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Abstract. The work aims to study the stress-strain state of a pivotally-supported rod with variable cross-sectional
stiffness under the action of central compression with bending. The problem is solved by the numerical finite difference
method using a regular linear grid with a density equal to four. As a result of the study, graphical dependences of
deflections on the change in the magnitude of the compressive load, correlated to the magnitude of the buckling load
(Euler force) of the corresponding centrally compressed rod are obtained. The influence of the constant and variable
thickness of the rod on deformation is investigated. The results obtained can be used both in scientific research in the

field of building and in the design of various rod systems.
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Introduction

Currently, structures in the form of light rods and
beams with a variable cross-section are widely used,
due to the operation of which initial imperfections
are often observed, which must be taken into
account when calculating strength and stability.
Such structural solutions are used in transport and
in the construction industry as bearing elements of
buildings and structures. These issues are considered
by numerous scientists and are highly relevant.

For example, article [1] examined the effect of
initial camber on the bending of a pivotally mounted
cylindrical canopy shell. The analysis of the study
of the stress-strain state of the flexible plate, taking
into account the change in its initial camber beyond
the elastic limit of the material in the presence of a
stiffening rib, is devoted to the work [2]. Values
of plastic deformations are obtained, which are
comparable in weight to the thickness of the plate
itself.

In work [3], a numerical study was carried out by
the finite difference method, where the initial stability
equation of the compressed rod is approximated by
the corresponding grid equations leading the initial
problem to the known problem of eigen numerals.
The task of determining the critical forces of the rods
of variable cross-section using the finite difference
method, but without taking into account the initial
camber, is considered in Article [4]. In article [5], a
theoretical and experimental study of the stability
of the flat bend shape of I-beams with a solid and

240 | perforated wall was carried out, taking into account

variable bending stiffness and the presence of initial
camber in the plane of the smallest bending stiffness;
initial imperfections are defined by the eccentricity of
the load application and the initial twist angle.

The above works take into account mainly
the factors of operation of structures individually
(or variable thickness, or in the presence of initial
imperfections), this article considers the problem of
the joint action of these factors, as well as in their
combination.

Methods and Results

The governing differential equation (Figure 1) for
calculating deflections of a compressed-bent rod has
the form [6]:
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P is the concentrated force, EI is the stiffness of
the rod, fi(z) is the deflection function determining
the initial (given) cambers along the axis of the rod.

Rod of constant thickness
For the i-th node (Figure 2), equation (1) will take
the form [7, 8]:
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Next, the following designations apply:
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Figure 1 — Design diagram of compressed rod
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Figure 2 — A fragment of a «linear» grid

where k is the axial concentrated force parameter P.
Then equation (2) taking into account (3) will take
the form:

(=2 +k)+(y+y) =—kfi(x), 4)

where k;=7;k, 7,=0,1; 0,2; 0,3; 0,4; 0,5; 0,6; 0,7; 0,8; 0,9,
k;=0,586 is the critical parameter value for hinged
rod.

Further, we write the equation (4) for the
calculated grid nodes (i=1, 2) (Figure 1):
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Then we reduce equations (5,6) into a system of
linear algebraic equations (f,;=0.75 cm; f;,=1.0 cm):
(—2+0.5867) y + 1, =— 0.44y,

{23/1 + (=24 0.586y) 1, =— 0.5867. @

After that, perform calculations as per (7),

changing the value of the y coefficient from 0.1 to 0.9,
and record the results in Table 1.

Rod of variable thickness

In this case, the initial equations (1,2) are written
taking into account the variable bending stiffness
EL=FEI(x), (I,=1y; ,=0.751)
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where £"=0,54 based on the stability of the rod of
variable thickness, which varies according to the
quadratic law.

Then, instead of (7), we get the following system
of equations:

(_ 2+ 0547’) Ty =— 0547,
2y + (—2+0.54y) y, =— 0.54y.
Changing the 7 parameter in the range from 0.1

to 0.9, record the results in Table 1.
Next, we plot the dependence y;=f(P) (Figure 3).

Definition of bending moments

Next, we calculate the bending moments in the
calculated grid nodes (Figure 1).

In finite differences for the i grid node (Figure 2),

Table 1 — Deflections along the axis of the rod in nodes 1 and 2

Y Y1, €M Y2, €M
0.1 0.0814 0.1141
0.2 0.1831 0.2567
0.4 0.4879 0.6854
rod of constant thickness
0.6 1.097 1.5443
0.8 2.002 2.713
0.9 6.587 9.304
0.1 0.0890 0.1192
0.2 0.1977 0.2661
0.4 0.5085 0.691
rod of variable thickness
0.6 1.0717 1.4722
0.8 2.419 3.361
0.9 4.1814 5.845
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the bending moments M; are determined through the
values of nodal deflections y; (Table 1) by the formula:

d’ — 2y +
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When 1=0,25[, we get
16E1
Mﬂh = l2 (yk - 2y1 + yl) . (8)

The results of the calculation of bending moments
according to the formula (8) with variable values of ¥
for various types of rods are shown in Table 2, and
plots of bending moments are drawn (Figure 4).

