
International Congress

Motor Vehicles & Motors 2016

VEHICLE AS A KEY FACTOR

IN TRANSPORTATION

Proceedings

th thOctober 6  - 7 , 2016
Kragujevac, Serbia

Ministry of Education, 
Science and Technological Development



 
 

 
 
 
 

International Congress 
Motor Vehicles & Motors 2016 

 
 
 
 
 
 
 
 

VEHICLE AS A KEY FACTOR  
IN TRANSPORTATION 

 
 
 

PROCEEDINGS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

October 6th - 7th, 2016 
Kragujevac, Serbia 



II 
 

Publisher:    Faculty of Engineering, University of Kragujevac  
Serbia, 34000 Kragujevac, Street Sestre Janjić 6 

 
For Publisher:    Dr Dobrica Milovanović, prof. - Dean 
 
Editors:    Dr Jovanka Lukić, prof. 

Dr Dragan Taranović, assist. prof. 
 
Technical preparation:   Dr Dragan Taranović, assist. prof. 
 
Picture on the cover:   Nemanja Lazarević 
 
Print CD:    Faculty of Engineering, University of Kragujevac, Kragujevac 
 

ISBN 978-86-6335-037-3 
 
Year of publication:  2016.  
 
Number of copies printed:   200  
 
 

 

 
 

 
Copyright © 2016 Faculty of Engineering, University of Kragujevac 

 
 
 
 
 

 
 

Publishing of this book is supported by: 
 

Ministry of Education, Science and Technological Development of the Republic of Serbia 

CIP - Каталогизација у публикацији - Народна библиотека Србије, Београд 
   
629.3(082)(0.034.2) 
621.43(082)(0.034.2) 
   
INTERNATIONAL Congress Motor Vehicles & Motors (6 ; 2016 ; Kragujevac) 
   Vehicle as a Key Factor in Transportation [Elektronski izvor] :  
proceedings / International Congress Motor Vehicles & Motors 2016, [6th],  
October 6th - 7th, 2016 Kragujevac ; [editors Jovanka Lukić, Dragan  
Taranović]. - Kragujevac : Faculty of Engineering, 2016 (Kragujevac :  
Faculty of Engineering). - 1 elektronski optički disk (DVD) ; 12 cm 
   
Sistemski zahtevi: Nisu navedeni. - Tiraž 200. - Nasl. sa naslovne strane  
dokumenta. - Bibliografija uz svaki rad. 
   
ISBN 978-86-6335-037-3 
   
a) Моторна возила - Зборници b) Моторни са унутрашњим сагоревањем -  
Зборници 
COBISS.SR-ID 226303756 
-- 



III 
 

SCIENTIFIC BOARD 
 
 

President:   Prof. Jovaka Lukić, Ph.D., FE Kragujevac, Serbia  

Secretaries:   Assist. prof. Danijela Miloradović, Ph.D., UniKg, FE, Serbia 

Assist. prof. Jasna Glišović, Ph.D., UniKg, FE, Serbia 

 

Members: Prof. Paul Andre, Ph.D., AQE Group, USA 

Prof. Giovanni Belingardi, Ph.D., PoliTo, Italy 

Prof. Bruno Dalla Chiara, Ph.D., PoliTo, Italy 

Prof. Murat Ciniviz, Ph.D., SelUni, FT, Turkey 

Assist. prof. Aleksandar Davinić, Ph.D., UniKg, FE, Serbia 

Prof. Miroslav Demić, Ph.D., UniKG, FE, Serbia 

Prof. Radan Durković, Ph.D., UniM, FME, Montenegro 

Prof. Ivan Filipović, Ph.D., UniSa, FME, Bosnia and Herzegovina 

Assist. prof. Jasna Glišović, Ph.D., UniKg, FE, Serbia 

Prof. Dusan Gruden, Ph.D., TUV, Austria 

Prof. Emil Hnatko, Ph.D., UniOs, FME Slavonski Brod, Croatia 

Prof. Aleksandra Janković, Ph.D., UniKg, FE, Serbia 

Prof. Zoran Jovanović, Ph.D., UniBg, Vinča INS, Serbia 

Prof. Breda Kegl, Ph.D., UniMa, Slovenia 

Prof. Božidar Krstić, Ph.D., UniKg, FE, Serbia 

Prof. Vladimir Medica, Ph.D., UniRi, FE, Croatia 

Assist. prof. Danijela Miloradović, Ph.D., UniKg, FE, Serbia 

Assoc. prof. Slavko Muždeka, Ph.D., UniDef, MA, Serbia 

Prof. Aleksandar Novikov, Ph.D., PSUni, Russia 

Prof. Patrizio Nuccio, Ph.D., PoliTo, Italy 

Prof. Radivoje Pešić, Ph.D., UniKg, FE, Serbia 

Prof. Snežana Petković, Ph.D., UniBL, FME, Republic of Srpska, 
Bosnia and Herzegovina 

