UNIVERSITY OF BELGRADE
Faculty of Civil Engineering

FOR THE ACADEMIC-SCIENTIFIC COUNCIL

Subject: Report on the evaluation of the doctoral dissertation of PhD candidate Milos Jo¢kovi¢
According to the Decision of the Academic-Scientific Council of the Faculty of Civil Engineering,
University of Belgrade No. 22/63-2 from April 22™ 2021, we have been appointed as members of the

Committee for evaluation of the doctoral dissertation submitted by the candidate Milos Jo¢kovié¢, MSc. Civil
Eng, entitled:

ISOGEOMETRIC APPROACH IN DYNAMIC ANALYSIS OF SPATIAL CURVED BEAMS

The doctoral dissertation is written in English according to the requirements of the international SEEFORM
project, under which the part of the presented research has been carried out. The title of the dissertation in
Serbian is:

N30IEOMETPUJCKU ITPUCTYII Y JUHAMUNYKOJ AHAJIN3U TPOCTOPHUX
KPUBOJIMHUJCKUX I'PEAHUX HOCAYA

After review of the submitted dissertation and other supplemetary materials, as well as the disscussion with
the candidate, the Committee has prepared the following

REPORT
1. INTRODUCTION

1.1. Chronology of the approval and the research on the doctoral dissertation

— In 2013 the candidate enrolled the Doctoral studies at the Faculty of Civil Engineering,
University of Belgrade, Study Program Civil Engineering.

- May 16™ 2019 - during the session of Chair of Engineering Mechanics and Theory of Structures,
the candidate presented the topic of the doctoral dissertation entitled “Isogeometric approach in
dynamic analysis of spatial curved beams”.

— The Committee nominated by the Chair accepted the proposed topic of the dissertation and
suggested the candidate to submit the thesis proposal to the Academic-Scientific Council of the
Faculty of Civil Engineering.

- May 16™ 2019 - the candidate submitted the proposal of the doctoral dissertation to the
Academic-Scientific Council of the Faculty of Civil Engineering in Belgrade.

- May 23" 2019 - Academic-Scientific Council of the Faculty of Civil Engineering University of
Belgrade nominated the following Committee to evaluate the candidate and the application of
doctoral dissertation: Prof. Dr.-Ing. Matthias Baitsch, Prof. Dr. Rastislav Mandi¢ and Assoc.
Prof. Dr. Marija Nefovska-Danilovi¢ (Decision No. 169/4-19 from May 24™ 2019).

—  September 12" 2019 - Academic-Scientific Council of the Faculty of Civil Engineering,
University of Belgrade, accepted the Report of the Committee for evaluation of the candidate
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and the doctoral dissertation and sent its decision to the Council of the Civil Engineering and
Urbanism of the University of Belgrade for the approval (Decision No. 169/7 from September
16" 2019).

- September 30™ 2019 - Council of the Civil Engineering and Urbanism of the University of
Belgrade approved the suggested proposal of the doctoral dissertation entitled “Isogeometric
approach in dynamic analysis of spatial curved beams” (Decision No. 61206 -/2-19 from
September 30" 2021).

- April 15" 2021 - the candidate submitted the final version of the doctoral dissertation for the
revision and evaluation.

- April 22" 2021 - Academic-Scientific Council of the Faculty of Civil Engineering, University of
Belgrade, nominated the following Committee for review, evaluation and defense of the doctoral
dissertation (Decision No. 22/63-2):

Dr. Marija Nefovska-Danilovi¢, associate professor, University of Belgrade, Faculty of Civil
Engineering,

Prof. Dr.-Ing. Matthias Baitsch, professor, Hochschule Bochum, Bochum University of
Applied Sciences

Dr. Rastislav Mandi¢, retired full professor, University of Belgrade, Faculty of Civil
Engineering,

Dr. Aleksandar Borkovi¢, associate professor, University of Banja Luka, Faculty of
Architecture, Civil Engineering and Geodesy

Dr. Miroslav Marjanovi¢, assistant professor, University of Belgrade, Faculty of Civil
Engineering

1.2. Scientific field of the dissertation

The dissertation topic belongs to the scientific field Civil Engineering. Scientific sub-field is the Engineering
Mechanics and Theory of Structures. Dr Marija Nefovska-Danilovi¢ (Associated Professor at the Faculty of
Civil Engineering, University of Belgrade) and Dr.-Ing. Matthias Baitsch (Professor at Hochschule Bochum
- Bochum University of Applied Sciences) have been nominated as advisors of the dissertation.

1.3. Biography of the candidate

Milos Jockovi¢ was born on Aprilv6th 1988 in Sremska Mitrovica, Republic of Serbia. He finished
elementary school and gymnasium in Sid as a holder of “Vuk Karadzi¢” diploma.

He enrolled BSc studies at the Faculty of Civil Engineering in Belgrade in 2007 and graduated in 2011
within the module Structures with the average grade 9.54/10. He defended the diploma thesis entitled
»Design of reinforced concrete structure of commercial building with the highest grade and acquired the
title Bachelor of Science. He enrolled master studies at the Faculty of Civil Engineering in Belgrade in 2011
and graduated in 2013 (module Structures) with an average grade 9.57/10. He defended the master thesis
entitled ,,Free vibration of plate assembles using spectral element method“ at the Chair of Engineering
Mechanics and Theory of Structures with the highest grade and acquired the title Master of Science.

In 2011 he has been awarded by the Foundation “Prof. Milan Puri¢” for excellence in the field of Theory of
Structures. In addition, during the period from 2007 to 2011 the Faculty of Civil Engineering in Belgrade
continuously awarded him for the results he achieved during the studies. From 2008 to 2010 he was a
scholarship holder of the fund of Republic of Serbia, as well as of the Fund for Young Talents of Republic of
Serbia -“Dositeja”, from 2010 to 2011.

In 2013 he enrolled the doctoral studies at the Faculty of Civil Engineering in Belgrade. He has passed all
exams from the curriculum with the average grade of 9.88/10.

During 2012, Milo§ Jockovi¢ has been working for the National Oil company NIS, and for Serbia and
Montenegro Air Traffic Services - SMATSA LLC.



Since November 2013 he has been working at the Faculty of Civil Engineering, University of Belgrade as a
researcher on the project “Towards Development of Sustainable Cities: Influence of traffic induced
vibrations on buildings and humans” (TR36046 lead by Prof. Dr Mira Petronijevi¢). From June 2013 until
December 2013 he participated in the Project "Implementing MATLAB tool for analyzing flutter instability"
financed by the DAAD foundation — Germany.

Since November 2014 he has been working as Teaching Assistant - PhD Student for the scientific field
Engineering Mechanics and Theory of Structures at the Faculty of Civil Engineering in Belgrade. Since the
election, he has been teaching exercises in the subjects Matrix Structural Analysis, Finite Element Method
and Computer Aided Numerical Structural Analysis and Design. In addition, he was a committee member of
several BSc theses at the Chair of Engineering Mechanics and Theory of Structures.

Since 2015, M. Jockovi¢ has been participating as the scholarship holder in the international PhD program
SEEFORM, financed by DAAD, Germany. As a SEEFORM scholar, he spent five months at Hochschule
Bochum (Bochum University of Applied Sciences) supervised by Prof. Dr.-Ing. Matthias Baitsch.

As an author or co-author, Milo§ Jockovi¢ has published one paper in the international journal (M21), two
papers in the international journal (M24), eight papers in the proceedings of international conferences (M33),
two papers in the proceedings of national conferences (M63) and four papers in the national monograph.

He is a member of the Serbian Society of Mechanics.

He speaks and writes English.

2. OUTLINE OF THE DISSERTATION

2.1 Content of the dissertation

The doctoral dissertation is written in English. It contains 110 pages, 77 figures and seven tables. Layout of
the dissertation has been prepared according to the regulations and guidelines for preparation of doctoral
dissertation of the University of Belgrade. The dissertation is divided into nine chapters as follows:

1) Introduction;

2) Review of previous research;

3) NURBS functions;

4) Differential geometry;

5) Linear dynamic formulation of spatial Bernoulli-Euler beam;

6) Geometrically nonlinear dynamic formulation of the plane Bernoulli-Euler beam;
7) Object-oriented computer program;

8) Numerical examples;

9) Conclusions and recommendations for future work.

Moreover, the dissertation contains abstract both in English and Serbian as well as the biography of the
candidate. The Bibliography includes 62 references.

2.2 Brief overview of chapters

In the Introduction, the research topic has been presented as well as the main idea behind the isogeometric
approach in the numerical analysis of structures. Advantages of the isogeometric approach in comparison to
the nowadays widely used finite element method (FEM) have been explained, with regard to discretization,
choice of basis functions, computational time, accuracy and reliability of the results. In addition, basic
assumptions of the Bernoulli-Euler beam theory were presented. Afterwards, advantages of the application of
Bernoulli-Euler beam elements in comparison to the Timoshenko beam elements have been highlighted, in
terms of number of degrees of freedom (DOFs) and elimination of the shear locking phenomenon.
Subsequently, having in mind that the implementation of modern materials and aesthetic requirements during
design process have made the structures slender and more sensitive to both time and spatially dependent
dynamic loads, the influence of the moving mass has been elaborated. In most cases, moving mass is
modelled using force with constant magnitude and direction, which changes its position along the structure
with time. Using this model, the inertial term generated by the moving mass is neglected. However, for a
mass moving with a certain speed the inertial term should be taken into account. At the end, the aim of the
research within the dissertation has been formulated as development of the numerical model of spatial curved



Bernoulli-Euler beam subjected to spatially varying dynamic load using isogeometric approach, considering
both small and finite displacements and rotations. As the result, the isogeometric beam element has been
developed using basic principles of continuum mechanics and differential geometry.

