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3.1. A square in plan (in the plane xZx3 ) smooth spherical panel, hingedly supported along
the contour and loaded with a uniform normal pressure of intensity (, is investigated. The

research results are presented using dimensionless parameters q = a*q/(Eh*), 0¥ =u®/h. The
curvature of the panel is determined by the parameter K = 2a2/(R h) =32 . Accepted: a=60h
is a panel size in plan, R=225h is radius, h=1 cm is thickness, E=2.1-10%kg/cm?,

v=0.3. The SFEM with a grid of 30 x 30 FE is adopted for calculation. As research has shown,

such a grid ensures the convergence of solutions.
3.1.1. The SW LIRA an almost complete coincidence of the "load-deflection" curves

(“g -0t ") has provided by all three approaches in the center of the panel to the upper critical
point (Fig. 7 (a)). Both variants of the method of successive loads (1.SL and 2.SL)
demonstrate the coincidence of the results in the pre-critical region and a slight difference
between them in terms of the value of the upper critical load gg® (Table 1). At this point (in the
figure, the point is marked '*") the solution of the problem ends. The Newton-Raphson method
(3. N-R) allows you to switch to the closed stable branch of the solution, but with a significant
error (Fig. 7 (¢)).

ar= 2.5LA q
200 | T ]
P
4 200
./’
150 4 st FEMS
150
3NR
100
100
50 50
SW LIRA SW SCAD
0 L L L L L p— 0 ya—— L L _1'
0 -02 -04 -06 -08 -1 U o -1 -2 -3 -4 -57
@) (b)
x"sm
q - e -
""-..__\ a_o
- =
L : | (18828285000, e
LIRA 1.5L : I e
200t L. B
7 =21 gur=1037
SCAD LIRA
160 [ 2.N-K 3.N-R
FEMS 3T
100 |
_4 -
50
0 L L L L L L _5 il 1 1 1 1 1
0 -2 -4 -6 g 0 5 10 15 20 25 x2:sm
(© (d)
Fig. 7

© Krivenko O.P., Lizunov P.P., Vorona Yu.V., Kalashnikov O.B.



50 ISSN 2410-2547
Omip matepiaiis i Teopis cnopya/Strength of Materials and Theory of Structures. 2023. Ne 111

All three algorithms of SW SCAD implement the transition to a new stable equilibrium
branch (Fig. 7 (b), (c)). The calculation by the method of successive loads (1. SL) makes a

transition to a closed stable branch with a large error in the value of the upper critical load @, .

According to the algorithms based on the application of the Newton-Kantorovich (2. N-K) and
Newton-Raphson (3. N-R) methods, the problem of transition to a closed stable branch is solved

quite precisely, the value of the upper critical load T3’ is the same (Table 1).

Table 1
SwW Algorithm P | A% | GEP | A%
FEMS | Newton-Kantorovich method (FEMS) 193.7 0 0.9125 0
1. Sequential loading method (SL) 194.1| 0.20 |0.8796 | -3.60

2. Sequential loading method with automatic

LIRA step selection (SLA) 202.8 | 4.70 |0.8580 | -5.97
3. Newton-Raphson method (N-R) 196.4 | 1.40 |0.9013 | -1.23
1. Sequential loading method (SL) - - - -

SCAD | 2. Newton-Kantorovich method (N-K) 190.2 | -1.80 |0.7729 |-15.30

3. Newton-Raphson method (N-R) 190.2 | -1.80 |0.7730 |-15.29

In the pre-critical region for both SWs, we have an almost complete coincidence of the
curves with the diagram obtained on the basis of the use of FEMS. The equilibrium shapes of
the deformed panels in the subcritical and supercritical regions have a simple appearance and
match well. (Fig. 7 (d)) shows the modes of deformation of the middle surface of the shells in
the area of the critical load and at the point of transition to a stable closed branch. Deformation
of the panel is characterized by a deflection in its central area.

In further research, when performing calculations, we will use method 2. Successive loads
with automatic step selection (SLA) for SW LIRA-SOFT, and method 2. Newton-Kantorovich
(N-K) for SW SCAD, as the most accurate and efficient.

3.1.2 The influence of the combined effect of preliminary uniform heating with subsequent
pressure loading on the loss of panel stability is considered (Fig. 8). Heating (cooling) is

performed on T'=+20°C.
B A uniform temperature increase of 20 degrees
g — T=+30°C leads to an almost identical corresponding
increase in the upper critical load g3 =175,0;
193,7; 212,2 and a uniform decrease of the lower
one g.V =32,82; 29,78; 26,53 (Fig. 8).