Prof. Stojan Petrović, Ph.D., UniBg, FME, Serbia 

Prof. Dragoljub Radonjić, Ph.D., UniKg, FE, Serbia 

Prof. Rajko Radonjić, Ph.D., UniKg, FE, Serbia 

Assist. prof. Dragan Ružić, Ph.D., UniNS, FTS, Serbia 

Prof. Konstantinos Spentzas, Ph.D., NTUA, Greece 

Assist. prof. Dragan Taranović, Ph.D., UniKg, FE, Serbia 

Prof. Miroljub Tomić, Ph.D., UniBg, Vinča INS, Serbia 

Prof. Stevan Veinović, Ph.D., UniKg, FE, Serbia 

Prof. Milan Vujanić, Ph.D., UniBg, FTTE, Serbia 

  



IV 
 

 
 

ORGANIZATIONAL BOARD 
 
  

President:   Assist. prof. Dr Dragan Taranović, Ph.D., FE Kragujevac, Serbia 

Secretaries:   Assist. prof. Danijela Miloradović, Ph.D., UniKg, FE, Serbia 

Assist. prof. Jasna Glišović, Ph.D., UniKg, FE, Serbia 
 
 

 
 
 

CONGRESS ORGANIZERS 
 
 

 University of Kragujevac, Faculty of Engineering  

 Department for Motor Vehicles and Motors, FE in Kragujevac 

 International Journal “Mobility & Vehicle Mechanics” 

 
 
 
 
 

CONGRESS PATRONS 
  

 

 Government of the Republic of Serbia, Ministry of Education, Science and Technological 
Development,  

 University of Kragujevac, Faculty of Engineering 

 Road Traffic Safety Agency of the Republic of Serbia 

 Centre for technical proper function of vehicles, FME Kragujevac 
 

  
 
 



V 
 

 

 
CONTENT 

 
 

 

Predgovor 1 

Foreword 2 

  

INTRODUCTORY LECTURES 

    

MVM2014-IL1 Dušan Gruden 
DESIGN FOR RECYCLING – THINKING OF THE END 
AT THE BEGINNING 

5 

MVM2014-IL2 Ralph Pütz 
THE VEHICLE AS A KEY FACTOR IN 
TRANSPORTATION ON THE EVE OF AN EPOCHAL 
PARADIGM SHIFT 

17 

    

SECTION A 
Power Train Technology 

    

MVM2016_009 

Slobodan Mišanović 
Slaven Tica 
Željko Milković 
Pavle Krstić 
Branko Milovanović 

ECOLOGY AND ENERGY ASPECTS OF 
EXPLOITATION FULLY ELECTRICAL BUSES ON THE 
NEW LINE IN PUBLIC TRANSPORTATION BELGRADE 

33 

MVM2016_010 
Rosen Hristov 
Krasimir Bogdanov 
Radostin Dimitrov 

RESEARCH THE INFLUENCE OF SPARK PLUGS 
TYPES ON THE PERFORMANCE OF THE ENGINE 
OPERATING ON GASEOUS FUELS 

41 

MVM2016_013 

Boran Pikula 
Dževad Bibić 
Ivan Filipović 
Mirza Smailbegović 

ELECTRIC KARTING – FROM AN IDEA TO THE 
REALISATION 

47 

MVM2016_017 
Nebojša Nikolić 
Jovan Dorić 
Nenad Raspopović 

INFLUENCE OF AIR LEAKAGE IN THE AIR-INTAKE 
SYSTEM ON SOME OPERATION PARAMETERS OF AN 
AUTOMOBILE SPARK-IGNITION ENGINE 

51 

MVM2016_018 
Jovan Dorić 
Nebojša Nikolić 
Stjepan Galamboš 

UNCONVENTIONAL FLAT DOUBLE ACTING I.C. 
ENGINE 

57 

MVM2016_023 

Branka Grozdanić 
Velimir Petrović 
Zlata Bracanović 
Đuro Borak 

INSTALLED POWER ON PTO AS PROPERTIES FOR 
FAIR TRACTOR AGGREGATING 

65 

MVM2016_025 

Zlata Bracanović 
Velimir Petrović 
Branka Grozdanić 
Đuro Borak 

INFLUENCE OF MIXING AIR AND FUEL ON USAGE 
EFFICENCY IN DIESEL ENGINE HEATER 

71 

MVM2016_032 

Almir Blažević 
Ivan Filipović 
Dževad Bibić 
Boran Pikula 

POSSIBILITIES OF USING DYNAMIC TORSIONAL 
VIBRATION DAMPERS WITH SPRINGS IN IC ENGINES 
FOR ROAD VEHICLES 

79 



VI 
 

MVM2016_033 

Mikhail G. Shatrov 
Leonid N. Golubkov 
Andrey U. Dunin 
Pavel V. Dushkin 
Andrey L. Yakovenko 

