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Relevance of the topic. Bars as structural elements are widely used in building
structures, machines, measuring instruments, robots and manipulators as load-bearing elements,

mechanical energy accumulators, flexible transmissions, flexible connections, and so on.

The reliability of building structures, machines and tools depends on the reliability of
structural elements and, consequently, on the accuracy of their design. Therefore, at the current
stage, requirements for the design accuracy have increased significantly taking into account the

real properties of the material and the load regime.

In building structures, turbines, power plants and machines, the bar elements on the train
tracks are exposed to mechanical impacts and the influence of a non-uniform temperature field.
The impact of the temperature field substantially affects the regularity of deformation even
within limits of elasticity, by changing the curvature of the bar and the frequency of natural
oscillation. Flexible bar elements change shape significantly, large displacements occur and
problems are nonlinear. The temperature rise and uneven distribution cause additional
displacements in the metal structures, which endangers smooth operation of the structure. In such

a case, it is especially dangerous to operate the structures under high load conditions.

When calculating the ultimate limit state, it is necessary to specify the safety factor taking
into account the temperature factor. In addition, uneven temperature distribution in the section
should be taken into account, which additionally causes a change in the radius of the curvature of
bar. The regularity of the stresses and the magnitude of the maximum stress at the dangerous
point also change. It is also important to calculate the design elements in extreme situations

caused by a sharp change in temperature in a local area over a short period of time.

The goal of the work is to develop methods for design of bar elements of a structure under the

action of a static nonhomogeneous temperature field on thermomechanical loading.

The main objectives that have been set and solved in the dissertation for achieving the goal are
as follows: 1. The methodology for specifying the overload factor under the action of a
nonhomogeneous temperature field was developed; 2. The strength condition on
thermomechanical loading in accordance with the calculating ultimate limit state was recorded
under the action of a nonhomogeneous temperature field; 3. The methodology for design of bars

on dynamic loadings under the action of a nonhomogeneous temperature field was developed; 4.
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The system of non-linear differential of motion was obtained; 5. Numerical method for
calculating the first frequency of natural oscillations was developed. 6. The applied program was
created in a Mathcad system for integration of non-linear differential equations of motion by
shooting method; 7. The methodology for a pilot study of natural oscillations during uneven

distribution of temperature.

Novelty of research. Taking into account the solution to the thermal-conductivity equation,
formula was obtained for specifying the overload factor during uneven distribution of
temperature in the cross-section of bar. The numerical value of the overload factor at the

temperature difference on the cross-section sides was calculated.

The relatively general nonlinear differential equations of bar motion were obtained by
considering large displacements, deformation of the bar axis, and inertia of the cross-section
rotation on thermomechanical loading. The methodology for calculating the first frequency of
natural oscillations under the action of a nonhomogeneous temperature field was developed and
the applied program was created in a Mathcad system. The calculation resulted in establishing

the relationship between the natural frequency and temperature.

Practical bearing. In the dissertation, the specified values of the overload factors for the
prismatic rectangular bar were obtained during uneven distribution of temperature in the cross-
section, which is important for practitioners who are engaged in the design of structures. By
using the methodology developed in the dissertation, it is possible to specify the overload factor

for the sections of different forms.

The relationship between the natural frequency of oscillation and the temperature was obtained,
allowing us to specify the resonance zone, which is important for practitioners when designing
the structures and machines. The applied program was composed in a Mathcad system, allowing
us to solve the complex initial boundary problems automatically, and the eigenvalue problems

for different types of the bar end attachment.

The model on thermomechanical loading developed in the dissertation and the model
research methodology can be used in the design of structures whose calculation scheme

conforms to a one-dimensional bar.
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The provisions brought to defense. The methodology for specifying the overload factor when
calculating the stiffness according to the ultimate limit state, the nonlinear equations of motion of
bar element at large displacements, the methodology for calculating the natural frequency
(eugenvalue), the regularities determined by the calculations, the temperature dependence of the

frequency and the methodology for a pilot study of the dynamics of bar.

Approbation of work. The methods and results obtained in the dissertation paper were
presented at the international conferences "Modern Problems of Architecture and Construction”
(IX Conference, 2017 Batumi Georgia; X Conference, 2018 Beijing, China), II International
Symposium "Earthquake Resistance and Engineering Seismology" devoted to the 100"
anniversary of the birth of Professor G. Kartsivadze (Tbilisi, Georgia 2019), the main results of
the paper were presented at the special special-purpose seminars of Akaki Tsereteli State

University’s Department of Civil Engineering and Transport (2018, 2020, 2021).

