The targeted constraint was formed at an arbi-
trarily chosen value of the length of the base
vertical member / [1]=2.45m. By varying the

length of the base vertical member 7 ,[1], the

researcher can use the one-dimensional search
method to achieve the minimization of material
consumption when creating targeted constraint.
In this case, the values of variable length should
be chosen in the range of admissible values

(17), (18) from [4]. Table 5 lists seven options
for choosing the length of the base vertical
member. For each option, the values of the
lengths of the remaining racks and the amount
of sighting material are given V, .

Let's consider three options for forming re-
strictions on the lengths of the vertical members
and, accordingly, the area of admissible values

of the length of the base vertical member /,[1].
variable while minimizing the amount of sight-
ing material:

1) 3m>Ist[i]>21.5m, i=1,2,3,4 (17) from [1];
2.9523m>1,,[11>1.8826 m (18) from [1];
2) 2.1848m =1 [i]21.5m (17) from [1];
215m =1 ,[1]21.8826 m (18) from [1];
3)3m=1_[i]1=22.1m (17) from [1];
29523 m>1,,[11>22.6356m (18) from [1].

In all variants, cases were considered when, ac-
cording to the design conditions, we have

alil=2, Blil=1.

On Figure 3 shows a graph of the change in the
volume of material of targeted constraint de-
pending on the length of the base vertical mem-
ber /,,[1]. Figure 3 also shows the ranges of

acceptable values of the variable value of the
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three above options. In each area, the minimum
volume values V, are marked.

The results of minimizing the volume for the
first version of the restrictions are shown in the
fourth row of Table 5. Here, the minimum value
Ve, =0.01247m’ for [ ,[1]=2.45m is within

the range of acceptable values /_[1], that is, the

global extremum is found. The areas and diame-
ters of the sections of the vertical members of
targeted constraint are equal to

Table 4. The parameters of targeted constraint (the first sample).

No. Lo[1] 1,[2] 1,[3] [,14] Ve
1 1 0.9737 0.7968 1.0162 0.02495
2 1.5 1.4606 1.1952 1.5242 0.01567
3 2.15 2.0934 1.7131 2.1848 0.01268
4 2.45 2.3855 1.9521 2.4896 0.01247
5 2.6356 2.5662 2.1000 2.6782 0.01254
6 3.0 29211 2.3904 3.0485 0.01300
7 3.25 3.1645 2.5896 3.3025 0.01351
I:;".‘-T'
0,0140 Al
0,0138 -
0,0136 -
0,0134 -
0,0132 - \
0.01254 m

0.01268 m*

0,0130 -
0.0128 7 0.01247 a®
0,0126 - ~ TETE ceere )
0,0124 - [stQ[1]
N ] || N ] o L N ] v I v ] N ] ° h
16 18| 20 b.z 24| 28 28 |30 32 34
215m 2.6356 M
245 M
'*II'IIII"IIII'IIII"IIII"
1.8826 M 29523 m

Figure 5. The graph of the change in the volume of material of the targeted constraint
depending on the length of the base vertical member.

F, =0.0005734m’, D,, =0.0270m,
F, =0.0002868m*, D, =0.0191m.
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The results of the second variant are presented
in the third row of Table 5. The minimum value
V., =0.01268m’ is on the border of the range
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of acceptable values /,[1], that is, the boundary
optimum is found at /,[1]=2.15m. The areas

and diameters of the sections of the vertical
members of targeted constraints are equal to

F, =0.0006295m", D, =0.02381m,
F,=0.0003148m, D, =0.02002m .

The results of the third variant are presented in
the fifth row of Table 5. The minimum value

Vg =0.01254m’ is on the border of the range
of acceptable values /[1], that is, the boundary
optimum is found at / [1] =2.635m . The areas

and diameters of the sections of the vertical
members of targeted constraints are equal to

F, =0.0005513m", D, =0.02649m,
F, =0.0002756m>, D, =0.01873m.