HYDRODYNAMIC EFFECTS IN COMMON RAIL FUEL 
SYSTEM IN CASE OF MULTIPLE INJECTION OF 
DIFFERENT FUELS 

87 

MVM2016_035 
Saša Milojević 
Radivoje Pešić 
Dragan Taranović 

FIRE PROTECTION OF BUSES ON NATURAL GAS 
EXPERIENCES 

97 

MVM2016_041 Zlatomir Živanović 
PERSPECTIVES OF APPLICATION OF FUEL CELL 
ELECTRIC BUSES – SOME EXPERIENCES FROM  
THEIR OPERATION 

107 

MVM2016_044 

Dragan Taranović 
Slobodan Mišanović 
Radivoje Pešić 
Slaven Tica 

DEVELOPEMENT TENDENCIES FOR ELECTRICITY 
STORAGE SYSTEMS USED ON BUSES WITH PURE 
ELECTRIC DRIVE 

119 

MVM2016_045 

Ivan Grujić 
Dragan Taranović 
Radivoje Pešić 
Nadica Stojanović 

ECONOMIC ANALYSIS OF APPLICATION OF HYBRID 
DRIVE TRAINS IN VEHICLES 

127 

MVM2016_046 
Nenad Kostić 
Nenad Marjanović 
Nenad Petrović 

A NOVEL APPROACH FOR SOLVING GEAR TRAIN 
OPTIMIZATION PROBLEM 

133 

MVM2016_048 

Vanja Šušteršič 
Dušan Gordić 
Mladen Josijević 
Vladimir Vukašinović 

APPLICATION AND DESIGN OF 
HYDROTRANSMISSION FOR TRACTORS 

139 

MVM2016_059 

Milan Bukvić 
Živojin Petrović 
Blaža Stojаnović 
Saša Milojević 

MODELS AND SIMULATIONS OF TRANSMISSION OF 
HYBRID AND ELECTRIC VEHICLES 

149 

    

SECTION B 
Vehicle Design and Manufacturing 

    

MVM2016_008 
Aleksandar Poznić 
Danijela Miloradović 
Dejana Herceg 

ON MAGNETORHEOLOGICAL MULTI-POLE MULTI-T-
ROTOR BRAKE FEM MODELLING 

159 

MVM2016_042 

Marko Denić 
Zorica Đorđević 
Vesna Marjanović 
Nenad Petrović 
Nenad Kostić 

COMPARATIVE COMPOSITE AND CONVENTIONAL 
DRIVE SHAFT ANALYSIS 

167 

MVM2016_053 

Aleksandar Radaković 
Dragan Milosavljević 
Gordana Bogdanović 
Dragan Čukanović 
Vladimir Geroski 

FREE VIBRATIONS ANALYSIS OF COMPOSITE 
LAMINATE PLATES USED IN AUTOMOTIVE INDUSTRY 

173 

MVM2016_054 

Gordana Bogdanović 
Dragan Milosavljević 
Aleksandar Radaković 
Dragan Čukanović 
Vladimir Geroski 

ACOUSTICAL TENSOR AND ELASTIC WAVE 
PROPAGATION IN ANISOTROPIC MATERIALS USED 
IN AUTOMOTIVE INDUSTRY 

181 

MVM2016_055 
Mališa Cvetković 
Miloš Matejić 
Mirko Blagojević 

RAPID PROTOTYPING OF CYCLOID DISC 187 



VII 
 

    

SECTION C 
Vehicle Dynamics and Intelligent Control Systems 

    