Publications. The main results of the dissertation paper have been published in 7 scientific

papers.

Volume and Structur e of Dissertation. Dissertation includes Introduction, four chapters, major
results and conclusions, list of references and two annexes. It comprises comprises 96 printing

pages and contains 20 drawings and 2 tables. References include 54 literature tirles.

Content of work
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The introduction justifies the relevance of the dissertation topic, formulates the purpose

of the paper and its practical value. The content of the dissertation is briefly given.

The first chapter presents the calculation of stresses and displacements on static
thermomechanical loading in the bar. It also reviews the approaches presented in papers of B.
Ball, J. Weiner, and I. Birger and the formulas obtained for the determination of stresses and
displacements on thermomechanical loading. It also provides the general principles of thermal
stability evaluation, describing the safety factor according to stress, temperature and time. There
is recorded the strength condition of parts for the safety factor. It also describes the method of
calculating the limit state, which was developed by N. Streletsky, A. Gvozdev and others, as well

as the mathematical formulation of the method and its overload factors.

Based on the theory of thermoelasticity, the problem of bar dynamics is studied in works
of V. Kupradze, G. Jaiani, L. Bitsadze and others. However, the applied linear (S. Tymoshenko)
and nonlinear (V. Svetlitsky) theories of deformation of bars built on the hypotheses are more
convenient for practitioners. It also reviews research papers of A. Bokayan, S. Arantes, M.
Kampa, S. Lenz, H. Lee, A. Tang and others. Scientific papers in which the problem of bar

dynamics on thermomechanical loading is studied.

At the modern stage, the influence of temperature on reliable operation of the structure is
of high importance, if only because of changing climatic conditions. The temperature factor
often becomes the cause of disasters due to additional deformations of the structures. Research
objectives have been formulated on the basis of critical analysis of the scientific literature. The
dissertation focuses on the temperature factor when selecting the overload factors. The
dissertation also examines the nonlinear problem of bar dynamics. Nonlinear equations of
motion was obtained, the method of their solution was elaborated, and the frequency of natural
oscillation was determined (eigenvalue problem). These complex problems were studied

numerically in a Mathcad system.

The second chapter dwells on the calculation of strength of the bar on thermomechanical

loading. It also describes methods of the limit states for structural analysis. The calculating

ultimate limit state is discussed in detail. A methodology has been developed and the basic ratios
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of thermomechanical loads have been obtained, the strength conditions have been recorded and

the overload factors included therein have been described.

The problem of design of bar on axial loading and during uneven temperature distribution
in the section is discussed. We believe that the deformations are small. Complete deformation is
represented as the sum of the elastic and temperature deformations. The calculations are
performed for a bar with a rectangular cross-section. In the case of uneven temperature
distribution, the determination of the stress distribution in the section is based on the equations of
the elasticity theory. To distribute the temperature in the section, the solution of the stationary
heat conduction problem is used in a flat wall with an infinite length. The normal stress

calculation formula is written and the stress diagrams are constructed.

h/2

2
2ab [ [T, +(T, ~T,)" 1dy
0

o= Ef T, +(T, —Tz)z—hy]},

bh

where E- material modulus of elasticity, « - coefficient of thermal expansion, T,T,-
temperatures on the cross-section sides b,h- the base and the height of the cross-section,

respectively.

The formula for calculating the stress in a cylindrical hollow bar in the section has been
obtained:
_Ea(T, -T) 2 15

o= — Eynloionly,
2In(r, /r)) (r,/r) =17, r, r

where r,,r, -radii of the internal and external surfaces, respectively; T,,T,- temperatures of the

internal and external surfaces, respectively.
Stress distribution in the section for a cylindrical bar with a heat source has been obtained.

The strength condition according to the ultimate limit state is recorded as follows:

NeonNp + NNy + n3AE(-‘- EaATdA/J- EdA—-aAT)< AR .k-m, (1)
A A
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where N, N, - normal forces that correspond to constant and temporary loads respectively;

con?

n, and n, - the overload factors on mechanical loading; n,- the overload factor associated

with a temperature; A- the area of the bar cross-section; R" - characteristic strength of the

material; k coefficient of non-homogeneity of the material; m- service factor.

The factor N, depends on a ratio of h,/h , T, /T, and deviation of the temperature from

standard values. This implies not only the difference in the numerical values of the
temperatures, but also, namely, the difference in the regularity of the temperature distribution

from the calculating value in the cross section.