The results obtained were checked (verified)
with the use of “LIRA-SAPR” software pack-
age. The eigenfrequencies and coordinates of
the vibration modes of the plate with impact
coupling, obtained using LIRA-SAPR [8], coin-
cided with the data in Table 2.
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Abstract. The phenomenon of self-excitation of thermomechanical vibrations of current-carrying conductors,
experimentally discovered by academician A.F. loffe, is of practical interest as a possible explanation of the
phenomenon of galloping conductors of overhead power transmission lines (OHL) — low-frequency vibrations
with frequencies of ~ 1 Hz and with amplitudes of the order of the static conductor sagging. To build the theoret-
ical foundations of this phenomenon, as a special class of self-oscillating systems, it is necessary, first of all, a
model of conductor vibrations in the OHL span. With regard to the most studied type of conductor vibrations,
high-frequency aeolian vibration, excited by sign-alternating aerodynamic forces from the Karman vortex street,
the classical model of a straight string is reasonably applied. However, to study low-frequency vibrations of the
galloping type, it is necessary to take into account the effect of sagging of the conductor, the associated elastic
tension and, in some cases, the nonlinear nature of the vibrations. The article presents two models for calculating
the natural vibrations of sagging conductors (cables) within the framework of the technical theory of flexible
threads, assuming the constancy of the tension force along the length. The first model describes linear oscilla-
tions of an elastic conductor in the sagging plane. For a system of equations with respect to the displacement
components given in natural coordinates, an exact solution of the Sturm-Liouville problem with estimates of the
frequency ranges arising is obtained. The second model describes nonlinear vibrations of an elastic conductor in
the sagging plane and pendulum vibrations accompanied by an exit from it. The solution of the problem is based
on the principle of possible displacements using the Ritz method. The structure of the frequency spectrum and
the natural forms of transverse vibrations are studied. The developed models are intended for further investiga-
tion of thermomechanical vibrations of conductor and flexible cable systems.

Keywords: sagging conductor, cable, flexible elastic thread, frequencies and modes of normal vibrations,
Ritz method, spectrum structure

COBCTBEHHBIE KOJIEBAHHWA TIPOBUCAIOHNIUX ITPOBOJOB
BO3AYIIHbIX JIMHUU IJIEKTPOIIEPEJAYHN

A.A. Banuynnun U A.H. Janunun?, B.A. ®envowmeiin ’

! MoCKOBCKHiT (PU3UKO-TEXHMUECKUH HHCTUTYT (HAIMOHATLHBINA UCCIEI0BATENLCKIN yHIBEpeuTeT), Mocksa, POCCHUS
2®I'BYH WHcTHTYT IpUKIIaaHOi Mexanuku Poccuiickoii akanemMun nayk, Mocksa, POCCHS
3 AO «lleHTpanbHBIi HAYyYHO-UCCIIENOBATENBCKUH HHCTHTYT MAIIMHOCTPOEHHUs», Mocksa, POCCU SI