MVM2016_003 

Slavica Mačužić 
Danijela Miloradović 
Jovanka Lukić 
Jasna Glišović 

FEM MODELLING OF MCPHEARSON SUSPENSION 
SYSTEM 

195 

MVM2016_006 
Igor Saveljić 
Slavica Mačužić 
Nenad Filipović 

NUMERICAL ANALYSIS OF BRAKE DISCS WITH 
DIFFERENT ANGLES OF BLADE INCLINATION 

201 

MVM2016_011 
Rajko Radonjić 
Danijela Miloradović 
Dragoljub Radonjić 

MODELING OF ROAD ROUGHNESS A BASE FOR 
VEHICLE PERFORMANCES  OPTIMIZATION 

207 

MVM2016_012 

Rajko Radonjić 
Danijela Miloradović 
Aleksandra Janković 
Dragan Taranović 

INVESTIGATION  OF VEHICLE RESPONSE TO DRIVER 
CONTROL 

217 

MVM2016_020 
Nabil Khettou 
Aleksandar Grkic 
Slavko Muzdeka 

MODELLING AND VALIDATION OF GROUND VEHICLE 
DYNAMICS USING MULTIBODY SIMULATION 

227 

MVM2016_036 
Boris Stojić 
Aleksandar Poznić 

RESEARCH AND MODELLING OF TRACTOR TYRE 
RADIAL DEFLECTION AND GROUND CONTACT 
LENGTH RESPONSE TO VERTICAL LOAD 

235 

MVM2016_060 

Marko Topalović 
Vladimir Milovanović 
Aleksandar Dišić 
Ana Pavlović 
Miroslav Živković 

NUMERICAL SIMULATIONS FOR ADDRESSING 
FLAWS IN THE FREIGHT WAGON DESIGN, 
ACHIEVING GOAL OF INCREASED EXPLOITATION 
FUNCTIONALITY 

241 

MVM2016_062 
Milan Blagojević 
Miroslav Živković 
Saša Jovanović 

CALIBRATION CERTIFICATION OF VEHICLE WHEEL 
ALIGNMENT LINE USING PHOTOGRAMMETRY 

247 

    

SECTION D 
Driver/Vehicle Interface, Information and Assistance Systems 

    

MVM2016_002 
Zoran Marjanović 
Miomir Raos 
Jelena Milenović Nikolić 

ECOLOGICAL CHARACTERISTICS OF ALTERNATIVE 
MOTOR VEHICLES 

257 

MVM2016_005 
Igor Saveljić 
Slavica Mačužić 
Nenad Filipović 

NUMERICAL ANALYSIS OF THE CHILD LUMBAR 
SPINE MOVEMENTS IN THE MOTOR VEHICLE CRASH 

263 

MVM2016_007 

Zoran Papić 
Vuk Bogdanović 
Goran Štetin 
Nenad Saulić 

ESTIMATION OF EES VALUES BY VEHICLE 3D 
MODELING 

267 

MVM2016_015 
Stjepan Galamboš 
Jovan Dorić 
Dragan Ružić 

WIND EFFECTS ON THE AGRICULTURAL SPRAYING 
USING CFD SIMULATIONS 

277 



VIII 
 

MVM2016_016 

Novikov Aleksandr  
    Nikolaevich 
Katunin Andrev 
    Aleksandrovich  
Tebekin Maxim 
    Dmitrievich 

MODERN METHODS OF DIAGNOSING THE TEHNICAL 
CONDITION OF BALL JOINTS 

283 

MVM2016_027 

Lozica Ivanović 
Slavica Miladinović 
Blaža Stojanović 
Miloš Matejić 

APPLICATION OF MAGNETIC TRANSMISSION IN 
AUTOMOTIVE INDUSTRY 

289 

MVM2016_030 
Marko Tanasijević 
Jovanka Lukić 

MODERN HVAC SYSTEMS IN SMALL AND MEDIUM 
SIZE BUSES 

299 

MVM2016_047 
Aleksandar Peulic 
Zeljko Jovanovic 

SMART SYSTEM FOR COMFORT PREDICTION AND 
ACTIVE SUSPENSIONS CONTROL 

313 

MVM2016_057 
Danijela Miloradović 
Jasna Glišović 
Jovanka Lukić 

REGULATIONS ON ROAD VEHICLE NOISE – TRENDS 
AND FUTURE ACTIVITIES 

321 

MVM2016_058 
Dragan Ružić 
Stjepan Galamboš 

THERMAL RADIATION BETWEEN THE DRIVER AND 
THE VEHICLE CABIN INTERIOR 

331 

MVM2016_061 

Nadica Stojanović 
Jovanka Lukić 
Jasna Glišović 
Ivan Grujić 

NUMERICAL ANALYSYS OF HIGH FREQUENCY NOISE 
OF DISC BRAKES FOR HEAVY DUTY VEHICLES 

339 

MVM2016_065 

Ivan Krstić 
Ranko Božićković 
Vojislav Krstić 
Božidar Krstić   

AUTOMATIZATION PROCESS OF GIVING DIAGNOSIS 
MOTOR VEHICLES 

345 

 
SECTION E 

Transport Challenges in Emerging Economies 

    