The literature review has been presented in the second chapter. First, a historical overview of the
isogeometric analysis and NURBS basis functions has been presented. Afterwards, the research in the field
of isogeometric analysis of beams has been given. It has been concluded that most of the previous research
dealt with Timoshenko beams. In addition, it has been pointed out that such models have demonstrated low
efficiency in the analysis of slender beams due to the shear locking phenomenon. In the case of finite
displacements and rotations, geometrically nonlinear analysis should be applied. Hereafter, research in the
field of geometrically nonlinear analysis of beams has been presented. In most of studies, beams have been
modelled using Timoshenko theory and subjected to static loads. These problems have been solved using the
FEM. At the end of chapter, the overview of studies dealt with the effect of both spatially and time varying
loads on the dynamic response of beam structures has been elaborated. Moving mass induces moving load,
which is commonly modelled as moving force with constant magnitude and direction, while the inertial term
of the moving mass is neglected. However, in some cases, the effect of the inertial term of the moving mass
can significantly affect the response of structure and thus cannot be neglected (moving mass model). In
previous studies only plane straight beams subjected to moving dynamic load have been analyzed using
isogeometric approach, while spatial curved beams subjected to moving dynamic load have been studied
using the FEM or semi-analytical methods.

In the third chapter, the NURBS basis functions have been presented. Explanation of a knot vector, control
points, as well as properties and advantages of NURBS functions in geometry representation of curves have
been given. At the end of the chapter, the refinement procedures of NURBS parametrized curves were
explained and their effect on the shape of curves was shown.

In the fourth chapter, basic concepts of differential geometry are given, which will be applied in the
following chapters for the formulation of the isogeometric element of spatial curved Bernoulli-Euler beam.
In addition, the NURBS parametrization and introduction of the &, frame of reference, which has
demonstrated high efficiency for Bernoulli-Euler beam formulation, have been elaborated.

The fifth chapter deals with the linear dynamic formulation of the spatial curved Bernoulli-Euler beam
element using isogeometric approach. Displacement, velocity and acceleration field have been defined using
the NURBS parametrization explained in the previous chapter. The degrees of freedom of isogeometric
elements based on Bernoulli-Euler theory are displacements and torsional rotation of the control points.
Based on the kinematic and constitutive relations and applying basic principles of continuum mechanics, the
strong and weak form of the problem have been formulated. Governing equations of motion of spatial curved
beam have been developed applying the weak form, and corresponding stiffness mad mass matrices were
obtained. Afterwards, explicit direct integration scheme has been applied to solve the equations of motion
due to dynamic load. Finally, moving force model and moving mass model have been introduced for
modelling of spatially dependent dynamic load, which will be used later in the numerical simulations.

Theoretical considerations of the behavior of Bernoulli-Euler beam element concerning geometrically
nonlinear formulation have been presented in the sixth chapter. Starting from the beam’s deformed
configuration, displacement, velocity and acceleration field has been defined. In the displacement field, the
product of the velocity gradient components, as well as the product between the velocity gradient
components and the angular velocity vector component were assumed negligible. Finally, the equations of
motion have been developed and explicit integration scheme has been applied.

Based on the theoretical considerations presented in the fith and sixth chapter, the object-oriented computer
program has been developed. Explanation of the defined classes together with their properties and methods
has been provided. At the end, the class diagram model has been depicted.

Numerical examples that illustrate isogeometric formulation and implementation of the developed computer
program were presented in the eight chapter. The following examples have been analyzed: free vibration
study of a spatial curved beam, linear and geometrically nonlinear analysis of curved beams subjected to
spatially varying dynamic load. A detailed parametric study has been carried out to highlight the effects of
boundary conditions, type of the applied dynamic load, its magnitude and velocity on the dynamic response.
Verification of the proposed isogeometric formulation and the developed computer program has been carried
out through a comprehensive comparative analysis using numerical benchmark examples from the literature
and results obtained using the FEM-based commercial software Abaqus. Special attention has been paid to
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the refinement procedures in the isogeometric analysis (-, p- and k-refinement), considering the number of
unknowns and computational time.

In the last chapter, main conclusions drawn from the research presented in the dissertation have been
highlighted, as well as the recommendations and guidelines for future research in this field.

3. ASSESMENT OF THE DISSERTATION
3.1. Originality

Besides aesthetic requirements during design process, implementation of modern materials has made the
structures slender and more sensitive to the dynamic loads. Therefore, development of numerical procedures
for efficient and accurate analysis of such structures is of great importance. Isogeometric approach is
relatively new and modern research field, which has broad application in the numerical analysis of structures.
There are many advantages of the isogeometric approach with respect to conventional FEM, which are
primarily related to the simple and accurate geometrical representation of complex curvilinear structures by
using the NURBS functions and Computer Aided Design (CAD) software.

Previous studies using isogeometric approach have been mainly focused on static, stability and dynamic
analysis of plates and shells, while one-dimensional structures have been studied using isogeometric beam
elements based on Timoshenko theory. In addition, for slender beams, the application of Bernoulli-Euler
theory was found to be more adequate. Doctoral dissertation of the candidate Milo§ Jockovi¢ represents
original scientific contribution in the field of application of isogeometric approach in linear and
geometrically nonlinear dynamic analysis of spatial curved Bernoulli-Euler beams. The candidate developed
the isogeometric curved beam element using basic principles of continuum mechanics and differential
geometry. The developed beam element has been implemented in the object-oriented computer program
using MATLAB, which enables dynamic response analysis of spatial curved beams subjected to moving
dynamic load. It has been demonstrated that the proposed approach is more efficient and more convenient for
application in the analysis of curved elements in comparison with FEM, both from the aspect of accuracy
and computational time.

3.2. Assessment of the references and used literature

In the doctoral dissertation, the candidate studied the relevant literature. He has cited 62 references relevant
for the topic of the dissertation. The candidate has referred to the existing literature in his work properly.
Approximately 50% of the references cover the research results published in the last 10 years. Most of the
references are papers published in the prestigious international journals such as Computer Methods in
Applied Mechanics and Engineering, Applied Mathematical Modelling and Journal of Sound and Vibration.

3.3. Description and adequacy of applied scientific methods

Besides general scientific methods such as collection and review of the existing literature and sythesize the
conclusions, the candidate applied specific scientific methods related to the numerical modelling of spatial
curved beam elements: basic principles of differential geometry, continuum mechanics and isogeometric
method. Moreover, numerical methods for free vibration study and numerical explicit integration of the
governing equations of motion have been used as well. The comparison of the results obtained using the
proposed approach has been achieved using the finite element-based software, while the convergence study
has been carried out using three diferent refinement methods (4-, p- and k-refinement). The candidate has
also applied the object-oriented programming in MATLAB and developed the original computer program.
To conclude, the candidate applied adequate scientific methods as well as contemporary numerical
techniques to reach the goals defined in the dissertation.

3.4. Applicability of the achieved results

Efficient and fast analysis of spatial curved beams is important in both theoretical and practical sense.
Generally, using classical methods, both the time and resources necessary to obtain accurate results are
increasing in relation to the complexity of the structural geometry, type of load and analysis. Using
isogeometric approach, geometry representation is carried out in a relatively simple way. Unlike the FEM,
refinement procedures are carried out in the parametric domain, without changing the initial geometry of the
structure in the physical domain. Moreover, using Bernoulli-Euler beam theory, the number of the degrees of
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freedom is reduced in comparison to the classical formulations of beam elements, which also contributes to
the efficiency of the proposed procedure especially in the dynamic analysis. Using the developed computer
program a wide range of vibration studies of Bernoulli-Euler curved beams subjected to time and spatially
varying dynamic load could be performed.

3.5. Evaluation of competencies of the candidate for independent scientific research

During the PhD studies, the candidate gained substantial independence in scientific research in the process of
his PhD research, as well as during the courses he took at the Faculty, his activities in the SEEFORM
program, study visits at Hochschule Bochum, the current publication record and participation at national and
international conferences. In addition, the candidate has demonstrated the ability to critically analyze the
existing knowledge in the field and to develop novel isogeometric spatial curved Bernoulli-Euler beam
element, based on the defined hypotheses and applied methods. The isogeometric approach has proven to be
more efficient and more accurate in dynamic studies in comparison to the existing solutions.

To conclude, the candidate has confirmed his scientific maturity and an exceptional research potential.

4. SCIENTIFIC CONTRIBUTION OF THE DISSERTATION

4.1. Review of achieved scientific contributions

Main scientific contributions of the dissertation are:
1. Development of curved Bernoulli-Euler beam element using isogeometric approach and its
application in the geometrically nonlinear dynamic analysis of beams subjected to moving load,

2. Development of object-oriented computer program for numerical linear and geometrically
nonlinear analysis of curved beams using isogeometric approach,

3. Systematization of previous knowledge in the research field, as well as synthesis of new results and
knowledge, which should contribute to further development and practical application of the
isogeometric approach in dynamic analysis.