AHHOTanusi. SIBieHre caMOBO30YX/JICHNSI TEPMOMEXaHNYECKUX KOJEOaHU TOKOHECYIIMX MPOBOJHHKOB, dKC-
MepUMEHTAIbHO OOHapykeHHoe akagemMukoM A.D. Modde, nmpeacrasiser mpakTHUECKHH HHTEpEC B KAUECTBE
BO3MOKHOTO OOBSICHEHHsI ()eHOMEHA IUISICKH MPOBOAOB BO3IYIIHBIX JHHUH asekTpornepenaun (BJID) — Husko-
YaCTOTHBIX KoseOauuii ¢ yacroramu ~1 'l M ¢ aMIUINTy1aMK TIOpSi/IKA CTPEIbl CTATHYECKOr0 MPOBHUCAHUS TIPO-
Boza. /Iyt MOCTPOEHUS TEOPETUUECKIX OCHOB 3TOTO SIBJICHMS, KaK 0COOOTO Kilacca aBTOKOJICOATEIbHBIX CUCTEM,
Heo0XoarMa, TIPEeKIE BCEro, MOAeTh KojebaHmil mpoBona B mponete BJID. IlpumennrensHo Kk Hanboiee u3y-
YEHHOMY BHJY KOJe0aHWil MPOBOJOB, BHICOKOYACTOTHOW HOJIOBOII BHOpaluH, BO30YXIaeMOW 3HaKOIEpPEeMeH-
HBIMH 29POJIMHAMHYECKUMH CHJIAMH CO CTOPOHBI BHXpeBOH Jopokkn Kapmana, 000OCHOBaHHO TPHUMEHSETCS
KJIaccH4ecKasi MOZelb MPSMOJIMHEHHON CTpyHBI. OIHAKO ISl UCCIIeIOBAHMS HU3KOYACTOTHBIX KOJMEOAHUH THITA
TUISICKH HEOOXOJMMO yYUTHIBAaTh d((GEKT MPOBUCAHMUS IIPOBOJIA, CBSI3AHHOE C 9THM YIPYToe pacTshKEHHE U, B psi-
JIe ciTydaeB, HeJIMHEHHBIN XapakTep KosiebaHuil. B crarbe mpeacraBieHbl jBe MOIEITH s pacuéTa COOCTBEHHBIX
KoJieOaHHIi TPOBUCAIONINX MIPOBOIOB (TPOCOB) B paMKaxX TEXHUYECKOW TEOPHH TMOKUX HUTEH, Ipe oararoiei
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MTOCTOSTHCTBO CHJIBI HATSDKEHUS TI0 JAiuHE. [IepBas MO#enb ONMMCHIBACT JIMHEHHBIC KOJIEOaHUs YIIPYToro TSHKENIo-
ro MPOBOJA B IIOCKOCTU MpPOBHCaHUsA. {1 CUCTEMBI ypaBHEHUI OTHOCUTEIBHO KOMIIOHEHT NEPEMELIEHHUS, 3a-
JIaHHBIX B €CTECTBEHHBIX KOOpAMHATAaX, MOIy4eHO TO4YHOe pemreHue 3afauu lltypma-JInyBuis ¢ oneHKamu
BO3HMKAIOIINX YaCTOTHBIX AMAINAa30HOB. BTOpas Moens ONMChIBACT HENMHEHHBIE KOJICOAHNs YIPYTOro MmpoBo-
Jla, COBEPIIAIOIIETO KOJIeOaHNs B INIOCKOCTH MTPOBHCAHNS U MasSTHUKOBBIE KOJICOAHMsI, COIIPOBOKIAIOIINECS BbI-
X0JI0M 13 Hee. PenleHue 3a1adu CTPOUTCS. HA OCHOBE ITPHUHIMUIIA BO3MOXKHBIX IIEPEMEIIECHUI C UCTIOIBb30BaHHEM
Meroza Purna. M3ydyeHna cTpykTypa criekTpa 4acToT U (OopM COOCTBEHHBIX MOMEPEUHBIX KOJIEOAHHH MPOBOAA.
Pa3paboTanHble MOJENM NpeJHa3HAYCHBI Ul JAJIbHEHIIEro HCCIIeJ0BaHUsI TEPMOMEXaHHUECKHX KoJjeOaHuil

IIPOBOJIOB U THOKUX TPOCOBBIX CUCTEM.

KiroueBble cj10Ba: IPOBUCAIONINI IPOBOJL, TPOC, THOKas yIPpyrasi HUTh, YaCTOTHI U (JOpMBI COOCTBEHHBIX KOJIeOaHNUI,
Mmeton PuTiia, cTpyKTypa criekrpa

INTRODUCTION

Works [1-5] are devoted to the construction of a
theory explaining the self-excitation of thermo-
mechanical self-oscillations of a conductor that
heats up when included in an electrical circuit.
In [5], there are indications of the repetition of
the experiment of A.F. loffe. A practical interest
is the question of whether the self-excitation of
thermomechanical vibrations is related to the
phenomenon of the conductor galloping — low-
frequency vibrations with frequencies of ~ 1 Hz
and with amplitudes of the order of the static
sagging [6,7].