MVM2016_001 

Perić Sreten 
Nedić Bogdan 
Stoiljković Mile 
Antunović Ranko 

THE ANALYTICAL COMPOSITION OF THE 
BIODEGRADABLE UNIVERSAL TRACTOR OIL BASED 
ON THE VEGETABLE OILS 

355 

MVM2016_004 Slobodan Mišanović 

DETERMINATION THE NORMS OF FUEL 
CONSUMPTION FOR BUSES IN THE PUBLIC 
TRANSPORTATION IN REAL CONDITIONS OF 
EXPLOITATION 

365 

MVM2016_034 
Stevan Jovanović 
Dragan Knežević 

THE COMPARATIVE ANALYSIS OF THE CUMULATIVE 
COSTS OF THE DIFFERENT DIESEL BUS 
ALTERNATIVES IN THE PUBLIC TRANSPORT OF 
BELGRADE 

375 

MVM2016_038 
N. Ramesh Babu 
Harish M. 

A STUDY OF RURAL PUBLIC TRANSPORT SYSTEM – 
A CASE STUDY OF MYSORE AND 
CHAMARAJANAGAR DISTRICTS 

387 

MVM2016_040 
Isak Karabegović 
Ermin Husak 

CHINA AS A LEADING COUNTRY IN THE WORLD IN 
AUTOMATION OF AUTOMOTIVE INDUSTRY 
MANUFACTURING PROCESSES 

397 

MVM2016_052 

Snezana Petkovic 
Valentina Golubovic-  
      Bugarski 
Zeljko Djuric 
Branko Miladinovic 

IMPROVEMENT OF VEHICLE INSPECTION 
TECHNOLOGY BY INTRODUCING INTEGRATED 
INFORMATION SYSTEM 

403 



IX 
 

MVM2016_063 

Darko Stanojević 
Nenad Lužanin 
Miloš Vasić 
Nada Stanojević 

CONTRIBUTION TO THE CONSIDERATION OF 
SIGNIFICANCE OF HYBRID BUSES IMPLEMENTATION 
IN CITY TRAFFIC COMPANIES 

411 

MVM2016_064 

Radivoje Pešić 
Snežana Petković 
Emil Hnatko 
Radmilo Stefanović 
Stevan Veinović  

MISUSE OF ECOLOGY 419 

MVM2016_066 

Vojislav Krstić 
Boris Antić 
Srdjan Jović 
Božidar Krstić 

ESTABLISHING THE ROUTES FOR 
TRANSPORTATION OF HAZARDOUS GOODS ON THE 
BASIS OF THE RISK LEVEL 

445 

 
  



X 
 

 
 



 
 
 
 
 
 
 
 
 
 

PREDGOVOR 
 

 

Fakultet inženjerskih nauka u Kragujevcu (ranije Mašinski fakultet) tradicionalno u oktobru 
održava skupove istraživača i naučnih radnika koji proučavaju motorna vozila, motore i drumski 
saobraćaj. Od 1979. do 2004 godine je održano trinaest Simpozijuma MVM koji su 2006 godine 
prerasli u internacionalni Kongres.  Od tada je održano pet Kongresa MVM a ovog meseca,  
oktobra 2016. godine, Fakultet inženjerskih nauka Univerziteta u Kragujevcu organizuje šesti 
Internacionalni Kongres MVM. 
 
Za VI Kongres MVM- 2016 je prijavljen veći broj naučnih radova iz zemlje i inostranstva. 
Kongres je tradicionalno podržan od Ministarstva za prosvetu, nauku i tehnološki razvoj 
Republike Srbije, kao i od Agencije za bezbednost saobraćaja i velikog broja prijatelja i 
saradnika iz delatnosti vezanih za vozila i drumski saobraćaj. 
 
Moto Kongresa „MVM2016“ je „Vozilo kao ključni faktor u transportu“. Radovi istraživača i 
naučnih radnika iz oblasti motornih vozila, motora i drumskog saobraćaja koji su publikovani na 
Kongresu „MVM2016“ i ovoga puta su pokazali značaj istraživanja u oblasti vozila, motora i 
drumskog saobraćaja. 
 
Razvoj, proizvodnja i eksploatacija vozila nalaze se dugi niz godina u žiži interesovanja velikog 
broja ljudi širom sveta. Unapređenje bilo koje delatnosti koja je u vezi sa unapređenjem 
proizvodnje i eksploatacije vozila predstavlja doprinos poboljšanju uslova života svih živih bića. 
 