The ratio (1) is presented as follows:
Nconnl + Nun'2 < RH -k A -m,
where the following expression is introduced:

n, =n, + n, AE( j EaATdA/j EdA-aAT)/N, (2)
A A

By means of the ratio (2), it is possible to determine the overload factor of temporary
loads taking into account the temperature factor on thermomechanical loading of the straight

bars.

When designing buildings, road infrastructure, and metal structures in an open space, the
temperature factor must be taken into account in the appropriate overload factor of temporary
loads, as it is difficult to accurately determine the impacts of temperatures due to climate change,
and strictly speaking, these changes appear to be random. For example, the changes in day and
seasonal temperatures are the cyclic loads with different frequencies and amplitudes, and its
exact calculation in the calculation model is quite difficult. Our aim is to give a deterministic
estimate of the overload factor with uneven symmetric temperature distribution in the cross-

section.

23



From the formula (2), it can be seen that when the temperature is evenly distributed in the

section, and if the coefficient of thermal expansion is constant, the second sum on the right-hand

side is equal to zero and consequently n'2 =n,. Represent formula (2) as follows:

Ny =N, + nggi(j EaATdA/I EdA—oAT),
U A A

where &, =N, /(EA) - deformation caused by a temporary force.

Within elasticity limits, it is natural to assume that the modulus of elasticity and the
coefficient of linear temperature expansion are constant values. Therefore, the latter formula can

be presented as follows:

n,=n, +n, g(IATdA/A—AT)
u A

The overload factor is analyzed during the linear temperature distribution in the prismatic
bar based on the solutions to heat conduction problems, on thermodinamical loading in the

ultimate limit state. The following expression has been obtained for the overload factor:

a(T, -T,)

2¢g,

n, =n, +n, 3)
where N, - the overload factor without the temperature factor; n,- the factor associated with the

accuracy of temperature determination.

From formula (3), it can be seen that the overload factor related to the temperature factor
depends on the temperature difference. For metallic materials (low carbon, medium carbon
steels), the maximum deformation within elasticity limits is of (1-2) 10~ order. Depending on the
purpose of the construction, this deformation may be even smaller. The coefficient of linear

temperature expansion of low carbon steel is on average of 1110 1/ ? order.

As for the coefficient N, associated with the accuracy of temperature determination. It

should be noted that measuring accurate the surface temperature with a contact thermometer is

quite difficult. The contact thermometer, be it a resistance thermometer, thermocouple or other
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transmitter actually shows the temperature of its sensitive element. The greater the accuracy of
the measurement, the greater the sensitivity of the element and the thermal equilibrium is what to
be measured. The temperature measurement can be of high accuracy when the transmitter is
quite embedded in the head and in the absence of a temperature field distortion. As soon as the
insertion depth of the thermometer decreases in the measuring area, the heat flow from the
thermometer housing to the environment begins to affect the readout of the device and the
measurement error increases. Another important point to be considered when measuring the
body temperature is the characteristics of two objects: the body itself to which we attach the
transmitter and the environment (e.g. air). Heat flow from the surface of the body depends on the
temperature difference between the body and the environment, the movement of air by natural or
forced convection. Due to the above, the accuracy of the body surface temperature measurement
requires extraordinary study and based on the analysis of the obtained results, the overload factor

must be determined.

If we assume that the temperatures are precisely determined and the coefficient n, =1,

then according to formula (3), the overload factor of temporary load must be increased by the
magnitude associated with uneven temperature distribution in the cross-section. These values of
the temperature difference are given in Table. When the temperature difference changes by 10

°C, the overload factor should change by an average of 0.04.

The third chapter discusses design of the bar on dynamic thermomechanical loads. The

equations of motion of the bar at large displacements in the plane have been obtained:

o°v oR
N—=—+
pA()(3t2 p a,
o*w  oH
| =—+
pA() 8t2 aI qZ

é(I)(§f:ﬂ+m+ Rcos & —H sin 8
at ol 4)

25



ﬂ:(1+.90)sin¢9—sin¢90

a,
—=(l+¢,)cos@—cos b,
al, :
00 l+g,

—= + K,

a, [

where p - material density, A - the area of the cross-section, V,W - displacements towards

0
Yy, Z axes, respectively; b physical moment of inertia of the length unit of bar element. For

the basic axes of the section | = pl . ; |, - geometrical moment of inertia of the cross-section;

M - bending moment, R,H - components of the internal force vector; ¢,,q, - components of

the distributed external force vector; m - components of the external bending moment; &, -

deformation of thermo-elastic line; b the length of the arc of thermo-elastic line; x, -

characterizes change in the curvature.

g, and K, values are determined according to formulas as follows;

_ N T * _M T *
go_?ﬂjg EdA]/ A", KX_Eng yEdA]/ 1}

2

where A’ =IEdA - generalized area, ) =Iy2EdA - generalized moment of inertia,

E = E(T)- material modulus of elasticity; T =T(y) - temperature; &' - temperature

deformation.

