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PHYSICAL AND MECHANICAL STATE OF CANTILEVER TRIANGULAR
PLATES

In this paper, the bending of cantilever triangular plates at the same angles of inclination of
the side edges to the base is investigated. Due to the complexity of the boundary conditions, a
numerical finite difference method is applied using a grid of scalene triangles that fits well into the
contour of the plate. To solve the problem of an acute angle at the top of the plate, the method
of combining the results of calculating a cantilever bar of variable bending stiffness with similar
results of calculating a triangular plate supported along{theteontour using a reduction factor is
applied. The results of deflections of the cantilever triangular plate at different angles of inclination
of the side edges to the base are given. The theoretical provisions and applied results of this study
can be used both in scientific research and in engineering design.

Key words: triangular plate, numerical method, grid method, deflection, bending stiffness, rod
analogy, reduction factor
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KoHcosai yioypbeIlIiThl IIacTUHAJIAPABIH, (PU3NKAJIBIK-MEXaHUKAJIBIK, Kyl

Byt »xyMbIcTa KOHCOJI YIHOYPHIIITHL TAKTARIIIAIAPIbIH OYVilip )KueKTepiHiH Herisre Oipieil keydey
OypBITaphIHIa Kucaonsl 3eprresa. [TlekapablK mapTTapaIblH, KypaeIIirine 6aiIanbICThI IIac-
THUHAHBIH KOHTYPBIHA, 2KAKCHI COIKEC KeJIETiH YKAH-2KAKTHI VIOV PBIMITAPIBIH, TOPHIH KOJIIAHA OThI-
PBIII, aKbIPJIBI ‘@ABIPBIMIADABIH CAHIBIK B/IiCI KOMAAHBLIIbI. [l1acTHHAHBIH YKOFApPFbI YKAFbIH AP
OTKIp OYPBIIT MICEJIECIH IIEINTy YIMH KbICKApy KOIMDMUIMEHTIH KOIIaHa OTBIPBII, IJIACTUHAHBIH
KOHTYPBI OOMBIHIIA YVIIIOYPHIIITHL OMEPAIUSIMEH €CEIITEY/IIH YKCAC HOTUXKeJIepiMeH allHbIMAaJIbl Uiy
KATaH/BIFBIHBIH, KOHCOJIJII ©3€KTiH eCerTey HOTHXKeJIEePiH OIpiKTIpy 9/1ici KOIaHbLIbL. Y IIOYPHIIII-
TBI OY#fip KUEKTepiHiH Heri3re Kapail IIacTUHAIADIBIH 9P TYPJI OYPBIIITAPBIH A KOHCOJIbIIH, aybl-
TKYBIHBIHHOTHKEIEP]l KeITipiiarer. By 3epTrrey i TeOpusIIbIK eperkesepi MeH KOJIIaHOA bl HOTH-
2KeJiepi FBIIBIMU 3epTTeYJIepie Jie, MH2KEHEPJIK Kobasayga 1a KOJIJAHbLIA AJIaIbl.

Tvyitin ce3aep: ymiOyphINITH TAKTa, CAHJIBIK 9IiC, TOP 9ici, nisy, Ty KaTaHIbIFbl, 63€K YKCac-
TBIFBI, PETYKINs KO3 DUITHEHTI.
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B nammoit pabote ucciaeqoBaH U3rud KOHCOJMBHBIX TPEYTOJIbHBIX IJIACTUH ITPU OJIMHAKOBBIX YTJIaX
HAKJIOHA OOKOBBIX KPOMOK K OCHOBaHWIO. I13-3a CJIOXKHOCTH T'DAHUYHBIX YCJOBUIl IpUMEHEH
YHUCJICHHBIA METOJ] KOHEYHBIX PA3HOCTEH C IIPpUMEHEHHeM CeTKH U3 PAa3HOCTOPOHHUX TPEYTOJIbHU-
KOB, XOPOIIO BIUCBHIBAIOIMINICA B KOHTYD ILIACTUHBI. JljIst permrenusi mpobJieMbl OCTPOrO YIjia y
BEPIINHDI [IJIACTHHBI IPUMEHEH CII0COO COBMEIEHUs PE3YJIbTATOB PACUeTa KOHCOJIBHOIO CTEPKHSI
IIepeMeHHOM U3rHOHOM YKECTKOCTH ¢ AHAJOTUIHBIME PE3yJIbTATAME PacUeTa TPEeyroJbHON ornepToit
[0 KOHTYPY ILJIACTHHBI C KCIIOJIb30BaHuEM KodhduimenTta peayknuu. [IpuBeseHbl pes3yibTaThl
IPOruOOB KOHCOJILHOI TPEYTrOJIbHOM IJIACTUHBI IPU PA3JINIHBIX yIJIaX HAKJIOHA OOKOBBIX KPOMOK
K OCHOBAHUIO. TeopeTwdecKre TMOJIOXKEHUS W MPUKJIAJIHBIE PEe3YIbTATHI JTAHHOTO HUCCJIECTOBAHUS
MOI'YyT OBITH UCIOJIB30BAHBI KAK B HAYYHBIX U3BICKAHUSIX, TAK U B MHKEHEPHOM ITPOEKTUPOBAHUM.