4.2. Critical analysis of the research results

Within the doctoral dissertation, the candidate developed numerical model based on the isogeometric
approach for linear and geometrically nonlinear dynamic analysis of Bernoulli-Euler curved beam elements
and showed the efficiency of the developed model in comparison to the FEM. Moreover, the number of
degrees of freedom was reduced in comparison to the classical formulations of beam elements, which also
contributed to the efficiency of the proposed procedure. Compared to FEM, the advantages of the applied
isogeometric approach are high accuracy and reliability, simple discretization and the reduced computational
time. Based on the methods and computer program developed in the dissertation, the effects of moving
dynamic load can be taken into account. Moreover, the proposed method enables more accurate computation
of the dynamic response of curved beam elements. The obtained results were verified through examples from
the literature as well as using FEM.

The applicability of the results and the developed computer program in engineering practice is great, because
the model enables more efficient analysis of curvilinear beams under the action of moving dynamic load.
Part of the research results within the dissertation were published in a prestigious international SCI listed
journal.

The results presented in the dissertation represent an excellent starting point for future research, primarily on
the formulation of new elements and their implementation in a computer program, the impact of friction
between the beam element and the moving mass, as well as stability analysis.



4.3. Verification of scientific contributions

During his research the candidate published the following papers in the field of the PhD research:

Category M21:

1. Jo¢kovi¢ M, Radenkovi¢ G, Nefovska-Danilovi¢ M, Baitsch M, (2019): Free vibration analysis of
spatial Bernoulli-Euler and Rayleigh curved beams using isogeometric approach, Applied
Mathematical Modelling 71, 152 — 172 (IF 3,633).

Category M33:

2. Jotkovi¢ M, Nefovska-Danilovi¢ M, Free vibration analysis of beam element using isogeometric
analysis, Contemporary achievements in Civil Engineering, 22.04.2016, Subotica, Serbia, 269 — 278.
(ISBN 978-86-80297-63-7)

3. Jockovi¢ M, Baitsch M, Nefovska-Danilovi¢ M, Free vibration analysis of curved Bernoulli-Euler
beam using isogeometric analysis, Sth International Congress of Serbian Society of Mechanics,
19.06.2017 — 21.06.2017, Tara, Serbia, S 1 — 10. (ISBN 978-86-909973-6-7)

4. Jofkovi¢ M, Radenkovi¢ G, Nefovska-Danilovic M, Free vibration analysis of curved spatial
Bernoulli-Euler beam with circular cross section using isogeometric approach. 7th International
Congress of Serbian Society of Mechanics, 24.06.2019 — 26.06.2019, Sremski Karlovci, Serbia S4a
1 -10. ISBN 978-86-909973-7-4)

5. Jo€kovi¢ M, Nefovska-Danilovi¢ M, Isogeometric based dynamic analysis of Bernoulli Euler
curved beam subjected to moving load, International Conference on Contemporary Theory and
Practice in Construction XIV Stepgrad (2020), 63 — 70. (ISSN 2566-4484)

Category M45:

6. Jofkovi¢ M, Radenkovi¢ G, Nefovska-Danilovi¢ M, (2019): Izogeometrijski pristup u analizi
slobodnih vibracija prostornih Bernuli — Ojlerovih grednih nosaca, Teorija gradevinskih
konstrukcija, Univerzitet u Beogradu — Gradevinski fakultet, Univerzitet Crne Gore — Gradevinski
fakultet, Akademija inZenjerskih nauka Srbije, 47 — 54.



5. CONCLUSION AND RECOMMENDATION

Based on previously exposed facts of the submitted doctoral dissertation, and evaluation in regards to
fulfillment of the tasks and the goals of the research, applied methodology, scientific contribution and
obtained results, it can be concluded that the doctoral dissertation entitled “Isogeometric approach in
dynamic analysis of spatial curved beams” represents a significant and original scientific contribution and
proves that the candidate Milo§ Jo¢kovié is capable to perform independent scientific research. The quality
of the research is confirmed by the fact that the results of the dissertation were published in the prestigious
international journal. Therefore, scientific contribution of the candidate Milo§ Jockovi¢ is significant in the
field of isogeometric analysis of beams.

Within the dissertation, the candidate developed the isogeometric Bernoull-Euler beam element and
formulated the numerical model for dynamic analysis of curved beams subjected to moving load, which
considerably contrubuted to the field of isogeometric dynamic analysis of curved beams. Based on
theoretical considerations, the candidate developed computer program, which has been verified through
several numerical examples.

Based on the above facts, the Committee suggests to the Academic-Scientific Council of the Faculty of Civil
Engineering, University of Belgrade, to accept the doctoral dissertation of the candidate Milo§ Jo¢kovié
entitled “Isogeometric approach in dynamic analysis of spatial curved beams” and send it to the Council of
the Civil Engineering and Urbanism of the University of Belgrade for final approval of the public defense.
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Assoc. Prof. Dr. Aleksandar Borkovic,
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YHUBEP3UTET Y BEOT'PALLY
I'paheBunckn pakyarer

HACTABHO-HAYYHOM BERY

Ipenmer: M3Bemiraj o ypaleHoj TOKTOPCKOj mucepTanuju Kanmunara Moma JoukoBuha

Onmnykom HacraBHo-HayuHor Beha I'paleBuHckor Qaxynrera YHuBep3utera y beorpany Op. 22/63-2 ox
22.04.2021. ronuHe, UMEHOBaHU cMO 3a wiaHoBe Komucuje 3a oneHy u of0paHy JOKTOPCKE JHMCEpTalvje
kaHauaara Musoma JoukoBuha, mact.uHxk.rpal). o] HACIOBOM:

ISOGEOMETRIC APPROACH IN DYNAMIC ANALYSIS OF SPATIAL CURVED BEAMS

JloKTOopcKa nucepranyja je HalrcaHa Ha CHIJTIECKOM je3UKy y CKIIaay ca yCJIIOBHMa Mel)yHapoIHOT IpojeKTa
SEEFORM vy oxBupy kora je qucepranuja ypahena. Hacno qucepranmje Ha CpIICKOM je3UKY TTIacu:

N30IEOMETPUJCKHU ITPUCTYIT Y JUHAMHNYKOJ AHAJIN3U ITPOCTOPHUX

KPUBOJIMHUJCKUX I'PEAHUX HOCAYA

IMocne mpernena mocTaBibeHE AUCEpTaldje, APYrux mpatehux MaTepujaia M pasroBopa ca KaHAUAATOM,
Kowmmucuja je caunnuna cienehn

1. YBOJ

PEGEPAT

1.1. XDOHOJ’IOFI/Iia ono0paBarba ¥ U3paje I[PICGDTaHPIie

2013. roguae kaHAUAAT je ymucao JlokTopcke akameMcke crymuje Ha ['paheBuHcKkOM pakynreTy
Yuusep3utera y beorpany, Ha crynujckom nporpamy I'paljeBunapcTBO.

16.05.2019. ronune Ha ceauuuy KaTtenpe 3a TEeXHHUYKY MEXAHHKY M TEOPHjy KOHCTPYKIH]ja
KaHAWZAT j€ H3JI0XKHO TMPEJIOKEHY TeMy JIOKTOpCKE JHcepTaluje TIOoJ HaclIOBOM
,,/I30reOMeTpHjCKH TPHUCTYN y TUHAMHYKO] aHAJIM3HM NPOCTOPHUX KPUBOIHWHHjCKUX TPETHHUX
HOcaya“.

Komucuja kojy je obpasoBano Behe katenpe mpuxBaTuia je TeMy JOKTOPCKE AMCEpTalUje H
MIpeIIoKIIIa KaHIUIATy Ja TeMy IpHjaBu HacraBHo-HayuHOM Behy ['paljeBunckor daxynrera.
16.05.2019. ronuHe KaHAWAAT je TPUjaBHO TeMy IOKTOpCKe nucepTauuje HacraBHO-HaydHOM
Behy ['paheBunckor paxynrera y Beorpany.

23.05.2019. ronune HacraBHo-Hay4yHo Behe I'paljeBuHckor dakynrtera y beorpany umeHoBaio
je Kommcujy 3a oleHy Hay4yHe 3aCHOBAHOCTH TeME JOKTOPCKE JHCEpTalldje KaHaujara y
cacraBy: Prof. Dr.-Ing. Matthias Baitsch, npod. ap Pactucnas Maunuh u B. mpod. ap Mapuja
Hedoscka Janunosuh (Omnyka 6p. 169/4-19 ox 24.05.2019).

12.09.2019. romune HacraBHo-HayuHO Behe ['paljeBunckor dakynrera y beorpany npuxsaTuio
je uzBemraj Komucuje 3a orieHy o JoOHOCTH TeME U KaHAHaTa JJOKTOPCKE TUCEPTAIlHje U CBOJY
o/uTyKy nocraBmwio Behy nayanux obmactu rpaleBHHCKO-ypOAaHHCTHUKHMX HayKa YHHUBEp3UTETa
y Beorpany Ha naBame carnmacHoctu (Omtyka op. 169/7 ox 16.09.2019).