In the cited works, such an assumption was
made, but it has not yet received reasonable
confirmation: there is no transfer of the effect,
modeled theoretically and observed in a labora-
tory model, to the full-scale OHL conductors.
The purpose of this work is to study the normal
frequencies and modes of a conductor in the
OHL span, necessary for the mathematical
model to determine the conditions for self-
excitation of the galloping of full-scale conduc-
tors, based on the thermo-mechanical model.

1. A MODEL OF COUPLED LONGITUDI-
NAL-TRANSVERSE VIBRATIONS OF A
CONDUCTOR IN THE SAGGING PLANE

The natural oscillations of an OHL conductor in
the plane of its sagging in a homogeneous field
of gravity are considered. The conductor is con-
sidered as a flexible elastic heavy thread. The
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coordinate system and the selected natural basis
are shown in Figure 1.

0
f’/(r/ *

z v

Figure 1. Orientation of the natural basis in
the coordinate system Oxz

Conductor parameters: / — the distance between
the suspension points (span length); m — linear
mass; B — tensile stiffness; 7 — static tension;

k,, f — the curvature of the static curve and its

sag. By p=mg denote the vertical linear load,

where g is the vector of gravity acceleration.
With small sag (f <</), which is typical for

most spans of OHL, tension 7 = B¢ and curva-
ture k,=8f/I° can be considered constant
along the length and related by the ratio:

T, =mg/k, =mgl’ /8] .
Conductor oscillation equation
(Tt) + p—m(it+Wwv) =0

represent in projections onto the associated ba-
sis, using the Frenet formulas for a flat curve

T —mii=0,

—kT + mg —mw = 0. (1)
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During vibrations, the conductor has an addi-
tional elongation deformation & = u' + kw, in-
crements of curvature k =k, —w" and tension

T =T, + BE. Substituting these values into (1),
limiting ourselves to a linear approximation and

excluding time by substitutionu — ue',
it

w— we'” | we obtain

Bu" + Bk,w' = —ma’u,
T,w" — Bkg' — Bk;w = —ma’w

x=0,l:u=w=0.

Here and below, the dashes denote the derivative
with respect to the arc coordinate s, which, due to
the flatness of the sag curve, is identified with the
x coordinate on the horizontal projection.

Let us pass to dimensionless variables, choosing
as the scales of length and frequency, respec-

tively 7 and \[T, /m /I :

u"+aw = eo’u,
(04 2
w'— —(u’ - aw) =—o’w, @)
£

where indicated: ¢=7,/B, a=kJ/=8f/I. The
parameter & represents the deformation of the
conductor elongation in the state of equilibrium
and can be considered small. Note that equa-
tions (1) are similar to the equations of vibra-
tions of an elongated cylindrical shell (panel
with curvature k,) with a vanishingly small

bending stiffness [8]. The parameter o defines
the connection between the longitudinal and
transverse displacements of the wire section. At
small values of this parameter, which are char-
acteristic of a strongly stretched wire, system
(2) breaks up into two independent equations:
longitudinal vibrations of the rod and transverse
vibrations of the string.

ilx

Assuming in (2) wu=Ue™, w=We™" let's

move on to the system
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(ga)2 - /12)U + iAW =0,

. 2 4
—ﬂU+£a)2—ﬂ,2—a—]W:0. ®)
& &

Let's write an equation for determining wave-
numbers A with respect to z = A°:

22—z’ (1+&)+e0' —a’w’ =0. (5)

At o> a/ Je (conditionally large frequencies)
the roots z, , >0 and all wavenumbers are real.

At o< a/ Je (relatively low frequencies)
z,>0, z,<0; in this case, one pair of wave-
numbers is real, the other is imaginary. The fre-
quency @, = a/ Je, that delimits the low- and

high-frequency regions is further called critical.
From (4) follow the relationship between the
displacement components (distribution coeffi-
cients) for each 4, (k=1,...,4):

il .
———=W,in,. (6)

u,=Ww,
S 7

In the general case, the roots of equation (5) are:

2
2, = (1+e)

(7)

2 2
ST T
2 o’ (1-¢)
Let's first consider the high-frequency range:
w > a/ Je . Given the strong inequality, we as-

sume that

\/1+4a2/a)2(1—5)2 ~1+2a° / »*.
It follows that

2 2 2 2
RO +Q z,REQ
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and the wavenumbers and distribution coeffi-
cients are equal to:

/11,2 =tx, 13,4 =17,

(8)
ha,= 15, 54 = mo,.