A comparison of the results obtained by the
FEMS with the calculations made by SW LIRA
showed a fairly good match between them. The
corresponding diagrams almost completely
coincide in the pre-critical region. We have a

slight run-up in terms of values g ta UL" at
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the upper critical point (Table 2).
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Table 2
Calculation method
Loading FEMS SW LIRA
(preheating) g U&}Up g A% U&}Up A%
T=-20°C 175,0 -0,9613 185,9 6,23 -1,0000 4,03
T= 0C 193,7 -0,9125 202,8 4,70 -0,8580 -5,97
T=+420°C 212,2 -0,7984 228,4 7,63 -0,7509 -5,95

3.1.3. Modal analysis of the shell shows the following. The first four forms of natural
oscillations of the panel, obtained by the method based on the use of MFES and by SW LIRA-

SAPR, are given for the initial unloaded state q'=° (Fig. 9). The difference in frequencies is
within 1%. The forms of natural oscillations are identical. When calculating according to the
FEMS (T =0° C) it was obtained that at all loads the first frequencies are multiples, ®; = ®,.

FEMS

o =53378 050 =53378 050 =54740 o0 =69124

SW LIRA-SAPR

o0 =529,29 w50 =529,29 w0 =545,25 i = 682,01

Fig. 9. Natural modes ( w{=° , Hz) of the unloaded shell, g'=°

The conducted modal analysis makes it possible to o))
investigate the influence of the prestressed state of
the shell on the frequencies and forms of natural 500
oscillations of the deforming structure (Fig. 10). In
the figure, the resulting dependence is presented asa 400
"load-lower frequency” ,” (“g—w”) diagram.
Modal analysis is performed until the zero (negative)
value of the fundamental tone appears. This approach
corresponds to the dynamic criterion of the loss of
shell stability [24] and allows determining the ;4
stability of the panel simultaneously according to
static and dynamic criteria. There are no branching 0
points of the solutions in the pre-critical region on the
“q -U ” curves. Therefore, according to both criteria,

300

200
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almost the same corresponding values of critical loads were obtained.

In the existing versions of SW LIRA-SAPR and SCAD, it is not possible to analyze the
natural vibrations of shells taking into account the prestressed state.

3.2 The stability analysis of shells with stepwise variable thickness is illustrated using the
example of the panel discussed above. The panel is weakened by four criss-crossed channels
placed on the surface of the shell in three ways. The channels are located eccentrically on the
inner (Fig. 11 (a)) or outer (Fig. 11 (c)) surfaces of the shell and symmetrically on its inner and
outer surfaces (Fig. 11 (b)).

The SFEM with a sufficiently dense mesh of 30x 30 FE was adopted as the calculation
model, which ensures the convergence of solutions. To approximate channels, the SW LIRA-
SAPR uses ‘absolutely rigid insertions’, and the SW SCAD uses ‘absolutely rigid bodies’.
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c
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3.2.1. We consider a shell with “narrow” channels having the same parameters: length a,
width b, =2h and total depth h. =0.3h. For all algorithms there is a good agreement between

the *@ -U ’ curves in the subcritical region (Fig. 12). The calculation performed using the SW

LIRA-SAPR stops at the upper critical point. In the pictures this point is marked *'. The
solution for a panel with a symmetrical arrangement of channels obtained using the SW SCAD
accurately implements the transition to a supercritical stable branch (Fig. 12 (b)). For this
symmetrical weakening, the * { -U ’ curves are compared at three characteristic points.

Fig. 12

A comparison of solutions at the upper critical point obtained using the MFES, the SW
LIRA-SAPR and SCAD shows that for all types of weakening, the difference in load gy and

deflection U&;”p in the center of the panel does not exceed 4% (Table 3).

For narrow channels, their location has little effect on the value of the critical load ggP . The

greatest reduction in load (compared to a smooth panel) caused weakening on the outer side of
the shell, e <0 =& The critical load of this shell is reduced by 18.7%.