KurrouyeBbie ciioBa: TpeyrojibHas IJIACTUHA, YUCJEHHBI METOJ, MEeTOJ] CETOK, IIPOrU0, Uu3ruOHas
2KECTKOCTh, CTEPXKHEBasi aHAJIOTHS, PEIYKITMOHHBINA KO3 QUIIUeHT.

1 Introduction

Thin triangular plates (two-dimensional mechanical systems) are widely used in various
branches of engineering: construction, mechanical engineering, aireraft and shipbuilding,
transport, energy, etc., and are also used as bearing elements.of a wide variety of structures.

Calculations of triangular plates are widely studied in various works of domestic and
foreign scientists [1-3].

At the same time, the calculation of cantilever triangular plates still creates certain
technical problems. This is due to the presence of edges free from fastening. And also
these technical problems are related to the fact that at the vertex of the triangle a zone
of zero bending stiffness is formed, which; with direct calculations, can cause the appearance
of displacements in this zone, appreaching uncertainty in magnitude (an infinitely large
number).

In [4, 5], the bending ofjelastic isotropic plates in the form of isosceles triangles with
different boundary conditions (hinged or rigid edges) is considered. For their calculation, the
finite element method with the construction of approximating functions was used, and an
example was also given for‘calculating the bending of a plate in the form of a right-angled
triangle with hinged.support along the contour.

In the study 6], the static calculation of triangular plates for bending with hinge
supported edges by the Ritz method is considered, the corresponding formulas for the
analytical determination of the coefficients of the coordinate functions used to perform
bending deflections are given, the calculation for bending under the action of concentrated
force is performed.

In [7-10], a method of interpolation by the shape coefficient based on affine transformations
was proposed for calculating triangular plates with a hinged or rigid support along their
perimeter, a bending stress-strain state is considered, including with free vibrations. The
plate material can be either isotropic or orthotropic.

In [11], a triangular cantilever plate with a blunted vertex in a viscous hypersonic flow
was studied, the sweep of the plate was assumed to be large. The results were obtained
by numerical simulation based on the Navier-Stokes equations and FEuler equations in
combination with approximate methods for calculating heat transfer processes.

In [12], the free vibrations of thin isotropic triangular plates with a central hole with
hinged and pinched edges were investigated by the finite element method, and the results
obtained were compared with the results of the experimental method (error up to 6%).
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In [13], the Chebyshev-Ritz method was applied to free vibrations of multilayer triangular
plates based on the analogy with the calculation of a square plate with transformed
coordinates under various boundary conditions.

In [14], the bending of triangular plates with point pinches (heterogeneity of boundary
conditions) was studied; the Rayleigh-Ritz method was applied based on the general
functional of the deformation energy in the presence of an elastic base. In this paper, the
problem of local stability of unilaterally pinched triangular plates is investigated.

In [15], a thin triangular plate of arbitrary shape is considered, a numerical method is
used for bending free vibrations under various (complex) boundary conditions, including in
the presence of internal supports.

Thus, analyzing the content of scientific papers in the field of triangular-plates research, it
should be noted that with all the variety of types of boundary conditions considered by other
authors, many researchers avoid calculations of cantilever triangular plates with an acute
"vertex"due to the problem of the "angle"of cantilever plates, and due to the uncertainty of
the resolving differential equations in this place. In this regard, the‘method proposed by the
authors of this article for mathematical symbiosis of the results of calculating a cantilever
bar of variable bending stiffness with similar results. of calculating a modeling triangular
plate supported along a contour, based on the reduction factors given, makes it possible to
circumvent the problem of an acute "vertex"in cantilever triangular plates and obtain results
acceptable from the point of view of calculation aceuracy for isosceles triangular plates with
an arbitrary angle of the "obliqueness"of theiside edges in the state of their flat transverse
bending.

The calculation method presented.here will also allow solving the vibration problems and
the stability problems of cantilever‘triangular plates in the future.