Here the notations are used:

=No'+a’, y,=VNeo’ -a’,

o= 0‘/)(1, 7(2/0‘

The general solution of system (2), taking into
account correlation (6), has the form:

4 4
_ idx _ . idx
w= E Ae™, u= E Anie™ ©))
k=1 k=1

or in trigonometric form:

w= B, cos y,x + B, sin y,x +
+ B, cos y,x + B, sin y,x,
u =—B,0,sin y,x + B,0,cos y,x +
+ B,6, sin y,x — B,J, cos y,x.

Subjecting the obtained solution to boundary
conditions, we come to a homogeneous system
of equations with respect to: B, :

B +B,=0,
B, cos y, + B, sin y, +
+B;cos y, + B,sin y, =0,
B,o,-B,0, =0,
—Bo,sin y, + B,6,cos y, +
—B,6,cos y, =0.

(10)

+B,0,sin g,

The condition for the existence of a nontrivial
solution gives the frequency equation —

A, (@) =266, (1-cos g, cos y, ) + an
+(87 + 67 )sin g, sin z, =0.
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Assuming B, =1 and defining the remaining

integration constants from the first three equa-
tions of system (10), we represent the eigen-
functions (normal modes) in the form:

1

w= g[% (X) — Ky, (x)},

u=oy, (x) + 14,0, (x)

(12)

It is indicated here:

@, (x)=38,sin y,x + &, sin g,x,
v, (x) = cos y,x —cos ,x,
6,(x)=vsin y,x +sin g,x,

5/ 2o Hy =¢1(1)/W1(1)-

the when
o< a/\/E . In this case, the wavenumbers and

distribution coefficients are equal to

Consider low-frequency range,

ﬂ'l,z =17, /13,4 =tiy;;
M, =10, 154 =Mid,.

where now: y, =\a’ -¢wo’, 5, =y, / .

The general solution (9) takes the form:

w = B, cos y,x + B, sin y,x +

+ B, chy,x + B, shy,x,
=—B,0,sin y,x + B,6, cos y,x —
- B,6,shy,x — B,0,chy,x.

Frequency equation is

A, (@)=28,6,(1-cos ychy, )+ 13)
+(67 =67 )sin gshy, =0.
Note that the boundary frequency o, =/ Je

simultaneously satisfies both frequency equa-
tions (11) u (13) and, therefore, is a natural fre-
quency. Native functions:
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_ 1 _
w—@huw 1w, (x)], (14)

u=—-0y,(x)+ 1,0,(x).

25

20

15

10

Figure 2. Natural frequency spectra for various
a and £=107

0.0 02 0.4 0.6 0.8 1.0

Figure 3. Characteristic forms of transverse vi-
brations of the lower (n=0, 1) and upper (n=3,
5) harmonics; here a =0.35, =107,
critical frequency @, =11.07

It is indicated here:

@, (x)=6,sin y,x + Sshy,x,
W, (x) = chy,x —cos g,x,
0, (x) =shy,x—vsin gx;
=0, (1)1, (1).
Note that for small sag (a - O) , the high-

frequency equation (11) transforms into
sin y,sin y, =0 and the spectrum splits into

Volume 18, Issue 3, 2022

groups of quasi-transverse (string) and quasi-
longitudinal ~ frequencies: ®, =7n and

a)n:ﬂn/\/;.

The low-frequency equation (13) takes the form
sin y,shy, =0 and defines only transverse fre-

quencies. For high harmonics, string asymptotic
is manifested for all, not necessarily small val-
ues « . The spectrum features are characterized
by Figure 2, which shows the frequencies of the
modes corresponding to the harmonics with a
number » calculated for different « and
£=10".