— 30.09.2019. ronune Behe nayunux obaactu rpal)eBUHCKO-YpOAHUCTHYKUX HAyKa YHHBEP3UTETA
y Beorpamy mamo je carmacHOCT Ha TPEIJIOr TeMe IOKTOPCKE IUCEpTalHje MO HACIOBOM
,,/I30T€OMETpHjCKH TPHUCTYINl Y IUHAMUYKO] aHAIW3U MPOCTOPHUX KPHBOJIMHHU]CKHX TPEIHUX
Hocaya“ (Omryka 6p. 61206 -/2-19 ox 30.09.2019).

— 15.04.2021. nokTopcka qucepTanuja je npegarta Ha nperiel 1 OLeHy.

— Ha cemnumm oapxxanoj 22.04.2021. romune (Opnmyka Op. 22/63-2) HacraBHo-HayuHO Behe
I'paheBunckor daxynrera YHuBep3utera y beorpagy umenoBano je Kommucujy 3a oueHy u
on0paHy TOKTOpCKe mucepranyje y cienehem cacrary:

ap Mapuja Hedoscka-J/lanmnosuh, BaHpennu mnpodecop, YHuBep3uter y beorpany,
I'paheBuncKH dakynrer,

Prof. Dr.-Ing. Matthias Baitsch, npocdecop, Hochschule Bochum, Bochum University of
Applied Sciences

ap Pactucma Manmuh, pemoBHE mpodecop y meH3Wju, YHHBep3uTeT y beorpany,
I'paheBuncKH (akynrer,

np Anekcannap bopkoeuh, Banpemrn mpodecop, VYHuuBepsuter y bamoj Jlymw,
ApXUTEKTOHCKO-Tpal)eBUHCKO-Te0AeTCKH (DaKyIITET,

1p MupocnaB MapjanoBuh, no1ieHT, YHuBep3uteT y beorpany, I'paheuncku daxynrer.

1.2. Hay4na oGiacT aucepTarmje

Hucepranmja kaamunara Mmoma JoukoBuha mpumaga HaywdHoj obnactu ['paleBnHapcTBO, yka HaydHa
obmact TexHnuka MeXaHWKa U TEOpHja KOHCTpYKIHja. 3a KOMEHTOpe aucepranuje oapehenu cy ap Mapuja
Hedoscka-/lanmnosuhi, Banpenau npodecop I'paheBurckor dakynrera YHuBep3utera y beorpany, u Prof.
Dr.-Ing. Matthias Baitsch, npodecop na Hochschule Bochum, Bochum University of Applied Science.

1.3. bruorpadcku moamny o KaHauaaTy

Munomn JoukoBuh pohen je 06.04.1988. romune y Cpemckoj Murtposuiy, Penmyonuka Cpouja. OcHOBHY
IIKOJTy ¥ THMHA3H]Y, OIIIITH cMep, 3aBpino je y [lnmy, o6e kao Hocnmar qumiome ,,Byk Kaparnmh®.

OcHoBHe akajeMcke cryauje Ha ['paheBuHckom dakynrery y beorpamy ymucao je mikosncke 2007/08.
roauHe, a aumiomupao je 2011. rogunae Ha Moxyny KoHcTpykimje, ca mpocedHoM orieHoM 9,54, CuHTe3HH
pan u3 obsacTi OETOHCKHX KOHCTPYKIIH]ja IO/ HaclIoBOM ,,JIpojekar koHCTpykuuje mociosHe 3rpane [lo + I1
+ 10* onOpanuo je ca onenom 10 (meceT) u THMe CTeKao 3Bamke AUIIOMUPAHOT UHXKEHepa rpaheBUHapCTBA.
Junnomcke akagemcke (Mmactep) cryauje Ha ['paheBunckom ¢akyntery y beorpamy ymucao je mkosicke
2011/2012. rogune, a qumtomupao je 2013. roqune Ha Moayny KoHcTpykigje, ca mpocedHoM orieHoM 9,57.
Macrep pax mox HacioBoM ,,CrnoOomHe BuOpaumuje cucreMa IUloda NpUMEHOM MeTtone CHeKTpaHUX
eneMeHara’ ogbpanno je Ha KaTenpu 3a TeXHIHUKY MEXaHHKY M TEOPH]jy KOHCTpYKIHja ca orieHoM 10 (mecer)
U TUME CTEKao 3Balbe MacTep HHKemepa rpal)eBuHapCcTBa.

Tomuue 2011. Harpalen je u3z ®onna ,.[lpod. Munan Bypuh* 3a mocTUrHyTe pe3ynrare u3 Tpyme npenMera
Teopuja koHcTpyknuja. Ocum Tora, y mepuony ox 2007. mo 2011. roawHe MOXBaJbMBaH je Of CTpaHE
I'paheBuHCKOr (hakynTeTa 3a MOCTUTHYTE pedynrare TokoM crymuja. Ox 2008. mo 2010. rogmue OWo je
crunenaucra Penyonuke Cpbuje, a og 2010. go 2011. rogune ctunenaucta PoHOa 3a MIajae TaleHTe
Penyonuke Cpbuje — dhonnaruje "Jlocureja”.

Jloktopcke akanmemcke crynuje Ha ['paheBunckoM dakynrety y beorpany ymucao je mkosicke 2013/2014.
roaune. [Tonoxuo je cBe ucnute npeasuleHe HaCTaBHUM IJIAHOM Ca MPOCEYHOM OLeHOM 9,88.

Munonn JoukoBuh pan y crpynu 3anountse 2012. roqune y HadTtHOj maayctpuju CpOuje, HaKOH Yera ce
3anouubaBa y Konrponu nerewa Cpouje u Lipae rope — SMATSA.

Pan Ha ['paheBuHckOM (akynrery 3amounme y HoBeMOpy 2013. rommHe Kao MCTpakuBay IPHUIIPABHHUK Ha
Hay4HOM TpojeKty ,JcTpaxkuBame nejcTBa BHOpauuja Ha Jbylne W 00jeKTe y LUJbY OAPIKHUBOT pa3Boja
rpamoBa” (eBuneHnonu 6poj: TP 36046, pykosomunan mpod. np Mupa Ilerponujesuh). Y neprony ox jyna



2013. no neuem6bpa 2013. rogune yuecTByje Ha npojekty “Implementing MATLAB tool for analysing flutter
instability* xoju je punancupan ox crpane DAAD — Hemauka.

Ox HoBeMOpa 2014. roaune 3amocieH je Ha ['paljeBuHckoM dakyntery YHuBep3uTeTa y beorpany y 3Bamy
ACHCTEHTa - CTyJIeHTa IOKTOPCKHUX CTyAMja 3a YKy HaydyHy oOnacT TexHHMYKa MeXaHWKa M Teopuja
KoHCTpyKIHja. O n300pa y 3Bame aCUCTeHTa — CTYACHTa JOKTOPCKUX CTYAHja IPXKH BexOarma U3 IpeaMeTa
MarpuyHa aHanmu3a KOHCTpyKIMja, MeToa KOHauHMX eneMeHata u [IpuMeHa padyHapa y NpojeKTOBamy
KoHCTpyKImja. [lopen Tora, Omo je wiaH KOMHCHja 3a ox0paHy IHIUIOMCKHX pamoBa Ha Karempum 3a
TEeXHHIKY MEXaHHUKY U TEOPHUjy KOHCTPYKIIH]a.

Ox 2015. romuHe Kao CTUMEHIKCTa yuecTByje y MehyHapomaom mporpamy SEEFORM, koju ¢unancupa
DAAD, Hemauka. Y okBHpY TOT mporpama je mpoBeo 5 Mecelu Ha CTyaujckoM OopaBky y Hemaukoj Ha
Hochschule Bochum (Bochum University of Applied Sciences), mox meaTopctBoMm Prof. Dr.-Ing. Matthias
Baitsch-a.

Mmtom JoukoBuh je Kao ayTop WM KOAyTop /0 cafga o0jaBHo jefaH HaydHH pajx y MehyHapoIHOM 4acomcy
Ha SCI nuctu (M21), aBa paga y mehyHapoaHoMm HaydyHOM dacomucy (M24), ocam pagoBa y 300pHHUIIMMA
MehyHapoaHux HayuyHux ckynoBa (M33), nBa pana y 300pHUIIMMA CKyIOBa HAIlMOHAJTHOT 3Hadaja (M63) u
YeTUpH pajia y MOHOTrpadujaMa HallmoHATHOT 3Havaja (M45).

Unan je Cprickor JpymTBa 3a MEXaHUKY.

['oBOpH 1 mHIIIE SHITIECKH jEe3HK.