ISSN 2410-2547 53
Omip marepianis i Teopis cnopyn/Strength of Materials and Theory of Structures. 2023. Ne 111

Table 3
Panel ot UYP (in the center)
e [ews | DA | SUSCHD | g | SRR | SweEo
| e s | Geh o2 | Gme | 08
e | W0 | e o | 0| -
HIane | 1937 240302 f%’oz/o -0,9125 '_2‘7257’%/8 f573?02;,

3.2.2. The effect of weakening in the form of “wide” channels on shell buckling is
considered. The channels are located symmetrically relative to the shell mid-surface and has
such parameters: b, =6h, h, =0.7h.

The <@ -0U%’ curves obtained using the FEMS, the SW LIRA-SAPR and SCAD have been
plotted for deflections at different points of the shell (Fig. 13 (a)). The resulting curves completely
coincide with each other in the subcritical region and near the upper critical load qgP .
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Table 4
Calculation Oer” A%, % q AT %
method Ty A% o A %
FEMS 7294 0 6334 0
-0,2876 0 -0,2410 0
SW LIRA e e 64.79 289
-0,2451 1,70
SW SCAD 74,71 243 o o
-0,3289 1281
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In contrast to the solution for a panel with ‘narrow’ channels, the SW LIRA stopped
calculations at the branching point at load g* = 64,79, taking the branching point as the upper
critical load (Fig. 13 (a)). This point is marked =" in the figure. The branch point has been also
discovered in calculations using the MFES. The MFES algorithm allows us to more accurately
determine the load value at the branch point g * (Table 4). By introducing a small (A =0,01)
asymmetrical perturbation into the initial shell shape, a specially developed technique allows us to
turn the branch point ™" into a critical one
(g*=6334) and reach a new branch of

the solution (dash-dotted curve). The
resulting load @ * is 13.16% less than the

x"'mg

-0.005
critical load qgP .

The weakening of the shell by wide
channels led to a significant decrease in
the value of the upper critical load (by
62.34%) compared to that corresponding
to a smooth panel.

The shell deformation  shapes
obtained using different algorithms
coincide well with each other (Fig. 13,
b). The deflection in the center of the
panel at the moment of buckling is less
Fig. 14 than in the weakening zone (Fig. 14).

-0.01

-0.015

-0.02

Conclusions

The effectiveness of the finite element method for studying geometrically nonlinear
deformation, buckling, post-buckling behavior and vibrations of thin elastic shells under the static
action of thermomechanical loads is analyzed and the reliability of the obtained solutions is
confirmed. The research method is based on the three-dimensional approach of thermoelasticity
theory and the use of a finite element moment scheme. Comparisons are carried out with the
results of calculations performed using domestic software LIRA-SAPR and SCAD.

The possibilities of using these programs to study the processes under consideration have
been investigated and identified. The approaches used in them to finite element modeling of
shells, in particular of step-variable thickness, are described.

On this basis, a comparative analysis of solutions obtained using three software packages for
nonlinear deformation, stability and vibration of shallow panels under the action of
thermomechanical loads is carried out. Good agreement between solutions is obtained.

The research makes it possible to conclude that the LIRA-SAPR and SCAD can be used,
within certain limits, as a means of confirming the reliability of the results obtained when it is
studying the geometrically nonlinear behavior of thin flexible elastic shells.
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Cmamms naoitiuna 31.10.2023

Kpusenxo O.I1., Jlizynos I1.11., Bopona FO.B., Kanawmnixoe O.b.
MOPIBHSIIBHUI AHAJI3 CTIMKOCTI I BJACHUX KOJIMBAHD MOJIOTUX MMAHEJIEW ITPY 111
TEPMOCHUJIOBUX HABAHTAKEHb