The structure of the spectrum, which is quite
complex in the low-frequency region, becomes
regular with the growth of the harmonic number.
The forms of vibrations in the low-frequency re-
gion differ significantly from the forms of trans-
verse vibrations of a string and a beam: the differ-
ence is that the amplitudes of adjacent half-waves
(of different signs) vary greatly in amplitude,
which is not typical for a string. This difference
decreases with the growth of the harmonic num-
ber, as follows from the graphs in Figure 3, and
for high harmonics, the shapes do not differ from
the shapes of the string.

2. MODEL OF SPATIAL VIBRATIONS

Let's introduce the coordinate system Oxyz, di-

recting the axis Ox through the conductor fix-
ing points, as shown in Figure 2.

\II A

Figure 4. Parameters of static (0) and dynamic

(1) states: a) displacements and components of

the external load (a); lengths of the initial and
current states (b)
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Let u(x,?7), v(x,t), w(x,t) be the displacements
of the points of the conductor axial line along
the axes Ox, Oy, and Oz respectively. As be-
fore, the conductor is considered as a weighty
elastic thread, fixed at the ends in a stretched
state. Denote by p, the given lateral linear load

in the plane Oxy, by p. =mg the linear load of

gravity forces in the plane Oxz.

The positive directions of the entered values are
shown in the Figure 4 a). Figure 4 (b) shows: /
— span length; /, — the conductor length in the

span without elastic deformation at normal tem-
perature; /, — the length of the stretched conduc-

tor; initial elongation —

A=1,(1+aT)-1, (15)

where 7 is the increment of temperature relative
to its normal value, o is the coefficient of line-
ar thermal expansion.

Neglecting the longitudinal inertial forces, we
assume that the tensile force 7" and tensile stiff-
ness B are constant along the conductor length.
It follows that the deformation of the conductor
is also constant along the length, i.e.
g(x,t) = g(t). Using this assumption, we deter-
mine the longitudinal deformation in a quadratic
approximation. It's obvious that

di? = (dx + du)’ +dv* + dw* =
= [(1 + u')2 +v7? + W'2:|dx2.

Here and below, primes denote the derivative
with respect to x. Neglecting the square of a
small value du, we have

dl,; 1+2u' +7 +w? dx.

Expanding the last expression into a Taylor se-
ries and restricting ourselves to the first two
terms, we obtain
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dl, = [1 +u' +%(V'2 +w? )}dx )

Integrating the last expression by x gives

L —1=u —u, +%j(v’2 +w’2)dx.

0

This makes it possible to determine the defor-
mation of the conductor elongation in the form

g hmh -1 A
/ / [
Ll e
:—I(v'2+w'2)dx——.
2[00 IR

where A is determined by expression (15) and
it is taken into account that at the fixing points
u,=u, =0.

2.1. Nonlinear vibration equations

We will obtain the conductor vibration equa-
tions based on the principle of possible dis-
placements in generalized coordinates with non-
linear elastic forces [9-11]:

SU -84, -84, =0. (17)

where OU is the variation of the potential ener-
gy of the system; 64,, 54, are the variation of
the work of external and inertial forces. It is as-
sumed that the initial configuration is known
from the solution of static equilibrium equa-
tions.

We will search for displacements using the Ritz
method:

l =
V(x, 1) = ; - Zz(t)smg.
J

W) ===3(q, + (Z(t))sianx,
i (18)
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where g, are the generalized coordinates of the

static (initial) state; g,, 77 are generalized coor-

dinates describing the dynamic process.
Let us determine the axial deformation by for-
mula (16) in the form:

e [praear

— A
+Zfzr_,-2}—,—-
J

0

(19)

Then the potential energy of longitudinal de-
formation and its variation are respectively
equal to

Here:

2
oIl 0 i) _  _
P _ZOT£ZIT( 2) (q0i+ql_),
. 2
2 plr)
or; or, 2

where the deformation & is determined by the
nonlinear expression (19).