2 Calculation methods

The implementation ©f the goals set in this study can be achieved by various methods:
analytical, numerical, ete.

Numerical methods have the following advantages: the simplicity of the algorithm,
obtainingsthe final results in an accessible (direct) form in the format of numerical values
of the.desired-funetions, the achievable accuracy of calculations that meets the requirements
of engineering calculations. Therefore, in this paper, an attempt to solve the above problem
with an extraordinary (non-standard) approach has been made.

Thus, the object of the proposed study is a cantilever isosceles triangular plate of constant
thickness loaded with a uniformly distributed load of intensity "g"(Fig. 1).

As a resolving method, the numerical finite difference method (FDM) is proposed using
a combination of two types of regular grids, namely, "linear"and triangular [16, 17].

Figure 2 shows the plate under study, covered with a grid of scalene triangles with a
density of "n=4 where Az = a/4 is the grid step. The number of calculated nodes is equal
to nine (1 =0, 1, 2, ..., 8), taking into account symmetry.

Since when using a triangular grid to calculate a cantilever triangular plate, two lines of
nodes outside the contour are captured (by one and two grid steps outside the side edges),
we propose the following original approach, which makes it possible to avoid the traditional
method of excluding deflections using boundary conditions along the edges of the plate:
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Figure 1: Initial triangular isosceles cantilever plate
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Figure 2: Numbering of calculated nodes of the triangular grid

1) determine separately the deflections in nodes 1, 2, 3 (Fig. 2) in a conditional triangular
plate with fixed (freely supported) side edges AB and AC (Fig. 1);

2) determine separately the deflections in a conditional cantilever bar of variable bending
stiffness with a load uniformly distributed over a triangle (Fig. 3,a);

3) based on the reduction of the results for the deflections of the cantilever bar to the
free edges of the triangular cantilever plate, calculate the deflections of the given triangular
cantilever plate (Fig. 1, 2) by the combination of the calculation results of the triangular
plate fixed along the contour and the cantilever bar with variable bending stiffness.
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Figure 3: To the calculation of a cantilever bar with variable bending stiffness

3 Calculation of the cantilever bar by the finite difference method

The initial differential equation has the form [16-20]

2
En2Y (1)

dz2

The nodal values of M, are obtained from Figure 3,d.

For the i-th node of & regular "linear"grid (Fig. 3,e), equation (1) takes the form (A =
Az = 0.25H)

M \2
i 9
EJ; (2)

Ye — 2Yid Y =

In order to not include the first and second nodes outside the contour in the resolving
finite-difference equations when writing in the node "4"(Fig. 3,b), instead of the initial scheme
(Fig. 3,b), we apply a new scheme (Fig. 3,c ), in which the node "4"is conditionally fixed
from displacement, and the node "0"(the place of rigid fixing) is conditionally released. In
this case, other displacements y* (0, 1, 2, 3) (Fig. 3,c) will appear instead of the original
displacements of nodes y;(i =0, 1, 2, 3, 4) (Fig. 3,b).

After finding the displacements y* , the real displacements y; are determined by the
following reduction formula

Writing resolving finite-difference equations for all calculation nodes 0, 1, 2, 3 (Fig. 3,c)
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according to type (2), we obtain a system of linear algebraic equations, which has the form

/ 4
-y *=1(0.01389
Yo t Y1 = ( ) EJO
* * * qH4
Yo — 2y + Y5 = (0.00586) —
i (4)
-2 0.0026
y2 + y3 ( ) EJO

4

* _ 2 *
L y2 y3 (0 00065) EJO

The solving of the system of linear algebraic equations (4) gives the following results

4 4
q
0.100) =—; y; = (0.0879) ——;
qH
0.625 ; 0.0332) —-.
= >EJO v = (0.0832) T2

According to the formula (3), based on the results obtained (5), the real nodal
displacements (deflections) of the cantilever bar are determined (Fig. 1,b)

H* H*
o = 0.00; y, = (0 0121) L2, 4= (0.0375) L.
o B o (6)
qH
0.0668) L 0.079

To assess the reliability-of the above results (6), the calculation of this cantilever beam
(Fig. 3,a) was performed bysthe method of initial parameters, while the ratio ymax = 4 =
?Mg% = 0.076 ’gf, ;was obtained. Comparison with the result (6) gives a deviation (error)
d = 4%, which is within the limits of engineering accuracy.

4 Results of deflections for a triangular plate with edges supported along the
perimeter

We consider an equilateral triangular plate with freely supported (hinged) edges AB, AC and
a rigidly pinched base (edge BC') under the action of a load uniformly distributed over the
surface with intensity "g"(Fig. 4).