PoGota € mpoJOBXKEHHAM HHU3KH JOCII/DKEHb, TPHCBIYCHHX OOIPYHTYBAHHIO JOCTOBIPHOCTI pO3B’SI3KiB, IO
OTPUMYIOTBCSI 32 CKIHYCHHO-CJIEMEHTHOI METOIMKOI0 IIOCHIKEHHS HeNiHIHHOTO aeOpMyBaHHS, CTIHKOCTI Ta
KOJIMBaHb TOHKHX NPYXHUX OOOJIOHOK TpPH [il TEPMOCHIOBHX HaBaHTakeHb. MeTomuka 6a3yeThCsi Ha TEOMETPUYHO
HEJTiHIHUX CNiBBiTHONICHHAX TPUBHMIPHOI TEOpil TEpPMONpPYKHOCTI Ta MOJOXKEHHSIX MOMEHTHOI CXeMH CKiHYCHHHX
enemeHTiB. ToHKa mpykHa OOOJOHKA HEOTHOPIAHOI CTPYKTYpH MOJETIOETHCS YHIBEPCAIBHUM IMPOCTOPOBUM
130MapaMeTpUYHIM CKIHYEHHHM €JIEeMEHTOM. MoJanbHuii aHami3 OOOJOHKM peasi3yeTbCs Ha KOXKHOMY KpOIl
CTATHYHOTO TEPMOCHJIOBOTO HaBaHTaXKEHHS. [ BH3HAUEHHS CIIEKTPY HIDKYHX YacTOT BJIACHUX KOJIMBaHb OOOJIOHOK
3aCTOCOBYETBCSI METOJ| iTepauil mianmpoctopy. PosrmsimaeTbcss KBagpaTHa 3a IUIaHOM mojora cdepuyHa IMaHeNb.
JlocmimKyeTbCsi BIUIMB TONEPEHBOTO HArpiBy Ha CTIMKICTh 1 KOJMBAHHS TPY)XHOI I130TPOMHOI OOOJIOHKH IpU
HAaBaHT@XEHHI PIBHOMIPHUM THCKOM. AHANi3yeThcsl TOBEJiHKAa OOOJIOHKH, IO TIOCHa0ieHa JABOMa Mapamu
[EepeXpeCcHHX KaHaIiB. Po3rismaerscs mocnaGieHHs MaHeni BY3bKHMH 1 IIMPOKAMH KaHAIaMHM, sIKi MOXYTb OyTH
EKCLIEHTPHYHO PO3TAIIOBAHMMH BiJHOCHO CEPEeIMHHOI IOBEpXHi 0007I0OHKH. E(eKkTHBHICT Ta aJeKBaTHICTH METOXLY
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MiATBEPDKYETHCS MOPIBHIBHUM QHAII30M PO3B’SI3KIB 3 pe3y/bTaTaMi, LIO OTPUMAHI 3 BHKOPHCTAHHIM CYYaCHUX
6ararodyHknioHanpHuX mnporpamHux komiuiekciB JIIPA-CAITP ta SCAD. HaBeneHo 0ocoONHBOCTI 3aCTOCYBaHHS
KOMIUICKCIB 10 PO3B’sI3aHHS PO3MVSAYyBaHHMX 3ajad. AHali3 pe3yJbTaTiB PO3PAXyHKIB JO3BOJUB OLIHHTH MEXi Ta
MOXJIMBOCTI BUKOPHCTAHHSI LUX HPOrPAaMHHMX KOMIUIEKCIB Uil OOIPYHTYBAaHHs JOCTOBIPHOCTI PO3B’SI3KIB MEBHUX
KJIaciB 3a/1ad TeOMETPHYHO HEIiHiIfHOTro AeopMyBaHHS, BTPATH CTiIIKOCTI Ta KOJIMBAHb NMPYKHUX 000JIOHOK.

KuiouoBi ciioBa: npyxxHa 000J0HKA, TEPMOCHIIOBE HABAHTAXKEHHSI, CTIHKICTh, MOJAJbHUII aHAII3, YHIBEpCAIbHUI
MIPOCTOPOBHII CKIHYCHHHH €JIEMEHT, MOMEHTHA CXeMa CKIHUCHHHUX €JIEMEHTIB, MOPiBHIbHHI aHaITi3.

YK 539.3

Kpusenko O.I1L, Jlisynoe ILIL, Bopona IO.B., Kanrawmnixos O.b. IlopiBHsiibHUil aHami3 crilikocTi i BiaacHux
KOJUBAHb MOJIOTHX NaHeJeil mpH Aii TepMocHIOBHX HaBaHTaxeHb // Omip MaTepianiB i Teopis CIIOPY.: HayK.-TeX.
36ipH. — Kuis: KHYBA, 2023. — Bum. 111. — C. 49-64.