Pred vozilima se danas postavljaju vrlo strogi zahtevi u pogledu tehničkih i ekoloških 
karakteristika. Vozila koja se danas proizvode, zahvaljujući prvenstveno radu velikog broja 
istraživača i naučnika, imaju svakim danom sve bolje eksploataciono-tehničke karakteristike. 
 
Vozila, kao multi-disciplinarni objekat razvoja i istraživanja sa jedne strane, i kao potreba sa 
druge, uvek su aktuelna za razvoj i ulaganja. Vozila su sredstva koja su u službi čoveka pri 
najrazličitijim delatnostima. Zato je i razumljivo da su teme naučnih i stručnih radova, koje se 
obrađuju u okviru Kongresa MVM 2016 sve raznovrsnije i da se okviri istraživačkog i naučnog 
rada u ovoj oblasti sve više šire.  
 
 
U Kragujevcu, 
oktobar, 2016. godine 
 
 

Naučni i organizacioni odbor 
Kongresa  MVM2016 
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FOREWORD 
 
 
 
In October, the Faculty of Engineering from Kragujevac (former Faculty of Mechanical 
Engineering) traditionally holds gatherings of researchers and academics who study motor 
vehicles, engines and road traffic. From 1979 to 2004, thirteen MVM Symposiums have been 
held and they grew into an International Congress MVM in 2006. Since then, five MVM 
Congresses have been held and this month, in October 2016, the Faculty of Engineering of the 
University of Kragujevac organizes the sixth International Congress MVM. 
 
A large number of scientific papers from the country and abroad were submitted to the sixth 
Congress “MVM2016”. Congress is traditionally supported by the Ministry of education, science 
and technological development of the Republic of Serbia, as well as by the Road traffic safety 
agency and by a large number of friends and associates from activities related to vehicles and 
road traffic. 
 
The motto of the Congress "MVM2016" is "Vehicle as a key factor in transportation". The papers 
of the researchers and the academics from the field of motor vehicles, motors and road traffic, 
published at the Congress "MVM2016", have shown this time the importance of research in the 
field of vehicles, motors and road traffic. 
 
Development, production and exploitation of vehicles are for many years in the spotlight of a 
large number of people around the world. Promotion of any activity that is related to 
improvement of production and exploitation of vehicles represents a contribution to improving 
the conditions of life of all living beings. 
 
Very strict requirements are set in front of vehicles today in terms of technical and 
environmental characteristics. Vehicles that are produced today have better and better 
exploitation-technical characteristics, primarily due to the efforts of many researchers and 
scientists. 
 
Vehicles, as multi-disciplinary objects of research and development on the one hand, and as 
necessities on the other, are always valid for development and investment. Vehicles are assets 
that are at the service of man for various activities. Therefore, it is understandable that the 
topics of scientific and professional papers, presented in the framework of the Congress 
“MVM2016”, are more and more diversified and that the frameworks of research and scientific 
work in this area are increasingly wider. 
 
 
Kragujevac, 
October 2016 

Congress “MVM2016” 
Scientific and Organizational Boards 
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MVM2016-060 
 
Marko Topalović1 
Vladimir Milovanović2  
Aleksandar Dišić3 
Ana Pavlović4 
Miroslav Živković5 
 
 

NUMERICAL SIMULATIONS FOR ADDRESSING FLAWS IN 
THE FREIGHT WAGON DESIGN, ACHIEVING GOAL OF 

INCREASED EXPLOITATION FUNCTIONALITY 
 
 
 

ABSTRACT: In this paper, the problem of deposition of granular material during unloading of freight wagon is 

addressed. The problem occurs as a result of design flaws, in particular insufficient angles of slopes. On these 
tilted surfaces certain amount of granular materials remains after the wagon is emptied which increases unloading 
time and operation costs. In order to analyze unloading process, numerical simulations which utilize linking of Finite 
Element Method (FEM) and Smoothed Particle Hydrodynamics (SPH) are used. Granular material is modelled with 
meshless SPH method, while wagon geometry is modelled with FEM. This allows engineers insight into 
significance of material properties and contact parameters which governs interaction between wagon and granular 
material. Numerical simulations result show that slight decrease of friction coefficient removes deposition. To 
achieve this on existing wagons, coating of contact surfaces is proposed. This is the most practical solution 
considering number of wagons that are already constructed. The same methodology can be implemented while 
designing new wagons. Smooth interaction of granular materials with wagon surfaces can be ensured during 
design phase, thus removing a need for subsequent surface treatment. 
 