2. OIUC JUCEPTALIMJE

2.1 Canprxaj gucepraruje

JloxTopcka nucepranyja kanauaata Muoma JoukoBuha HamnmcaHa je Ha €HIVIECKOM je3nky, Ha 110 crpana.
Caapxu 77 cnuka U cegaM Tabena. [ucepranuja je y oOnuKoBaHa y ckiany ca Bakehuwm [IpaBuinHukoM o
JIOKTOPCKUM CTyIHjaMa Ha YHuBep3utety y beorpany. Jlucepranuja caapxu eBeT MoriaBiba:

1) VBon;

2) [Ipernen npeTXoIHUX UCTPAKUBAKDA;

3) NURBS ¢yskuyje;

4) Nudepeniujaina reoMeTpuja;

5) Jluneapna popmynanyja TrHAMAYKE aHau3e mpoctopHe beprymu-Ojnepose rpene;

6) 'eomeTpujckn HemMHEapHa HOpMyJIallija THHAMITIKe aHaian3e paBHe beprynun-Ojnepose rpene;
7) O0jeKTHO-OpjeHTHCAHH PaYyHAPCKHU MPOTrpam;

8) Hymepuuku npumepu;

9) 3akspyuniy U mpenopyke 3a Oyayhu pan.

[lopen Tora, aucepramuja caapKu pe3MMe Ha CPICKOM M EHTJIECKOM je3UKy, Kao u Ouorpadujy
kanauaara. Crimcak Tureparype caapxku 62 pedepeHue.

2.2 KpaTak npuKa3 moje IMHAYHUX HOTIaBJba

Y mpBOM, yBOJHOM IIOTJIaBJBY OOjalllbeH je TIpeIMeT HCTpakuBama. lIpmka3aHa je OCHOBHa Hjeja
H30T€OMETPH]CKOT MPHUCTYIIA Y HyMEpUYKOj aHaJIu3M rpal)eBUHCKUX KOHCTpYyKIHja. HaBenene cy nmpeqHoctu
M30T€OMETPHjCKOT TPHUCTYNAa y OJHOCY Ha y MpPAKCH BEOMa 3acTYIUbEHY METONy KOHAYHHX eJeMeHaTa
(MKE) ca acmekta nuckperusanuje, n3dopa 6a3Hux (yHKIHWja, BpeMeHa MOTPEeOHOT 3a MpopavyyH, Kao u
TaYHOCTH M TOY3JaHOCTH pe3yiiTaTa. 3aTHM Cy JlaTeé OCHOBHE MpeTnocTraBke Teopuje beprymu-Ojnepose
rpene W UCTaKHyTe NpeAHOCcTH NpuMeHe bepHynu-OjiepoBUX TpelIHUX eleMeHara y OJHOCY Ha TpeaHe
eJleMeHTe 3aCHOBaHe Ha THMOIIEHKOBO] TEOPHjH, y TIOTIIeAy M300pa HEMO3HATHX MTapaMeTapa y YBOpPOBHMA
U enuMuHanmje Gpenomena shear locking. C 063upom 1a cy ynorpeba cCaBpeMEHHX MaTepHjajia U eCTETCKU
3aXTEBU MPHUJIMKOM MPOjEKTOBamka JOBENN JI0 M0jaBe BUTKUX TPEIHUX KOHCTPYKTHBHHX €lIeMEeHaTa KOju Cy
W3y3€THO OCETJPMBH Ha JIjCTBO IPOCTOPHO M BPEMEHCKH IPOMEHJBPHBOT IMHAMHUYKOT omnTepehema, y
HACTaBKYy je 00jalllleH MOJEN AMHAMHUYKOT onTepehema koju y 003up y3uMa yTuiaj mMace koja ce kpehe. ¥
BehMHN HCTpakWBamba, YTHIIAj TOKPETHE Mace Ha KOHCTPYKIHjY 3aMemyje ce KOHIICHTPHCAHOM CHIOM
KOHCTAHTHOT MHTEH3UTETa, IpaBlia U cMepa, Koja Memha CBOj IMOJI0XkKa] Ha KOHCTPYKLHJU TOKOM BpEeMEHa.
OBakBUM MPHUCTYIIOM 3aHEMApCH j¢ MHEPIHUjATHH YTHIA] TIOKPETHE Mace Ha KOHCTPYKIIMjH KOjH je HacTao



Kao TOCNeJHlla KpeTama Mace MO CBOjoj TpajekTopuju. [lokasano je na Taj ytumaj 3a oxapebhene
KOHCTpYKIMje Tpu oapeheHnM Op3nHama KpeTama Mace HUje 3aMEHapJbHB U J1a C€ MOpa Y3eTH Y 003up
IpWIMKOM aHanu3a. Ha kpajy, hopMynucaH je Iuib AUcepTanyje Kao MpruMeHa H30re0OMeTPHjCKOT PUCTYTIa
y IWHAMHYKO] AHAIW3M IIPOCTOPHUX KPHBOJIMHHJCKHX Tpela y YCIOBHMA IJIMHEApHE M TEOMETPH)CKH
HEJIMHEeapHe aHaIn3e, Ha OCHOBY Yera je pa3BHjeH M30T€OMETPHjCKH TPEIHH eleMEHT KopucTehn OCHOBHE
MPUHIUIIE MEeXaHWKe KOHTHHYyMa U I epeHIHjaTHe reoMeTpuje.

Y npyroMm TmoriaBjby Jar je Tperien JmrTeparype. I[IpBo je 1aT WMCTOPHjCKH TIperien  pasBoja
n3oreometpujcke ananmmze 1 NURBS (eHr. Non-uniform rational basis spline) 6a3Hux ¢yHKIUja , HAKOH
yera Cy MpUKa3aHa HCTPakKHBama y 00J1aCTH H30r€OMETPHjCKEe aHAIN3e TPeIHUX Hocaya. 3aKJbyueHo je 1a je
BehMHa HcTpakuBama OWila 3aCHOBaHAa Ha MoJeny THUMOIIEHKOBe rpeie, Kao U Ja Cy ce TakBU MOJENU
MOKa3ajJl Hee(UKACHUM y aHAIM3U BUTKUX TPEIHHUX eJeMeHara 300r mojaBe shear locking-a. Y ycnoBuma
BEIMKUX IIOMeparma M poTalyja, HEONXOJHAa je TPHMEHa TEeOMETPHjCKH HelMHeapHe aHain3e |
¢dopmynanmje. Y HaCTaBKy IOTJaBJba Cy MpUKa3aHa UCTPaKUBama y 0OJACTH TeOMETPHjCKU HEIMHEeapHe
aHanu3e TpeIHuX Hocada. BehmHa THX HMcTpakuBama Owia je 3acHOBaHa Ha THMOIIEHKOBO] TEOPHjH H
npumenn MKE mpu nejerBy crarmukor onrtepehema. Ha kpajy, maT je mperiieq MCTpakuBama yTHIAja
BPEMEHCKH 1 MPOCTOPHO MPOMEHJBMBOT JTHHAMUYKOT omnTepelierba Ha TMHAMHYKH OATOBOP TPEIHHUX HOCada.
[TokperHo ontepeheme je M3a3BaHO KpeTameM Mace MO KOHCTPYKLUHUjH M Kao TakBO CE YECTO 3aMemyje
CHJIOM KOHCTaHTHOT WHTCH3MTETa, MpaBla M cMepa (Moien cuie). [IpuiaukoM OBakBOT MOAEIHpama
nokpeTHor ontepehema 3aHeMapyje ce WHEpUMja HH 4WiIaH OJf TMOKPEeTHE Mace YHWju je YTHIaj Ha
KOHCTPYKIH]Y Y HEKHM ClTydajeBHMa 3HauyajaH, 11a je moTpeOHO KOPUCTUTH MOJIeN Koju he oBaj edekar y3eru
y 003up (Mozen moKpeTHe Mace). 1130reoMeTpHjCKi IPHUCTY y aHAM3H YTUIIaja HOKPETHOT onTepehema Ha
KOHCTYKIH]Y y IOCaJallllbiM HCTPaKMBABIMa OHO je (OKyCHpaH Ha paBaHCKE NPAaBOJHMHH]CKE €JICMEHTE,
JIOK je aHalu3a yTUIaja O MOKPETHOr omnrepehiema Ha MPOCTOPHUM WM KPUBOJHMHH]CKAM EIEeMEHTHMa
Bpuera nomohy MKE wnu npuMeHoOM oty aHaTuTHYKUX TOCTYIaKa.

VY tpehem nmortasiky nart je npukaz NURBS 6asnux ¢pynkiuja. JledpuHrucanu cy OCHOBHH MOjMOBH (T3B. knot
BEKTOp, KOHTpoiHe Tadke), ocoomHe NURBS 06a3Hux ¢yHKIHja, Ka0 W NPETHOCT HUXOBE MpPUMEHE
MPWIMKOM JeduHUCama TeoMeTpHje MPOCTOPHUX KPHBHX JIMHHUja. Y HACTaBKy Cy 0OjallllbeHe OCHOBHE
MeToze nporymhema koje ce kopucte npuinkomM NURBS napamerpu3zaiyje KpuBHX JIMHU]A, KA0 U HHXOB
YTHUIIaj Ha TAYHOCT TEOMETPH]j€ IIPOCTOPHHUX KPUBUX JIMHH]A.