The results of the calculation of such a plate for bending by FDM with the use of a
triangular grid are given in the manual [19]. In nodes 2, 8 we have the following values of

deflections

4 4
4y 90 —4\ 94
= (3.709 - 107%) Z—; =(2.919-107%) = 7
where D = o] is the cylindrical stiffness of the plate.

[12(
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Figure 4: Contour-supported triangular plate

5 Calculation results for bending of a cantilever triangular plate

In order to determine the final results of the bending calculation (values of deflections in
the grid nodes) of the cantilever triangular plate,(Fig. 2), it is necessary to combine the
calculation results of the cantilever bar (6) and the triangular plate (7) supported along the
contour. In this case, the obtained results (6) should be reduced (combined) with the results
(7).

The reduction factor (k = 0.16342)"is obtained based on a comparison of the values for
the bendlng stiffness of the bar (FJy = Fat®/12) and for the cylindrical stiffness of the plate

D= [12(1 =) that is, instead of the/data (6), the following data are obtained.

4
¥ =0.0; @ =0.16342 -y, = (0.00198) L

D
0 qH4
¥ = 0.16342 - yo.= (0.00613) L

qH4
D
0 H4

b
—
o
SN~—

9 = 0.16342" y; = (0.0109) " —

Deflections in the remaining nodes (outside the vertical axis of symmetry at nodes 0-
1-2-3-4) are determined by a combination of the results (7), (8) (Fig. 5) according to the
formula

(Wilgft = WFight) = Yi, + fio (9)

20

For example, along the line IV- IV, where nodes 5-3-5 are located (Fig. 2) (iy=5), we have

ga’ ga*
Ws=ystfs= " (0.0109 + 0.000198) = 0.0111 o
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Figure 5: Towards connection of the plate and rod deflections

In the same way, we calculate deflections in other grid nodes of the €antilever triangular
equilateral plate (Fig. 2). The results of these calculations are presenfed in Table 1.
Table 1
Wi 45 | Grid nodes (fig. 2)
1 2 3 4 5 6 7 8
0.00196 | 0.00613 | 0.0109| 0.0163| 0.0111[70.00792| 0.008 | 0.00275
Based on this technique, the following study was performed: in Table 2, the values of
deflections in some nodes of the cantilever triangular plate (Fig. 2) are given depending on
the ratio H/a or on the angle « at the base of the plate.

Table 2
H/a, () I/Vim%
=2 iy =6
0.5 (45°) 0.00352 0.00937 0.00455
0.87 (60°) 0.00613 0.0163 0.00792
1.0 (63°24’) 0.00705 0.0188 0.00911
1.5 (71°36”) 0.01057 0.0281 0.01365
2.0 (76Y) 0.0141 0.0375 0.01821
According to Table 2, graphical dependencies v; = f (H/a) are plotted (Fig. 6).
0,04 Wi%
0,035 /’4’

0,03

0.025

0,02

0,015

Figure 6: Dependence of deflections on the ratio H/a or on the angle «
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6 Discussion

Thus, the application of the finite difference method in this paper using a grid of scalene
triangles made it possible to solve the problem of calculating cantilever triangular plates,
which consists in the fact that it is difficult to mathematically describe the desired deflection
function at the vertex of the triangle (node A, Fig. 1). We found a way to get around this
problem by symbiotic combining the calculation results of a triangular plate supported along
a contour and the calculation results of a single-span bar based on the use of a reduction
factor that provides the transition from the simulation (conditional) medel to the original
model of cantilever triangular plate.

7 Conclusions

1. In this paper, the study of the bending state for a cantilever isosceles triangular plate is
performed. The numerical method of finite differences was chosen as the resolving method.

2. An original method is proposed to exclude deflections,of the nodes outside the contour
for a triangular network from the calculation. This allows solving the problem of the zone
uncertainty near the triangle vertex. Until today, this problem is relevant, which makes it
necessary to calculate the cantilever triangular plates for bending, stability and vibrations.
The method proposed in this paper consistsin combining the results of calculating a cantilever
bar of variable cross section with the results of caleulating a triangular plate freely supported
along the contour. At the same time, a method of transition from the results of the rod model
to a two-dimensional structure (plate) through the reduction factor is found.

3. The study of the values of#individual deflections for the cantilever triangular plate
depending on the variable parameter H/a (see the graph in Fig. 6) was made. At the same
time, it was determined that with'an increase in the value of H/a, the deflection at the end
of the console (node 4) increases significantly (nonlinearly), while the deflections at nodes 2,
6 increase only linearly.
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