KEYWORDS: Freight Wagon, Granular Materials, Finite Element Method, Smoothed Particle Hydrodynamics 

INTRODUCTION 

Since the invention of the locomotive in the late 18th century by James Watt, railroads have been used for fast and 
cheap transportation of materials and goods [3]. Granular materials are one of the most manipulated matters in 
engineering and are transported by special freight wagons. Speed of freight trains is limited by the great weight of 
wagons and cargo as well as a high centre of gravity, which increases chance of derailing in short radius curves 
[13]. Because of this, engineers are focused on designing wagon boxes which can hold most material, while 
keeping centre of gravity as low as possible. This practice results in wagons which have great characteristics on 
paper, but in exploitation they cause problems originating from their flawed design: deposition of granular material 
on box slopes during unloading. If the deposited material remained in wagon, effective capacity of wagon would be 

1 Marko Topalović, Research assoc., University of Kragujevac, Faculty of Engineering, 6 Sestre Jajnić Str., 34000 
Kragujevac, Serbia, topalovic@kg.ac.rs  
2 Vladimir Milovanović, Research assioc., University of Kragujevac, Faculty of Engineering, 6 Sestre Jajnić Str., 
34000 Kragujevac, Serbia, vladicka@kg.ac.rs  
3 Aleksandar Dišić, Research assoc., University of Kragujevac, Faculty of Engineering, 6 Sestre Jajnić Str., 34000 
Kragujevac, Serbia, aleksandardisic@gmail.com  
4 Ana Pavlović, Assoc. prof., Departmant of Industrial Engineering, University of Bologna, 2 Viale Risorgimento Str., 
40136 Bologna, Italy, ana.pavlovic@unibo.it  
5 Miroslav Živković, Ph. D., prof., University of Kragujevac, Faculty of Engineering, 6 Sestre Jajnić Str., 34000 
Kragujevac, Serbia, zile@kg.ac.rs  
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reduced, while the energy consumption for transportation of the same amount of material would be increased, so 
station workers need to manually remove deposited material. This is tiresome and potentially dangerous process, 
which increases unloading time and operation costs. Numerical methods have been used to analyse hazardous 
working conditions [11,12], but it would be better if the wagon unloading does not require additional manual labour.  
Therefore, engineers need to think about functionality of unloading mechanism and wagon shape as well. 
Numerical simulations have become essential step in designing new wagons [1]. Finite Element Method (FEM) is 
used to simulate the wagon response to different loading condition, thus reducing design time and improving 
overall wagon characteristics [9]. On the other hand, FEM is not adequate for modelling of granular materials due 
to large deformations that occur within granular materials, so mesh-free method is better suited. In this paper 
coupling of Smoothed Particle Hydrodynamics (SPH) and FEM is presented [2]. This coupling gives unique 
perspective on granular material behaviour during unloading process and represents state of the art in numerical 
methods implementation for wagon design. With this methodology, engineers can test wagon functionality with 
realistic load modelling, which was previously impossible with standard FEM analysis. 

SPH IN SOLID MECHAINCS 

Smoothed Particle Hydrodynamics (SPH) is mesh-free numerical method based on continuum mechanics [7]. 
Originally created for solving astrophysical problems [4,8] it's applications were later extended into computational 
fluid dynamics [10] and solid mechanics [6]. In this paper, SPH with material strength is used to simulate large 
deformations in granular materials. SPH is convenient for granular material simulation because it uses 
discretization of continua into pseudo-particles [7]. Each SPH particle is similar to an element in FEM method, but 
there are no common nodes between them. These particles can have different neighbours throughout analysis 
which enables better handling of large deformations. Downside is that mesh-free methods require frequent 
searches for neighbouring particles [6]. To solve conservation laws of continuum mechanics in SPH method two 
principles are used: kernel approximation and particle approximation [7].  

Kernel approximation 

The conservation laws of continuum mechanics are in form of partial differential equations which can be 
transformed into integral equations using interpolation function that gives "kernel estimate" of the field variables at 

point. Exact value of function  f x  in integral form is given with (1) 

 

     f f d



   x x x x x , (1) 

 

where  f x  is a function of position vector x defined in the domain Ω and Dirac delta measure is given with (2) 
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Replacing with   x x  with kernel function  ,W hx x , where h is the smoothing length, gives us kernel 

approximation of function  f x  given with (3) 
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Particle approximation 

Another important aspect of SPH is particle approximation. Integral form given in equation (3) is not practical for 
numerical implementation because analyzed continuum is divided into finite number of particles which carry 
individual mass and occupy individual space. Continuous integral representations given with (3) can be converted 
to discrete forms of summation over all particles within support domain defined by smoothing length h. If the 

infinitesimal volume d x  from equation (3) is replaced by finite volume of the particle jV  (where particle mass jm  

and particle density j  can be used to define finite volume as j j jV m   ) and if the summation of all particles 
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within support domain is implemented in equation (3) we get discredited particle approximation of function  f x  for 

particle i given with (4) 
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Conservation laws 