VY HapeIHOM, YeTBPTOM NOIJIaBJby MPHKA3aHU CYy OCHOBHH TMOJMOBHM W3 IU(EpEeHILUjallHe reoMeTpHje, Ha
OCHOBY Kojux he y HapeZHOM IOrJaBby OHTH (opMynHCaH H30T€OMETPHjCKH €JIeMEHT NPOCTOpHE
kpuBonuHUjcke beprynu-Ojiepose rpeie. Y HacTaBKy momiasiba objammmena je NURBS mapamerpusanmja
W UMIUIEMEHTAIja pe)epeHTHOT CHCTeMa KOjH ce TO0Ka3ao BeoMa epukacHUM y (opmymnanuju bepHynu-
OjepoBoT H30TEOMETPHjCKOT TPETHOT eIEMEHTA.

VY meroM TOTIJaBjBY NPBO je MpHKasaHa (opMynanuja u3oreoMeTpujckor bepHymu-OjmepoBor rpemHor
eJIeMEeHTa Y yCIIOBHMa JIMHEeapHe AnHaMIuKke aHanmse. [loske momepama, Op3uHa U yop3ama Ie(UHICAHH CY
kopucrehn NURBS mnapamerpuzanujy koja je o0jalrmeHa y 4eTBPTOM IIOTJIaBJbY. 3a OCHOBHE HEIIO3HATE
BEJIMYHMHE YCBOjE€HE Cy KOMIIOHEHTE MOMepama U TOP3MOHA pOTalMja Y KOHTPOJIHUM Tadykama. 3aTUM Cy Ha
OCHOBY KWHEMAaTHYKHX M KOHCTUTYTHBHHUX pelalMja, KOpUcTehn OCHOBHE MpPUHIMIIE MEXaHHUKE
KOHTHHYyMa, Gopmynucane strong u weak Qopma mpodnema. Ha ocHOBYy weak ¢dopme, usBeneHe cy
jemHauWHe KpeTama IPOCTOPHE KPUBOIMHHjCKE Tpee, Ka0 U MaTpHIa KPYyTOCTH M KOH3UCTEHTHA MaTpHIla
Maca. Y HacTaBKy, o0jalllbeHa je EKCIUIMIUTHAa METOJa pellaBama jelHaunHa KpeTama IMpH JAEjCTBY
nuHaMprakor onrtepehema. Ha kpajy, objammena cy qBa Mozena (Moel MOKpPEeTHE CHIIe M MOZEN ITOKPETHE
Mace) MNPOCTOPHO M BPEMEHCKH IpoMeHJpUBOr onTepehema koja he kacHuje Outh KopumrheHa y
HYMEPHYKHIM aHaJIN3aMa.

dopmynanuja bepHynu-OjepoBor rpefHOr eleMeHTa y YCIOBHMAa T€OMETPHjCKH HENWHEeapHe aHaln3e
IpUKa3aHa je y mecroM noriaBipy. [lomazehm on nmedopmmcane KoH(HTypamuje TpeTHOT eJIeMEHTa,
JIe(QUHUCAHO je TMOoJbe MOMEepama, a 3aTUM M MoJjbe Op3uHa W yOp3ama. [IpunnkoM neduHHCama M0Jba
yOp3ama, 3aHeMapeHu Cy TIPON3BOJIM TpajijeHTa Op3MHA, Kao0 W MPONU3BOJ KOMIIOHEHATA TparjeHTa Op3uHa
U yraoHux Op3uHa. Y HacTaBKy IOTJIaBjba W3BEACHE Cy jelHAUWHE KpeTama W HMMIUIEMEHTHpaHa je
eKCIUTHIMTHA CXeMa MHTETpalije 3a ’HXOBO pellaBambe.

Ha ocHOBy TeopeTckux pasMmarpama MpHKa3aHUX y TEeTOM U IIECTOM IOINIaBJbY, Y CEAMOM IIOTIIABJbY
OITKCaH je O0jeKTHO-OpjeHTHCAaH pavdyHApCKH HPOrpaM KOjH je KaHAWAAT CaMOCTAHO PasBHO y CKJIOMY
u3paje JOKTOpCKe aucepTanuje. HaBemeHe cy kiace Koje cy pasBujeHe ca oxarosapajyhum ocobuHama u
Metoaama. Ha kpajy je nat aujarpam mel)ycoOHHX penaimja mojeuHIX Kiaca.



VY ocMOM TOIJIaBJby MPHKAa3aHW CYy HyMEPHUYKH MPHUMEPU KOjUMa Cy HIYCTPOBAaHE TEOPETCKE MOCTaBKE H
UMIIEMEHTalKja pPa3BUjeHOT padyHapcKor mporpama. PemoM cy pasmarpanu: cioOogHe BuOparmje
MIPOCTOpHE KPHUBOJIMHHjCKE Tpeie, JUHeapHa AWHAMHYKA aHajh3a MPOCTOPHE KPUBOJIWHHjCKE TIpele H
TEOMETPHjCKM HENWHeapHa IUHAMHYKA aHalN3a KPUBOIMHHjCKE Tpene TPH JEjCTBY BPEMECHCKH
MPOMEHJBMBOT TOKpPEeTHOT omnrtepehema. Y IMHAMWUYKO] aHANM3W H3BPIICHA je OICEXHa Iapamerapcka
aHAM3a yTUIaja TPAaHMYHHUX YCIOBa, MOJENa TOKPETHOT onTepehera, meroBor NHTCH3UTETAa U Op3MHE Ha
nuHaMuaku oArosop. [lopehemem ca mocrojehuM HyMepHUKUM NMpUMEpUMa M3 JUTEpaType U peliehuMa
OOMjeHnM TIpUMEHOM KoMepijanHor mporpama ABAQUS, ypaleHa je Bepudukamnuja mnpeliokeHe
dopmynanmje W pasBujeHor mnporpama. IloceOHa mnaxma je mocBehieHa KOHBEPreHIHMH pellekha
KopuihemeM pa3NTUuUuTHX TEXHUKa Nporymhema y H30reOMeTpUjCKoj aHanu3u (T3B. fi-, p- U k-refinement),
ca MoceOHUM OCBPTOM Ha OpOj HEMO3HATUX y aHATM3U U BpeMeHY MOTPEOHOM 3a MIPOPAUyH.

VY mocnenmeM, 1EeBETOM HOTIaBIbY IaTH CY 3aKJbYUIH KOjU Cy TIPOMCTEKIIN U3 ITUCepaTnyje, 1a Ou Ha Kpajy
OuJie UCTaKHyTe MpenopyKe U cMepHulle 3a Oynyhu pan y oBoj obiactu.

3. OHEHA JUCEPTALIUJE

3.1. CaBpeMEHOCT ¥ OPUTHHATIHOCT

[open ecteTckux 3axTeBa MPUIMKOM MIPOjEeKTOBamba, YIoTpeda caBpeMeHUX MaTepHjalia JoBeja je 10 1ojaBe
BUTKHX KOHCTPYKIIHja KOje Cy N3y3€THO OCETJbUBE Ha JIEjCTBO TUHAMHIKOT ontepeherma. 300T Tora je BaXXHO
¢dopmynucatu oaroBapajyhe Hymepuuke MOCTYIKe 3a epuKacHy W Op3y aHaIM3y Y TAaKBUM CIIy4ajeBHUMA.
H3oreoMeTpHjcKu MPUCTYM IMPEACTaB/ba PEATHBHO HOBY M BEOMa aKTyelHY OOJAcT Koja JaHac MMa CBE
IHMpY NPUMEHY Yy HYMEPHUYKO] aHalU3u KOHCTpykuuja. Y mopehemy ca xmacmuHoM MKE mma OpojHuX
MPEJHOCTH, KOje ce Mpe CBera onieAajy y BeoMa jeIHOCTaBHOj (OpPMYINAIMjH CIIOXEHE TeOMETpHje
KPUBOJIMHHU]CKUX KOHCTpYKIHja 3acHoBaHe Ha Computer Aided Design (CAD) nporpamuMa KOju KOPHUCTE
NURBS dynxuuje.

Jocagamma HCTpakWBama INPHMEHE H30T€OMETPHjCKOT mpucTyma BehmHOM cy Omma QokycmpaHa Ha
MOBPIIMHCKE KOHCTPYKTHBHE eleMeHTe (IJIo4e, JbYCKe) KaKO y CTaTHYKHM, TaKO M Yy JAWHAMHYKHM
aHanM3aMa W aHauu3amMa CTaOWJIHOCTH KOHCTPYKLHja, JOK je H30TeOMEeTpHUjCKa aHajiu3a JIMHU)CKUX
efleMeHaTa yriaBHOM Omia 3acHOBaHa Ha TuMmormreHKoBoj Teopwju. Kon BHTKHX TpeoHHX eJeMeHaTa
norojiHvja 3a npuMeny je bepaymu-OjnepoBa Teopuja. JlokTopcka mucepranuja kanaugara M. JoukoBuha
Npe/CTaBjba OpPHIMHANAH HAyYHH JONPHHOC Y O0OJAacTH TIPHMEHE M30T€OMETPHjCKOT MpHCTyHa Yy
JTUHAMHUYKO] aHAJU3M TPOCTOPHUX KPHUBOJIMHHU]CKHX TpEJHHX eJleMeHaTa 3acHOBaHMX Ha bepHynu-
OjiiepoBoj Teopuju. Y OKBHPY JUCpETAIUje, KAHANUAAT j& Pa3BHO U30TCOMETPH]CKH KPUBOJIMHK]CKH TPEIHH
eIIeMEHT KopucTehu OCHOBHE TPHUHIMIIE MEXaHUKE KOHTHHyyMa W JAuQepeHIfjaiHe TeoMeTpHje, y
yCIOBUMA MajiX M BEUKUX MOMEpama W poTanuja. Pa3BujeHH eneMeHT UMIUIEMEHTHpaH je y 00jeKTHO-
opjeHTucaH padyHapcku nporpam y MATLAB-y, koju npya MOryhHOCT TUHAMHYKE aHAIN3€ MPOCTOPHUX
KPUBOJIMHH]CKUX TPEIHUX eJleMeHaTa MpH AEjCTBY MOKPETHOT AuHaMHUYKor onTtepehema. [lokasaHo je na je
OBaKaB TPHCTYN e(pUKACHHjH U MOTOAHHUJH 3a MPHMEHY KO MPOCTOPHUX KPUBOJHHH]CKHX eJIeMEHaTa y
nopehemy ca MKE, kako ca acriekTa TaYHOCTH, TaKO U ca aclieKTa BpeMeHa IOTPEOHOT 3a MpopadyH.