We now write down the variations of the work
of inertial and external forces:

Zq15q1+z o7 |,

= 1(X:i(Qoi + Q)8; + Z,R 677), (21)

using the notations

Volume 18, Issue 3, 2022

m*:m(1+é} O, = I’ 1 cosm’
/ i

! . I . .
. inx . J7mx
0= J.py sdex, Rj = Ipz sdex.
0 0

The equations of spatial oscillations of the con-
ductor follow from the variational principle of
possible displacements (17) taking into account
expressions (20), (21). As a result, we have

12q; + T(im)*(o; + G) = 2(Qoi + Q1)
m* 1?1, + T(jm)*7; = 2R;;
i,j=123,... (22)
Let's omit the terms in the first equation, the
sum of which turns to zero due to static condi-
tions. To do this, we will write the longitudinal
deformation in the form (19) as the sum of the
static and dynamic components:

g(t)=80+€d(t)’ (23)

where

[(xY z oz 7
‘, :7(9 {ziz(%q,- £a)+ 2T
0

i J

Substituting expression (23) into the first equa-
tion of system (22), we obtain nonlinear equa-
tions of spatial vibrations of the wire in the
form:

m*12q; + B(im)*(eqGo; + 4) = 2Q;,
m*1%7; + (]n)zer = 2R;;
1 =1,23,.

where ¢ is determined by formula (23). Passing
to the quantities

T=1 B ;
N m*l?°

 _ R,
22,1{.:2—/,
B B

J

0 =
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we obtain the final form of the equations in di-
mensionless form:

g, = . o
?qzl - Qi B (17[)2 (gqui + 8%)9
drv
5 =R=(jz) e7; (24)

i,j=1,2,3,..
2.2. Solution of the static problem

In this case, instead of expressions (18), (19) we
have

. krx
Wy (x) = Z%k SmT;
%

l(n ? _ 2 A ’
=—= kg, ) ——.
80 Io(zj Z( qu) l()

k
The equilibrium equation follows from (22):

k)

1
T kg, =-1"m'g—(1—coskr),
o Yox gkﬂ( )

whence it follows that g,, =0 at k=2,4,6,....
We rewrite the last equation in the form:

km _ 2 Im'g
Yok =~

2 (kz)* N,

(k=1,3,5,...)

and substitute in the expression for deformation
(24). As aresult, we get

[ 2lm'g ’ 1 A
TR PERRE
0 T EFgo k:l,37...k lO

whence it follows that the deformation &, is de-

termined from the solution of the cubic equation
g, +be; +d =0, where

. \2
poBso, go_L[2me 2:34<m
l L\ 7B ) 5.k
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the solution of which is found by the Cardano
formula.

As an example, a wire fixed at the ends with the
characteristics given in Table 1 is considered.
Table 2 shows the results of calculations for
n=13,...,9.

2.3. Natural vibrations
The linearization of equations (24) leads to a
system of linear equations

,
drqzi + (m)z (€440 + £08:) =0,
da’r,

7,-2

(25)

+(jr) er, =0; i,j=123,..,

where ¢,, g, are determined from the solution

. I =° —
of a static problem; ¢, = Z—%Zizqmqi .
0 i
Equations (25) will be written in matrix form by
introducing column vectors

7=(q,-g,) . 7= ...7,)

and a diagonal matrix K with elements «, =i*.

For simplicity, we will assume that #» =m . Then
instead of equations (25) we have two unrelated
matrix equations

2— 2—
T4 mig=0, 9T mF=0, (26)
T T

where

[ n*__
M? = ;TZK(Z—%q q'K+ goEj, M’ =7’¢K;

0

E — unit matrix.
The solution of equations (26) is represented as

gq=Asmwrt,r=CsinwrT;
m*i2
-

@ =w 27)
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Substituting expressions (27) into equations (25)
leads to two unrelated systems of algebraic

equations
(M? — &*E)A=0,(M —&%*E)C =0, (28)

Since the matrix M" is diagonal, the eigenval-

ues of the second equation are the values 5]2 =

(jm)%gy. Then the frequency spectrum of the
natural vibrations of the conductor in the hori-
zontal direction is a sequence @; = jm,/&,
j=L2,...,n.