Cross-section selection
Next, we determine the dimensions of the
transverse square section (Figure 5) of a steel rod

with a constant thickness (Figure 4, a) from the
compressive strength condition (0,4, =160 MPa, [=6
m):
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Substituting the known values, we find a:
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Conclusions

1.In this paper, a study of the compressed-
curved stress state of a hinge-supported rod with a
variable thickness along its length in the presence of
initial camber caused by inaccuracy of manufacture
or deformation during operation of the rod, under

yicem

Figure 3 — Dependence of deflections y; along rod axis on the value of axial load P

(y1, v for constant thickness rod, yj, y; for variable thickness rod)

Table 2 — Ordinates of plots M,

M.,
EL
vy=0,1 vy=0,2 vy=04 y=0,6 vy=0,8 vy=0,9

nodes 1 2 1 2 1 2 1 2 1 2 1 2
rod of
constant | 0,7792  1,0464 1,752 |2,3552 | 4,6464 6,32 | 10,3952 | 14,3136 | 20,656 22,752 | 61,92 @ 86,944
thickness
rod of
variable |0,9408 | 0,9668 | 2,0688 | 2,1888 5,216 5,840 10,7392 | 12,816 24,592 28,224 | 40,2848 | 53,2352
thickness
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Figure 4 — Diagrams of bending moments along the length of the rod: a) constant thickness, b) variable thickness

the action of axial compressive force P (Figure 1).

2.0n the basis of the governing differential
equation of the second order, resolving finite-
difference equations are obtained, taking into account
the variable bending stiffness and the presence of an
initial camber (displacements of the calculated nodes
along the length of the rod).

3. The change in the values of displacements
and g, of a rod of constant and variable thickness
from a change in the coefficient (y =P/P,,) is studied
(Figure 3, Table 1). At the same time, an increase in the Figure 5 — Cross section of a rod with constant
value of 7 leads to a smooth (exponentially) increase bending stiffness
in y; with the same values of ¥, the deflections of y;
for a rod of variable thickness are less than for a rod
of constant thickness. research in the field of construction and in the design

4. The theoretical provisions and applied results =~ of elements of buildings and structures for various
presented in this work can be used in scientific | purposes.
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*aemop-koppecrioHoeHm.

AHOAamna. *ymbeicmbiH Makcamel — uinici 6ap opmarsnsiK KbiCy acepiHeH aybicranbl KamaHobiFsl 6ap moncassi-mipen-
2€H CbipbIKMbIH KepHeyni-deopmauyusanarraH KyliH 3epmmey. KoliblaraH miHOem mepmke meH mypaKmel CbI3bIKMbIK
mop0dbl KondaHa omolpslr, wWekmi alielpmawblablk CaHObIK d0icimeH wewindi. 3epmmey HomuxeciHoe aybimkynap-
O0blH muicmi opmarnsIK CbIFbIAFAH CblPbIKMbIH 0aF0apsbIC KyWiHiH (Jlinep KywiHiH) wamaceiHa 6alinaHbicmsi CblFblAa-
MbIH #yKmemMe WamMdacbiHblH 632epyiHe 2paduKanbiKk mayendiniai anbiHObI. Typakmel #aHe aybICrasabl CbipblK KAsbiH-
ObifbIHbIH 0eghOpMayUACLIHA acepi 3epmmendi. AfbIHFAH HOMUXEsep KypblabiC CAnaceIiHOAFrbl FolabiMu 3epmmeynepde
Oe, apmypi cbipbIK HeylienepiH ¥obanay KesiHoe 0e KondaHbIAa anaobil.

Kinm ce3dep: cbiFbiafaH uinzeH cbipblK, 6Acmankel uiny, e3zepmeni uiny KamaHObiFbl, WeKkmi alislpMmawblabiK 30ici,
0ardapsIc Kywi, Uiny MomMeHmi, eCmik UuHepyus MOMeHMI.
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AHHOomayus. Liensto pabomel Aensemca uccaedosaHue HanpaxeHHo-0egpopmMUpOBAHHO20 COCMOAHUSA UeHMpPasa6HO20
cHamMus ¢ nocaedyrouum uz2ubom WapHUpPHO-0epmo20 CMepXHA ¢ nepemeHHol u32ubHol #ecmKocmoeto o e2o
On1uHe. MocmasneHHas 300a4a peweHa YucaeHHbIM MemoOOM KOHEYHbIX pazHocmel ¢ npumeHeHuem peaynapHol au-
HeliHol cemKku eycmomol, pasHoli Yemeipem. B pe3ysbmame uccaed008aHUs nosyveHsl 2paguyeckue 3a8ucumocmu
nMpo2uboe om usMeHeHUs 8eau4UH CHUMAaroujeli Haepy3Ku, CoomHeceHHoU K 8eauquHe Kpumuy4eckoli cunsi (cusnoi Jline-
pa) coomeemcmeyowe2o UeHMpPAAbHO-CHAMO20 cmepicHA. MccnedosaHo enusHue Ha 0eopmayuto MocmosaHHoU u
nepemeHHoU moaujuHbl cmepxHA. [losy4yeHHble pe3ysnbmamel Mo2ym Halmu npumeHeHUe KaK 8 Hay4YHbIX U3bICKaHUSAX
8 0bs1acMU cmpoumMesbemed, MPAHCIopma, MAkK U npu MPOeKMuUpPO8AHUU PA3AUYHbIX CMePHCHEBbIX CUCMEM.

Knrouesoie cnoea: cxamo-u3ozHymeili cmepieHb, Ha4asabHAA no2ubb, nepemeHHAs U32ubHaAs Hecmkocms, memoo
KOHeYHbIx pazHocmeli, Koumu4ecKkas cuna, usaubarouuli MomeHm, ocegoli MOMeHmM UHepyuu.
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