3.2. OcBpT Ha ped)epeHTHY M KOpUIIINEeHY JUTEPaTYPy

ToxoM m3paje MOKTOPCKE IHCEpTaIje KaHAWAAT je MPOYYHO pENICBAaHTHY JIMTEpPaTypy W HaBeo je 62
pedepeHIle Koje cy oJ 3Havaja 3a 00JIaCT KOjoM ce aucepTanuja 0aBu. Kanauaar ce ajekBaTHO MO3MBA0 Ha
nocrojehy auTeparypy TokoMm m3pane pama. Oxo 50% pedepeHnn gmHe pamoBH y KOjuUMa Cy HpHKa3aHU
pesyaTaT UcTpaxkuBawma y mnocienwmux 10 roamna. Behuny pedepenHnu umHe pagoBu o0jaBJbeHH Y
BpxyHCKuM MelyHapomgauM dacommcuma kKao mrto cy Computer Methods in Applied Mechanics and
Engineering, Applied Mathematical Modelling u Journal of Sound and Vibration.

3.3. Onuc ¥ aIeKBaTHOCT MPUMEHLEHUX HAYYHUX METOIA

IMopex ommuTHX HAYYHHX METOJa HCTPaKMBamka KOje ce OJHOCE Ha NPHUKYIUbAIE W MpETiel JINTepaType U
CHHTE3Y 3aKJby4aKa, Y JOKTOPCKO] IUCEPTAIMj! KaHANIAT j€ KOPHUCTHO CTIeln(pUIHEe HaydHe METOIE, KOje ce
THYY HYMEPHYKOT MOJIENHpara MPOCTOPHUX KPUBOJIMHMjCKUX T'PEIHHUX eleMeHaTa Kao INTO CYy OCHOBHHU
MPUHIMIN TUdepeHirjarHe TeOMeTpHje, MEXaHHKe KOHTHHyyMa U U30reoMeTpHujcke Metoae. [lopex Tora,



KopuiheHn ¢y M HYMEpUYKH TOCTYIIHU 32 aHaJu3y CIO00OAHHMX BUOpalnuja U HYMEPUYKY HHTETpalujy
jeAHaYMHA KpeTama NPUMEHOM CeKCIUIMLIUTHE Merojae. 3a moTpede mopelema pesynrara CONCTBEHHX
UCTpaXKUBama, KopuinheHa je MeToJa KOHAYHHMX eJeMeHara, JOK je OLEHa KOHBEPreHLHWje pe3yJsiTaTa
W3BpIIEHAa IPUMEHOM TPH Pa3IMdUTe MeTojie nporyihema (h-, p- u k-refinement). Kanaunar je Kopuctiuo
MeTtojie 00jeKTHO-OpjeHTHCaHoT porpamupama Yy MATLAB-y 1 pa3Buo OpUrHHAIHA padyHAPCKH ITPOTPaM.
Moxe ce pehn na je KaHAUAT aJeKBaTHO KOMOMHOBAO CIIOKEHE TCOPHjCKE M HYMEpPHYKe METOAE KaKko Ou
0CTBapuo LIUJbEBE AUCEPTALIH]e.

3.4. [IpuMEHJLUBOCT OCTBAPEHUX PE3YJITATA

EdukacHa m Op3a aHamm3a TPOCTOPHUX KPUBOJHMHH]CKAX TPENHHX eleMeHaTa BaKHA je HE caMo W3
TEOPHjCKUX Beh M W3 mpakTWYHUX pasiora. Hamme, ymorpeOoM KITacCHYHMX METOAa IPOpadyHa OBaKBHX
KOHCTPYKIIMja, BpeMe U pecypcu MoTpeOHH 3a A00ujamke TauHUX pe3yiTara MpopadyHa pacTy y OJHOCY Ha
CIIOKEHOCT TEeOMETpHje KOHCTpyKuHWje, BpcTe ontepehema m aHammsze. 30reoMeTpHjCKUM IMPHCTYIIOM
OINKCHUBAKE TEOMETPHje MPOCTOPHOT TPEJHOT eIeMeHTa U3BOIU CE Ha PEJaTUBHO jeAHOCTABAH HAYWH, MPH
YeMy Cce He HapyllaBa TeoMeTpHja Hocaya y (PU3WYKOM JOMEHy, Kao MmTo je ciydaj ko kiacuuHe MKE.
ITopex Tora, ymoTpeOOM H3OTCOMETPHjCKOT MPHUCTYNAa 3HAYajHO je CMameH Opoj CTermeHH ciodone
KOHCTPYKIIFjeé HEONXOJaH 3a TadyHe pe3yiraTre, IITO je HapouUTO OWUTHO y NUHAMHYKHM aHaJIH3aMa.
[MoTennujanHe mpuMeHe NpemIokeHor Monena bepHymu-OjiepoBe KPHBOIMHHU]CKE Tpele OTHOCE ce Ha
pemiaBambe  pa3nMYMTUX NOpoOieMa BHOpalyja OBHX TpeAa IpU JEjCTBY BPEMEHCKH H MPOCTOPHO
MPOMEHJBMBOT AUHAMIYKOT onTepehemsa, KopumhemeM pa3BijeHOT pauyHapckor mporpama y MATLAB-y.

3.5. OteHa TOCTUTHYTHX CHOCOOHOCTH KaHAM/IaTa 32 CaMOCTaJIaH HayYHU paj

TOKOM JOKTOPCKHX CTyAHWja, KaHIUIAT je CTeKa0 CaAMOCTAIHOCT Y HAyYHOM Pamy Kpo3 IoJlarame HCIHTA,
aktuBHO yuemhe Ha SEEFORM cemunapuma, crynujcke OopaBke Ha Hochschule Bochum, npunipemy u
u3pajgy JIOKTOPCKE JAucepTandje, MyOJduKoBame pagoBa u ydemha Ha MehyHapomHum u nomahum
koHpepeHuujama. Kannuaar je takole mokasao CriocOOHOCT Jla KPUTHYKH aHAJU3Upa HAY4HY JTUTEpaTypy U
Jla Ha OCHOBY TIOCTaBJHEHHUX XHIIOTE3a M M30opa oxromapajyhwx Merona pasBHje HOBU €JIEMEHT IIPOCTOPHE
KpuBonuHHUjcKe bepHynu-OjmepoBe rpexe kopucTehn H30T€OMETPHjCKH MPUCTYII, KOjU CE Y AUHAMIYKO]
aHAJIM3W OBaKBUX MNpolieMa MoKa3ao ePUKACHUjUM M TauyHHjUM Yy OJHOCY Ha J0cajalikba MyOJUKOBaHA
pemema. Cee To moTBplyje HayUHY 3pesOCT U HCTPAXUBAYKY ITOTEHIHjal KaHauaaTa Muoma JoukoBuha.

4. OCTBAPEHU HAYYHMU JOIIPHUHOC

4.1. ITpuka3 ocTBapEeHUX HAYIHUX JIOMPUHOCA

OCHOBHM Hay4HU JOTPHUHOCH y AUCEPTAIH]H CY:
1. Pa3Boj bepHynu-OjnepoBor KpUBOIUHHUJCKOT TPETHOT €JEMEHTa MPHUMEHOM H30Te€OMETPH]jCKOT
NPUCTYNa U HEroBa MpHMEHa y T€OMETPUjCKU HEJIMHEapHOT JUHAMHUYKO] aHATU3U TMPH JCjCTBY
MTOKPETHOT onTepehemna,

2. Pa3Boj mporpaMa 3a HyMepUYKYy JIMHEapHy W TEOMETPHjCKH HENMHEeapHy IMHAMHYKY aHaJU3y
KPUBOJIMHU]CKUX TPEAHUX elIeMeHaTa MPUMEHOM H30T€0METPH]CKOT MIPUCTYIIA,

3. Cucremaru3zaiyja MpeTXoAHNX 3Hamka Y 00IaCTH NCTPAKUBAba, KA0 U CHHTE3a HOBUX pe3yiTaTa u
3Hama Koja Tpeba na MONMpPUHECY AajbeM pPa3BOjy M HPaKTUYHO] MPUMEHH H30TEOMETPH]jCKOT
NPUCTYNA y JMHAMHUYKO] aHATU3U KOHCTPYKIIHja.