From the condition of non-triviality of the solu-
tion of the first equation of system (28), a fre-
quency equation follows for determining the
frequency spectrum of natural vibrations in the
vertical direction:

det||M? — @?E|| = 0.

The vibration modes A are determined from the
solution of the first equation (28) with the nor-

malization condition A" 4 =1. The vibration
modes C are trivial as a sequence (10...0),

(01..0), ..., (00...1).

As an example, consider a conductor with char-
acteristics from Table 1 for n=35. The solution
of the static problem is given in Table 2. The
calculation results are shown in Table 3.

The first frequency of horizontal oscillations
can be estimated using the equation of oscilla-
tions of a physical pendulum Jd’p/di* =M ,
where J is the moment of inertia of the sag-
ging conductor about the axis Ox, M is the
total moment of the gravitational load.

Table 1. Conductor parameters

Tensile stiffness B=73-10°N
Linear mass m=0.23kg/m
Conductor length [,=21m
Span length /=20m
Gravity acceleration g=9.81m/s’

Table 2. Results of solving a static problem

n 1 3 5 7 9

D -6.59-10"* —6.67-107" —6.68-107" —6.68-107"* —6.68-107"*
2 5.88-10° 592107 5.92-10° 5.92-107° 5.92-10°
901 0.14236 0.14149 0.14138 0.14135 0.14134
90 - 0.00524 0.00523 0.00523 0.00523
Gos - - 0.00113 0.00113 0.00113
Go7 - - - 0.00041 0.00041
9o - - - - 0.00019
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Table 3. Frequencies and waveforms for n =135

Vertical vibrations || Horizontal vibrations
Natural frequencies, Hz
0.669 | 0.957 | 1338 | 1.646 | 45202 | 0335 | 0.669 | 1.004 | 1338 | 1.673
Vibration modes

0 0.932 0 0.930 | 0.932 1 0 0 0 0
1 0 0 0 0 0 1 0 0 0
0 0.311 0 0.310 | 0310 0 0 1 0 0
0 0 1 0 0 0 0 0 1 0
0 0.189 0 0.195 | 0.187 0 0 0 0 1

Using the expansion

Wy (%) =D gy sin(kzx/l),

we get

m*i3] 2m*1?2gSe
M= 2

2 T

J =

- -2 & _ 9oi
where | = Yi—13..q6i,S = Xi=13,. %

For the angle of rotation of the pendulum (sag-
ging wire) in the form ¢ = Asinwt from the

condition of non-triviality of the solution of the
equation of vibrations, we obtain a formula for
calculating the circular frequency of oscillations

495 . 1 S
w = ’iormHertzf:—- ’g—
nlJ b4 nlj

The calculation for the above example gives the
value f =0.333 T'u, which is completely con-

sistent with the first oscillation frequency in the
horizontal direction /' =0.335TI1.

CONCLUSION

When constructing the theory of self-excitation
of conductor vibrations, classified in operational
OHL practice as a galloping, it is necessary to
proceed from the model of a flexible heavy
thread that performs spatial vibrations. Gallop-
ing modes are observed in the frequency range
of the order of 1 Hz, which in the typical OHL
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spans correspond to the first 1-3 harmonics [6,
7]. Model experiments have shown [5] that vi-
brations in the vertical plane, which excite par-
ametric vibrations with exit from the sag plane,
are essential for such processes. The model of
self-excitation should be based on the data of
the modal analysis of the system as its basic
characteristics.

The methods developed and described in the
article for calculating the natural frequencies
and vibration modes of the OHL conductors re-
flect the features of the conductors that deter-
mine their tendency to self-excitation of vibra-
tions. It is shown that in the frequency domain
of interest, transverse stretching vibrations and
pendulum vibrations are essential; longitudinal
elastic waves do not play a significant role.

The developed methods of modal analysis of
conductor vibrations will be used in the con-
struction of a model of self-excitation of vibra-
tions of OHL conductors of both thermome-
chanical and aerodynamic nature.
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