Conservation of mass in continuum mechanics is defined by equation (5) 
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where v  is velocity vector. Kernel approximation of equation (4) gives (6) 
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Particle approximation of conservation of mass for particle i with some rearranging gives (7) 
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Conservation of momentum in continuum mechanics is defined by equation (8) 
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Using kernel and particle approximation on equation (8) we get (9) 
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Conservation of energy in continuum mechanics is defined by equation (10) 
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 Using kernel and particle approximation on equation (10) we get (11) 
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GENERALIZED CAP MATERIAL MODEL FOR GRANULAR MATERIALS 

Generalized cap model represents modification of Drucker-Prager model, which is one of the most used elasto-
plastic material models in soil mechanics [5]. Failure surface, which divides elastic and plastic regions in principal 
stress space for Drucker-Prager model is streight cone, while for generalized cap model it’s curved cone which is 

more realistic. In 2 1DJ I  space this curve is defined as:  

 
1 1

2 1
B I

Df J k I e  
    , (12) 
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where 1I  represent first invariant of stress, 2DJ  is the second invariant of deviatoric stress and 1, , ,k B   are 

material constants [4]. Granular materials also yield under pressure and therefore have another elliptical plastic 
surface (called cap surface) which is defined by equation:  
 

   2 2 2
1 2 0c Df I L R J B     , (13) 

  
 where L, R, B are material constants. Intersection of cap surface with failure surface is denoted with V, while 

intersection of cap surface with 1I  axis is given with X RB L   (Fig 1). 

 

 
Figure 1 Generalized cap model in 2 1DJ I  space 

 
Granular materials have very limited or no tensile strength at all [4], which is represented on Figure 1 with tension 
cut-off T. With this material model, behavior of sand and gravel can be accuretly modeled using numerical metods 
such is SPH. 

ANALYSIS OF FREIGHT WAGON MATERIALS 

Analyzed wagon satisfy safety criteria for all cases of vertical and horizontal loads, as well as for load 
combinations. This was concluded after numerous FEA simulations, but numerical verification of safety 
requirements is not topic of this paper. Instead, we focus on the exploitation problem which occurs during 
unloading process, as the granular material deposits on box slopes. Wagon is designed to transport sand (density 
1700 kg/m3) or gravel (density 1400 kg/m3) and its schematically illustrated on Figure 2. 
 

 
Figure 2 Scheme of freight wagon 

 
The friction coefficient between steel sheet plates and granular material is 0.55. The critical regions for material 
deposition are intersections between side and front/back box plates. This happens because intersection egde has 
much lower angle to the horizontal in comparison to the angle of the plates (Fig. 3). 
 

 
Figure 3 Deposition of granular material in box corners 
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Coupling between FEM and SPH methods enables realistic modeling of unloading process. This coupling is state 
of the art in numerical analysis and it’s implemented only in LS-DYNA and ABAQUS commercial programs. There 
is a number of non-mommercial solutions that are currently developed at universities and scinentific institutes, and 
the authors are involved in development of such program. However, for this analysis, commercial software LS-
DYNA is used. Granular material (gravel or sand) is modeled by SPH pseudo-particles using generalized cap 
model which is designated as material 25 in LS-DYNA. Contact between steel plates modeled with FEM shell 
elements and sand/gravel modeled with SPH pseudo-particles is characterized with friction coefficient of 0.55. 
Analysis confirms observation of railroad station workers, small amount of gravel remain deposited on the box 
edges (Fig. 4). 
 

 
Figure 4 Numerical recreation of deposition problem 

 
If the friction coefficient is reduced to 0.45 deposition is removeded (Fig. 5). 
 

 
Figure 5 Complete unloading of wagon with reduced friction 

 
Reduction of friction coefficient can be achieved by coating contact surfaces.   
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CONCLUSIONS 

Reduction of friction coefficient is the most practical solution to the deposition problem on existing wagons. Other 
more expensive solution might be instalment of vibration devices which would excite granular particles into sliding 
down box slopes. Results shown in this paper demonstrate methodology which could be used during designing of 
the new wagons which would prevent deposition. Coupling of FEM with SPH is the state of the art in multiphysics 
analysis. This coupling enables discretization of wagon into shell finite elements and discretization of granular 
material into SPH particles. SPH method enables realistic calculations of loads that are transferred to FEM nodes.  
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