4.2. KpuTtryka aHaan3a pe3yiTara UCTpakKHuBabha

VY OKBHpY IOKTOpPCKE JucepTaluje, KaHAUIAT je pa3sBHO HyMEPUYKH MOJET 3aCHOBAaH Ha M30I€OMETPH)CKOM
NPUCTYITy 3a JIHMHEapHy M TEOMETPHjCKH HeNMHeapHy JIWHAMHYKy aHannzy bepHynn-OjiaepoBux
KPHUBOJIMHHUJCKUX TPEIHUX eleMeHaTa, YUMe je TMOoKa3ao e(MKACHOCT Pa3BHjEHOT Mojeia y OIJHOCY Ha
kinacmury MKE. Bpoj crenenu ciobone je cMameH y 0HOCY Ha KITACHYHE TPUCTYIIE (GOPMYITHCaha TPEIHOT
eeMeHTa, WTo je Takohe mompuHeno eduracHocTH moctynka. Y mnopehemy ca MKE mnpemnoctu
MIPUMEHEHOT HW30TEOMETPHjCKOT MPUCTYMA OrJieNajy Cce y BHCOKO] TaYHOCTH M TOY3[JaHOCTH, HAYUHY
TUCKpeTH3allije JIOMEHa M CMambeHOM BpeMeHy MoTpeOHOM 3a mpopauyH. Kopumhemem Mertoma u
padyHapCcKOr Mporpama pa3BUjeHHX y OKBHPY IUCEpTalHje, Kpajibl KOPHUCHUK MOXE Oa y3Me y 003up
edexTe MOKpeTHOT AMHAMUYKOT onTepeherma U Mpelu3Huje Opean AMHAMIYKH OJTOBOP KPHBOJIMHH]CKHAX



TpeNHUX eleMeHaTa. Pe3yiTaTH MpuKa3aHd y OKBHUPY IucCEpTauudje ¢y Bepu(UKOBaHM Ha NMpUMEpHMa U3
JTUTepaType, Kao U KopuihemeM MeTo/1e KOHAUYHUX eJleMeHaTa.

[TpuMeHIBHBOCT pe3ynTaTa U pa3BHjeHOT IporpaMa y HHXKEHEPCKOj IPAaKCH je BEIHKa, jep Mojen oMoryhasa
epUKacHU])y aHanu3y KPUBOJIMHUJCKUX Tpela MpU JACJCTBY MOKpeTHOr AuHamuykor onrtepehema. [eo
pe3ynTata UCTpakuBama y OKBHPY JAWCEpTalHje IMyOJIMKOBaH je BPXYHCKOM MelyHapOJHOM 4Yacolucy ca
SCI nucre.

Pesynratu mpukasaHu y IUCEpTalWjH IPECTaBIbajy OMIMYHY ITOJIa3HYy OCHOBY 3a Oymyhe mcrpaxuBame,
mpe cBera Ha (opMysanyjy HOBUX €leMeHaTa U HHXOBY UMIUIEMEHTALN]y y PauyyHapCKH Mporpam, yTHIaj
Tpema u3Mel)y TpeJHOT eJIeMEeHTa U IIOKPETHE Mace, Kao M aHAIN3y CTaOMIHOCTH.

4.3. Bepudukaimja HayyHUX JOMNPUHOCA

Y TOKy HMCTpa)KMBAYKOT paja y ykoj o0nacTu TeMe JIOKTOpCKe aucepTanuje, kauauaar Muom Joukouh
o0jaBwo je cienehe pamose:

Kareropuja M21:

1. Jo¢kovi¢ M, Radenkovi¢ G, Nefovska-Danilovi¢ M, Baitsch M, (2019): Free vibration analysis of
spatial Bernoulli-Euler and Rayleigh curved beams using isogeometric approach, Applied
Mathematical Modelling 71, 152 — 172 (IF 3,633).

Kareropuja M33:

2. Jotkovi¢ M, Nefovska-Danilovi¢ M, Free vibration analysis of beam element using isogeometric
analysis, Contemporary achievements in Civil Engineering, 22.04.2016, Subotica, Serbia, 269 — 278.
(ISBN 978-86-80297-63-7)

3. Jockovi¢ M, Baitsch M, Nefovska-Danilovi¢ M, Free vibration analysis of curved Bernoulli-Euler
beam using isogeometric analysis, Sth International Congress of Serbian Society of Mechanics,
19.06.2017 — 21.06.2017, Tara, Serbia, S 1 — 10. (ISBN 978-86-909973-6-7)

4. Jofkovi¢ M, Radenkovi¢ G, Nefovska-Danilovi¢ M, Free vibration analysis of curved spatial
Bernoulli-Euler beam with circular cross section using isogeometric approach. 7th International
Congress of Serbian Society of Mechanics, 24.06.2019 — 26.06.2019, Sremski Karlovci, Serbia S4a
1 —-10. (ISBN 978-86-909973-7-4)

5. Jo€kovi¢ M, Nefovska-Danilovi¢ M, Isogeometric based dynamic analysis of Bernoulli Euler
curved beam subjected to moving load, International Conference on Contemporary Theory and
Practice in Construction XIV Stepgrad (2020), 63 — 70. (ISSN 2566-4484)

Kareropuja M45:

6. Jofkovi¢ M, Radenkovi¢ G, Nefovska-Danilovi¢ M, (2019): Izogeometrijski pristup u analizi
slobodnih vibracija prostornih Bernuli — Ojlerovih grednih nosaca, Teorija gradevinskih
konstrukcija, Univerzitet u Beogradu — Gradevinski fakultet, Univerzitet Crne Gore — Gradevinski
fakultet, Akademija inZenjerskih nauka Srbije, 47 — 54.



5.3AK/bYYAK U ITIPEAJIOT

Ha ocHoBy ananu3e mpuiioxeHe JOKTOPCKE AHMCepTalHje, UCIYHhEHOCTH 3aJaTaka U [IJbeBa UCTPAKUBAbA,
NPUMEICHE METOJ0NOTHje, HAyJHOT JONpPHHOCa M JOOWjeHHMX pe3ynTara, MOKe ce KOHCTAaTOBAaTH [a
JIOKTOpCKa JcepTanija MOA HaclioBoM ,M30reoMeTpHMjcKM MNPHCTYN Y AHHAMHYKOj aHAJIH3H
NMPOCTOPHUX KPHUBOJMHUjCKHX TrpeIHUX Hocauya“ (,,Isogeometric approach in dynamic analysis of
spatial curved beams”) mnpeacTaBjba OPUTHHAIHU HAYYHH AONPUHOC M MOTBPLY 12 je KaHAUAAT Muiomr
JoukoBuh crocobaH 3a caMOoCTalTHA HayYHO-UCTPAXXUBAUKY pall. KBaiuTeT pana moTBpheH je INmHeHuIIoM 1a
Cy pe3yaTatu auceprainuje o0jaBjbeHH y BpxyHCKkoM melyyHapomHoMm vacomucy ca SCI nucre, Ha OCHOBY
yera ce Hay4yHd JAonpuHoc Musoma JoukoBuha Moke cMaTpaTH 3HAYajHUM y OOJIaCTH M30T€OMETPHjCKE
aHaJi3e rpeHuX Hocaua.

VY okBupy aucepranuje GOpMyNIHCaH je W30reoMeTpHjcku eneMeHT bepHynu-OjnepoBe rpene, Ha OCHOBY
yera je pa3BUjeH HYMEPUYKU MOJIEN 32 JUHAMUYKY aHAIM3Y aHATU3y KPUBOJIMHU]jCKUX TPEAHHUX eJIeMEeHATa
MIpH JICjCTBY MOKPETHOT onTepehema u TUME HAYME-EH MOMAaK Yy MPUMEHU M30TCOMETPUjCKOT MPUCTYIA Y
JTUHAMHUYKO] aHAIHU3U MPOCTOPHUX KPUBOJIMHH]CKUX rpeaa. Ha OCHOBY TEOpETCKHX pa3MaTpama, pa3BHjeH je
padyHapCKH Iporpam, Koju je Bepu(pUKoBaH OpPOjHHM HYMEPHUYKUAM MIPHMEpHUMA.

Ha ocHoBy Hampen wusneror, Komwucwuja npemnake HacraBHo-HayuHoMm Behy [palieBuHckor dakynrtera
YHuBep3utera y beorpany nia ce nmpuxBaTH MO3UTHBHA OIlEHA JIOKTOPCKE Juceprarmje Muonia Joukopuha,
MacT.MHK.rpal), 1o HacioBoM ,.M30reoMeTpHjCKH NPHUCTYN Yy JHHAMHYKO] AHAJIW3H NPOCTOPHUX
KPHUBOJHMHUjCKHX rpeaHux Hocaya“ (,JIsogeometric approach in dynamic analysis of spatial curved
beams”) u ga ce ynyTu 3axteB Behy Hayunmx o0aacty rpaljeBUHCKO-YPOAHUCTHYKUX HayKa YHUBEP3UTETA
y Beorpany 3a jiaBame cariacHOCTH 3a JaBHY of0paHy JucepTaiuje.
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