The normal force in the cross-section N equals N = H cos 8 + Rsin . The (4) equations for the

straight bar: are written I, - 0,6, =0.

Small natural oscillations of straight bars were studied. In case of small displacements the

following ratios are valid: sin@~=6, cos@~1, 1/(1+¢))=1-g,
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The infinitely small value of the second order is neglected and the following equations were

obtained::
0*v  OR ov
—:— —:9,
PN ) 0z’ 0z
8 w_ aH
_=50’
62 0z
6 6 oM 06
| (z =+ — =K.
P )6'(2 oz R oz ~

Numerical calculation method was developed to find free oscillations (natural frequency). The

power and kinematic factors are represented in the form as follows:

v(zt) =V (2e™, « (zt)=x.(2e™,
Wzt =w'(2e”, R(zt)=R'(2e™,
O(zt)=0"(2e™, H(zt)=H (2",
g,(zt) =g, (2e™, M(zt)=M"(z)e™

Accordingly, the ordinary system of differential equations was obtained, for which boundary

conditions were written. System of equations in the vector-matrix form is as follows:

L)

S

—x:B)?+C where X =
dz

x

@)
Il

)

w

X X X X X X
=
©c o o x|

N

For numerical solution of the problem, dimensionless values were introduced. is used The built-
in functions sbval and bvalfit were used in the Mathcad math editor to solve the eigenvalue

problem. The equation system (5) is filled with a differential equation with boundary condition::

=0, x,(0)= B
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where x, =Q7; B- shooting parameter. Figure 1 illustrates the calculation results for a

cantilever bar, when the temperature in the section changes in accordance with a quadratic law.

0.0015 I

) .

= ~~

(3) N

S <
----- | N |

@ 0001 .

- \

(s) N \
) _ '

s 5.10 Y

7

0
0

Figure 2 illustrates the relationship between the natural frequency and temperature obtained

through the calculation:
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Fig. 2. The relationship between the natural frequency and temperature, 1- even

temperature distribution in the section; 2- uneven temperature distribution.

The fourth chapter dwells on a pilot study of natural oscillations of a cantilever bar. The bar was
heated with a special heating device. Experimental test-bench was created and the measuring
tools were selected. Natural oscillations would be recorded using a sensitive element. A
universal induction vibration sensor was selected as the sensitive element. The sensor detects
even slight movements and generates its corresponding analog electrical signal. The sensitivity
of the sensor is regulated by a potentiometer, which amplifies the received weak analog signal.
The amplified analog signal is supplied to the connector block. The digital signal from the
connector is delivered to the personal computer through the USB port. The four-channel
oscilloscope in the computer records the signal and displays the graphical representation of the

process on the screen.
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Basic results and recommendations

1. The adjusted value of the overload factor was obtained for the prismatic bar taking into

account the temperature factor.

2. It was calculated that in the case of uneven temperature distribution in the cross section, for

every 10 °C temperature difference, the increase in the overload factor averages 0.04;

3. The most general nonlinear equations of motion in the plane of the bar were obtained, taking
into account the rotatory inertia of the section and the deformation of the thermo-elastic axial

line on thermomechanical loading;
4. The method of numerical calculation of the frequencies of natural oscillations was developed;

5. The applied program was developed and problems were solved, numerical calculations were

performed in Mathcad’s Math Editor;

6. The results of the calculation show that the first frequency of natural oscillations decreases
with increasing temperature of the bar with even heating. It has been established that in the case
of uneven heating of the cross-section, the temperature gradient substantially affects the value of

the oscillation frequency.

7. It has been established that the frequency of natural oscillations is three times higher on
average in the case of uneven heating of the cross section than in the case of even heating. The
difference between the frequencies increases with increasing temperature gradient in the cross-

section;

8. Taking into account deformation of the bar axis during uneven heating of the cross-section,
the first frequency of natural oscillations is on average 11% lower than when neglecting this

deformation;

9. The developed methodology can be used to determine the resonance zones on
thermomechanical loading of bar elements of the structures or buildings that are calculated using

the bar model.
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