TIposedeno nopisHANbHUL AHANI3 PO36 A3KIE W000 HENiHIH020 OeopMySaHHs, CMIUKOCMI mda KOIUBAHb MOHKUX
NPYIUCHUX O0OONOHOK Npu Oii MEePMOCUNOBUX HABAHMAIICEHb, WO OMPUMAHI 30 MOMEHMHOK CXeMOI0 CKIHUEHHUX
enemenmie ma 3 euxkopucmauHam npocpamuux komnaexcig JIIPA-CAIIP ma SCAD. Hagedeno ocobrusocmi
3aCMOCY8aHHsA KOMNIEKCI8 00 PO36 A3AHHA PO32NA0YEaAHUX 3A0aHY.
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Krivenko O.P., Lizunov P.P., Vorona Yu.V., Kalashnikov O.B. Comparative analysis of the stability and natural
vibrations of shallow panels under the action of thermomechanical loads // Strength of Materials and Theory of
Structures: Scientific-and-technical collected articles. — Kyiv: KNUBA, 2023. — Issue 111. — P. 49-64.

A comparative analysis of solutions for nonlinear deformation, buckling and vibrations of thin elastic shells under the
action of thermomechenical loads, obtained using the finite element moment scheme and using the LIRA-SAPR and
SCAD software packages, has been carried out. The features of using complexes for solving the problems under
consideration are given.

Tabl. 3. Fig. 14. Ref. 24.

ABTOp (BYeHA CTyNeHb, BUeHe 3BaHHS, MOCAJa): KaHIUIAT TEXHIYHMX HAyK, CTAapIINi HAyKOBHH CIiBPOOITHHK,
npoBianuii HaykoBuit criBpobiTHHK KPUBEHKO Oubra IletpiBHa

Anpeca: 03037 VYkpaina, M. Kuis, Iloitpodmorcekmii mpocmextr 31, KuiBchkuili HalioHaNbHHIN YHIBEpCHTET
OynisHnnTBa i apxitektypn, H/II GyaiBensHOT MexaHikn

Teu.: +38(044) 245-48-29.

Mobiabuuii Teu.: +38(066) 048-32-77

E-mail: olakop@ukr.net

ORCID ID: https://orcid.org/0000-0002-1623-9679

ABTOp (BYeHa CTymeHb, BUeHe 3BaHH, MO0CaAa): JOKTOp TEXHIYHMX Hayk, mpodecop, 3aBigyBau Kadeapu
OyniBenpHO1 Mexaniku JIIBYHOB Iletpo ITetposuu

Anpeca: 03035 VYkpaima, m. Kuis, IToBitpodmorcekuit mpocmext 31, KuiBchkmil HallioHanbHWI YHIBEpCHTET
OyniBHMIITBA 1 apXiTeKTypH, kKadeapa OyaiBenbHOT MeXaHIKn

Teu.: +38(044) 245-48-29.

MoGinbuuii Tesr.: +38(067) 921-70-05

E-mail: lizunov@knuba.edu.ua

ORCID ID: https://orcid.org/0000-0003-2924-3025

ABTOp (BYeHa CTymeHb, BUeHe 3BaHHs, MOCaJa): KaHAWIAT TEXHIYHMX HAyK, JOLEHT, 3aBimyBad Bigmimy HJII
OyniBenpHOT Mexaniku BOPOHA Opiii Bonogumuposuy

Anpeca: 03035 VYkpaina, m. Kui, [oitpodmnorcekuii mpocnekt 31, KuiBCbkuil HalliOHAIBHHMN YHiBEPCHUTET
OyniBHnnTBa i1 apxitektypu, HJI GyniBensHOT MexaHiki

Teun.: +38(044) 245-48-29.

Mobinbuuii Tes.: +38(050) 750-13-61

E-mail: vorona.iuv@knuba.edu.ua

ORCID ID: https://orcid.org/0000-0001-8130-7204

ABTOp (BYeHa CTymeHb, BUYEHe 3BaHHA, Mocaga): 3100yBad CTyINeHs KaHIWJIAaTa TEXHIYHMX Hayk, Kadenpa
OyniBenpHOT MexaHiku KanamnikoB Onekcanap bopucoBuu

Anpeca: 03035 VYkpaina, m. Kwuis, IloBitpodmorcekuii npocnekt 31, KuiBchbkuil HaI[iOHaJdbHHH YHiBEpPCUTET
OyIiBHMITBA 1 apXiTeKTypH, Kadeapa OyaiBenbHOT MeXaHIKn

Te.: +38(044) 245-48-29

MoOinbHumii Tesr.: +38(066) 71-88-099

E-mail: kalash2d@gmail.com

ORCID ID: https://orcid.org/0009-0009-7825-9809


mailto:olakop@ukr.net
https://orcid.org/0000-0003-2924-3025
https://orcid.org/0000-0001-8130-7204

